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Abstract
Scientific journals establish author guidelines to ensure manuscript consistency, enhance readability, and 
maintain editorial standards. However, the rationale behind specific requirements is not always apparent 
to submitting authors, leading to misunderstandings and noncompliance. This editorial examines the in-
structions for authors currently applied at Advances in Clinical and Experimental Medicine (Adv Clin Exp Med), 
explaining the purpose behind selected regulations that may initially seem arbitrary or overly prescriptive. 
We analyze requirements concerning manuscript titles (sentence case, study design specification, avoidance 
of nonstandard abbreviations), author affiliations (institutional hierarchy, geographic formatting), ORCID (Open 
Researcher and Contributor ID) usage, highlights preparation, taxonomic nomenclature (italicization of genus 
and species, distinction between genes and proteins), laboratory equipment reporting (manufacturer details, 
catalog numbers, software versions), abbreviation protocols, and supplementary file management. We dem-
onstrate that these requirements serve essential practical functions: improving search engine optimization and 
discoverability, ensuring experimental reproducibility, preventing taxonomic and nomenclatural confusion, 
facilitating rigorous peer review, and enhancing reader comprehension across different formats and access 
points. The editorial also addresses the evolving nature of author guidelines in the era of artificial intelligence 
(AI) and digital publishing, emphasizing that editorial policies should function as adaptable documents that 
respond to technological advances and changing scholarly communication practices. By fostering open 
dialogue between editors and authors regarding the rationale behind publication requirements, journals can 
maintain high standards while remaining responsive to the legitimate concerns of the research community. 
We conclude that transparent communication about editorial policies not only improves compliance but also 
strengthens the collaborative relationship between journals and the researchers they serve.

Key words: scientific writing, scientific publishing, scientific journal, editorial policies, guidelines as a topic
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Introduction

Most scientific journals formulate specific require-
ments that must be met by manuscripts submitted to them 
– as a rule, these are posted on the journal’s website, and 
sometimes links to them can also be found on the journal’s 
social media profiles. If the article is prepared with a spe-
cific journal in mind, the submitting author or the whole 
team should review the journal’s instructions for authors 
before they start writing the manuscript and preparing 
figures and tables – it can save a lot of work. If the au-
thors choose the place of publication (or at  least select 
the journal) after completing the article, they need to care-
fully review the preliminary requirements and adapt their 
manuscript to them.

Some rules provided by editorial offices stem from prac-
tical issues – following them facilitates comprehension 
of articles by both human readers and search engines and 
AI tools that scan the papers’ content. Other regulations 
are more or less conventional – grounded in editorial tra-
ditions or more recent principles widely accepted among 
editors of  scientific journals. Although some require-
ments stem from editorial traditions, their importance lies 
in preserving consistency and stylistic coherence, which 
are central to professional scholarly publishing. Adher-
ence to – and, when necessary, enforcement of – the rules 
formulated in a given journal is not primarily a question 
of prestige but of the journal’s standing among other jour-
nals since many databases and evaluators take into ac-
count whether the editors actually perform their duties 
in the journal in question. In this context, taking such 
requirements seriously is also in the authors’ best interest, 
since most researchers want to publish in highly esteemed 
journals.

Editors should explain the reasons behind specific regu-
lations because rules that are understood are more likely 
to be followed; moreover, it shows that the authors are 
treated with respect and that the editors do not expect 
anybody to follow their orders without understanding their 
rationale but can prove that each tenet in the long run 
makes both working on the manuscript before publica-
tion and reading it following publication easier. It should 
also be noted that instructions for authors in  journals 

with a similar scope are often significantly different and 
may even be contradictory when compared – such diver-
gence may be exacerbated by different editorial traditions 
across various parts of the world (although English serves 
as the global language of science). Many misunderstand-
ings between authors and editors stem from habit. When 
experienced researchers submit their manuscripts to jour-
nals that follow rules similar to those of other journals, 
they may not realize that both general and specific require-
ments are not universally accepted.

Objectives

This editorial outlines selected elements of the Instruc-
tions for Authors1 currently in effect (as of February 2026) 
at Advances in Clinical and Experimental Medicine (Adv 
Clin Exp Med). Where appropriate, explanations are pro-
vided for rules whose rationale may not be immediately 
evident. The 1st aim of the present paper is to help authors 
interested in submitting manuscripts to our journal un-
derstand our requirements and to show them that they 
are not arbitrary but rooted in widely accepted practices 
in medical journals and editorial experience. The 2nd aim 
is to stimulate discussion around the journal’s guidelines 
– they are not written in stone. They should be continu-
ally reassessed, as the landscape of scientific publishing 
is evolving rapidly in the era of AI and editorial rules must 
evolve accordingly. Examples are provided both from pa-
pers published in Adv Clin Exp Med and 2 other journals 
owned by the same publisher – Wroclaw Medical Univer-
sity (Poland): Dental and Medical Problems (Dent Med 
Probl) and Polimery w Medycynie – Polymers in Medicine 
(Polim Med).

Title of the manuscript

There are 3 rules regarding manuscripts titles in Adv 
Clin Exp Med:

1)  Titles should be written in  sentence case (only 
the first word of the title, proper nouns, and genus names 
are capitalized).

Highlights
	• Clear and informative titles improve article visibility, indexing, and reader engagement in scientific publishing.
	• Guidelines for authors in Adv Clin Exp Med reflect evolving editorial standards shaped by digital discoverability 
and AI-assisted literature retrieval.

	• Understanding the rationale behind manuscript requirements helps authors streamline submission and peer-review 
processes.

	• Continuous adaptation of editorial policies is essential to maintain quality and transparency in modern scientific 
communication.
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2)  The title should include the study design for clinical 
trials, systematic reviews, or meta-analyses.

3)  Other types of  reviews should also be defined 
in the title (e.g., narrative review, scoping review), as deter-
mined by Grant and Booth2 and Ghosh and Choudhury.3

If possible, specialist abbreviations in titles should be 
avoided – for 2 reasons. First, it is always risky to assume 
that all readers, even specialists in a given field, know 
the  meanings of  all abbreviations and acronyms used 
in publications within their specialty. Second, using too 
many acronyms (particularly less well-known ones) nega-
tively affects the chances of a paper being highly ranked 
by  search engines (search engine optimization (SEO)). 
It should be noted that in Adv Clin Exp Med, editors often 
modify the titles of accepted manuscripts to make them 
more SEO-friendly, and the revised versions are provided 
to authors for approval during the linguistic editing process.

Only the length of the shorter version of the title (used 
in pagination) is  limited (to 45 characters with spaces); 
however, it should be borne in mind that overly long titles 
tend to become convoluted and may overwhelm or confuse 
readers, while overly short titles may lack essential infor-
mation. Effective titles balance brevity and completeness, 
often including the central intervention, outcome, and 
population studied without unnecessary words.

Formulating an appropriate title for a scientific manu-
script may therefore require some reflection, but several 
studies offer in-depth analysis of this problem, going beyond 
mere advice. Tullu4 provided both a classification of papers’ 
titles and suggestions on what a good title should look like 
in the form of easy-to-comprehend tables. Annesley5 of-
fered concise advice with many examples. Bahadoran et al.6 
proposed a different classification, with particular emphasis 
on the length of articles’ titles and well-thought-out word 
choice. Matsubara7 focused on titles of medical articles 
– particularly his observations regarding the relationship 
between titles and manuscript structure are particularly 
noteworthy. Bavdekar8 described a proposed procedure for 
writing a manuscript title and prepared a dedicated check-
list based on his insights. Hyland and Zou9 explored the key 
features of 5,070 titles in the leading journals of 6 disciplines 
in the human and physical sciences to identify their typical 
structural patterns and content; their study does not provide 
direct recommendations but offers a broader perspective 
on the issue. Jamali and Nikzad10 analyzed the relationship 
between article title type and the number of downloads and 
citations. Valuable advice has also been offered by Springer 
Nature,11 Researchers’ Writing Academy,12 and Multidisci-
plinary Digital Publishing Institute (MDPI).13

In light of the above publications, a good scientific title 
should be:

−  Informative and specific – it should include key ele-
ments of the study, such as subject, variables, or outcome;

−  Concise and focused – optimal titles are typically 
short but comprehensive, often recommended at about 
10–15 words (though conventions vary by field);

−  Precise and accurate – the title must be unambiguous 
and avoid misleading readers about the content;

−  Keyword-rich – include the most critical scientific 
terms that reflect the study’s focus and that researchers 
would likely use when searching literature;

−  Free from jargon and nonstandard abbreviations 
– these can confuse readers and reduce discoverability 
through search engines and indexing services;

−  Professionally toned – humor, puns, or overly creative 
phrasing might attract attention in some contexts, but they 
are usually discouraged in scientific titles because they can 
reduce clarity and seriousness.

Examples of papers published in our journal with titles 
formulated according to the rules and suggestions listed 
above can be divided into 3 groups: 1) articles (mainly clini-
cal trials) with the study design clearly stated in the title 
– Matys et al.,14 Yao et al.,15 and Gao et al.16; 2) reviews with 
a precisely defined type – Jiang and Hou17 and Szymański 
et al.18; 3) meta-analyses – Qu et al.19

Affiliations

A correct affiliation should include 2  components: 
1)  the name of  the  institution; 2)  the city and country 
in which the institution is located. If the institution with 
which an author is affiliated is divided into smaller units 
(e.g., departments, clinics, institutes, faculties, branches), 
the name of the specific unit must be provided, rather than 
only the general name of the institution (university, hospi-
tal, etc.). If an author is affiliated with more than 1 entity, 
each should be listed as a separate affiliation; 2 or more 
entities should not be merged into a single long affiliation. 
Names of states or provinces (in the USA, Canada, South 
Africa, Mexico, Brazil, China, etc.) should not be provided. 
Names of countries should be given in their shorter forms 
(e.g., China, not the People’s Republic of China or PRC) and 
in English, even if the name in a given language is also used 
in English-language sources (e.g., Turkey, not Türkiye). 
The reason for this rule is to ensure uniformity by provid-
ing the names of the same countries in a consistent form, 
not according to authors’ preferences.

Detailed rules regarding affiliations are rare in medical 
journals – the Medical School of the University of Mel-
bourne (Australia) issued a guideline on affiliations, al-
though it is general in scope (it covers all types of publica-
tions, not only journal articles).20 This issue has been only 
scarcely studied so far: Khalifa et al.21 examined different 
reporting patterns of author affiliations in a cross-sec-
tional evaluation of publications from an Egyptian aca-
demic medical institution, while Bachelet et al.22 offered 
a protocol for an exploratory case study of author misrep-
resentation of institutional affiliations.

A fine example of  diligently prepared affiliations 
is a paper by Petrazzuoli et al.,23 in which the authors 
were affiliated with 20  different entities. An  article 
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by Martínez-Sabater et al.24 showcases how to solve an is-
sue frequently encountered involving authors from Span-
ish- and Portuguese-speaking countries, as well as Italy 
– multiple scientific and health institutions there have 
English-language names but are often better known by ac-
ronyms of their original (non-English) names – in such 
a situation, we elect to provide the English name first. 
The non-English acronym in parentheses is used to ensure 
the correct identification of a given entity in both lan-
guages. In turn, a meta-analysis by Shao et al.25 exemplifies 
a problem characteristic of Chinese papers. In this country, 
a hospital affiliated with a university often forms a single 
legal entity with that university, and combining them into 
a single affiliation is not an error. Well-formatted affilia-
tions can also be found in Dent Med Probl – e.g., in Yadav 
et al.26 and Orzechowska-Wylęgała et al.27

ORCIDs

Authors submitting their manuscripts to Adv Clin Exp 
Med are advised to use a unique ORCID number (Open 
Researcher and Contributor ID). This popular digital tool 
enables the identification of authors and their research 
output. A permanent 16-digit identifier distinguishes its 
holder from other researchers, even if they have a common 
name, change their surname for any reason, or their name 
is spelled differently in different publications. It prevents 
confusion and ensures their work is always correctly at-
tributed. Many journals, publishers, and databases (e.g., 
Scopus, Web of Science, Crossref) can automatically link 
their publications to their ORCID profile. An ORCID pro-
file can serve as a portable, standardized academic CV, 
including publications, grants, affiliations, peer-review 
activity, and awards.

It should be emphasized here that while the editors make 
sure, following acceptance of the manuscript, that all au-
thors who have provided ORCIDs are properly indentified, 
there is no requirement to register in the ORCID database. 
Using this identifier is a widespread practice in the sci-
entific community, but not an obvious choice, and many 
renowned researchers choose not to use this identifier; 
also, in some countries, ORCID registration is less com-
mon, particularly among practice-oriented specialists who 
publish only occasionally and are not full-time research-
ers. Editors of Adv Clin Exp Med respect all motivations 
for refraining from using this identifier and never inquire 
about the reasons for not having an ORCID.

Highlights

Authors submitting manuscripts to Adv Clin Exp Med 
are required to begin the main body of the manuscript 
with the “Highlights” section, which should appear be-
fore the Background/Introduction section and provide 

a concise summary of the most significant findings and 
the relevance of the article. It aims to help readers quickly 
understand the  key aspects of  the  study and enhance 
the article’s visibility in scientific databases. Highlights 
are also helpful in promoting papers on social media and 
the Internet– in Adv Clin Exp Med, they are routinely op-
timized for search engines using AI tools.

Detailed requirements for highlights are: 1) 3–5 bullet 
points; 2) maximum 20–25 words per bullet point (avoid 
complex sentences); 3) short, one-sentence bullet points 
containing key information; 4) specific, scientific or tech-
nical terms should be used instead of abbreviations and 
jargon (unless they are commonly understood in a given 
context); 5) active verbs should be used, e.g., ‘identify’, 
‘highlight’, ‘suggest’, ‘demonstrate’; 6) keywords should 
be easily understood by search engines (e.g., ‘breast cancer 
relapse’, ‘PTSD biomarkers’).

Examples of appropriately prepared highlights are those 
in an editorial by Giorgetti et al.,28 in an original paper 
by Jędrzejczyk et al.,29 in a meta-analysis by Fei et al.,30 
and in a review by Lauricella et al.31 Highlights are also 
employed in Polim Med, like in de Brouwer and Maqsood,32 
and in Dent Med Probl, as seen in Pelechá-Salvador et al.33 
or Dąbrowski et al.34

Names of species and genes

Names of genus and species should always be provided 
in italics (e.g., Homo sapiens) – this ensures that readers 
can distinguish between genus/species and:

1)  taxonomic names of higher rank (e.g., taxonomic 
family);

2)  viruses (e.g., human papillomavirus); and
3)  Latin names of diseases and conditions (e.g., ery-

thema infectiosum).
In the title of the manuscript and at the first mention 

of an organism in a paper, the name of the genus and spe-
cies should be written in  full. After the  first mention, 
the first letter of the genus name followed by the full spe-
cies name should be used (e.g., H. sapiens), except from 
situations when the name of the species begins a sentence.

All names of genes should be in italics. The primary rea-
son for this rule is distinguish between genes and proteins.

Strict adherence to rules discussed in this paragraph 
is crucial in papers dealing with different genera of bacteria 
– e.g., Erinmez and Zer.35 The importance of distinguish-
ing between bacteria and disease names is clearly evident 
in Zhang et al.,36 while Kim et al.37 demonstrate that using 
italics prevents confusion between non-taxonomic plant 
names and taxonomic nomenclature. In papers published 
in Polim Med, the former is crucial in Adegbolagun et al.38 
and the latter in Sadiq and Ghafil.39 Discerning between 
genes and proteins proved paramount, e.g., in Jabłonowska-
Babij et al.40 and Sui and Xi,41 as well as in Łacina et al.42 
and Rady et al.43
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Laboratory equipment, reagents, 
and software

If any equipment, software, reagents, antibodies, or any 
materials obtained from external sources were used, 
the following information should be provided:

−  exact model of equipment, full name of assay or re-
agent, catalog number of the antibody, etc.;

−  name of the manufacturer;
−  location of the manufacturer (country and city (not 

state or province – e.g., Los Angeles, not California);
−  for software – exact version of the software (e.g., IBM 

SPSS v. 24.0);
−  for freeware software (e.g., R) or databases (e.g., Kyoto 

Encyclopedia of Genes and Genomes (KEGG) or Gene On-
tology (GO)), a direct URL for downloading the required 
version is sufficient.

The rationale for these requirements is clear– only de-
tailed information about used equipment, chemical and 
biological agents, and software allows for the replication 
of the described experiments (provided, of course, that 
the procedures themselves are also clearly outlined). Good 
examples of such information abundance are papers de-
scribing complicated laboratory research – e.g., Rutkowska 
et al.,44 Pulathan et al.,45 Piszko et al.,46 and Gasztych and 
Jurczak.47

Abbreviations

Rules concerning abbreviations have 2 aims: 1) to en-
hance clarity – the exact term or name is always denoted 
by the same abbreviation or acronym; 2) to reduce text 
length where appropriate. The 1st reason is more important 
– clarity should never be sacrificed for brevity.

If an abbreviation is  introduced in the text, it should 
be explained when the term or institutional name first 
appears; then, only the abbreviation should be used, not 
the full expression (unless the expression occurs at the be-
ginning of the sentence); alternating between the acronym 
and the full term may confuse some readers. An important 
rule is that sentences should not begin with an abbrevia-
tion or acronym, although if the full name is very long, this 
rule is not enforced for reasons of brevity and clarity. This 
is more an editorial convention than a rule with a rational 
basis. Still, it has been widely accepted in English-language 
scientific editing for a long time and is also in force in jour-
nals published by Wroclaw Medical University.

All abbreviations in the abstract should be explained 
in the abstract and repeated in the main text, since the ab-
stract and the main text are treated as separate entities 
(in many instances, only the abstract is read). All abbre-
viations appearing in a table, figure, or caption must be 
explained in the legend of a given table/figure, even if they 
occur also in the main text or in other tables/figures since 
each table/figure has to be fully comprehensible when 

viewed outside the context of the whole paper, since some 
readers focus only on single tables or figures. These prac-
tices are intended to accommodate such reading patterns.

In rare cases, when an acronym is more familiar than 
the expansion, the abbreviation alone can be used (in our 
journal, this applies to DNA, USA, and SPSS, but not to, 
e.g., DMSO, DMEM, or PBS). The authors should use stan-
dard abbreviations and acronyms, as  introducing non-
standard ones can lead to confusion when a new acronym 
is introduced. Moreover, several combinations of letters 
are already widely used to denote specific terms (e.g., SD 
is usually understood as ‘standard deviation’, OS as ‘over-
all survival’, and OD as ‘optical density’) and should not 
be employed for other terms, although there are several 
acronyms with several different possible explanations 
– that is why only a fraction of abbreviations and acro-
nyms should be seen as truly “obvious”, even in a particu-
lar context.

All abbreviations used in the text should be explained 
in the article, not on a separate list – readers should not 
be forced to refer to a list on another page whenever they 
encounter a new abbreviation.

Several authors showed how to properly use abbrevia-
tions and acronyms in complex papers to improve clarity 
and avoiding cumbersome, overlong sentences – e.g., Ra-
kotoarison et al.,48 Li and Ma,49 or Rogowski et al.50 This is-
sue is critical in Polim Med because papers appearing there 
frequently describe experiments on various chemical com-
pounds and other substances, as exemplified by Masoom 
and Khan51 or Knefel et al.52 Confusion regarding notation 
in publications in these research fields could easily lead 
to a distorted understanding of whole papers.

Supplementary files

Supplementary data are not raw data but any other ma-
terials that cannot be published within the paper but are 
necessary for reviewers and readers to fully understand 
the study. Therefore, there are 2 reasons for making supple-
mentary data available:

1)  Ensuring the integrity of peer review and statistical 
review since the reviewers have unlimited access to all data 
required to assess the manuscript fully;

2)  Enhancing the  informative value of  the paper for 
readers (reproducibility is more related to the shared raw 
data, which are not discussed here).

There can be both shared and supplementary data for 
a single manuscript, or only shared or only supplementary 
data.

The main difference between shared data and supple-
mentary data lies in 3 issues:

1)  Shared data are raw data that were analyzed in the pa-
per, while supplementary data are the results of this analy-
sis that, for various reasons, cannot or should not be pub-
lished within the main body of the text.
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2)  Shared data are made available for transparency and 
replicability, while supplementary data are released pri-
marily for clarity and completeness.

3)  For original papers and research letters, data shar-
ing is mandatory (with only a few exceptions), while sup-
plementary data are left to authors’ discretion; however, 
in certain situations, peer reviewers or statistical reviewers 
may request additional data, which may then be included 
as supplementary files.

There are 3 main reasons for releasing a given set of data 
as supplementary files instead of including them in the pa-
per itself:

1)  The  format of  the data makes them incompatible 
with publication in PDF or HTML – e.g., large tables, Ex-
cel spreadsheets, highly complex figures that do not fit 
on a single page and cannot be divided into several smaller 
items, or datasets in other formats that are not publishable.

2)  The number of tables and/or figures exceeds the limit 
of 10 tables and 10 figures per article, set for manuscripts 
submitted to Adv Clin Exp Med.

3)  The  authors deem these materials less neces-
sary – including them in the article itself would make 
it too long; nevertheless, they still contain key informa-
tion and, in  the authors’ opinion, should be available 
to readers.

The supplementary files should be deposited in a re-
pository – public or institutional – openly available for 
researchers to download; such a repository should of-
fer the option to assign digital object identifiers (DOIs) 
to the deposited file packages. The editors can deposit 
the files in the Zenodo repository (https://zenodo.org) 
if the authors encounter any problems storing the sup-
plementary data themselves. Neither Adv Clin Exp Med 
nor the  publisher of  this journal (Wroclaw Medical 
University) is in any way associated with Zenodo – nei-
ther financially nor organizationally. The entire dataset 
should have a single DOI. Each file should be numbered 
(Supplementary Table 1, Supplementary Fig. 1, etc.), and 
at least a one-sentence description of the contents of each 
file should be provided. The DOI and descriptions are 
then included at the end of the article’s main text. Typi-
cal errors in this context include a single description for 
multiple files within a supplementary materials package 
and a separate DOI for each supplementary file.

Good examples of supplementary files that enhance un-
derstanding of a scientific paper are publications by Mar-
tínez-Sabater et al.24 and Doménech-Briz et al.53

Supplementary files may seem purely technical; however, 
Pop and Salzberg54 showed that, in many cases, supple-
mentary material today is so extensive that it is reviewed 
superficially or not at all. To address potential issues, sev-
eral publishers have developed varying levels of guidance 
regulating their submission for their availability – i.e., Sage 
Publishing,55 Springer Nature,56 Taylor & Francis,57 Wi-
ley,58 IOP Publishing,59 Cambridge University Press,60 and 
Dove Medical Press.61

Conclusions

Consistent application of instructions for authors sup-
ports clarity, reproducibility, and discoverability of sci-
entific work, while also facilitating efficient editorial 
handling. Moreover, editorial standardization directly con-
tributes to the journal’s visibility and positioning in major 
indexing databases such as Web of Science and Scopus. 
Consistent formatting, transparent policies, and rigorous 
enforcement of submission standards enhance credibility, 
support accurate indexing, and strengthen the journal’s 
reputation and bibliometric performance. In an increas-
ingly metrics-driven environment, clarity and consistency 
are not merely aesthetic considerations, but strategic ele-
ments of sustainable journal development.

Importantly, editorial guidelines should be viewed 
as “living” documents (i.e., having the capacity to evolve) 
rather than immutable regulations. Ongoing changes 
in scientific publishing – particularly those driven by digi-
tal platforms, bibliometric evaluation, and AI – require 
continuous reassessment of editorial standards. Open 
communication and mutual understanding between au-
thors and editors are crucial to ensuring that journal poli-
cies remain relevant, transparent, and supportive of high-
quality scientific output. Therefore, authors should should 
not hesitate to ask questions and share their comments 
or concerns, particularly concerning rules that, in their 
view, pose unnecessary challenges and are unjustified 
obstacles to many researchers. Dialogue between authors 
and editors may result in:

−  providing a clearer explanation of specific require-
mentsand using more convincing examples;

−  reformulating the rules to make them more trans-
parent;

−  relaxing specific regulations or even abandoning them 
entirely (although the latter rarely occurs);

−  postponing certain requirements to  later stages 
of manuscript processing (e.g., from initial assessment 
following submission to after acceptance for publication).

We thus encourage authors to engage in dialogue with 
us – while we cannot always promise to be flexible, we are 
always eager to explain and offer support and guidance.

Use of AI and AI-assisted technologies

Not applicable.
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Abstract
Background. Knee osteoarthritis (KOA) is a common condition characterized by pain, stiffness, and reduced 
function, significantly impacting quality of life.

Objectives. This study aimed to evaluate the combined use of platelet-rich plasma (PRP) and hyaluronic 
acid (HA) compared to PRP alone in treating KOA. The hypothesis was that PRP + HA would provide superior 
outcomes in pain relief and functional improvement due to their complementary biological effects.

Materials and methods. A systematic review and meta-analysis were conducted according to PRISMA 
guidelines. The analysis included 11 trials with a total of 892 participants. The studies compared the efficacy 
of PRP + HA compared to PRP alone. Key outcomes evaluated were changes in the visual analogue scale 
(VAS), Western Ontario and McMaster Universities Osteoarthritis Index (WOMAC), and Inter-national Knee 
Documentation Committee (IKDC) scores at 1, 3, 6, 12, and 24 months post-treatment.

Results. At baseline, no significant differences in VAS scores were observed between the 2 groups (5.82 ±2.71 
for PRP + HA vs 5.66 ±2.96 for PRP). By the 6-month follow-up, PRP + HA showed a more substantial 
reduction in VAS scores (−2.83 ±1.60 vs −2.56 ±1.66; standardized mean difference (SMD) = −1.08, 95% 
confidence interval (95% CI): −2.22 to 0.05; p < 0.001), with the largest improvement seen at 24 months 
(−2.7 ±0.2 for PRP + HA vs 0.4 ±0.23 for PRP; SMD = −14.10, 95% CI: −17.41 to −10.79; p < 0.001). WOMAC 
scores at 12 months also favored the PRP + HA group (−25.26 ±15.24 vs −19.6 ±14.20; SMD = −0.95; 
p = 0.01). IKDC scores showed no significant differences between groups.

Conclusions. The combination of PRP and HA provides superior pain relief and functional improvement 
compared to PRP alone, particularly at 6 and 24 months. These findings support the inclusion of PRP + HA 
in KOA treatment protocols and warrant further investigation into its long-term benefits.

Key words: meta-analysis, knee, hyaluronic acid (HA), platelet-rich plasma (PRP), knee osteoarthritis (KOA)
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Introduction

Osteoarthritis (OA) of  the  knee joint (KOA) is  one 
of the most common causes of  impaired joint function 
and reduced quality of life in older adults; it is 4 times more 
common in women than in men.1–3 As people age and 
the prevalence of overweight increases, joints are subjected 
to greater stress. This, along with ongoing biomechanical 
and biochemical processes, leads to damage of the joint 
cartilage and subchondral bone in a manner that cannot 
be reversed. Other risk factors for OA include anatomical 
factors, obesity, and a previous history of trauma. This 
condition negatively impacts quality of life, contributing 
to poor overall health.1,4,5

To help relieve the symptoms of OA, patients suffering 
from joint pain, swelling, stiffness, and a decline in mo-
bility, resulting in partial disability and requiring assis-
tance with daily activities, need medications. These are 
difficult to formulate, as in addition to managing pain, 
slowing disease progression and improving knee function 
are the main goals.1,5–7 Treatment options include surgical 
and non-surgical interventions. Non-surgical treatment 
is recommended for patients with early stages of KOA 
(Kellgren–Lawrence (KL) grade I–III), while surgery is per-
formed in patients with advanced KOA, in whom conser-
vative treatment has not been effective. Surgery provides 
definitive treatment for KOA (KL grade IV).3,8 The most 
common methods of treating KOA include chronic use 
of nonsteroidal anti-inflammatory drugs (NSAIDs), intra-
articular injections, limb offloading, rehabilitation, and 
physical therapy.6,7 These methods relieve symptoms but 
do not stop disease progression or repair damaged tissues.

The field of orthobiological treatments for osteoarthritis 
is broad, with several therapies demonstrating potential 
in decreasing inflammation, supporting tissue regenera-
tion, and enhancing joint functionality.9 Blaga et al. high-
light numerous clinical benefits of platelet-rich plasma 
(PRP), including its minimally invasive nature, favorable 
safety profile, and the fact that most adverse events are re-
lated to the injection procedure itself rather than the sub-
stance. Additionally, PRP promotes faster recovery and 

does not trigger an immune response.10 Soufan et al. also 
pointed out that both intra-articularly administered PRP 
and hyaluronic acid (HA) did not exhibit systemic side ef-
fects, unlike anti-inflammatory drugs.11 It is crucial to rec-
ognize that the efficacy of treatment outcomes is  likely 
affected by variables such as the composition of the prod-
uct, the dosage administered, and the method of applica-
tion, with these factors varying according to the specific 
classification of  the disease being addressed.12 Finally, 
it is essential to consider that therapies such as PRP may 
encounter challenges related to regulatory compliance 
under Good Manufacturing Practice (GMP) standards, 
which can hinder the integration of these solutions into 
routine clinical practice.

Among the intra-articular injections, HA and PRP ob-
tained from the patient’s blood are widely used. Both HA, 
which is a natural component of synovial fluid and influ-
ences the synthesis of proteoglycans and glycosamino-
glycans, and PRP,13,14 rich in platelets, leukocytes, growth 
factors, cytokines and other plasma proteins,15 have anti-
inflammatory and chondroprotective effects, contributing 
to pain reduction and improved joint function.16,17 Hy-
aluronic acid improves viscoelasticity, increasing shock 
absorption, reduces synovial inflammation and protects 
cartilage. Hyaluronic acid can bind to the CD44 receptor 
of chondrocytes and reduce interleukin (IL)-1β expres-
sion, which decreases activity of matrix metalloprotein-
ases (MMPs): 1, 2, 3, 9 and 13. Platelet-rich plasma, rich 
in growth factors, modulates the inflammatory response, 
regulate sangiogenesis and cell differentiation, and stimu-
lates endogenous HA synthesis.3 Platelet-rich plasma and 
HA have shown effectiveness in reducing KOA symptoms 
and improving joint function in many randomized con-
trolled trials (RCTs) and systematic reviews.

Hyaluronic acid predominantly reinstates the viscoelas-
tic characteristics of synovial fluid, alleviating pain via 
mechanical support for cartilage, whereas PRP promotes 
chondrocyte proliferation, cartilage formation, and en-
dogenous HA synthesis; postinjection adverse effects are 
generally minimal, encompassing transient pain, swelling, 
or minor joint limitations that subside within days.1

Highlights
	• The combination of platelet-rich plasma (PRP) and hyaluronic acid (HA) significantly improves pain relief and 
physical function in knee osteoarthritis (KOA) compared to PRP alone.

	• PRP + HA therapy shows superior results at 6 and 24 months, demonstrating its prolonged efficacy in managing 
KOA symptoms.

	• The meta-analysis underscores the synergistic biological effects of PRP and HA, including anti-inflammatory and 
chondroprotective mechanisms.

	• PRP + HA provides a safe and effective alternative to current treatments, with minimal adverse effects and no 
systemic complications.

	• Results support the integration of PRP + HA into clinical protocols for KOA, particularly for long-term management.
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Despite numerous studies supporting the  effective-
ness and safety of HA and PRP individually, research 
on the simultaneous use of both treatment methods re-
mains scarce. Investigating this combination is essential 
for elucidating the potential synergistic benefits and guid-
ing clinical practice. The combined action of PRP and HA, 
through distinct yet complementary mechanisms, could 
have a synergistic effect: PRP promotes tissue repair and 
regeneration, while HA improves joint lubrication and 
protects cartilage.18 This study seeks to provide a robust 
evidence base for the use of PRP + HA in the treatment 
of KOA, potentially offering a more effective alternative 
to current management strategies. By advancing our un-
derstanding of the role of biological therapies in treating 
degenerative joint diseases, this study could significantly 
impact patient care and quality of life for those suffering 
from KOA.

Objectives

The aim of this study was to evaluate the efficacy of com-
bined PRP and HA treatment in treating KOA, focusing 
on pain relief, functional improvement, and inflamma-
tion reduction compared to PRP alone. We hypothesized 
that the synergistic action of PRP and HA, through their 
distinct biological mechanisms, would result in enhanced 
therapeutic effects in alleviating KOA symptoms and im-
proving joint function.

Materials und methods

This systematic review and meta-analysis was con-
ducted in accordance with the Preferred Reporting Items 
for Systematic Reviews and Meta-Analyses (PRISMA) 
guidelines19 and followed the recommendations outlined 
in the Cochrane Handbook for Systematic Reviews of In-
terventions.20 The protocol for this review was registered 
with the International Prospective Register of Systematic 
Reviews (Registration ID: CRD42024510649). 

Search strategy and study selection

We searched electronic databases including PubMed, 
CENTRAL (Cochrane Controlled Trials Register), Web 
of Science, and Embase for relevant studies published be-
tween the databases’ inception and 24 July 2024. The fol-
lowing search strategy was used to optimize both search 
specificity and sensitivity, with the following keywords 
and phrases: “Platelet Rich Plasma” OR “Plasma, Platelet-
Rich” OR “PRP” AND “Hyaluronic Acid” OR “HA” OR 
“Hyaluronate, Sodium” OR “Hyaluronate Sodium” AND 
“knee” AND “osteoarthritis” OR “osteoarthritides” OR 
“osteoarthr*” OR “arthrosis” OR “degenerative arthr*” OR 
“knee OA”.

The search was limited to studies published in English. 
Additional studies were identified by manually searching 
the reference lists of all eligible studies and relevant re-
view articles. Where necessary, authors were contacted via 
email to request additional information or clarifications. 
Two researchers (M.T. and M.A-J.) conducted the literature 
search separately, and any discrepancies were resolved 
through consensus, with the senior author (Ł.S.) facilitat-
ing discussions.

All search records were independently screened for eli-
gibility by 2 authors (M.T. and M.P.). Each author indepen-
dently documented their findings, providing justifications 
and comments for each decision. When there was a differ-
ence of opinion, the senior author (Ł.S.) facilitated reaching 
an agreement by engaging in a discussion.

The results were subsequently transferred to the web 
platform Rayyan (https://www.rayyan.ai), which serves 
as a repository to simplify the process of eliminating du-
plicates and independently screening potential records.21 
The initial screening process involved reviewing titles and 
abstracts and removing repeated studies. Subsequently, 
the full texts of potentially relevant articles were care-
fully assessed to determine whether they met the inclusion 
criteria.

Inclusion and exclusion criteria

We included all studies that met the following evidence-
based PICOS criteria: 1) Patients: adult patients with KOA; 
2) Intervention: PRP + HA; 3) Comparator: PRP alone; 
4) Outcomes: contained complete original data, includ-
ing at least 1 of the following: visual analogue scale (VAS) 
score, International Knee Documentation Committee 
(IKDC) score,22 and Knee Injury and Osteoarthritis Out-
come Score (KOOS), Western Ontario and McMaster Uni-
versities Osteoarthritis Index (WOMAC) score,23 or ad-
verse events related to the treatment method; 5) Study 
design: RCTs and non-RCTs. We considered all published 
literature in addition to selected gray literature and pre-
prints that provided full-length reports.

We used the following exclusion criteria: 1) unpublished 
data; 2) review studies, congress abstracts, letters to the ed-
itor, and clinical trial abstracts; 3) research lacking patient 
outcome scores; 4) non-human model studies; and 5) basic 
science studies.

Outcome and data extraction

Relevant data from the included articles were extracted 
by a pair of independent authors (M.T. and M.P. or B.M. 
and M.A-J.) into a structured template to ensure consis-
tency and accuracy. If necessary, we communicated with 
the corresponding authors to clarify details or request 
raw data on specific endpoints. Any discrepancies were 
resolved through discussion with all the authors until 
a consensus was reached. The following data points were 

https://www.rayyan.ai
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extracted from the included publications: 1) study char-
acteristics (i.e., authors, article title, country, study design, 
length of follow-up), 2) demographic data of participants 
(i.e., number of participants, age, sex, body mass index 
(BMI), severity of KOA); and 3) outcome scores (i.e., VAS, 
KOOS, IKDC, WOMAC, and adverse events).

For data synthesis across studies, primary outcome mea-
sures were documented, including WOMAC and KOOS 
scores, as well as the VAS at 6 months post-intervention.

Secondary outcomes included the number of patients 
reporting adverse events.

Outcomes at 1, 3, 6, 12, 18, and 24 months post-inter-
vention were assessed where available. In addition, changes 
in scores relative to baseline measurements were calculated 
for each time point.

Risk of bias and quality of evidence 
assessment

Two reviewers (M.T. and M.A-J.; blinded for review 
purposes) assessed the quality of the eligible studies in-
dependently, and the senior author (Ł.S.) resolved any 
discrepancies. The Cochrane Risk of Bias tool (ROB 2) 
was used to assess the following domains: 1) random se-
quence generation, 2) allocation concealment, 3) blinding 
of participants and personnel, 4) blinding of outcome as-
sessment, 5) completeness of outcome data, 6) selective 
outcome reporting, and 7) other potential sources of bias.24 
For non-RCTs, the ROBINS-I tool was used, and the fol-
lowing domains were assessed: 1) confounding, 2) selec-
tion of  participants, 3)  classification of  interventions, 
4) deviations from the intended interventions, 5) miss-
ing data, 6) measurement of outcomes, and 7) selection 
of the reported results.25 Each domain was categorized 
as unclear, low, or high risk. These assessments, both in-
dividual and overall, were based on the criteria outlined 
in the ROB 2 tool.24

Data analysis and statistical methods

For data analysis and statistical evaluation, we used Rev-
Man 5.4 software (The Cochrane Collaboration, Oxford, 
UK) and Stata v. 18 (StataCorp, College Station, USA). 
The threshold for statistical significance across all study 
outcomes was set at a p-value of 0.05 (two-sided). We cal-
culated standardized mean differences (SMDs) with 95% 
confidence intervals (95% CIs) for continuous outcomes 
and odds ratios (ORs) or risk ratios (RRs) with 95% CIs for 
dichotomous outcomes, allowing the inclusion of zero-
event studies to estimate the pooled effects. In cases where 
studies presented continuous outcomes via medians and 
ranges, means and standard deviations (SDs) were cal-
culated using the  approach proposed by  Hozo et  al.26 
Our analysis was based on a random-effects model to ac-
count for variations across studies. The Q-value statisti-
cal test and I2 index were used to evaluate heterogeneity. 

Statistical heterogeneity was classified into 3  catego-
ries: high (I2 > 80%), moderate (I2 = 25–79%), and low 
(I2 < 25%).27 To detect publication bias, we applied Egger’s 
test and generated funnel plots, focusing on asymmetry 
in analyses involving more than 10 studies. Sensitivity 
analysis was conducted using a leave-one-out approach.

Results

Literature search

The search process yielded a total of 3,414 articles (Fig. 1). 
After removing 2,155 duplicates, 1,163 articles were further 
excluded after a preliminary review of titles and abstracts, 
resulting in 96 studies. Among these articles, 85 were ex-
cluded based on full-text screening. Finally, 11 publications 
were selected for meta-analysis.1,3,6,18,28–34

The risk of bias for all included studies was assessed 
as low, as determined using the RoB2 and ROBINS-I tools. 
A detailed breakdown of the risk of bias assessment is il-
lustrated in Supplementary Fig. 1–4.

Study and patient characteristics

The final analysis involved 11 studies, published between 
2015 and 2023, comprising 892 participants, with 452 
in the PRP + HA group and 440 in the PRP group. The tri-
als were conducted in China,28,30,33,34 Italy,1,6,29 the USA,18 
India,31 Brazil,32 and Taiwan.3 The mean age of the subjects 
ranged from 46.2 to 62.71 years. There were 8 RCTs and 
3 retrospective studies. The follow-up period ranged from 
1 day to 24 months. The characteristics of the included 
studies appear in Table 1.1,3,6,18,28–34

VAS score by timeframe

At baseline, there was no significant difference in VAS 
scores between the PRP + HA and PRP groups (5.82 ±2.71 
vs 5.66 ±2.96, respectively; SMD = 0.04; 95% CI: −0.13 
to 0.21; p = 0.67; Table 2).

There was also no significant difference in follow-up 
periods, except at 6 months (2.23 ±2.18 vs 2.51 ±2.25; 
SMD  =  −0.41; 95%  CI: −0.64 to  −0.17; p  <  0.001) and 
24 months (1.70 ±0.60 vs 4.60 ±1.00; SMD = −3.45; 95% CI: 
−4.46 to −2.44; p < 0.001) after treatment (Supplementary 
Fig. 5).

The pooled median change from baseline in the PRP + 
HA group was significantly higher than in the PRP group 
at the 24-month follow-up (−2.7 ±0.2 vs 0.4 ±0.23, respec-
tively; SMD = −14.10; 95% CI: −17.41 to −10.79; p < 0.001; 
Fig. 2).

Sub-analysis of RCTs showed statistically significant 
differences between the PRP + HA and PRP groups only 
at  6-month and 24-month follow-ups (2.57  ±2.38 vs 
2.87 ±2.0; SMD = −0.49; 95% CI: −0.77 to −0.21; p < 0.001 
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Table 1. Baseline characteristics of included trials

Study Country Study 
design

Study 
group

Number of 
participants Age [years] Female 

sex, n (%)
BMI  

[kg/m2]
KOA grade

(KL)
Follow-up 
[months]

Abate et al., 20151 Italy RS
PRP + HA 40 56.7 ±11.2 9 (22.5) 23.7 ±2 II, III

1, 3, 6
PRP 40 60.9 ±9 19 (47.5) 24.1 ±1.6 II, III

Wu et al., 20223 Taiwan RCT
PRP + HA 22 62.2 ±1.5 18 (81.8) 26.3 ±0.9 NS

1, 3, 6, 12
PRP 23 61.3 ±1.4 18 (78.3) 25.5 ±0.7 NS

Palco et al., 20216 Italy RS
PRP + HA 28 62.71 ±7.88 16 (57.1) NS II, III

3, 12
PRP 23 54.04 ±10.4 11 (47.8) NS II, III

Branch et al., 202318 USA RCT
PRP + HA 32 60.66 ±8.99 20 (62.5) 27.80 ±4.97 I–IV 1, 3, 6, 12, 

18, 24PRP 32 55.78 ±11.42 16 (50.0) 28.87 ±8.62 I–IV

Yu et al., 201828 China RCT
PRP + HA 96 46.5 ±7.5 50 (52.1) NS NS

1, 3
PRP 104 46.2 ±8.6 50 (48.1) NS NS

Ciapini et al., 202329 Italy RCT
PRP + HA 20 NS NS NS NS

3, 6
PRP 20 NS NS NS NS

Guo et al., 201630 China RS
PRP + HA 63 61.2 ±9.6 45 (71.4) 24.2 ±4.2 I–III

1, 3, 6, 12
PRP 63 60.7 ±10.1 51 (80.9) 24.6 ±3.9 I–III

Jacob et al., 201731 India RCT
PRP + HA 31 NS NS NS NS

6
PRP 20 NS NS NS NS

Lana et al., 201632 Brazil RCT
PRP + HA 33 62 ±6.1 6 (18.2) 29.15 ±7.31 I–III

1, 3, 6, 12
PRP 36 60.9 ±7.0 67 (19.4) 27.42 ±6.89 I–III

Xu et al., 202133 China RCT
PRP + HA 48 57.9 ±4.1 8 (16.7) 21.5 ±2.5 NS

1, 6, 12, 24
PRP 40 56.9 ±4.2 10 (50.0) 22.5 ±2.3 MS

Sun et al., 202134 China RCT
PRP + HA 39 60.6 ±8.4 21 (53.8) 25.0 ±4.6 NS

1, 3, 6
PRP 39 58.4 ±8.1 17 (43.6) 24.8 ±4.1 NS

BMI – body mass index; HA – hyaluronic acid; NS – not specified; PRP – platelet-rich plasma; RCT – randomized controlled trial; RS – retrospective study; 
KOA – knee osteoarthritis; KL – Kellgren–Lawrence grade.

Fig. 1. PRISMA (Preferred Reporting Items 
for Systematic Reviews and Meta-Analyses) 
flow diagram
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Table 2. Pooled results of different scales among PRP + HA and PRP groups

Outcome Number 
of studies

MD (SD) Events Heterogeneity
between trials

p-value for 
differences 

across groupsPRP + HA PRP SMD 95% CI p-value I2 statistics

VAS score

Baseline 8 5.82 ±2.71 5.66 ±2.96 0.04 −0.13 to 0.21 0.43 0% 0.67

1 month 3 2.08 ±1.66 2.25 ±2.05 −0.97 −2.73 to 0.79 <0.001 96% 0.28

3 months 4 2.24 ±1.86 2.28 ±1.89 −0.08 −0.33 to 0.17 0.52 0% 0.53

6 months 5 2.23 ±2.18 2.51 ±2.25 −0.41 −0.64 to −0.17 0.52 0% <0.001

12 months 3 1.64 ±1.24 1.79 ±1.67 −0.19 −0.53 to 0.14 0.25 28% 0.26

24 months 1 1.70 ±0.60 4.60 ±1.00 −3.45 −4.46 to −2.44 N/A N/A <0.001

Delta difference baseline (VAS score)

Δ 1 month 4 −2.54 ±2.07 −2.23 ±1.73 −1.55 −3.32 to 0.21 <0.001 97% 0.08

Δ 3 months 5 −3.00 ±1.83 −1.91 ±1.36 −1.00 −2.25 to 0.24 <0.001 96% 0.11

Δ 6 months 6 −2.83 ±1.60 −2.56 ±1.66 −1.08 −2.22 to 0.05 <0.001 96% 0.06

Δ 12 months 4 −5.1 ±1.4 −4.8 ±1.5 −0.80 −1.98 to 0.37 <0.001 95% 0.18

Δ 24 months 1 −2.7 ±0.2 0.4 ±0.23 −14.1 −17.41 to −10.79 N/A N/A <0.001

KOOS score

Baseline 3 60.07 ±16.44 58.15 ±17.58 0.14 −0.33 to 0.61 0.07 63% 0.57

1 month 2 54.02 ±18.85 52.09 ±15.46 0.13 −0.20 to 0.45 0.96 0% 0.45

3 months 2 65.01 ±18.29 60.28 ±15.45 0.29 −0.04 to 0.62 0.61 0% 0.08

6 months 2 65.0 ±15.39 64.92 ±15.28 0.02 −0.31 to 0.34 0.54 0% 0.92

12 months 2 69.99 ±20.99 70.74 ±19.39 −0.10 −0.47 to 0.27 0.54 0% 0.59

18 months 1 59 ±24.4 59.8 ±19.5 −0.04 −0.53 to 0.45 N/A N/A 0.89

Delta difference baseline (KOOS score)

Δ 1 month 2 −7.57 ±15.94 −4.03 ±21.5 −0.24 −0.57 to 0.09 0.44 0% 0.15

Δ 3 months 2 3.42 ±20.31 4.16 ±20.29 −0.05 −0.38 to 0.27 0.68 0% 0.76

Δ 6 months 2 3.41 ±16.64 8.8 ±20.9 −0.29 −0.62 to 0.04 0.78 0% 0.08

Δ 12 months 2 10.33 ±28.18 10.52 ±25.64 0.01 −0.37 to 0.40 0.44 0% 0.95

Δ 18 months 1 −3.7 ±31.8 0.4 ±22.4 −0.15 −0.64 to 0.34 N/A N/A 0.56

WOMAC (total)

Baseline 7 46.11 ±26.23 45.15 ±25.18 0.14 −0.17 to 0.46 0.004 69% 0.36

1 month 4 41.3 ±32.03 41.21 ±32.8 −0.05 −0.37 to 0.28 0.21 34% 0.76

3 months 4 23.34 ±15.03 25.29 ±19.94 −0.42 −1.37 to 0.52 <0.001 91% 0.38

6 months 5 33.92 ±28.93 34.57 ±28.91 −0.24 −0.83 to 0.35 <0.001 82% 0.43

12 months 5 24.38 ±24.76 28.33 ±24.95 −0.53 −1.00 to −0.05 <0.001 82% 0.03

18 months 1 27.1 ±23.8 21.0 ±15.1 0.30 −0.19 to 0.80 N/A N/A 0.23

24 months 2 50.58 ±32.92 54.58 ±38.31 −1.52 −4.77 to 1.74 <0.001 97% 0.36

Delta difference baseline – WOMAC (total)

Δ 1 month 4 −16.62 ±13.36 −15.01 ±10.1 −0.52 −1.63 to 0.58 <0.001 93% 0.35

Δ 3 months 4 −13.22 ±25.45 −20.64 ±8.66 −0.45 −2.23 to 1.33 <0.001 97% 0.62

Δ 6 months 5 −20.83 ±18.52 −19.42 ±12.71 −0.17 −1.25 to 0.92 <0.001 94% 0.77

Δ 12 months 5 −25.26 ±15.24 −19.6 ±14.20 −0.95 −1.66 to −0.23 <0.001 92% 0.010

Δ 18 months 1 −13.4 ±5.35 −19.0 ±4.24 1.15 0.61 to 1.68 N/A N/A <0.001

Δ 24 months 2 −12.76 ±4.59 −8.45 ±7.17 −5.11 −16.04 to 5.83 <0.001 99% 0.36

WOMAC (Pain)

Baseline 3 9.75 ±6.1 9.49 ±5.04 0.20 −0.15 to 0.55 0.13 51% 0.26

1 month 2 6.1 ±3.84 6.6 ±5.5 −1.04 −4.02 to 1.93 <0.001 98% 0.49

3 months 2 4.59 ±2.9 5.6 ±4.9 −1.59 −5.41 to 2.22 <0.001 98% 0.41

6 months 2 4.79 ±2.86 5.88 ±4.49 −1.40 −4.47 to 1.66 <0.001 97% 0.37

12 months 2 4.16 ±2.86 5.35 ±3.82 −1.34 −3.45 to 0.77 <0.001 96% 0.21
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Outcome Number 
of studies

MD (SD) Events Heterogeneity
between trials

p-value for 
differences 

across groupsPRP + HA PRP SMD 95% CI p-value I2 statistics

Delta difference baseline – WOMAC (pain)

Δ 1 month 3 −3.84 ±3.63 −3.45 ±1.95 −0.46 −2.36 to 1.44 <0.001 97% 0.64

Δ 3 months 3 −4.87 ±4.42 −3.98 ±2.46 −0.95 −2.73 to 0.82 <0.001 96% 0.29

Δ 6 months 3 −4.28 ±4.96 −3.81 ±2.98 −0.77 −2.66 to 1.12 <0.001 97% 0.42

Δ 12 months 3 −5.75 ±3.88 −4.55 ±3.15 −1.19 −2.56 to 0.19 <0.001 96% 0.09

WOMAC (stiffness)

Baseline 4 3.20 ±2.65 2.91 ±2.2 0.50 −0.26 to 1.26 <0.001 91% 0.19

1 month 2 2.86 ±1.95 2.51 ±2.07 0.40 0.05 to 0.76 0.74 0% 0.03

3 months 2 2.06 ±1.39 2.09 ±1.82 −0.38 −1.85 to 1.10 <0.001 93% 0.62

6 months 2 2.07 ±1.12 2.45 ±1.81 −1.32 −4.46 to 1.82 <0.001 98% 0.41

12 months 2 1.16 ±0.91 1.85 ±1.18 −1.52 −3.08 to 0.04 <0.001 93% 0.06

Delta difference baseline – WOMAC (stiffness)

Δ 1 month 3 −1.37 ±1.2 −1.3 ±0.92 0.40 −2.16 to 2.96 <0.001 98% 0.76

Δ 3 months 3 −1.96 ±1.79 −1.72 ±1.09 0.08 −2.76 to 2.93 <0.001 98% 0.95

Δ 6 months 3 −1.82 ±2.19 −1.4 ±1.03 −0.61 −3.45 to 2.22 <0.001 98% 0.67

Δ 12 months 3 −2.29 ±1.85 −1.48 ±1.43 −1.45 −2.89 to −0.01 <0.001 96% 0.05

WOMAC (function)

Baseline 4 41.82 ±30.88 39.83 ±30.75 0.37 −0.09 to 0.83 0.005 77% 0.11

1 month 2 23.57 ±15.49 21.87 ±15.55 0.26 −0.09 to 0.62 0.92 0% 0.15

3 months 2 17.32 ±12.05 18.81 ±15.4 −0.72 −2.67 to 1.23 <0.001 96% 0.47

6 months 2 17.41 ±10.95 18.15 ±11.56 −0.36 −1.27 to 0.54 0.02 83% 0.43

12 months 2 13.06 ±9.89 17.64 ±12.1 −0.95 −2.04 to 0.14 0.003 89% 0.09

Delta difference baseline – WOMAC (function)

Δ 1 month 3 −32.04 ±40.33 −22.24 ±25.25 −0.46 −1.43 to 0.51 <0.001 90% 0.35

Δ 3 months 3 −47.69 ±41.42 −41.44 ±38.25 −0.98 −2.65 to 0.68 <0.001 96% 0.25

Δ 6 months 3 −40.59 ±30.8 −36.35 ±27.82 −1.29 −2.37 to −0.21 <0.001 91% 0.02

Δ 12 months 3 −34.15 ±27.77 −24.87 ±24.59 −2.01 −3.71 to −0.30 <0.001 96% 0.02

IKDC score

Baseline 2 37.42 ±15.03 37.47 ±10.42 0.02 −0.35 to 0.39 0.69 0% 0.92

1 month 1 53.7 ±14.1 50.1 ±17.3 0.23 −0.27 to 0.72 N/A N/A 0.37

3 months 1 56.9 ±17.6 50.4 ±17.6 0.36 −0.13 to 0.86 N/A N/A 0.15

6 months 2 49.41 ±18.04 49.37 ±14.63 0.07 −0.30 to 0.44 0.67 0% 0.71

12 months 1 55.7 ±21.5 50.6 ±19.1 0.25 −0.24 to 0.74 N/A N/A 0.32

18 months 1 53.4 ±24.5 57.0 ±23.6 −0.15 −0.64 to 0.34 N/A N/A 0.55

24 months 1 51.8 ±21.9 50.9 ±20.1 0.04 −0.45 to 0.53 N/A N/A 0.87

Delta difference baseline (IKDC score)

Δ 1 month 1 15.1 ±19.1 10.9 ±20.5 0.21 −0.45 to 0.53 N/A N/A 0.87

Δ 3 months 1 18.3 ±22.8 11.2 ±20.7 0.32 −0.17 to 0.82 N/A N/A 0.20

Δ 6 months 2 12.04 ±19.73 11.9 ±15.4 0.05 −0.32 to 0.42 0% 0% 0.79

Δ 12 months 1 17.1 ±27.4 11.4 ±22.2 0.23 −0.27 to 0.72 N/A N/A 0.37

Δ 18 months 1 14.8 ±30.3 17.8 ±26.6 −0.10 −0.59 to 0.39 N/A N/A 0.68

Δ 24 months 1 13.2 ±28.1 11.7 ±22.3 0.06 −0.43 to 0.55 N/A N/A 0.82

95% CI – 95% confidence interval; N/A – not applicable; HA – hyaluronic acid; NS – not specified; PRP – platelet-rich plasma; RCT – randomized controlled 
trial; RS – retrospective study; KOA – knee osteoarthritis; SMD – standardized mean difference; MD – mean difference; SD – standard deviation; KOOS – Knee 
Injury and Osteoarthritis Outcome Score; IKDC – International Knee Documentation Committee; WOMAC – Western Ontario and McMaster Universities 
Osteoarthritis Index; VAS – visual analogue scale. Results derived from single studies do not constitute a pooled analysis and should be interpreted with 
caution due to the limited generalizability of such findings.

Table 2. Pooled results of different scales among PRP+HA and PRP groups – cont.
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and 1.70 ±0.60 vs 4.60 ±1.0; SMD = −3.45; 95% CI: −4.46 
to −2.44; p < 0.001; Table 2).

Analysis of changes in values using the VAS showed 
statistically significant differences from baseline only af-
ter 24 months (−2.7 ±0.2 for PRP + HA vs 0.4 ±0.23 for 
PRP; SMD = −14.10; 95% CI: −17.41 to −10.79; p < 0.001; 
Supplementary Fig. 6).

WOMAC score by timeframe

Baseline WOMAC scores were similar across both 
PRP + HA and PRP groups (46.11 ±26.23 vs 45.15 ±25.18; 
SMD = 0.14; 95% CI: −0.17 to 0.46; p = 0.36; Supplemen-
tary Fig. 7). All studies were RCTs. Statistically signifi-
cant differences were noted at the 12-month follow-up, 
with the PRP + HA group showing a more substantial 
reduction in WOMAC scores (24.38 ±23.8 vs 28.33 ±24.95; 
SMD = −0.53; 95% CI: −1.00 to −0.05; p = 0.03). Mean 
changes between the 12-month follow-up and baseline 
revealed statistically significant differences in WOMAC 
score between PRP + HA and PRP groups (−25.26 ±15.24 
vs −19.6 ±14.20; SMD = −0.95; 95% CI: −1.66 to −0.23; 
p = 0.010), as well as between the 18-month follow-up and 
baseline (−13.4 ±5.35 vs −19.6 ±14.2; SMD = 1.15; 95% CI: 
−16.04 to 5.83; p < 0.001; Fig. 3).

Fig. 2. The evolution of the mean visual analogue scale (VAS) scores 
changes from baseline in the research groups 

Results marked with an asterisk refer to a single study and do not 
represent a pooled analysis. They should be interpreted with caution, 
given the limited generalizability of findings based on individual studies.

Fig. 3. The evolution of the mean Western Ontario and McMaster 
Universities Osteoarthritis Index (WOMAC) scores changes from baseline 
in the research groups

Detailed WOMAC subscale (pain, stiffness, and func-
tion) values are shown in Table 2. A graphic representa-
tion of the differences between the measurements and 
baseline in each subscale is illustrated in Supplementary 
Fig. 8, Supplementary Fig. 9, and Supplementary Fig. 10, 
respectively.

KOOS scale by timeframe

Only 3  studies reported KOOS scores in PRP + HA 
and PRP patient groups. There were no statistically sig-
nificant differences in the KOOS score either at baseline 
(60.07 ±16.44 vs 58.15 ±17.58; SMD = 0.14; 95% CI: −0.33 
to 0.61; p = 0.57) or during individual follow-ups (1, 3, 6, 
12, and 18 months after treatment; p > 0.05; Supplemen-
tary Fig. 11). Even when analyzing the differences between 
individual time points and baseline, no statistically sig-
nificant differences were noted between the study groups 
(Fig. 4). Only 1 RCT reported the KOOS scale in the study 
groups. No statistically significant differences were noted 
between PRP + HA and PRP at any of the time points 
(p > 0.05). A similar situation occurred when analyzing 
the differences in values between individual time points 
and baseline (Supplementary Fig. 12).

IKDC scale by timeframe

Two studies reported IKDC scores in the PRP + HA and 
PRP groups, and both studies were RCTs. Pooled analysis 

Fig. 5. The evolution of the mean International Knee Documentation 
Committee (IKDC) scores changes from baseline in the research groups

Fig. 4. The evolution of the mean Knee Injury and Osteoarthritis Outcome 
Score (KOOS) scores changes from baseline in the research groups
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showed no significant difference between these groups 
at baseline (37.42 ±15.03 vs 37.47 ±10.42; SMD = 0.02; 
95% CI: −0.35 to 0.39; p = 0.92), as well as across all follow-
up periods (1, 3, 6, 12, 18, and 24 months; Supplementary 
Fig. 13). Changes in IKDC scores across different follow-up 
time points and baseline showed no statistically significant 
differences between the study groups in any of the out-
come measures (Fig. 5).

Discussion

The presented meta-analysis offers an in-depth explora-
tion into the effectiveness of PRP therapy, both as a stand-
alone treatment and in combination with HA, in the man-
agement of KOA. This discussion integrates findings from 
the meta-analysis with a comprehensive review of exist-
ing literature to contextualize the impact of PRP and HA 
on patient outcomes, specifically focusing on pain reduc-
tion, functional improvement, and improvement in pa-
tients’ overall quality of life.

The  meta-analysis meticulously selected data from 
a broad spectrum of studies, narrowing down to 11 pub-
lications deemed suitable for rigorous scrutiny. This careful 
selection and synthesis process, which mirrored the com-
prehensive approach of Ciapini et al., not only underscores 
the current evidence but also reveals the nuanced benefits 
of PRP, with or without the addition of HA, in the manage-
ment of KOA.29

When combined, PRP and HA jointly stimulate local 
angiogenesis, though PRP plays a more prominent role 
in this process by encouraging healthy surrounding cells 
to produce additional growth factors. Furthermore, PRP 
has demonstrated anti-nociceptive effects.35–37 Research 
by Lana et al. suggests that HA serves as a supportive 
matrix for cartilage repair and improves the mechanical 
properties of cartilage.32

The observed improvements, as noted in the WOMAC 
Pain Assessment (WOMAC PA) scores, typically mani-
fest between 30 and 90 days post-treatment, aligning with 
the timeframe for these molecular and cellular modifica-
tions to take effect. This combination therapy may result 
in better rehabilitation and earlier return to activities 
of daily living.

This meta-analysis unveils a notable variation in the ef-
ficacy of PRP across different timeframes and outcome 
measures. This observation resonates with the findings 
of Guo et al.,30 who reported no significant disparities 
in functional outcomes between groups treated with PRP 
in combination with HA and those treated with PRP alone. 
However, they hinted at a potential for improved func-
tional scores with the combination therapy. This trend 
suggests that while PRP alone can impart beneficial ef-
fects, its combination with HA might enhance or extend 
these outcomes, warranting further investigation, as sug-
gested by Ciapini et al.29 Furthermore, the meta-analysis 

highlights a critical period of enhanced efficacy specifically 
at the 6-month and 24-month follow-ups, particularly no-
table in PRP + HA treatments. This timeframe-dependent 
effectiveness aligns with observations made by Yu et al.28 
and Wu et al.,3 who observed significant improvements 
in pain relief and functional scores at similar intervals. 
These findings suggest the potential for PRP and HA thera-
pies to induce lasting therapeutic benefits, offering a robust 
alternative to the transient nature of symptomatic treat-
ments currently used in KOA management paradigms.

Notably, the sub-analysis of RCTs within the meta-analy-
sis revealed statistically significant differences in outcomes 
favoring PRP + HA combinations at specific follow-up in-
tervals. This echoes the systematic approach of Lana et al.32 
and Jacob et al.,31 which emphasized the value of RCTs 
in establishing the efficacy of PRP treatments. The con-
sistent observation across these studies of improved out-
comes with PRP + HA interventions reinforces the po-
tential of combinatory therapies for improving KOA care.

The analysis extends to the nuanced roles of WOMAC 
and KOOS scores as outcome measures, reflecting patient-
reported assessments of pain, stiffness, and functional 
capacity. The  meta-analysis, through its elaborate ex-
amination of these scores, highlights the complex nature 
of KOA symptoms and how distinct treatments uniquely 
address these issues. Such an approach mirrors the detailed 
analyses conducted by Palco et al.6 and Sun et al.,34 which 
also utilized these scales to discern the therapeutic value 
of PRP and HA interventions. The consistency between 
these studies highlights the critical role of patient-centered 
outcomes in evaluating the success of KOA treatments.

Recent meta-analyses highlight the significant clini-
cal utility of PRP and HA, underscoring the relevance 
of the topic explored in this meta-analysis. Bensa et al. 
demonstrated that corticosteroid injections for KOA yield 
results comparable to HA and PRP only in the short term, 
whereas PRP shows clear superiority in longer-term fol-
low-ups.38 Moreover, Qiao et al. found that PRP and HA, 
including when used in combination therapy, do not pres-
ent a higher risk of treatment-related adverse events com-
pared to placebo. It is important to note that the absence 
of elevated safety risks also applies to corticosteroid use.39 
Regarding the most effective intervention strategy, a meta-
analysis by Tao et al. revealed that repeated PRP treatments 
are more effective than a single administration.40

Moreover, this study critically examines the risk of bias 
in the included studies, utilizing established tools such 
as  the  RoB2 and ROBINS-I. This thorough scrutiny 
of study quality ensures that conclusions drawn are based 
on evidence of the highest integrity, a principle that is par-
amount in the realm of evidence-based medicine. This 
commitment to maintaining strict methodological stan-
dards is reflected in the studies included in this review, 
all of which strive to contribute to a more reliable and 
comprehensive understanding of PRP and HA therapies 
in osteoarthritis management.
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The assessment of pain and functional outcomes in most 
studies relied heavily on subjective scales such as the VAS 
and the WOMAC, which could potentially limit the ob-
jectivity of  the results. The selection of  the  IKDC and 
WOMAC scores as endpoints (surrogate measures) was 
made due to  their broad application in clinical studies 
in this field. The WOMAC score is a self-reported tool 
used by patients to evaluate their pain, stiffness, and physi-
cal function in relation to osteoarthritis. Patients rate each 
item based on their experience, typically using a Likert scale 
(0–4) or a VAS.41 In contrast, the IKDC score combines 
physician assessments with patient-reported outcomes 
and assesses knee function, particularly after injuries such 
as ligament tears. This score integrates clinical evaluations 
with patients’ subjective assessment of knee symptoms, 
functionality, and activity levels.42 The use of objective 
assessment methods such as the single-leg stance (SLS) 
test, which was used in Sun et al.,34 or the Biodex Balance 
System SD, used in Wu et al.,3 may contribute to greater 
objectivity in research and a better comparison of both 
treatment methods. Furthermore, advanced imaging tests 
such as magnetic resonance imaging (MRI), despite their 
costs and time requirements, could also contribute to im-
proving the quality of research. Adding a control group 
receiving saline injections, which is often used as a placebo 
in intra-articular research, could also set a clear baseline 
for judging how well the treatment works.

The  selection of  appropriate patients for the  studies 
is critical. As indicated by Jacob et al., patient weight plays 
a crucial role due to its significant impact on articular carti-
lage damage.31 Long-term studies should consider changes 
in patient body weight, as weight reduction alone can stop 
disease progression irrespective of the treatment. Palco 
et al. highlighted the importance of disease stage in ana-
lyzing treatment outcomes: most studies on the conserva-
tive treatment of KOA mainly include patients in the early 
stages, while stages III and IV are less represented. It is hy-
pothesized that the use of combined PRP + HA may benefit 
individuals with advanced stages of the condition.6 The se-
lection and administration methods of treatments also 
present a significant consideration. The study by Wu et al. 
was probably the first study in which a different drug ad-
ministration protocol was used, as PRP was administered 
1 week prior to HA, diverging from the concurrent ad-
ministration seen in prior studies.3 This approach yielded 
comparable or superior results, highlighting the need for 
further optimization of administration protocols.

Future scientific research should focus, among other 
things, on deepening the understanding of the biological 
mechanisms underlying the effects of PRP and HA, both in-
dividually and in synergy. Gaining insight into these mech-
anisms may lead to the discovery of substances with similar 
potential applications in intra-articular injections. From 
a clinical standpoint, further investigation is needed into 
the optimal injection protocols, including timing intervals. 
For instance, it would be important to determine whether 

more intensive treatment could significantly reduce the risk 
of KOA progression, which holds critical clinical relevance. 
Additionally, there is a need for a more comprehensive 
analysis of the endpoints used in clinical trials. It seems es-
sential to implement 2 types of measurement scales in such 
studies: one that is self-reported by patients, and another 
completed by clinicians, preferably independent raters not 
directly involved in the care of trial participants. Lastly, 
the use of radiologically based endpoints should be encour-
aged and combined with these measurement scales. Fur-
thermore, the reliance on highly experienced physicians for 
performing high-frequency color Doppler imaging, without 
a standardized practitioner for all examinations, may in-
troduce variability in the measurement outcomes. Coupled 
with the lack of long-term follow-up data to evaluate the en-
during effects of the treatments and the possible unac-
counted use of concurrent analgesic or anti-inflammatory 
medications, these factors support a cautious interpretation 
of the findings. They also highlight the need for further 
research with more rigorous methodologies and involving 
larger, more homogeneous study populations.

Limitations of the study

We acknowledge several limitations of this research that 
may impact the breadth of its applicability and the interpre-
tation of its outcomes. First, the variability in pre-treatment 
inflammation levels and synovial conditions, potentially 
influenced by patients’ NSAID or steroid use, introduces 
a degree of heterogeneity within the study cohorts, com-
plicating direct comparisons. Additionally, the inclusion 
of patients receiving bilateral injections might increase 
population heterogeneity, though it reflects real-life clini-
cal scenarios. The observed differences in the effective-
ness of PRP combined with HA in treating different knee 
compartments, attributed to varying stress distributions, 
highlight the complexity of osteoarthritis treatment and 
underscore the necessity for individualized therapeutic 
approaches. Furthermore, some outcomes were reported 
by only 1 study; while these results were included for thor-
oughness, they do not constitute aggregated estimates. 
These instances were distinctly categorized and should be 
regarded as single-study results rather than meta-analytic 
compilations.

Conclusions

This meta-analysis underscores the efficacy of PRP, ei-
ther independently or in conjunction with HA, as a viable 
treatment for KOA, especially in alleviating pain and en-
hancing functionality over time. Notable advantages were 
evident at 6 and 24 months, indicating a synergistic effect. 
Nonetheless, clinical implications must be evaluated with 
caution due to variability across the studies. To improve 
evidence-based treatment methods, future research should 
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focus on large, high-quality trials that investigate the un-
derlying biological mechanisms of this therapy.

Use of AI and AI-assisted technologies

Not applicable.

Supplementary data

The supplementary materials are available at https://
doi.org/10.5281/zenodo.16979738. The package contains 
the following files:

Supplementary Fig. 1. A summary table of review au-
thors’ judgements for each risk of bias item for RCT.

Supplementary Fig. 2. A summary table of review au-
thors’ judgements for each risk of bias item for non-RCT.

Supplementary Fig. 3. A plot of the distribution of review 
authors’ judgements across RCTs for each risk of bias item.

Supplementary Fig. 4. A plot of the distribution of re-
view authors’ judgements across non-RCTs for each risk 
of bias item.

Supplementary Fig. 5. Forest plot of VAS scores among 
PRP + HA and PRP patients (results derived from single 
studies do not constitute a pooled analysis and should be 
interpreted with caution due to the limited generalizability 
of such findings).

Supplementary Fig. 6. The evolution of the mean VAS 
scores changes from baseline in the research groups in 
RCTs sub-analysis.

Supplementary Fig. 7. Forest plot of WOMAC (total) 
scores among PRP + HA and PRP patients (results derived 
from single studies do not constitute a pooled analysis 
and should be interpreted with caution due to the limited 
generalizability of such findings).

Supplementary Fig.  8. The  evolution of  the  mean 
WOMAC pains subscale changes from baseline in the re-
search groups.

Supplementary Fig.  9. The  evolution of  the  mean 
WOMAC stiffness subscale changes from baseline in 
the research groups.

Supplementary Fig.  10. The  evolution of  the  mean 
WOMAC function subscale changes from baseline in 
the research groups.

Supplementary Fig. 11. Forest plot of KOOS scores among 
PRP + HA and PRP patients (results derived from single 
studies do not constitute a pooled analysis and should be 
interpreted with caution due to the limited generalizability 
of such findings).

Supplementary Fig. 12. The evolution of the mean KOOS 
scores changes from baseline in  the  research groups 
in RCTs sub-analysis.

Supplementary Fig. 13. Forest plot of IKDC scores among 
PRP + HA and PRP patients.

Supplementary Table 1. Pooled results of different scales 
among PRP + HA and PRP in subgroup of RCT trials.
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Abstract
Background. No comprehensive comparative research has been conducted to evaluate open Bankart (OB), 
arthroscopic Bankart (AB), open Latarjet (OL), and arthroscopic Latarjet (AL) simultaneously across all relevant 
clinical outcomes and parameters.

Objectives. To compare the efficacy of OB, AB, OL, and AL procedures in the treatment of shoulder dislocation.

Materials and methods. The databases PubMed, Embase, the Cochrane Library, and Web of Science 
were utilized for the literature search. The study evaluated recurrent instability, re-dislocation, apprehen-
sion, functional outcomes, and postoperative pain. The results were visually represented through network 
diagrams, forest plots, league tables, and rank probability plots to provide a comprehensive understanding 
of each outcome.

Results. Overall, 37 studies were included in the analysis. Individuals who underwent OL experienced 
a notably reduced risk of recurrent instability compared with those who underwent AB (random-effects 
model pooled relative risk (RR) = 0.34, 95% credible interval (95% CrI): 0.24–0.48) and OB (random-effects 
model pooled RR = 0.51, 95% CrI: 0.31–0.85). The risk of re-dislocation was also significantly lower for 
patients treated with OL compared with AB (pooled RR = 0.15, 95% CrI: 0.04–0.45). While not statistically 
significant, the OL procedure tended to have the lowest risk of apprehension and the highest Subjective 
Shoulder Value (SSV) score. Regarding postoperative pain, patients who underwent OB had the highest 
likelihood of attaining the lowest scores on the visual analogue scale (VAS). In addition, OL was associated 
with the highest probability of complications.

Conclusions. The open Latarjet procedure appears to offer superior shoulder stability; however, while 
functional outcomes for patients undergoing OL are likely to be non-inferior, the procedure is not significantly 
associated with reduced postoperative pain as measured with the VAS score. Additionally, the OL procedure 
is associated with an increased likelihood of complications. Consequently, it is essential to implement preven-
tive measures to manage postoperative pain and address potential complications following OL procedure.

Key words: network meta-analysis, shoulder dislocation, Bankart, Open Latarjet, arthroscopic treatment
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Introduction

The shoulder joint is  the most frequently dislocated 
joint in the human body, with an  incidence of approx. 
23.96 per 100,000 individuals annually.1 Its high mobility 
and relatively shallow glenoid cavity make it particularly 
susceptible to instability, especially following traumatic 
events.1 Injuries to the static (e.g., labrum, ligaments) and 
dynamic (e.g., muscles) stabilizers of  the shoulder can 
lead to instability, with anterior shoulder instability being 
the most common form, typically resulting from traumatic 
events.2,3 Conservative management is frequently selected 
for patients who are not candidates for surgery, despite 
the higher risk of recurrence.4 Surgical stabilization rep-
resents an effective treatment option when conservative 
management fails, providing durable fixation and a more 
definitive resolution of instability.5

Traditional open Bankart (OB) repair was historically 
regarded as the standard surgical treatment for shoulder 
stabilization.6,7 This technique has been shown to improve 
joint stability and is associated with low recurrence rates.8–11 
However, despite its effectiveness, the open approach has 
certain disadvantages, including restricted external rota-
tion and an increased risk of secondary osteoarthritis.12

Arthroscopic Bankart (AB) repair, first described 
in 1993, has gained increasing acceptance over the past 
decades owing to advances in arthroscopic techniques 
and improved surgical expertise.13–15 Compared with open 
procedures, arthroscopic repair offers several advantages, 
including smaller incisions, shorter operative time, re-
duced postoperative pain, and potentially fewer compli-
cations.16–18 However, some studies have reported higher 
recurrence rates of shoulder instability following AB repair 
compared with open repair.19,20

The open Latarjet (OL) procedure is widely used for 
the  management of  anterior shoulder instability and 
is recognized for its effectiveness and reliability; however, 
it is associated with potential complications such as non-
union and infection.21,22 Arthroscopic Latarjet (AL) has 
subsequently been introduced as a minimally invasive al-
ternative. Emerging evidence indicates that AL achieves 
clinical outcomes comparable to OL, while potentially 

offering smaller incisions, fewer complications, faster graft 
healing, earlier rehabilitation, and the ability to address 
concomitant intra-articular pathologies.23,24

Numerous studies have directly compared pairs of the 4 sur-
gical techniques – OB, AB, OL, and AL – for the manage-
ment of shoulder instability.25–27 Furthermore, several meta-
analyses have evaluated the comparative effectiveness of OL 
compared with AL in recurrent anterior shoulder instability, 
as well as OB vs AB in the management of Bankart lesions.28,29

Currently, multiple surgical interventions are available 
for managing shoulder dislocations; however, no single 
treatment has been proven superior. Additionally, there 
is a scarcity of studies evaluating OB, AB, OL, and AL 
across all relevant clinical outcomes and parameters.

Objectives

The current network meta-analysis aimed to compare 
the OB, AB, OL, and AL procedures for the treatment 
of shoulder dislocation.

Materials and methods

Search strategy

To ensure a thorough examination of the available lit-
erature, 2 independent investigators (Q.H. and W.Q.) con-
ducted a comprehensive search across multiple databases, 
including PubMed, Embase, the Cochrane Library, and 
Web of Science. The search was completed on August 17, 
2023, to gather the most recent and relevant studies for 
the network meta-analysis. English search terms included 
“Shoulder Dislocation” OR “Dislocation, Shoulder” OR 
“Dislocations, Shoulder” OR “Shoulder Dislocations” OR 
“Glenohumeral Dislocation” OR “Dislocation, Glenohu-
meral” OR “Dislocations, Glenohumeral” OR “Glenohu-
meral Dislocations” OR “Glenohumeral Subluxation” OR 
“Glenohumeral Subluxations” OR “Subluxation, Gleno-
humeral” OR “Subluxations, Glenohumeral” AND “Bris-
tow” OR “Latarjet” OR “Bankart” OR “iliac bone graft” 

Highlights
	• Open Latarjet procedure provides superior shoulder stability with significantly lower rates of recurrent instability 
and re-dislocation compared to Bankart techniques.

	• Arthroscopic and open Bankart repairs show higher recurrence risk, while open Latarjet demonstrates the most 
favorable stability outcomes in shoulder dislocation treatment.

	• Postoperative pain outcomes vary, with open Bankart associated with lower pain scores, while open Latarjet does 
not significantly reduce pain despite better stability.

	• Open Latarjet carries a higher risk of complications, highlighting the need for careful patient selection and post-
operative management strategies.



Adv Clin Exp Med. 2026;35(5):765–778 767

OR “Repair” OR “Putti-Platt” OR “Arthroscopies” OR “ar-
throscopic surgery” OR “Surgery” OR “Conservative” OR 
“nonoperative” OR “nonsurgical” OR “Physiotherapy” OR 
“Immobilization”. Disagreements concerning eligibility 
were resolved by another investigator (J.S.). Primary study 
selection was based on the titles and abstracts of the re-
trieved studies, followed by full-text screening. The present 
study adhered to the Preferred Reporting Items for Sys-
tematic Reviews and Meta-Analyses (PRISMA) reporting 
guidelines, ensuring a transparent and methodologically 
rigorous approach to  the systematic review and meta-
analysis process.30

Eligibility criteria

The  inclusion criteria for the  study were as  follows: 
1) studies involving patients diagnosed with shoulder in-
stability or dislocation; 2) studies in which patients un-
derwent treatment with one of the 4 specified surgical 
procedures: OB, AB, OL, or AL; 3) evaluation of outcomes 
related to shoulder stability, functional outcomes, or post-
operative pain; 4) study designs limited to randomized 
controlled trials (RCTs) and cohort studies.

The exclusion criteria were defined to ensure the rel-
evance and quality of the included literature and included: 
1) animal studies; 2) case reports; 3) studies with sample 
sizes of fewer than 10 participants; 4) studies not directly 
related to the topic, such as those involving patients with-
out shoulder dislocation or instability, or those focusing 
on non-surgical treatments or procedures other than Ban-
kart and Latarjet repairs; 5) editorial materials, conference 
abstracts, protocols, letters, guidelines, expert consensus 
documents, reviews, and meta-analyses, as these formats 
typically do not contain the  level of  detail or  original 
data required for a systematic review and meta-analysis; 
6) studies not published in English.

Outcome measures

In this analysis, the primary outcome of interest was 
shoulder stability, with specific measures including the in-
cidence of recurrent instability, re-dislocation, and appre-
hension. The secondary outcomes encompassed functional 
outcomes and postoperative pain. Functional outcomes 
were measured using several standardized scales, includ-
ing the Subjective Shoulder Value (SSV) score, reflecting 
the patient’s assessment of shoulder function; the Ameri-
can Shoulder and Elbow Surgeons (ASES) score, a com-
prehensive evaluation of shoulder function commonly 
used after shoulder surgery; the Rowe score, another scale 
specifically designed to assess shoulder function, with 
an emphasis on activities of daily living and sports; and 
forward flexion, a measure of range of motion indicating 
the extent to which the patient can raise the arm forward. 
Postoperative pain was quantified using the visual ana-
logue scale (VAS).

Data extraction

The data extraction process from the included stud-
ies in the systematic review and network meta-analysis 
was comprehensive and included the following details: 
authors, year of publication, country, study design, popula-
tion, intervention, sample size, male/female distribution, 
age (in years), body mass index (BMI, in kg/m2), glenoid 
bone loss, number of Hill–Sachs lesions, follow-up time 
(in months), and outcomes.

Quality assessment

In the systematic review and network meta-analysis, 
the quality assessment of  the  included RCTs was con-
ducted using the modified Jadad scale.31 This scale al-
locates a total of 7 points, with RCT quality categorized 
as follows: 1–3 points indicating low quality and 4–7 points 
indicating high quality. For cohort studies, quality was 
evaluated using the modified Newcastle–Ottawa scale 
(NOS).32 The NOS assigns a total of 9 points, with qual-
ity ratings defined as follows: 0–3 points indicating poor 
quality, 4–6 points indicating fair quality, and 7–9 points 
indicating good quality.

Statistical analyses

A network meta-analysis was conducted using Stata 
v.  15.1 (StataCorp LLC, College Station, USA) and 
the gemtc 1.0.1 package in R v. 4.1.3 (R Foundation for 
Statistical Computing, Vienna, Austria). A  Bayesian 
framework and a Markov chain Monte Carlo (MCMC) 
model were employed for the analysis. To ensure model 
convergence, trace plots and diagnostic tools were uti-
lized. The number of initial iterations in the Monte Carlo 
simulations was determined based on achieving a potential 
scale reduction factor (PSRF) close to 1, indicating satisfac-
tory convergence. Additional iterations were performed 
if necessary.

The  bandwidth value in  the  density plots served 
as a quantitative measure, with smaller values suggest-
ing a closer fit to the preset distribution. Iterations were 
continued until the bandwidth stabilized near 0, ensur-
ing robust model performance. The  model consisted 
of 4 chains, with an initial iteration count of 20,000, fol-
lowed by an additional 50,000 iterations, and a step length 
of 1. In the presence of network relationships, the model 
assessed consistency and potential discrepancies be-
tween direct and indirect treatment comparisons. When 
the difference between the Deviance Information Criteria 
(DIC) of the consistency and inconsistency models was 
less than 5, it  indicated agreement between direct and 
indirect comparisons. Network plots were constructed 
for each outcome measure. Analyses were conducted 
using a random-effects model. For the Rowe score, SSV 
score, forward flexion, ASES score, and VAS, the weighted 
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mean difference (WMD) and 95% credible intervals (95% 
CrIs) for different surgical interventions were reported. 
For recurrent instability, apprehension, re-dislocation, 
and complications, the relative risk (RR) values and 95% 
CrIs for different surgical interventions were reported. 
All direct and indirect comparisons of WMD or RR val-
ues with their corresponding 95% CrIs were presented 
in forest plots. The ranking of surgical interventions was 
predicted using a ranking plot, in which the probability 
of each intervention being ranked in the nth position was 
presented as a bar chart, with the horizontal axis indicating 
the corresponding rank.

Continuous variables were analyzed using the change 
from baseline as  the  final analysis outcome to  reduce 
statistical errors arising from initial population imbal-
ances in some cohort studies. An adjusted funnel plot 
was employed to evaluate potential publication bias. This 
approach is particularly relevant in the context of net-
work meta-analyses, where traditional funnel plots may 
not adequately capture the nuances of multiple interven-
tion comparisons. By using the adjusted funnel plot, sym-
metry of effect sizes across studies can be assessed more 
accurately, thereby providing a more robust evaluation 
of potential bias.

Results

Characteristics of the included studies

From the 4 databases, 8,402 studies were retrieved. After 
excluding duplicates, 5,982 studies remained for screening 
based on titles and abstracts, followed by full-text screen-
ing. Ultimately, 37 studies were included in this network 
meta-analysis, comprising 5 RCTs and 32 cohort stud-
ies.25–27,33–66 Figure 1 illustrates the flow chart of the eli-
gible study screening process. Of the included studies, 
32 were of high quality and 5 were of fair quality. These 
studies were published between 1997 and 2023. The char-
acteristics of the included studies are presented in Supple-
mentary Table 1.

Shoulder stability

Recurrent instability

Information on recurrent instability was provided in 
21 studies involving 2,300 patients, in which OB, AB, 
OL, and AL were compared. Arthroscopic Bankart was 
directly compared with OB, AL, and OL. There were more 
studies for the direct comparison between AB and OL 
(Fig. 2A). The forest plot analysis using a random-effects 

Fig. 1. Flowchart of eligible study 
screening
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Records excluded (n = 335)
Subjects not meeting the requirements (n = 335)

Records excluded (n = 5,610) 
Topics not meeting the requirements (n = 4,177) 
Reviews or meta-analyses (n = 622) 
Articles not in English (n = 220) 
Animal experiments ( n = 8)
Case reports (n = 281)
Conference abstracts (n = 182) 
Letters (n = 30) 
Protocols (n = 2) 
Editorials (n = 71) 
Guidelines and expert consenses (n = l 7) 

Titles and abstracts screened 
for eligibility

(n = 372) 

Full-text articles screened for eligibility
(n = 37) 

Studies included in meta-analysis
(n = 37) 
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model revealed that OL had a  lower risk of  recurrent 
instability than AB (pooled relative risk (RR)  =  0.33, 
95% CrI: 0.22–0.49) (Fig. 3). The  league table demon-
strated that patients treated with OL had a significantly 
lower risk of  recurrent instability than those treated 
with AB (random-effects model pooled RR = 0.34, 95% 
CrI: 0.24–0.48) and OB (random-effects model pooled 
RR = 0.51, 95% CrI: 0.31–0.85) (Table 1). The rank prob-
abilities showed that OL was most likely to be the optimal 
procedure with regard to recurrent instability (Table 2). 
In the subgroup analysis restricted to primary surgical 
procedures, the pooled results analyzed using a random-
effects model demonstrated that patients undergoing 
OL exhibited a significantly reduced risk of recurrent 

instability compared with those treated with arthroscopic 
AB (pooled RR = 0.39, 95% CrI: 0.20–0.60) (Supplemen-
tary Table 2).

Re-dislocation

Nineteen studies involving 2,318 patients assessed the risk 
of re-dislocation after AB, OB, AL, and OL. Arthroscopic 
Bankart was directly compared with OB and OL, and OL 
was directly compared with OB and AL. More studies 
compared AB and OL (Fig. 2B). Figure 4, based on the ran-
dom-effects model analysis, also showed a lower risk of re-
dislocation in patients treated with OL compared with AB 
(pooled RR = 0.13, 95% CrI: 0.03–0.43). The league table 

Table 1. League table of different procedures for various outcomes analyzed by the random-effect model

Outcomes/procedures AB AL OB OL

Recurrent 
instability

AB AB 0.72 (0.22, 2.52) 0.67 (0.42, 1.04) 0.34 (0.24, 0.48)

AL 1.38 (0.38, 4.57) AL 0.94 (0.24, 3.3) 0.47 (0.13, 1.57)

OB 1.47 (0.95, 2.36) 1.07 (0.3, 4.18) OB 0.51 (0.31, 0.85)

OL 2.95 (2.07, 4.18) 2.13 (0.64, 7.77) 1.99 (1.17, 3.34) OL

Apprehension

AB AB 0.76 (0.13, 3.4) 1.88 (0.24, 19.33) 0.57 (0.18, 1.45)

AL 1.31 (0.29, 7.75) AL 2.49 (0.21, 50.16) 0.75 (0.22, 2.68)

OB 0.53 (0.05, 4.16) 0.4 (0.02, 4.83) OB 0.3 (0.02, 2.79)

OL 1.75 (0.69, 5.64) 1.33 (0.37, 4.56) 3.33 (0.36, 48.3) OL

Re-dislocation

AB AB 0.25 (0, 28.83) 0.65 (0.18, 2.09) 0.15 (0.04, 0.45)

AL 3.96 (0.03, 524.99) AL 2.55 (0.02, 360.41) 0.59 (0.01, 62.89)

OB 1.55 (0.48, 5.55) 0.39 (0, 51.8) OB 0.23 (0.04, 1.04)

OL 6.71 (2.25, 27.26) 1.73 (0.02, 183.9) 4.34 (0.96, 24.12) OL

Complications

AB AB 0.98 (0.27, 4.77) 1.27 (0.39, 4.19) 2.08 (0.97, 6.26)

AL 1.02 (0.21, 3.71) AL 1.31 (0.18, 6.78) 2.12 (0.77, 6.53)

OB 0.79 (0.22, 2.67) 0.76 (0.15, 5.41) OB 1.64 (0.48, 8.38)

OL 0.48 (0.15, 1.01) 0.47 (0.14, 1.32) 0.61 (0.12, 2.13) OL

Rowe scores

AB AB −2.36 (−12.83, 8.38) 5.92 (−5.56, 16.63) 3.77 (−2.49, 10.28)

AL 2.36 (−8.58, 12.83) AL 8.3 (−7.65, 23.12) 6.22 (−3.79, 15.77)

OB –5.92 (−16.63, 5.46) −8.3 (−23.12, 7.65) OB −2.14 (−14.5, 11.14)

OL −3.77 (−10.28, 2.49) −6.12 (−15.77, 3.79) 2.14 (−11.14, 14.5) OL

SSV score [%]

AB AB 3.83 (−32.47, 40.42) 6.97 (−13.12, 27.37) –

AL −3.83 (−40.42, 32.47) AL 3.1 (−27.24, 33.4) –

OL −6.97 (−27.37, 13.12) −3.1 (−33.4, 27.24) OL –

Forward flexion

AB AB −14.36 (−32.77, 3.36) −1.68 (−12.05, 7.64) –

AL 14.36 (−3.36, 32.77) AL 12.6 (−2.54, 27.61) –

OL 1.68 (−7.65, 12.05) −12.6 (−27.61, 2.58) OL –

ASES score

AB AB −22.88 (−47.99, 2.49) −13.8 (−31.3, 3.96) –

AL 22.88 (−2.49, 47.99) AL 9.1 (−8.8, 27.07) –

OL 13.8 (−3.96, 31.3) −9.1 (−27.07, 8.8) OL –

VAS

AB AB −0.40 (−3.24, 2.44) 0.29 (−1.74, 2.31) –

OB 0.4 (−2.44, 3.24) OB 0.69 (−2.81, 4.19) –

OL −0.29 (−2.31, 1.75) −0.69 (−4.19, 2.81) OL –

SSV – subjective shoulder value; ASES – American Shoulder and Elbow Surgeons; VAS – visual analogue scale; OB – open Bankart; AB – arthroscopic 
Bankart; OL – open Latarjet; AL – arthroscopic Latarjet. Values in brackets are 95% credible intervals (95 CrIs).
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analysis using a random-effects model found that the risk 
of re-dislocation after OL was significantly lower than that 
after AB (pooled RR = 0.15, 95% CrI: 0.04–0.45) (Table 1). 

The rank probabilities showed that OL had the highest 
likelihood of being the optimal operation with regard 
to re-dislocation (Table 2). Based on the subgroup analysis 

Fig. 3. Forest plots of different procedures 
for shoulder stability analyzed with 
the random-effect model analysis 
(recurrent instability)

OB – open Bankart; AB – arthroscopic 
Bankart; OL – open Latarjet; 
AL – arthroscopic Latarjet; CrI – credibility 
interval.

Fig. 2. Network plots of different procedures for shoulder stability. A. recurrent instability; B. re-dislocation; C. apprehension; D. complications

OB – open Bankart; AB – arthroscopic Bankart; OL – open Latarjet; AL – arthroscopic Latarjet.
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of primary surgeries, OL was associated with a lower likeli-
hood of re-dislocation compared with AB (random-effects 
model pooled RR = 0.14, 95% CrI: 0.03–0.39) and OB (ran-
dom-effects model pooled RR = 0.11, 95% CrI: 0.01–0.66) 
(Supplementary Table 2).

Apprehension

The risk of apprehension was evaluated in 10 studies 
including 1,195 patients. Arthroscopic Bankart was di-
rectly compared with OL and OB, and AL was directly 
compared with OL. More studies compared AB and OL 
(Fig. 2C). The forest plot analysis using a random-effects 
model demonstrated that no significant difference was 
observed in the risk of apprehension among these 4 op-
erations (Fig. 5). Similarly, no significant difference was 
observed in the risk of apprehension among these 4 opera-
tions in the league table analysis using a random-effects 
model (Table 1). The rank probabilities showed that pa-
tients undergoing OL were most likely to have the lowest 
risk of apprehension (Table 2).

Functional outcomes

SSV score

Three studies involving 500  patients investigated 
the SSV score, including AB, OL, and AL. No signifi-
cant difference in the SSV score was found among these 
surgical treatments based on the forest plot and league 
table (Table 1). The rank probabilities suggested that OL 
was most likely to be associated with the highest SSV 
score (Table 2). Based on the subgroup analysis of primary 
surgeries, no significant difference in the SSV score was 
observed among these surgical treatments (Supplemen-
tary Table 2).

ASES score

Two studies involving 952 patients assessed the ASES 
score, including AB, OL, and AL. No significant differ-
ence was observed in the ASES score among these surgi-
cal treatments based on the league table analysis using 

Fig. 4. Forest plots of different procedures 
for shoulder stability analyzed with 
the random-effect model analysis 
(re-dislocation)

OB – open Bankart; AB – arthroscopic 
Bankart; OL – open Latarjet; 
AL – arthroscopic Latarjet; CrI – credibility 
interval.
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a random-effects model (Table 1). The rank probabilities 
suggested that AB was most likely to be the best surgery 
with regard to the ASES score (Table 2).

Rowe score

The Rowe score was evaluated in 11 studies involving 
1,152 patients, and comparisons were made among OB, 
AB, OL, and AL. No significant difference in the Rowe 
score was found among these operations when the analy-
sis was conducted using a random-effects model (Fig. 6). 
Similarly, no significant difference in  the  Rowe score 

was observed among these operations in the league table 
analysis using a random-effects model (Table 1). The rank 
probabilities showed that OB had the highest likelihood 
of being the optimal procedure with regard to the Rowe 
score (Table 2).

Forward flexion

Three studies involving 311  patients provided data 
on forward flexion, including AB, OL, and AL. No sig-
nificant difference in  forward f lexion was observed 
among the 3 operations in the forest plot analysis using 

Table 2. Rank probabilities of different procedures for various outcomes analyzed using the random-effect model

Outcomes/procedures [1] [2] [3] [4]

Recurrent 
instability

AB 0.67388 0.313325 0.012795 0

AL 0.295145 0.24836 0.35018 0.106315

OB 0.03096 0.43655 0.52601 0.00648

OL 0.000015 0.001765 0.111015 0.887205

Apprehension

AB 0.167745 0.54864 0.226875 0.05674

AL 0.14133 0.24713 0.35775 0.25379

OB 0.679765 0.132705 0.07371 0.11382

OL 0.01116 0.071525 0.341665 0.57565

Re-dislocation

AB 0.579025 0.359475 0.06113 0.00037

AL 0.25713 0.090375 0.25431 0.398185

OB 0.163505 0.53854 0.280285 0.01767

OL 0.00034 0.01161 0.404275 0.583775

Complications

AB 0.01209 0.18025 0.46991 0.33775

AL 0.05388 0.24929 0.248675 0.448155

OB 0.20487 0.328335 0.253815 0.21298

OL 0.72916 0.242125 0.0276 0.001115

Rowe scores

AB 0.01475 0.15198 0.56608 0.26719

AL 0.046865 0.10945 0.201175 0.64251

OB 0.62036 0.20063 0.10547 0.07354

OL 0.318025 0.53794 0.127275 0.01676

SSV score [%]

AB 0.160565 0.313975 0.52546

–AL 0.38385 0.23618 0.37997

OL 0.455585 0.449845 0.09457

Forward flexion

AB 0.70733 0.25892 0.03375

–‑AL 0.025975 0.035085 0.93894

OL 0.266695 0.705995 0.02731

ASES score

AB 0.934345 0.04722 0.018435

–AL 0.02623 0.0955 0.87827

OL 0.039425 0.85728 0.103295

VAS

AB 0.235695 0.52824 0.236065

–OB 0.263845 0.18881 0.547345

OL 0.50046 0.28295 0.21659

SSV – subjective shoulder value; ASES – American Shoulder and Elbow Surgeons; VAS – visual analogue scale; OB – open Bankart; AB – arthroscopic 
Bankart; OL – open Latarjet; AL – arthroscopic Latarjet.  
[1] – the probability that the procedure ranks 1st (i.e., performs the best) for that outcome; [2] – the probability that the procedure ranks 2nd for that outcome; 
[3] – the probability that the procedure ranks 3rd for that outcome; [4] – the probability that the procedure ranks 4th (i.e., performs the worst) for that outcome.
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a random-effects model (Fig. 7). Similarly, no significant 
difference in forward flexion was observed among the 3 op-
erations in the league table analysis using a random-effects 
model (Table 1). The rank probabilities showed that AL 
was most likely to be associated with the greatest forward 
flexion (Table 2).

Postoperative pain

Information on the VAS score was provided in 3 studies 
involving 1,294 patients, including AB, OL, and OB. When 
the analysis was conducted using a random-effects model, 
no significant difference was observed in the VAS score 

Fig. 5. Forest plots of different procedures 
for shoulder stability analyzed with 
the random-effect model analysis 
(apprehension)

OB – open Bankart; AB – arthroscopic 
Bankart; OL – open Latarjet; 
AL – arthroscopic Latarjet; CrI – credibility 
interval.

Fig. 6. Forest plots of different procedures 
for shoulder stability analyzed with 
the random-effect model analysis (Rowe 
score)

OB – open Bankart; AB – arthroscopic 
Bankart; OL – open Latarjet; 
AL – arthroscopic Latarjet; CrI – credibility 
interval.



C. Wen et al. OB, AB, OL, and AL on shoulder dislocation774

among AB, OL, and OB (Fig. 8). Similarly, no significant 
difference in the VAS score was observed among AB, OL, 
and OB in the league table analysis using a random-effects 
model (Table 1). The rank probabilities demonstrated that 
OB had the highest probability of achieving the lowest VAS 
score (Table 2).

Complications

A total of 18 studies comprising 1,902 patients were in-
cluded in the analysis. Complications were assessed across 
4 surgical approaches: AB, OB, OL, and AL. Direct com-
parisons were made between OL and each of the other 
3 surgical methods, with specific direct comparisons ex-
isting between OL and AB. The network plot indicated 
a larger node and a thicker connecting line between AB 
and OL, suggesting that more studies directly compared 
these 2 interventions and that the sample size for these 
comparisons was relatively larger (Fig. 2D).

No significant difference in complications was observed 
among the 4 methods in the forest plot analysis using a ran-
dom-effects model (Fig. 9). Similarly, no significant differ-
ence in complications was observed among the 4 tech-
niques in the league table analysis using a random-effects 
model (Table 1). The rank probabilities demonstrated that 
OL had the highest probability of complications (Table 2). 
The funnel plots for publication bias assessment are shown 
in Supplementary Fig. 1.

Discussion

In this network meta-analysis, a comparison of the pooled 
data regarding the clinical efficacy of the OB, AB, OL, 
and AL procedures for shoulder dislocation and instabil-
ity was conducted. Open Latarjet was most likely to have 
the lowest risk of recurrent instability and re-dislocation. 
Although not statistically significant, OL was most likely 
to have the  lowest risk of  apprehension and the high-
est SSV score. However, OL had the highest probability 
of complications. In addition, with regard to postopera-
tive pain, the OL procedure was not necessarily associ-
ated with a significantly lower VAS score, indicating that 
it might not be the best option in terms of postoperative 
pain management.

The results of the network meta-analysis indicate that 
the OL procedure may offer superior outcomes in terms 
of shoulder stability and function for patients with shoul-
der dislocation and instability. However, the analysis also 
highlights a critical area for improvement: the manage-
ment of postoperative pain following the OL procedure. 
In a meta-analysis conducted by Wang et al.,29 a compara-
tive analysis of OB compared with AB repairs for Bankart 
lesions revealed that while the OB method provided supe-
rior shoulder stability, it was accompanied by limitations 
in shoulder mobility.

Conversely, the AB technique, although less invasive, was 
associated with better preservation of motion. In another 

Fig. 8. Forest plots of different procedures for 
shoulder stability analyzed with the random-
effect model analysis (visual analogue scale (VAS) 
score)

OB – open Bankart; AB – arthroscopic Bankart; 
OL – open Latarjet; AL – arthroscopic Latarjet; 
CrI – credibility interval.

Fig. 7. Forest plots of different procedures for 
shoulder stability analyzed with the random-
effect model analysis (forward flexion)

OB – open Bankart; AB – arthroscopic Bankart; 
OL – open Latarjet; AL – arthroscopic Latarjet; 
CrI – credibility interval.
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meta-analysis, a comprehensive evaluation was conducted 
to compare the clinical efficacy, as well as the rates of post-
operative revisions and complications, between OL and 
AL. The study found no significant differences in the ma-
jority of the assessed outcomes between the 2 procedures. 
However, the AL approach was associated with a lower 
score on the Western Ontario Shoulder Instability Index, 
indicating better shoulder function or less instability. Ad-
ditionally, the AL procedure exhibited a higher revision 
rate, suggesting a greater likelihood of patients requiring 
additional surgeries.28

Nonetheless, the efficacy of OB, AB, OL, and AL has not 
been compared in patients with shoulder dislocation and 
instability in existing studies. To facilitate understanding 
and decision-making among the 4 methods when consider-
ing therapeutic options for shoulder dislocation, the pres-
ent network meta-analysis focused on shoulder stability, 
functional outcomes, and postoperative pain following 
these procedures.

In terms of shoulder stability, the OL procedure was in-
dicated to have the highest likelihood of being the most 
effective repair option. In a meta-analysis encompassing 
795 shoulders, the OL procedure demonstrated a signifi-
cantly lower risk of recurrence compared with AB repair.67 

As reported by Rollick et al.,68 the estimated re-dislocation 
rate was notably higher at 15.1% for patients who had under-
gone AB, whereas it was considerably lower at 2.7% for those 
who had OL procedure. In terms of functional outcomes, 
OL may also demonstrate a relative advantage.

According to the findings by Bliven et al.,69 a higher per-
centage of patients who underwent the Latarjet procedure 
were able to successfully return to work, sports, and throw-
ing activities compared with those who had Bankart repair. 
Consistently, a study has shown that the Latarjet proce-
dure for anterior shoulder instability leads to excellent 
long-term functional outcomes and a high rate of return 
to sports.70 However, patients might experience unsatis-
factory postoperative pain outcomes and complications 
following the OL procedure, which could be attributed 
to  the  larger incision associated with the  surgery. Ar-
throscopic surgery generally offers the benefits of a lower 
nonunion rate and the potential for quicker recovery due 
to its minimally invasive nature. The drawbacks of the AL 
procedure are also evident. It requires longer operative 
time and a longer learning curve for surgeons.71

Analysis of the learning curve indicated that the ini-
tial cohort experienced longer operative times and higher 
complication rates compared with the subsequent group, 

Fig. 9. Forest plots of different procedures 
for shoulder stability analyzed with 
the random-effect model analysis 
(complications)

OB – open Bankart; AB – arthroscopic 
Bankart; OL – open Latarjet; 
AL – arthroscopic Latarjet; CrI – credibility 
interval.
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potentially accounting for the increased incidence of re-
vision surgeries required for the AL procedure.72 Only 
surgeons expected to perform the AL procedure at high 
volume should consider adopting this technique.73,74 Addi-
tionally, it has been shown that the direct costs associated 
with the AL procedure are significantly higher, amounting 
to approximately double the cost of the OL procedure, with 
figures of 2,335 EUR for AL compared with 1,040 EUR 
for OL.75

Several factors may contribute to  the  effectiveness 
of the OL procedure. The OL procedure provides a dual 
stabilizing effect by increasing the anterior glenoid width 
and creating a sling effect with the conjoint tendon, which 
helps stabilize the joint.76 Correct graft positioning is criti-
cal to the success of the OL procedure. It has been sug-
gested that OL might offer better control over graft place-
ment, which could lead to improved long-term outcomes.77

Limitations of the study

Several limitations of this study should be acknowledged. 
First, there was a  lack of  literature on some outcomes, 
which may have affected the accuracy of the results. Sec-
ond, this study focused on the general population, and 
further research was not conducted in specific popula-
tions such as athletes and males or females.51 In addition, 
some of the included studies were cohort studies; therefore, 
change scores were used for continuous data, and studies 
that provided only endpoint data were not included in this 
analysis. Third, including only English-language literature 
may result in language bias. Fourth, there are differences 
between primary operations and re-operations, and these 
differences could potentially influence the outcomes of in-
terest. However, due to limitations in the included litera-
ture, such as the lack of detailed data on re-operations, 
we were unable to conduct a separate analysis for re-op-
erations. This precludes definitive conclusions regarding 
the comparative effectiveness of the 4 surgical approaches 
for shoulder dislocation and instability in the context of re-
operations. Fifth, we acknowledge that glenoid bone loss, 
a significant factor affecting shoulder joint stability and 
surgical outcomes, was not controlled for in our screening 
process. Although glenoid bone loss was included as a vari-
able in Supplementary Table 1, the substantial amount 
of missing data across the reviewed studies prevented us 
from accounting for it in our analysis. This limitation may 
restrict the accuracy of our comparisons among different 
surgical approaches.

Conclusions

Open Latarjet was most likely to be the optimal proce-
dure for shoulder stability, and patients undergoing OL 
may have non-inferior functional outcomes. Although 
the OL procedure may not be associated with significantly 

lower VAS pain scores, it was associated with a higher rate 
of complications. Therefore, it is imperative to implement 
appropriate measures to mitigate postoperative pain and 
manage complications following OL procedure.
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the following files:

Supplementary Table 1. Characteristics of the included 
studies.

Supplementary Table 2. League table of different pro-
cedures for various outcomes in patients with primary 
operation analyzed by the random-effect model.

Supplementary Fig. 1. A. Publication bias assessed by 
the funnel plot for recurrent instability; B. Publication bias 
assessed by the funnel plot for re-dislocation; C. Publi-
cation bias assessed by  the  funnel plot for apprehen-
sion; D. Publication bias assessed by the funnel plot for 
Rowe; E. Publication bias assessed by the funnel plot for 
complications.
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Abstract
Background. Gestational diabetes mellitus (GDM) is characterized by a higher degree of insulin resistance 
(IR) than in a normal pregnancy. Several surrogate measures have been proposed to assess insulin sensitivity, 
including glycated hemoglobin, the Homeostatic Model Assessment–Insulin Resistance (HOMA-IR), and 
the Quantitative Insulin Sensitivity Check Index (QUICKI).

Objectives. The aim of the study was to determine whether markers of IR in the 1st week postpartum dif-
fer between mothers with GDM and healthy controls, and whether mothers with GDM treated with insulin 
have significantly different levels of IR markers compared with those treated with diet and physical activity. 
The association between IR markers, pregnancy outcomes, and maternal glucose profiles based on the oral 
glucose tolerance test (OGTT) was also investigated.

Materials and methods. Among the 70 participants, 50 mothers were diagnosed with GDM; 21 were 
treated with diet and physical activity (GDM G1), while 29 received insulin therapy (GDM G2). The remaining 
20 participants constituted a control group with no history of glucose intolerance before or during preg-
nancy (non-GDM). A range of statistical methods (e.g., analysis of variance (ANOVA), Kruskal–Wallis test, 
χ2 test, regression analysis, and cluster analysis) were used to compare data between study groups, with 
a significance level of α = 0.05.

Results. The results showed that selected markers of IR in the 1st week after delivery differed significantly 
between mothers. Mothers with GDM exhibited considerably higher levels of HOMA-IR and HbA1c (p < 0.05), 
yet no substantially divergent QUICKI (p > 0.05) in the 1st week postpartum. Additionally, they demonstrated 
elevated glucose levels at 3 OGTT time points in comparison with non-GDM mothers. The GDM G2 group 
exhibited higher values than the GDM G1 group, except for the 1 h OGTT. Identification of maternal glucose 
phenotypes confirmed variability in the degree of glucose metabolism disorders among mothers.

Conclusions. Cluster analysis and glucose phenotype stratification in mothers with GDM help identify 
high-risk groups and support targeted counseling and monitoring to improve pregnancy outcomes.

Key words: insulin resistance, glycated hemoglobin, gestational diabetes, pregnancy outcomes
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Background

Gestational diabetes mellitus (GDM) is a form of dia-
betes that manifests for the 1st time in a pregnant woman 
who was not previously diagnosed with diabetes. It can 
occur in any trimester of pregnancy. Nevertheless, its oc-
currence is more prevalent during the 2nd or 3rd trimes-
ter.1,2 Gestational diabetes is not exclusively attributable 
to a paucity of insulin, but is also precipitated by insulin 
resistance (IR) or diminished insulin production by pan-
creatic beta cells. In pregnant women who demonstrate 
typical glucose metabolism, the compensatory mecha-
nisms employed to address pregnancy-related insulin in-
sensitivity and/or impaired β-cell function may be super-
seded by an adequate enhancement in insulin production. 
Whenever the above mechanism fails, GDM is likely to de-
velop.3–5 Despite the absence of a definitive understanding 
of the underlying causes of GDM, the prevailing hypothesis 
suggests that the presence of other hormones produced 
during pregnancy, or cytokines, can result in a reduction 
in the effectiveness of  insulin, causing glucose to build 
up in the blood and be transported to the growing fetus 
instead of being absorbed by the maternal cells. Therefore, 
the presence of physiological IR during pregnancy has been 
shown to be advantageous for fetal growth and effective 
delivery of nutrients. However, if the degree of IR exceeds 
that which is typically observed in a normal pregnancy, 
then there are numerous adverse effects on the mother 
and fetus.3,4 The symptoms of GDM usually disappear 
after delivery. Every year, GDM affects 5.4% of pregnancies 
in Europe and 3.4% in Poland.5,6

The Polish Society of Gynecologists and Obstetricians6 
adopted a  set of  diagnostic criteria for GDM, as  out-
lined by  the  World Health Organization (WHO)7 and 
the American Diabetes Association (ADA).8 It is recom-
mended that all pregnant women undergo measurement 
of  fasting plasma glucose in  the  1st trimester of  preg-
nancy. The  diagnosis is  made on  the  basis of  an  oral 
glucose tolerance test (OGTT), with the  administra-
tion of  75  g  of  glucose, and it  is  essential that only  1 
of the following criteria is met: 1) fasting blood glucose 
of 92–125 mg/dL (5.6–6.9 mmol/L), 2) glycemia in 1-h 
OGTT ≥180 mg/dL (≥10.0 mmol/L), 3) blood glucose level 
in 2-h OGTT 153–199 mg/dL (8.5–11.1 mmol/L). Preg-
nant women without diagnosed pre-pregnancy diabetes 

should be screened for GDM at 24–28 weeks of gestation. 
If a pregnant woman is at higher risk of GDM (overweight 
or obesity, family history of diabetes, previous delivery 
of a macrosomic infant or an infant weighing more than 
4,000 g, age over 25 years, race: African American, Ameri-
can Indian, Asian American, Hispanic or Latino, or Pacific 
Islander), screening should be done in the 1st trimester 
or immediately if her fasting glucose level is above the lim-
its. It is recommended that women diagnosed with GDM 
be further evaluated for persistent diabetes between 6 and 
12 weeks following childbirth.6–8

Special consideration should be given to overt diabe-
tes first diagnosed in pregnancy. Overt diabetes meets 
the diagnostic criteria and the blood glucose cutoff values 
for diabetes in adults who are not pregnant. The Inter-
national Association of Diabetes and Pregnancy Study 
Groups (IADPSG) has established a set of guidelines for 
the diagnosis of pre-pregnancy diabetes. These include 
the assessment of fasting plasma glucose concentration, 
2-h plasma glucose during an OGTT with 75 g of glucose, 
and the percentage of hemoglobin A1c (HbA1c) ≥6.5% 
(48 mmol/mol). However, in the 2nd and 3rd trimesters 
of pregnancy, HbA1c may not be a useful test for the di-
agnosis of diabetes. Criteria for the diagnosis of diabetes 
in pregnancy are as follows: 1) 2 fasting plasma glucose val-
ues ≥126 mg/dL (7.0 mmol/L); 2) 2-h post-OGTT plasma 
glucose ≥200 mg/dL (11.1 mmol/L); 3) persistent glycemia 
≥200 mg/dL (≥11.1 mmol/L) and associated hyperglyce-
mic symptoms. Meeting one of these criteria is sufficient 
to establish a diagnosis. In addition, it is important to note 
that diagnostic criteria for diabetes based on blood glucose 
1 h post-OGTT have not been established, and this value 
should not be used to diagnose diabetes in pregnancy.2,7,8

It is usually possible to manage and prevent the com-
plications of GDM. However, the most common are hy-
pertension in pregnancy, fetal macrosomia, increased risk 
of cesarean section, neonatal prematurity, respiratory dis-
tress, and hypoglycemia. Moreover, both the mother and 
the infant exhibit an augmented susceptibility to the de-
velopment of type 2 diabetes in the future.9–13 Therefore, 
the objective of GDM treatment is to maintain blood glu-
cose concentrations within the normal range. The objec-
tive can be accomplished through a combination of di-
etary modifications, physical activity, daily self-assessment 
of blood glucose levels, and insulin administration.6–8,10,12

Highlights
	• Gestational diabetes mellitus (GDM) is linked to maternal and neonatal complications.
	• HOMA-IR, QUICKI, and glycated hemoglobin predict adverse pregnancy outcomes.
	• Cluster and glucose phenotype analyses identify distinct GDM risk groups.
	• Clinical use may improve risk stratification and targeted monitoring.
	• Advanced GDM screening supports personalized care beyond binary diagnosis.
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Objectives

The objective of this preliminary study was to investigate 
whether there are any differences in the levels of IR markers 
in the 1st 7 days after delivery between GDM mothers and 
healthy (non-GDM) controls. Furthermore, it was investi-
gated whether GDM mothers receiving insulin treatment 
(GDM G2 group) exhibit significantly different levels of IR 
indicators compared to those managed with diet and physical 
activity (GDM G1 group). The association of IR markers with 
pregnancy outcomes was also investigated. In addition, it was 
also assessed whether the clusters obtained differ in basic 
parameters of neonatal body composition (birth weight, 
PI – ponderal index, TBW% – percentage of total body wa-
ter, FBM – fat body mass, FBM% – percentage of fat body 
mass, and E/I ratio – extracellular/intracellular water ratio).

The secondary objective of the study was to identify 
subgroups of patients with GDM who were at a height-
ened risk of complications. This identification was based 
on a combination of both insulin-based and non-insulin-
based markers and predictors.

The ultimate objective was to enhance individualized 
medical approaches by enabling early risk stratification 
and tailored interventions.

Materials and methods

Study design

The study was conceptualized as a prospective observa-
tional case-control study. Initiated in 2020, the study was 
suspended due to low enrolment during the COVID-19 pan-
demic. It was subsequently restarted in 2023. As demon-
strated in the present article, the initial results of the indica-
tors of IR were measured in a sample of 70 recruited mothers.

Inclusion and exclusion criteria

The following criteria were utilized to determine inclu-
sion in the study groups: maternal age ranging from 18 
to 45 years; delivery at or after 35 + 0/7 weeks of gestation 
by vaginal or caesarean route; singleton pregnancy; a new-
born demonstrating a good postnatal condition, as evalu-
ated by an Apgar score ≥7 points; and breastfeeding char-
acterized by exclusivity or predominance. The recruitment 
process was initiated within the initial 7 postnatal days. 
Maternal consent for the assessment of IR markers was re-
quired. The exclusion criteria encompassed the following: 
any maternal or neonatal clinical condition that had an ad-
verse effect on neonatal nutritional status, such as fetal 
growth retardation (FGR), absence of medical supervision 
during pregnancy, maternal use of alcohol or other psycho-
active substances, nicotinism in pregnancy, uncontrolled 
maternal asthma, and the presence of congenital metabolic 
disease in the mother or neonate.

Study groups

In the present study, a total of 70 participants were in-
cluded in the analysis, of whom 50 had a diagnosis of GDM. 
Of these, 21 were managed with a combination of diet 
and physical activity (GDM G1), while 29 received insulin 
therapy (GDM G2). The remaining 20 participants (non-
GDM) were assigned to a control group. Prior to or during 
pregnancy, these individuals had no documented medical 
diagnosis of glucose intolerance. Additionally, their OGTT 
results in the current pregnancy were within normal limits. 
The enrollment took place among mothers hospitalized 
postpartum in the Second Department of Gynecology and 
Obstetrics, University Hospital in Wrocław (Poland), whose 
infants were hospitalized after birth in the Department 
of Neonatology of the University Hospital in Wrocław, 
Poland. Each mother was screened for GDM according 
to the recommendations of the Polish Society of Gynecolo-
gists and Obstetricians.6

Data collection

A retrospective analysis of maternal body weight during 
pregnancy was conducted using medical records. The cate-
gorization of gestational weight gain was determined in ac-
cordance with the guidelines published in the Committee 
Opinion of the American College of Obstetricians and 
Gynecologists, which were endorsed by the Polish Society 
of Gynecologists and Obstetricians.6,14 The establishment 
of body mass index (BMI) ranges for underweight, normal 
weight, overweight, and obese women was based on ma-
ternal pre-pregnancy BMI.

The description of maternal weight gain in this study 
was as follows: below recommendations, within recom-
mendations, or above recommendations. The collection 
of clinical data on the course of pregnancy, maternal an-
tenatal history, labor, and puerperium was based on ma-
ternal medical records and personal interviews. The clini-
cal data pertaining to the newborns were extracted from 
their medical records. The measurement of maternal and 
neonatal postpartum body weights was conducted using 
electronic medical scales, RADWAG type WPT 6/15D 
(RADWAG, Radom, Poland), to the nearest 10 g for ne-
onates, and WPT 100/2000 (RADWAG), to the nearest 
100 g for mothers.

Indicators of insulin resistance

To  address the  specific objectives of  the  project, 
insulin-based indicators of IR were employed. Periph-
eral venous blood for laboratory tests was taken from 
the mothers in the early morning after overnight fast-
ing using the BD Vacutainer blood collecting system 
(Becton Dickinson, Franklin Lakes, USA). Fasting glu-
cose [mg/dL], insulin [μU/mL] levels, and glycated he-
moglobin (HbA1c; in %) were measured in the hospital 
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laboratory using Abbott analyzers (Abbott Laboratories, 
Chicago, USA). The  following methods were used for 
the laboratory testing: the enzymatic method for the de-
termination of glucose levels and immunoassays to mea-
sure insulin levels and HbA1c. The ensuing findings 
were employed to calculate 2 key indices: the Homeo-
static Model Assessment–Insulin Resistance (HOMA-
IR) and the Quantitative Insulin Sensitivity Check Index 
(QUICKI). The HOMA-IR was determined using the fol-
lowing formula: (fasting insulin [μIU/mL] × fasting glu-
cose [mg/dL])/405. The QUICKI, on  the other hand, 
was calculated as  the  inverse of  the sum of  the  loga-
rithms of fasting insulin and fasting glucose, expressed 
as: 1/(log(fasting insulin μIU/mL) + log(fasting glu-
cose mg/dL)). The cutoff values for the diagnosis of IR 
were >2.0 for HOMA-IR and <0.34 for QUICKI. The tar-
get level of HbA1c was ≤6.1%.15,16

Glucose phenotypes

In their analysis, Yeung et al. examined both maternal 
and neonatal outcomes, with the maternal glucose phe-
notypes being identified from the results of a 50 g glucose 
challenge test (GCT) and a 75 g OGTT. They identified 
7 glucose profiles that differed in the risk of perinatal com-
plications.17 The above method was used, differentiating 
mothers based on 75 g OGTT results only. The combina-
tions of normal or elevated values of fasting glucose level 
(FGL), 1 h post-OGTT glucose (1-h POGL), and 2 h post-
OGTT glucose (2-h POGL) were set, resulting in the iden-
tification of 8 phenotypes.

Neonatal body composition

A non-invasive method of bioimpedance analysis (BIA) 
was used to assess neonatal body composition, a process that 
involves the identification of distinct body compartments 
based on the electrical properties of human tissue. The anal-
yses were conducted using the Body Composition Monitor 
(BCM; Fresenius Medical Care, Bad Homburg vor der Höhe, 
Germany) and specially designed disposable electrodes 
(BCM-FMC, <25 kg). The analysis was conducted at 50 fre-
quencies ranging from 5 to 1,000 kHz, with an amplitude 
of 0.8 mA.18 It should be noted that the measurements were 
performed by the same investigator, designated as K.K., 
in strict accordance with the manufacturer’s instructions. 
The measurements were performed during the 1st week fol-
lowing birth, coinciding with the analysis of the mother’s 
blood. For a comprehensive exposition of the methodology 
employed, the reader is referred to a separate manuscript 
which has been published independently.19

Microsoft Excel for Microsoft 365 (Microsoft, Redmond, 
USA), Statistica v. 13.3 (StatSoft, Inc., Tulsa, USA), and 
R v. 3.6.2 (R Foundation for Statistical Computing, Vienna, 
Austria)20,21 were used for the statistical analysis.

Statistical analyses

The statistical analysis was conducted with a signifi-
cance level set at α = 0.05. A p-value less than 0.05 was 
considered statistically significant. The  data were ex-
pressed as the mean and standard deviation (SD), median 
and interquartile range (IQR), or number of cases (n) and 
percentage, as appropriate. One-way analysis of variance 
(ANOVA), the Kruskal–Wallis test, or the χ2 test was used 
to compare the data between the study groups, depending 
on the type of data and its distribution. The Shapiro–Wilk 
test was employed to ascertain the normality of the data 
set. Levene’s test was conducted to evaluate the homoge-
neity of variances across variables. Supplementary Table 1 
presents the results of the aforementioned tests.

The impact of specific maternal characteristics on post-
partum indicators of IR was evaluated with the use of uni-
variate regression (generalized linear model). Subsequently, 
cluster analysis was conducted using the Marczewski–
Steinhaus (M–S) taxonomic approach, and a dendrogram 
was constructed.22 The impact of the resulting clusters 
was ultimately determined through the implementation 
of 2 analytical methods: a one-way ANOVA and the Krus-
kal–Wallis test. To ensure the reliability of the established 
taxonomic approach, the  expectation–maximization 
(E–M) algorithm was employed for validation.23

A dendrogram is a chart that graphically represents 
the results of a cluster analysis. Clusters are groups of pa-
tients or data with maximal within-group similarities and 
maximal between-group differences in the investigated 
variables. The construction of a dendrogram facilitates 
the visualization of the formation of clusters at each stage 
and the assessment of the degree of similarity (or distance) 
among the clusters. According to Marczewski and Stein-
haus, the distance is equal to the differences between pa-
tients in the variables studied. Once the distance between 
variables is defined, linkage methods are used to link suf-
ficiently similar clusters.22,23 The E–M algorithm is a max-
imum likelihood estimation method for latent variable 
models that is considered to have a high degree of reli-
ability and complexity.23

Ethics

The study was conducted in compliance with the Hel-
sinki Declaration and received approval from the Bioethics 
Committee of the Medical University of Wroclaw, Poland. 
The protocol (code KB 950/2022) was authorized on De-
cember 21, 2022, as a continuation of KB 407/2020 from 
June 23, 2020, KB 35/2020 from January 16, 2020, and 
773/2019 from November 25, 2019. The mothers who par-
ticipated in the study groups were given the opportunity 
to provide their written informed consent. The current 
study has been duly registered in the ClinicalTrials.gov 
registry and was assigned the number NCT04937348.
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Results

General description of the study group

The  mean maternal age was 32.7 (SD  =  4.5) years. 
The median gravidity was 2.0 (IQR = 1.0), and parity was 
also 2.0 (IQR = 1.0). A review of  the obstetric records 
of the participating mothers resulted in the following find-
ings: 6 (8.6%) had been diagnosed with GDM in a previous 
pregnancy, 7 (10%) delivered a macrosomic infant (>90th 
percentile for birth weight for gestational age), and 6 (8.6%) 
had newborns weighing more than 4 kg. These charac-
teristics were not statistically different between the study 
groups (p > 0.05). Pregestational diabetes or IR had not 
been previously diagnosed in any of these mothers.

Based on the medical history and outcomes of previous 
pregnancies, the following results were obtained. Most 
of  the  newborns were girls (60%), and the  most com-
mon method of delivery was cesarean section (over 70%). 
The median number of weeks of gestation at birth was 39 
(IQR = 2.0). Mean neonatal anthropometric measurements 
at birth were as follows: birth weight 3.5 (SD = 0.5) kg, 
length 53.2 (SD = 2.8) cm, and head circumference 34.7 
(SD = 1.5) cm. The median percentile for birth weight was 
66.0 (IQR = 44.0).

Considering classification by neonatal weight for ges-
tational age, 80% (n = 56) of newborns were eutrophic 
(AGA – appropriate for gestational age), 4.3% (n = 3) were 
hypotrophic (SGA – small for gestational age), and 15.7% 
(n = 11) were macrosomic (LGA – large for gestational 
age). Six newborns (8.6%) developed respiratory distress 
after birth, including 4 born to GDM G2 mothers. These 

results were not statistically different between the ana-
lyzed groups (p  >  0.05). Significant differences were 
observed in the incidence of congenital malformations 
in newborns; all 4 cases occurred in the GDM G1 group 
(χ2(2, n = 70) = 9.899, p = 0.006; V = 0.376). In some of these 
newborns, more than one defect was identified. Among 
these newborns, 3 had hydronephrosis, 1 had a ventricular 
septal defect (VSD), 1 had an atrial septal defect type II 
(ASD II), 1 had a persistent left superior vena cava (LVCS), 
and 1 had a cleft soft palate.

Newborns of GDM mothers were mostly fed predomi-
nantly with breast milk and occasionally supplemented with 
formula (13 (61.9%) in the GDM G1 group and 19 (65.5%) 
in the GDM G2 group), whereas newborns of non-GDM 
mothers were mainly exclusively breastfed (15 (75%)). These 
results were statistically significant (χ2 (2, n = 70) = 8.784, 
p = 0.012; V = 0.354). Maternal morbidity was similar be-
tween the studied groups (p > 0.05), including the incidence 
of hypertension, hypothyroidism, nicotine use before preg-
nancy, nausea and vomiting in the 1st trimester, and rates 
of vaginal or urinary tract infections.

The detailed results of the aforementioned characteris-
tics with comparisons between the study groups are shown 
in Table 1.

Maternal nutritional status, glucose 
screening tests, and markers of insulin 
resistance

The mothers differed significantly between the study 
groups in terms of pre-gestational BMI (H(2, n = 70) = 8.537, 
p = 0.014) and classification of nutritional status according 

Table 1. Comparison of selected characteristics and pregnancy outcomes across study groups

Parameter All participants
(n = 70)

GDM G1
(n = 21)

GDM G2
(n = 29)

non-GDM
(n = 20) p-value

Selected maternal characteristics

Maternal age [years], mean (SD) 32.7 (4.5) 33.9 (4.9) 32.1 (4.6) 32.5 (3.9) 0.363b

Maternal pre-gestational BMI, median (IQR) 24.2 (6.4) 23.3 (3.5) 28.0 (6.8) 23.0 (2.8) 0.014a

Maternal classification 
by pre-gestational BMI, n (%)

normal 40 (57.1) 14 (66.7) 9 (31.0) 17 (85.0)

0.004coverweight 16 (22.9) 4 (19.0) 11 (38.0) 1 (5.0)

obese 14 (20.0) 3 (14.3) 9 (31.0) 2 (10.0)

Maternal weight gain during pregnancy [kg], mean (SD) 11.5 (5.7) 10.2 (3.5) 9.2 (5.4) 16.2 (5.4) <0.001b

Maternal weight gain during 
pregnancy in reference 
to pre-gestational BMI, n (%)

below recommendations 18 (25.8) 7 (33.3) 9 (31.0) 2 (10.0)

0.033cwithin recommendations 26 (37.1) 10 (47.7) 11 (38.0) 5 (25.0)

above recommendations 26 (37.1) 4 (19.0) 9 (31.0) 13 (65.0)

Fasting glucose in the 1st trimester of pregnancy [mg/dL], median (IQR) 89.0 (14.2) 89.0 (17.0) 93.0 (9.2) 85.6 (18.9) 0.123a

Fasting glucose in the 2nd/3rd trimester of pregnancy [mg/dL], median (IQR) 92.0 (15.0) 90.0 (15.0) 95.0 (10.0) 85.3 (18.0) 0.003a

1-h post OGTT glucose level [mg/dL], median (IQR) 135.5 (82.0) 125.0 (81.0) 182.0 (46.0) 108.5 (32.7) <0.001a

2-h post OGTT glucose level [mg/dL], median (IQR) 119.5 (50.0) 138.0 (53.0) 130.0 (47.0) 102.0 (12.0) 0.001a

Maternal HbA1c [%] in the 1st week postpartum, median (IQR) 5.4 (0.4) 5.3 (0.4) 5.6 (0.3) 5.3 (0.5) 0.009a

Maternal HOMA-IR in the 1st week postpartum, median (IQR) 0.66 (1.67) 0.55 (0.35) 0.80 (0.83) 0.49 (0.55) 0.046a

Maternal QUICKI in the 1st week postpartum, median (IQR) 0.41 (0.13) 0.43 (0.05) 0.41 (0.06) 0.43 (0.07) 0.106a
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to pre-gestational BMI (χ2(4, n = 70) = 15.424, p = 0.004; 
V = 0.332). The highest pre-gestational BMI was found 
in the GDM G2 group, with a median of 28.0 (IQR = 6.8) 
kg/m2. In this group, the highest percentage of mothers 
were overweight or obese compared with the other study 
groups. However, the highest weight gain during pregnancy 
was observed in non-GDM mothers, with a mean of 16.2 

(SD = 5.4) kg (F(2, 67) = 12.923, p < 0.001 for the study 
groups), which corresponded to  the  highest incidence 
(13 (65%)) of gestational weight gain above obstetrical rec-
ommendations (χ2(4, n = 70) = 10.454, p = 0.033; V = 0.273).

In the 1st trimester of pregnancy, the median fasting 
glucose level was 89.0 mg/dL (IQR = 14.2) across all study 
groups. Subsequent analysis revealed no statistically 

Parameter All participants
(n = 70)

GDM G1
(n = 21)

GDM G2
(n = 29)

non-GDM
(n = 20) p-value

Characteristics referring to a newborn infant

Pregnancy duration [weeks], median (IQR) 39.0 (2.0) 39.0 (2.0) 38.0 (1.0) 39.0 (2.0) 0.197a

Gender of newborn, n (%)
boys 28 (40.0) 7 (33.3) 12 (41.4) 9 (45.0)

0.733c

girls 52 (60.0) 14 (66.7) 17 (58.6) 11 (55.0)

Mode of delivery, n (%)
vaginal birth 20 (28.6) 7 (33.3) 7 (24.1) 6 (30.0)

0.766c

cesarean section 50 (71.4) 14 (66.7) 22 (75.9) 14 (70.0)

Newborn’s birth weight [kg], mean (SD) 3.5 (0.5) 3.4 (0.6) 3.3 (0.4) 3.7 (0.4) 0.079b

Newborn’s length [cm], mean (SD) 53.2 (2.8) 53.0 (3.5) 53.1 (2.5) 53.6 (2.3) 0.767b

Newborn’s head circumference [cm], mean (SD) 34.7 (1.5) 34.5 (1.6) 34.8 (1.6) 34.7 (1.6) 0.887b

Percentile for neonatal birth weight, median (IQR) 66.0 (44.0) 56.0 (45.0) 69.0 (49.0) 75.0 (35.5) 0.363a

Classification of neonatal 
birth weight, n (%)

SGA 3 (4.3) 1 (4.7) 2 (6.9) 0 (0.0)

0.657cAGA 56 (80.0) 17 (81.0) 23 (79.3) 16 (80.0)

LGA 11 (15.7) 4 (14.3) 3 (13.8) 4 (20.0)

Neonatal respiratory distress after birth, n (%) 6 (8.6) 1 (4.8) 4 (13.8) 1 (5.0) 0.422c

Congenital malformation in neonate, n (%) 4 (5.7) 4 (19.1) 0 (0.0) 0 (0.0) 0.006c

Method of feeding 
of a newborn, n (%)

exclusive breastfeeding 33 (47.1) 8 (38.1) 10 (34.5) 15 (75.0)
0.012c

mixed feeding 37 (52.9) 13 (61.9) 19 (65.5) 5 (25.0)

Maternal medical history during and before pregnancy

Maternal hypertension, n (%)

chronic (onset before the pregnancy) 6 (8.6) 1 (4.8) 5 (17.2) 0 (0.0)

0.478cpregnancy-induced 8 (11.4) 2 (9.5) 5 (17.2) 1 (5.0)

none 56 (80.0) 18 (85.7) 19 (65.6) 19 (95.0)

Maternal hypothyroidism, 
n (%)

chronic (onset before the pregnancy) 20 (28.6) 6 (28.6) 12 (41.4) 2 (10.0)

0.175cgestational (onset during the pregnancy) 13 (18.6) 5 (23.8) 4 (13.8) 4 (20.0)

none 37 (52.9) 10 (47.6) 13 (44.8) 14 (70.0)

Nicotinism before pregnancy, n (%) 22 (31.4) 6 (28.6) 11 (37.9) 5 (25.0) 0.597c

Nausea and vomiting, n (%) 14 (20.0) 5 (23.8) 6 (20.7) 3 (15.0) 0.774c

Initially excessive weight loss, n (%) 14 (20.0) 6 (28.6) 7 (24.0) 1 (5.0) 0.085c

VI, n (%) 6 (8.6) 1 (3.5) 4 (19.1) 1 (5.0) 0.121c

UTI, n (%) 6 (8.6) 3 (14.3) 3 (10.3) 0 (0.0) 0.239c

Obstetric history

Gravidity, median (IQR) 2.0 (1.0) 2.0 (2.0) 2.0 (1.0) 2.0 (1.0) 0.520a

Parity, median (IQR) 2.0 (1.0) 1.0 (1.0) 1.0 (1.0) 2.0 (1.0) 0.395a

Developed GDM in previous pregnancy, n (%) 6 (8.6) 3 (14.3) 3 (10.3) 0 (0.0) 0.238c

Delivered a neonate with body weight >4 kg in previous pregnancy, n (%) 6 (8.6) 3 (14.3) 1 (3.5) 2 (10.0) 0.387c

Delivered a hypertrophic neonate in previous pregnancy, n (%) 7 (10.0) 2 (9.5) 2 (6.9) 3 (15.0) 0.657c

Delivered a hypotrophic neonate in previous pregnancy, n (%) 0 (0.0) 0 (0.0) 0 (0.0) 0 (0.0) 1.0c

a – Kruskal–Wallis test; b – one-way analysis of variance (ANOVA); c – χ2 test; SD – standard deviation; IQR – interquartile range; n – number of patients; 
GDM – gestational diabetes mellitus; non-GDM – control group; M G1 – group of mothers with GDM who were administered diet and physical activity; 
GDM G2 – group of mothers with GDM receiving insulin treatment; BMI – body mass index; OGTT – oral glucose tolerance test; HbA1c – hemoglobin A1c; 
HOMA-IR – Homeostatic Model Assessment–Insulin Resistance; QUICKI – Quantitative Insulin Sensitivity Check Index; SGA – small for gestational age; 
AGA – appropriate for gestational age; LGA – large for gestational age; VI – vaginal infections; UTI – urinary tract infections.

Table 1. Comparison of selected characteristics and pregnancy outcomes across study groups – cont.
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significant differences between the study groups with re-
spect to this parameter. However, statistically significant 
differences (p < 0.05) were identified among the study 
groups with regard to OGTT results. The highest fast-
ing glucose level observed during the 2nd or 3rd trimester 
(median 95.0 (IQR = 10.0) mg/dL) and the 1 h post-OGTT 
glucose level (median 182.0 (IQR = 46.0) mg/dL) were 
found in the GDM G2 group, whereas the highest median 
2 h post-OGTT glucose level (median 138.0 (IQR = 53.0) 
mg/dL) was found in the GDM G1 group.

Regarding abnormal glucose screening results, elevated 
levels of  the  following parameters were observed: 1st-
trimester fasting glucose (92–125 mg/dL) in 19 (27.1%) 
mothers, 2nd/3rd-trimester fasting glucose (92–125 mg/dL) 
in 30 (42.9%), 1 h post-OGTT glucose (≥180 mg/dL) in 25 
(35.1%), and 2 h post-OGTT glucose (153–199 mg/dL) in 25 
(35.1%) (Table 1). A comparison of the results obtained from 
the study groups revealed a significant difference in the lev-
els of IR markers in the week following childbirth, including 
HbA1c (H(2, n = 70) = 9.372, p = 0.009) and HOMA-IR 
(H(2, n = 70) = 6.177, p = 0.046), with the highest values ob-
served in the GDM G2 group. QUICKI values were similar 
(p > 0.05) between the study groups, with a median of 0.41 
(IQR = 0.13) for all participants. An elevated HbA1c level 
(≥6.1%) was found in 2 (2.9%) participants. Elevated HOMA-
IR (>2.0) and decreased QUICKI (<0.34) were found in 9 
(12.9%) and 9 (12.9%) participants, respectively (Table 1).

There were 6 GDM mothers who had been diagnosed 
with GDM in a previous pregnancy. Compared with moth-
ers diagnosed with GDM for the 1st time, these mothers had 
similar levels of HbA1c (H (1, n = 21) = 0.510, p = 0.475 for 
GDM G1 and H (1, n = 29) = 0.033, p = 0.856 for GDM G2), 
HOMA-IR (H (1, n = 21) = 0.010, p = 0.920 for GDM G1 
and H(1, n = 29) = 0.621, p = 0.432 for GDM G2), and 
QUICKI (H (1, n = 21) = 0.064, p = 0.800 for GDM G1 and 
H (1, n = 29) = 0.743, p = 0.389 for GDM G2). There was no 
history of GDM in previous pregnancies among mothers 
in the non-GDM group.

Maternal factors and results of IR markers

The role of maternal characteristics in determining levels 
of IR indicators during the initial week postpartum was as-
sessed using univariate regression, specifically a generalized 
linear model. In the analysis, the following factors were taken 
into account: study group (indicative of the extent of glucose 
intolerance), maternal chronological age, parity (number 
of times a woman has given birth), gravidity (total number 
of pregnancies regardless of duration and outcome), pre-
pregnancy BMI, nutritional status based on pre-pregnancy 
BMI classification, maximum BMI in pregnancy, increase 
in body weight during pregnancy, classification of weight 
gain based on obstetric recommendations, body weight 
and BMI at recruitment after delivery, and medical inter-
view data on hypertension, hypothyroidism, nicotinism, 
and results of glucose sensitivity screening tests conducted 
during pregnancy. The following factors were identified 
as the strongest determinants of IR markers during the ini-
tial postpartum period, as determined by the Akaike In-
formation Criterion (AIC) values: allocation to a specific 
study group, maternal BMI before pregnancy, and maternal 
weight gain during pregnancy. A comprehensive overview 
of the outcomes is provided in Supplementary Table 2.

Cluster analysis

A classification tree for the patients was constructed 
based on  the  identified factors, including allocation 
to a specific study group, maternal pre-pregnancy BMI, 
and maternal gestational weight gain (Fig. 1).

The dendrogram shows 3 distinct patient types, the char-
acteristics of which are presented in Table 2. The average 
M–S distance between pairs of compared sets (clusters vs 
original study groups) was approx. 0.027.

‘Cluster 1’ included GDM-affected mothers (n  =  29 
GDM G2 and n = 1 GDM G1), with the highest mean pre-
conceptional BMI (mean 28.8 kg/m2, SD = 0.9, corresponding 

Fig. 1. Dendrogram showing the clustering of mothers
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Table 2. Comparison of selected characteristics and pregnancy outcomes across clusters

Parameter Cluster 1
(n = 30)

Cluster 2
(n = 20)

Cluster 3
(n = 20) p-value

Selected maternal characteristics

Maternal age [years], mean (SD) 32.2 (4.6) 33.9 (5.1) 32.5 (3.9) 0.429b

Maternal pre-gestational BMI, median (IQR) 28.1 (9.6) 23.2 (3.1) 22.96 (2.83) 0.002a

Maternal classification 
by pre-gestational BMI, n (%)

normal 9 (30.0) 14 (70.0) 17 (85.0)

0.002coverweight 11 (36.7) 4 (20.0) 1 (5.0)

obese 10 (33.3) 2 (10.0) 2 (10.0)

Maternal weight gain during pregnancy [kg], mean (SD) 9.0 (5.4) 10.6 (3.2) 16.2 (5.4) <0.001b

Maternal weight gain during 
pregnancy in reference 
to pre-gestational BMI, n (%)

below recommendations 10 (33.3) 6 (30.0) 2 (10.0)

0.031cwithin recommendations 11 (36.7) 10 (50.0) 5 (25.0)

above recommendations 9 (30.0) 4 (20.0) 13 (65.0)

Fasting glucose in the 1st trimester of pregnancy [mg/dL], median (IQR) 92.5 (10.0) 99.0 (17.1) 85.6 (18.9) 0.132a

Fasting glucose in the 2nd/3rd trimester of pregnancy [mg/dL], median (IQR) 94.8 (11.0) 90.5 (14.0) 85.3 (18.0) 0.007a

1-hour post OGTT glucose level [mg/dL], median (IQR) 182.9 (46.0) 124.5 (81.0) 108.5 (32.7) <0.001a

2-hour post OGTT glucose level [mg/dL], median (IQR) 131.5 (47.0) 134.5 (53.5) 102.0 (12.0) 0.001a

Maternal HbA1c [%] in the 1st week postpartum, median (IQR) 5.6 (0.3) 5.3 (0.5) 5.3 (0.5) 0.004a

Maternal HOMA-IR in the 1st week postpartum, median (IQR) 0.83 (0.83) 0.54 (0.33) 0.59 (0.55) 0.031a

Maternal QUICKI in the 1st week postpartum, median (IQR) 0.41 (0.06) 0.33 (0.05) 0.43 (0.07) 0.070a

Characteristics referring to a newborn infant

Pregnancy duration [weeks], median (IQR) 38.6 (0.9) 38.8 (1.0) 39.0 (2.0) 0.293a

Gender of newborn, n (%)
boys 13 (43.3) 6 (30.0) 9 (45.0)

0.554c

girls 17 (56.7) 14 (70.0) 11 (55.0)

Mode of delivery, n (%)
vaginal birth 8 (26.7) 6 (30.0) 6 (30.0)

0.954c

cesarean section 22 (73.3) 14 (70.0) 14 (70.0)

Newborn’s birth weight [kg], mean (SD) 3.3 (0.4) 3.4 (0.6) 3.65 (0.4) 0.077b

Newborn’s length [cm], mean (SD) 53.1 (2.5) 53.0 (4.0) 53.6 (2.3) 0.767b

Percentile for neonatal birth weight, median (IQR) 57.0 (29.0) 57.0 (46.0) 74.5 (35.5) 0.349a

Classification of neonatal 
birth weight, n (%)

SGA 2 (6.7) 1 (5.0) 0 (0.0)

0.809cAGA 24 (80.0) 16 (80.0) 16 (80.0)

LGA 4 (13.3) 3 (15.0) 4 (20.0)

Neonatal respiratory distress after birth, n (%) 4 (13.3) 1 (5.0) 1 (5.0) 0.468c

Congenital malformation in neonate, n (%) 1 (3.3) 3 (15.0) 0 (0.0) 0.094c

Method of feeding 
of a newborn, n (%)

exclusive breastfeeding 10 (33.3) 8 (40.0) 15 (75.0)
0.011c

mixed feeding 20 (66.7) 12 (60.0) 5 (25.0)

Maternal medical history during and before pregnancy

Maternal hypertension, n (%)

chronic (onset before the pregnancy) 2 (6.6) 1 (5.0) 0 (0.0)

0.519cpregnancy-induced 5 (16.7) 2 (10.0) 1 (5.0)

none 23 (76.7) 17 (85.0) 19 (95.0)

Maternal hypothyroidism, 
n (%)

chronic (onset before the pregnancy) 12 (28.6) 6 (41.4) 2 (10.0)

0.234cgestational (onset during the pregnancy) 5 (23.8) 4 (13.8) 4 (20.0)

none 13 (47.6) 10 (44.8) 14 (70.0)

Nicotinism before pregnancy, n (%) 11 (36.7) 6 (30.0) 5 (25.0) 0.676c

Nausea and vomiting, n (%) 6 (20.0) 5 (25.0) 3 (15.0) 0.732c

Initially excessive weight loss, n (%) 8 (26.7) 5 (25.0) 1 (5.0) 0.089c

VI, n (%) 1 (3.3) 4 (20.0) 1 (5.0) 0.095c

UTI, n (%) 3 (10.0) 3 (15.0) 0 (0.0) 0.222c
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to a median of 28.1 kg/m2, IQR = 9.6) and the lowest ges-
tational weight gain (mean 5.4 kg, SD = 9.0) ‘Cluster 2’ in-
cluded the remaining GDM G1 mothers, with a mean BMI 
before pregnancy of 24.1 kg/m2 (SD = 1.1) corresponding 
to median 23.2 kg/m2 (IQR = 3.1) and a mean weight gain 
during pregnancy of 10.6 kg (SD = 1.1). ‘Cluster 3’ comprised 
healthy mothers (non-GDM), with a mean BMI before preg-
nancy of 24.1 kg/m2 (SD = 1.1), corresponding to median 
22.96 kg/m2 (IQR = 2.83) and the highest gestational weight 
gain (mean 16.2 kg, SD = 1.1) (Table 2).

As the cluster classification closely corresponded to the clas-
sification of mothers by study group, the results of the com-
parison of selected characteristics were similar. Mothers 
in the clusters differed significantly according to the clas-
sification of nutritional status based on pre-gestational BMI 
(χ2 (4, n = 70) = 17.194, p = 0.002; V = 0.350), gestational 

weight gain according to  obstetrical recommendations 
(χ2(4, n = 70) = 10.599, p = 0.031; V = 0.275), and the method 
of infant feeding (χ2 (2, n = 70) = 8.934, p = 0.011; V = 0.357). 
The statistical significance of the comparison of characteris-
tics across the research groups was identical to that observed 
in the cluster comparison. The results of the comparison 
between clusters are summarized in Table 3.

When maternal IR markers were compared between clus-
ters, a significant difference was observed in the Kruskal–
Wallis test for HbA1c and HOMA-IR (H(2, n = 70) = 11.222, 
p = 0.004 and H(2, n = 70) = 6.950, p = 0.031, respectively). 
With respect to neonatal nutritional status and body com-
position, the clusters did not differ (p > 0.05). In multiple 
comparisons between clusters, no differences were observed 
in newborns’ body composition or anthropometric assess-
ment (p > 0.05). When maternal IR markers in the 1st week 

Parameter Cluster 1
(n = 30)

Cluster 2
(n = 20)

Cluster 3
(n = 20) p-value

Obstetric history

Gravidity, median (IQR) 1.8 (0.9) 2.2 (1.3) 2.0 (1.0) 0.709a

Parity, median (IQR) 1.6 (0.9) 1.7 (1.0) 2.0 (1.0) 0.397a

Developed GDM in previous pregnancy, n (%) 3 (10.0) 3 (15.0) 0 (0.0) 0.222c

Delivered a neonate with body weight >4 kg in previous pregnancy, n (%) 3 (14.3) 1 (3.5) 2 (10.0) 0.387c

Delivered a hypertrophic neonate in previous pregnancy, n (%) 2 (9.5) 2 (6.9) 3 (15.0) 0.657c

Delivered a hypotrophic neonate in previous pregnancy, n (%) 0 (0.0) 0 (0.0) 0 (0.0) 1.0c

a – Kruskal–Wallis test; b – one-way analysis of variance (ANOVA); c – χ2 test; SD – standard deviation; IQR – interquartile range; n – number of patients; 
GDM – gestational diabetes mellitus; non-GDM – control group; M G1 – group of mothers with GDM who were administered diet and physical activity; 
GDM G2 – group of mothers with GDM receiving insulin treatment; BMI – body mass index; OGTT – oral glucose tolerance test; HbA1c – hemoglobin A1c; 
HOMA-IR – Homeostatic Model Assessment–Insulin Resistance; QUICKI – Quantitative Insulin Sensitivity Check Index; SGA – small for gestational age; 
AGA – appropriate for gestational age; LGA – large for gestational age; VI – vaginal infections; UTI – urinary tract infections.

Table 2. Comparison of selected characteristics and pregnancy outcomes across clusters – cont.

Table 3. Characteristics of mothers across clusters based on one-way analysis of variance (ANOVA)

Cluster n
Study group Maternal BMI before conception 

[kg/m2], mean ±SD
Weight gain during pregnancy 

[kg], mean ±SDGDM G1, n GDM G2, n non-GDM, n

1 30 1 29 0 28.8 ±0.9 9.0 ±0.9

2 20 20 0 0 24.4 ±1.1 10.6 ±1.1

3 20 0 0 20 24.1 ±1.1 16.2 ±1.1

F statistic – N/A 7.06 13.41

p-value – N/A 0.002 <0.001

N/A – non applicable; BMI – body mass index; SD – standard deviation; GDM – gestational diabetes mellitus. The F statistic of analysis of variance (ANOVA) 
was used to compare BMI clusters as measured before pregnancy.

Table 4. Multiple comparisons between clusters (post hoc Tukey–Kramer and Dunn’s test p-values) for selected maternal insulin resistance (IR) markers and 
neonatal anthropometric and body composition parameters

Difference
between
clusters

Maternal 
HbA1c [%]

Maternal 
HOMA-IR

Maternal 
QUICKI

Neonatal 
birth weight 

[kg]

Neonatal
Ponderal index 

[kg/m3]

Neonatal 
TBW% E/I Neonatal 

FBM [kg]
Neonatal 

FBM%

1–2 0.017 0.093 0.19 1.0 0.579 0.676 0.8 0.397 0.353

1–3 0.015 0.073 0.14 0.096 0.123 0.316 1.0 0.069 0.136

2–3 1.0 1.0 1.0 0.334 0.642 0.841 1.0 1.0 0.870

HbA1c – hemoglobin A1c; HOMA-IR – Homeostatic Model Assessment–Insulin Resistance; QUICKI – Quantitative Insulin Sensitivity Check Index; TBW – total 
body water; E/I – extracellular/intracellular water ratio; FBM – fat body mass.
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postpartum were considered, ‘Cluster 1’ differed from ‘Cluster 
2’ and from ‘Cluster 3’ in terms of HbA1c (p < 0.05) (Table 4).

Neonatal body composition in clusters

Clustered analysis did not reveal any significant dif-
ferences regarding neonatal birth weight and body com-
position. Results of  one-way ANOVA were as  follows: 
F  (2,  67)  =  2.666, p  =  0.077 for birth weight, F  (2, 67) 
= 1.963, p = 0.148 for ponderal index, F (2, 67) = 3.014, 
p = 0.056 for FBM, F (2, 67) = 2.099, p = 0.131 for FBM%, 
and F (2, 67) = 1.11, p = 0.336 for TBW%. Kruskal–Wallis 
ANOVA was H (2, n = 70) = 1.285, p = 0.526 for E/I. Results 
in ‘Cluster 1’ were: mean birth weight 3.42 kg (SD 0.59), mean 
ponderal index 2.16 kg/m2 (SD = 0.27), mean FBM 0.27 kg 
(SD = 0.09), mean FBM% 0.08 (SD = 0.02), mean TBW% 0.81 
(SD 0.05), and median E/I 0.50 (IQR = 0.12). Results in ‘Clus-
ter 2’ were: mean birth weight 3.34 kg (SD = 0.43), mean 
ponderal index 2.09 kg/m2 (SD = 0.25), mean FBM 0.24 kg 
(SD = 0.09), mean FBM% 0.08 (SD = 0.02), mean TBW% 
0.82 (SD = 0.07), and median E/I 0.44 (IQR = 0.08). Results 
in ‘Cluster 3’ were: mean birth weight 3.65 kg (SD = 0.40), 
mean ponderal index 2.24 kg/m2 (SD = 0.28), mean FBM 
0.31 kg (SD = 0.10), mean FBM% 0.09 (SD = 0.02), mean 
TBW% 0.80 (SD = 0.07), and median E/I 0.50 (IQR = 0.09).

Glucose phenotypes

Eight maternal glucose phenotypes were identified 
by analyzing OGTT at 3 time points: 1) normal OGTT; 
2) elevated FGL + normal 1-h POGL + normal 2-h POGL; 

3) normal FGL + elevated 1-h POGL + normal 2-h POGL; 
4) normal FGL + normal 1-h POGL + elevated 2-h POGL; 
5) elevated FGL + elevated 1-h POGL + elevated 2-h POGL; 
6) elevated FGL + elevated 1-h POGL + normal 2-h POGL; 
7) elevated FGL + normal 1-h POGL + elevated 2-h POGL; 
and 8) normal FGL + elevated 1-h POGL + elevated 2-h 
POGL. Normal OGTT profile included only non-GDM 
mothers, whereas both GDM G1 and GDM G2 mothers 
were present in the other 7 profiles in varying proportions 
(p < 0.05). The glucose phenotypes differed significantly 
in terms of maternal classification by pregestational BMI 
(p = 0.014) and gestational weight gain in relation to BMI 
before conception (p = 0.018). Mothers who had abnor-
mal glucose levels at 3 time points of OGTT were found 
with the highest incidence of BMI > 25 kg/m2, including 
the highest percentage of obesity and excessive gestational 
weight gain among assigned mothers. These mothers were 
also found to have the highest incidence of elevated HbA1c 
(≥6.1%) in the 1st week postpartum, hypothyroidism, uri-
nary tract infections (UTI) during pregnancy, nicotine 
use before the pregnancy, as well as the highest incidence 
of delivering LGA newborns. However, these results were 
not statistically significant (p > 0.05). The other significant 
differences (p < 0.05) included the incidence of respiratory 
distress after birth in newborns (with the highest percent-
age of cases in elevated FGL + normal 1-h POGL + elevated 
2-h POGL profile) and method of feeding a neonate (with 
the highest percentage of sporadic formula use in normal 
FGL + elevated 1-h POGL + normal 2-h POGL and elevated 
FGL + elevated 1-h POGL + normal 2-h POGL profiles). 
The detailed results are presented in Table 5.

Table 5. Comparison of glucose phenotypes across study groups

 Selected gestational and 
perinatal outcomes

Glucose phenotypes based on OGTT

normal 
OGTT (1)

elevated 
FGL + 

normal 
1-h POGL 
+ normal 
2-h POGL 

(2)

normal 
FGL + 

elevated 
1-h POGL 
+ normal 
2-h POGL 

(3)

normal 
FGL + 

normal 
1-h POGL 

+ elevated 
2-h POGL 

(4)

elevated 
FGL + 

elevated 
1-h POGL 

+ elevated 
2-h POGL 

(5)

elevated 
FGL + 

elevated 
1-h POGL 
+ normal 
2-h POGL 

(6)

elevated 
FGL + 

normal 
1h POGL 

+ elevated 
2-h POGL 

(7)

normal 
FGL + 

elevated 
1h POGL 

+ elevated 
2-h POGL 

(8)

p-value

n = 20 n = 8 n = 6 n = 7 n = 8 n = 11 n = 3 n = 7

Study group, n (%)

GDM G1 0 (0.0) 3 (37.5) 3 (50.0) 4 (57.1) 2 (25.0) 2 (18.2) 2 (66.7) 5 (71.4)

<0.001cGDM G2 0 (0.0) 5 (62.5) 3 (50.0) 3 (42.9) 6 (75.0) 9 (81.8) 1 (33.3) 2 (28.6)

Non-GDM 20 (100.0) 0 (0.0) 0 (0.0) 0 (0.0) 0 (0.0) 0 (0.0) 0 (0.0) 0 (0.0)

Clusters, n (%)

Cluster 1 0 (0.0) 5 (62.5) 4 (66.7) 3 (42.9) 6 (75.0) 9 (81.8) 1 (33.3) 2 (28.6)

<0.001cCluster 2 0 (0.0) 3 (37.5) 2 (33.3) 4 (57.1) 2 (25.0) 2 (18.2) 2 (66.7) 5 (71.4)

Cluster 3 20 (100.0) 0 (0.0) 0 (0.0) 0 (0.0) 0 (0.0) 0 (0.0) 0 (0.0) 0 (0.0)

Maternal HOMA-IR in the 1st week postpartum

Elevated (> 2.0), n (%) 1 (5.0) 1 (12.5) 1 (16.7) 1 (14.3) 1 (12.5) 4 (36.4) 0 (0.0) 0 (0.0)
0.324c

Non-elevated (≤ 2.0), n (%) 19 (15.0) 7 (87.5) 5 (83.3) 6 (85.7) 7 (87.5) 7 (63.6) 3 (100.0) 7 (100.0)
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 Selected gestational and 
perinatal outcomes

Glucose phenotypes based on OGTT

normal 
OGTT (1)

elevated 
FGL + 

normal 
1-h POGL 
+ normal 
2-h POGL 

(2)

normal 
FGL + 

elevated 
1-h POGL 
+ normal 
2-h POGL 

(3)

normal 
FGL + 

normal 
1-h POGL 

+ elevated 
2-h POGL 

(4)

elevated 
FGL + 

elevated 
1-h POGL 

+ elevated 
2-h POGL 

(5)

elevated 
FGL + 

elevated 
1-h POGL 
+ normal 
2-h POGL 

(6)

elevated 
FGL + 

normal 
1h POGL 

+ elevated 
2-h POGL 

(7)

normal 
FGL + 

elevated 
1h POGL 

+ elevated 
2-h POGL 

(8)

p-value

n = 20 n = 8 n = 6 n = 7 n = 8 n = 11 n = 3 n = 7

Maternal QUICKI in the 1st week postpartum

Decreased (<0.34), n (%) 1 (5.0) 1 (12.5) 1 (16.7) 1 (14.3) 1 (12.5) 4 (36.4) 0 (0.0) 0 (0.0)
0.324c

Normal (≥0.34), n (%) 19 (15.0) 7 (87.5) 5 (83.3) 6 (85.7) 7 (87.5) 7 (63.6) 3 (100.0) 7 (100.0)

Maternal HbA1c [%] in the 1st week postpartum

Elevated (≥6.1%), n (%) 0 (0.0) 0 (0.0) 0 (0.0) 0 (0.0) 1 (12.5) 1 (9.1) 0 (0.0) 0 (0.0)
0.573c

Non-elevated (<6.1%), n (%) 20 (100.0) 8 (100.0) 6 (100.0) 7 (100.0) 7 (87.5) 10 (90.9) 3 (100.0) 7 (100.0)

Maternal classification by pre-gestational BMI, n (%)

Normal 17 (85.0) 2 (25.0) 2 (33.3) 4 (57.1) 2 (25.0) 5 (45.4) 1 (33.3) 7 (100.0)

0.014cOverweight 1 (5.0) 4 (50.0) 3 (50.0) 1 (14.3) 2 (25.0) 3 (27.3) 2 (66.7) 0 (0.0)

Obese 2 (10.0) 2 (25.0) 1 (16.7) 2 (28.6) 4 (50.0) 3 (27.3) 0 (0.0) 0 (0.0)

Maternal weight gain during pregnancy in reference to pre-gestational BMI, n (%)

Below recommendations 2 (10.0) 1 (12.5) 2 (33.3) 2 (28.6) 3 (37.5) 3 (27.3) 2 (66.7) 3 (42.9)

0.018cWithin recommendations 5 (25.0) 7 (87.5) 2 (33.3) 4 (57.1) 0 (0.0) 5 (45.4) 1 (33.3) 2 (28.6)

Above recommendations 13 (65.0) 0 (0.0) 2 (33.3) 1 (14.3) 5 (62.5) 3 (27.3) 0 (0.0) 2 (28.6)

Nicotinism before 
pregnancy, n (%)

5 (25.0) 3 (37.5) 2 (33.3) 3 (42.9) 4 (50.0) 3 (27.3) 1 (33.3) 1 (14.3) 0.858c

Maternal hypothyroidism, n (%)

Chronic (onset before 
the pregnancy)

2 (10.0) 3 (37.5) 0 (0.0) 2 (28.6) 4 (50.0) 6 (54.5) 1 (33.3) 2 (28.6)

0.335cGestational (onset during 
the pregnancy)

4 (20.0) 1 (12.5) 3 (50.0) 4 (57.1) 1 (12.5) 1 (9.1) 0 (0.0) 2 (28.6)

None 14 (70.0) 4 (50.0) 3 (50.0) 1 (14.3) 3 (37.5) 4 (36.4) 2 (66.7) 3 (42.9)

Maternal hypertension, n (%)

Chronic (onset before 
the pregnancy)

0 (0.0) 1 (12.5) 1 (16.7) 0 (0.0) 0 (0.0) 0 (0.0) 0 (0.0) 1 (14.3)

0.422c
Pregnancy induced 1 (5.0) 1 (12.5) 1 (16.7) 0 (0.0) 1 (12.5) 3 (27.3) 1 (33.3) 0 (0.0)

None 19 (15.0) 6 (75.0) 4 (66.7) 7 (100.0) 7 (87.5) 8 (72.7) 2 (66.7) 6 (85.7)

VI, n (%) 1 (5.0) 2 (25.0) 0 (0.0) 0 (0.0) 0 (0.0) 1 (9.1) 1 (33.3) 1 (14.3) 0.361c

UTI, n (%) 0 (0.0) 0 (0.0) 1 (16.7) 1 (14.3) 2 (25.0) 1 (9.1) 0 (0.0) 1 (14.3) 0.456c

SGA, n (%) 0 (0.0) 0 (0.0) 0 (0.0) 0 (0.0) 0 (0.0) 1 (9.1) 1 (33.3) 1 (14.3) 0.153c

LGA, n (%) 4 (20.0) 2 (25.0) 1 (16.7) 0 (0.0) 3 (37.5) 1 (9.1) 0 (0.0) 1 (14.3) 0.610c

Neonatal respiratory distress 
after birth, n (%)

1 (5.0) 0 (0.0) 0 (0.0) 1 (14.3) 0 (0.0) 2 (18.2) 2 (66.7) 0 (0.0) 0.014c

Congenital malformation 
in neonate, n (%)

0 (0.0) 1 (12.5) 1 (16.7) 1 (14.3) 0 (0.0) 0 (0.0) 0 (0.0) 1 (14.3) 0.486c

Method of feeding of a newborn, n (%)

Exclusive breastfeeding 15 (75.0) 4 (50.0) 0 (0.0) 3 (42.9) 4 (50.0) 2 (18.2) 2 (66.7) 3 (42.9)
0.026c

Predominant breastfeeding 5 (25.0) 4 (50.0) 6 (100.0) 4 (57.1) 4 (50.0) 9 (81.8) 1 (33.3) 4 (57.1)

c – χ2 test; OGTT – oral glucose test; FGL – fasting glucose level; 1-h POGL – 1 h post OGTT glucose level; 2-h POGL – 2 h post OGTT glucose level; 
n – number of patients; non-GDM – control group; GDM G1 – group of mothers with GDM who were administered diet and physical activity; 
GDM G2 – group of mothers with GDM receiving insulin treatment; BMI – body mass index; HbA1c – hemoglobin A1c; HOMA-IR – Homeostatic Model 
Assessment–Insulin Resistance; QUICKI – Quantitative Insulin Sensitivity Check Index; SGA – small for gestational age; LGA – large for gestational age; 
VI – vaginal infections; UTI – urinary tract infections.

Table 5. Comparison of glucose phenotypes across study groups – cont.
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Discussion

The average number of births per year in the authors’ 
unit is 2,000. Of these, newborns with a gestational age 
greater than 35 +0/7 weeks account for approx. 1,700 (85%). 
Accordingly, 50 GDM mothers in the current study rep-
resent 2.9% of all women who gave birth in the authors’ 
unit. This result is similar to the reported GDM prevalence 
of 3.4% among pregnant women in Poland.

The most effective way to manage GDM and reduce 
the risk of complications is early detection and appropriate 
treatment. Diet, physical activity, and insulin therapy are 
the available therapeutic options. Reviews on the optimal 
management of GDM state that if diet and physical ac-
tivity alone are ineffective in achieving glycemic control 
within 2 weeks, insulin should be administered in con-
junction with dietary modifications and physical activ-
ity.24 Accordingly, the type of therapeutic interventions 
necessary to achieve normal glucose levels corresponds 
to the extent of gestational glucose metabolism disorders 
and, consequently, IR.24,25 Insulin resistance combined 
with impaired insulin secretion is the primary underly-
ing cause of GDM. It is difficult to determine the degree 
of IR and insulin secretion in women with newly diagnosed 
GDM. Predicting insulin requirements during pregnancy 
is even more problematic because IR increases gradually 
over the course of pregnancy due to hormonal changes. 
The process of developing IR in pregnancy occurs in all 
pregnant women. Available studies have shown a decrease 
in insulin sensitivity of almost 60% during a normal preg-
nancy. However, GDM is more likely to develop in women 
with additional risk factors (genetic, environmental, etc.). 
Gestational diabetes mellitus is considered a temporary 
condition and is  usually resolved postpartum, within 
6–12 weeks of the puerperium.26,27

The authors, as members of the neonatal team, were 
the 1st to have the opportunity to recruit the mothers and 
assess the course of the pregnancies in the postpartum 
period. The evaluation included the effectiveness of glu-
cose control, the results of laboratory tests, and a medical 
interview regarding maternal comorbidities. However, no 
results for IR indicators at various stages of pregnancy 
were available. We therefore assumed that GDM mothers 
treated with insulin would have a higher degree of glucose 
intolerance compared with those treated with diet and 
physical activity alone. We also aimed to compare whether 
these 2 groups differed in IR marker levels during the 1st 
week after childbirth, when other analyses were planned.

This assumption is consistent with the results of our 
study. Mothers with GDM were found to  have higher 
levels of HOMA-IR, QUICKI, and HbA1c in the 1st week 
postpartum, as well as higher glucose levels at 3  time 
points of the OGTT than non-GDM mothers. In addi-
tion, the GDM G2 group (treated with insulin therapy) had 
higher values than the GDM G1 group (dietary changes 
and physical activity only), except for the  1  h  OGTT. 

As only one of 3 criteria needs to be met for a diagno-
sis of  GDM, the  GDM-affected study groups differed 
in the incidence of abnormal glucose screening at 3 time 
points of the OGTT. The highest incidence of abnormal 
glucose levels at each time point was found in the GDM G2 
group. The same observation applies to 1st-trimester fast-
ing glucose levels. However, the incidence of selected com-
plications did not differ between the study groups.

The results regarding breastfeeding rates warrant par-
ticular attention. The results documented an unexpect-
edly limited prevalence of exclusive breastfeeding among 
mothers with GDM, particularly among those classified 
as GDM G2. Women affected by GDM exhibited less favor-
able breastfeeding outcomes compared to those without 
GDM, despite comparable rates of breastfeeding initia-
tion. According to the available literature, there appears 
to be a heightened propensity for delayed onset of lacto-
genesis II in this population.26 This is further compounded 
by the fact that women with GDM report greater difficulty 
in producing sufficient milk compared with women with-
out diabetes. Consequently, infants of mothers with GDM 
are introduced to human milk substitutes (e.g., formula) 
at an earlier age than infants of women without a history 
of diabetes. The use of formula is also associated with 
earlier cessation of breastfeeding.27–31

The trend toward formula-supplemented feeding among 
GDM mothers is clinically significant: formula feeding 
in GDM-exposed infants is linked to a higher risk of obesity 
during early childhood, whereas exclusive breastfeeding 
offers protective effects.28,31 This highlights an actionable 
intervention – supporting and encouraging breastfeed-
ing in GDM contexts may help mitigate metabolic risks 
in offspring.

Several surrogate measures have been introduced 
to evaluate insulin sensitivity, including HOMA-IR and 
QUICKI. These measures, along with HbA1c, have also 
been considered biomarkers capable of predicting adverse 
pregnancy outcomes in women with GDM.25,32 However, 
the threshold of HOMA-IR for the assessment of IR has not 
been universally agreed upon. This is due to various factors 
correlated with HOMA-IR, including age, sex, ethnicity, 
and body weight. HOMA-IR demonstrates a robust cor-
relation with BMI, as evidenced by substantial differences 
in HOMA-IR between individuals with normal weight and 
those categorized as obese.32

The present study demonstrated that HOMA-IR ex-
hibited an upward trend in conjunction with elevated 
pre-pregnancy BMI, with the  highest levels observed 
in the GDM G2 group. In contrast, HOMA-IR > 2.0 and 
QUICKI  <  0.34 are most often considered indicative 
of IR.15,16 These levels were found in 9 (12.9%) mothers 
in the 1st week postpartum, with a predominance among 
insulin-treated GDM mothers. The authors suggest that 
a higher degree of glucose intolerance during pregnancy 
requiring insulin administration may contribute to the de-
velopment of persistent IR in the early postpartum period.
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Based on international studies, 3rd-trimester HbA1c lev-
els have been identified as a determinant of LGA in preg-
nancies affected by GDM.33 However, early control of GDM 
(before 34 weeks) was found to result in an 18% lower rate 
of LGA infants compared with late control of GDM (after 
34 weeks).34 In the present study, all patients diagnosed 
with GDM were provided with dietary and lifestyle rec-
ommendations, as well as self-monitoring of blood glucose 
levels. In addition, stricter weight gain targets during preg-
nancy were imposed on participants with elevated BMI 
values before pregnancy.

In a  large proportion of mothers, weight gain during 
pregnancy was classified as above recommendations, with 
the highest incidence observed in the non-GDM group. 
Therefore, it  was not possible to  determine whether 
the nonsignificant difference in the incidence of LGA be-
tween women with higher BMI and a higher prevalence 
of overweight and obesity (GDM G2) was attributable 
to lifestyle treatment or to stricter weight gain targets. 
On the other hand, non-GDM mothers who did not receive 
lifestyle intervention during pregnancy had the highest 
gestational weight gain, which did not result in an  in-
creased incidence of LGA. Similar results were reported 
by Sun et al.35 The aforementioned study also emphasized 
the importance of maintaining pre-pregnancy BMI within 
the optimal range and preventing excessive weight gain 
to reduce excessive IR in the 2nd trimester.

Despite evidence indicating the  potential of  HbA1c 
as a biomarker for predicting adverse outcomes in preg-
nant women with GDM, it is important to consider ma-
ternal age, pre-pregnancy BMI, and gestational weight 
gain when assessing the relationship between HbA1c and 
adverse perinatal outcomes.26 Maternal age, BMI, and ex-
cessive weight gain prior to 24 weeks’ gestation have been 
recognized as contributing factors to the development 
of GDM and IR. A comprehensive analysis of the Taiwan-
ese population revealed an elevated risk of IR in individuals 
with high BMI values. Consistent with the findings of Sun 
et al., increased pre-pregnancy BMI and weight gain prior 
to the diagnosis of GDM were strongly associated with 
an increased risk of impaired glucose tolerance in the 2nd 
trimester.35 A total of 293 women with a history of GDM 
or a pre-pregnancy BMI greater than 30 kg/m2 were en-
rolled in the RADIEL trial and subsequently divided into 
2 groups. Patients in the intervention group received early 
individualized counseling on diet, physical activity, and 
weight control prior to  20  weeks’ gestation. The  inci-
dence of GDM in this group was significantly lower than 
in the control group.36

Therefore, our results confirm that appropriate antenatal 
care, health education, and rigorous counseling are effec-
tive in preventing, or at least reducing, the risk of complica-
tions in women with GDM and their newborns.

The  implementation of  cluster analysis in  the  pres-
ent study enabled a distinct categorization of patients 
based not only on allocation to the study groups but also 

on pregestational BMI and gestational weight gain. These 
factors are recognized as  key determinants of  IR and 
adverse pregnancy outcomes. The mean M–S distance 
between the clusters and the original groups was 0.027, 
indicating a high degree of agreement between the 2 cat-
egorizations. The observed discrepancies were confined 
to a single case, which was classified differently by the clus-
tering algorithm than in the original grouping. An analysis 
of the patient’s characteristics suggests that the patient’s 
profile may have been at the threshold between groups, 
thereby explaining the assignment to a different cluster. 
This finding may indicate that the clustering captured im-
portant differences in the data that were not fully reflected 
in the initial classification. Consequently, this approach 
may represent a valuable addition to, or potential refine-
ment of, the original diagnostic grouping.

Given the observed similarity in neonatal birth weight, 
mean birth weight, and birth weight percentile across both 
study groups and clusters, the findings related to neonatal 
body composition were likewise consistent across these 
groups. This finding supports the effectiveness of glycemic 
and weight control measures in mitigating macrosomia.

Identification of maternal glucose phenotypes confirmed 
that the degree of glucose metabolism disorders varied 
among mothers. This variation may have been influenced 
by other factors affecting overall maternal health (e.g., 
hypothyroidism, obesity, and nicotine dependence) as well 
as the course of pregnancy (e.g., gestational weight gain and 
urinary tract infection). As a result, pregnancy outcomes 
may also have been affected, including neonatal LGA or re-
spiratory distress, success of exclusive breastfeeding, and 
selected IR marker levels in the early postpartum period.

Furthermore, this analysis suggests a potential relation-
ship between 2  factors –maternal pre-pregnancy BMI 
and excessive gestational weight gain – on the one hand, 
and adverse pregnancy outcomes, on the other. However, 
the small number of mothers within each glucose pheno-
type limits the ability to draw definitive conclusions re-
garding associations between specific glucose phenotypes 
and selected pregnancy complications. It is also inappro-
priate to generalize these results to the Polish population.

Nevertheless, the application of cluster analysis and 
glucose phenotype stratification in mothers with GDM 
facilitates the identification of high-risk groups, thereby 
enabling targeted counseling and monitoring aimed at pre-
venting future metabolic disorders.

The findings of the present study did not demonstrate 
a significant difference in IR marker outcomes between 
mothers with newly diagnosed GDM and those with a his-
tory of GDM. However, short-term studies have shown that 
IR remains higher in women with a history of GDM.37,38 
This inconsistency may be attributable to the small num-
ber of mothers with previous GDM included in our study.

By identifying high-risk groups using these markers, 
healthcare providers may implement personalized moni-
toring and intervention strategies to improve maternal 
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and fetal outcomes by addressing subgroup-specific risk 
profiles.

The classification of GDM patients at high risk of com-
plications depends on  understanding the  sociodemo-
graphic and health factors that inform these risk assess-
ments. A recent Polish study found that non-insulin-based 
indices of IR – the triglyceride and glucose (TyG) index 
and the metabolic score for insulin resistance (METS-IR) 
– were significantly associated with older age, smoking, 
and elevated systolic blood pressure, indicating coexisting 
cardiometabolic risks. Furthermore, an elevated TyG index 
was associated with higher BMI and alcohol consumption. 
Conversely, lower educational attainment was associated 
with higher METS-IR scores.

In patients with GDM, who already experience increased 
IR, these findings underscore the importance of incorpo-
rating sociodemographic metrics (e.g., age, education level, 
smoking, alcohol consumption) and key health indica-
tors (e.g., BMI and blood pressure) into risk-stratification 
models.39 This multidimensional approach may help guide 
early interventions, personalized monitoring, and tailored 
support strategies aimed at mitigating both metabolic and 
obstetric complications.

The concept of individualized medicine has been proposed 
as a catalyst for advancements in healthcare, with the capac-
ity to enhance the effectiveness, efficiency, and patient-cen-
teredness of healthcare services. By focusing on the unique 
characteristics of each patient, this approach aims to improve 
outcomes and reduce unnecessary treatments. A substantial 
body of clinical research has demonstrated that the person-
alization of nutritional plans to meet the needs of individual 
patients – taking into account factors such as body weight, 
metabolic status, energy demands, and meal timing (a con-
cept referred to as “chrononutrition”) – can lead to meaning-
ful improvements in patient outcomes. Additionally, reduced 
gestational weight gain has been shown to be associated with 
favorable pregnancy outcomes.40,41

Limitations of the study

The primary limitation of this study is the limited sample 
size. While the preliminary results provide a general over-
view of the issue addressed, these findings require verifica-
tion through additional research involving a larger cohort. 
Moreover, the reproducibility of these results cannot be 
assured. One of the key concerns relates to the potential 
inaccuracy of assumptions based on the available data.

A further limitation is the absence of IR marker assess-
ments during pregnancy, which limits the ability to com-
pare results across different stages and precludes conclu-
sions regarding potential changes in IR over subsequent 
weeks. An exception is HbA1c, as  the average lifespan 
of erythrocytes is 60–90 days. Consequently, HbA1c lev-
els provide insight into estimated glucose concentrations 
during the final 2–3 months of pregnancy.

Conclusions

Markers of IR, such as HbA1c and HOMA-IR, in the 1st 
week after delivery varied significantly between mothers 
with GDM and healthy controls, with the highest incidence 
of abnormal results observed among insulin-treated GDM 
mothers. The degree of  impaired glucose metabolism, 
along with maternal preconceptional BMI and gestational 
weight change, had a significant influence on pregnancy 
outcomes. These variables appear to be closely associ-
ated with the maternal glucose profile, thereby influenc-
ing maternal OGTT results at various time points during 
pregnancy.

With respect to most pregnancy outcomes, including 
anthropometric measurements of newborns and the com-
position of their body compartments, no substantial differ-
ences were observed between the study groups. However, 
an inverse relationship was identified between the severity 
of glucose tolerance impairment and maternal weight ac-
cumulation during gestation.

Conversely, in mothers with impaired glucose metabo-
lism during pregnancy, abnormal body weight or excessive 
weight gain may lead to a higher incidence of LGA in new-
borns. Adequate glycemic control and effective treatment, 
regardless of the type of intervention, are important factors 
influencing pregnancy outcomes. Both cluster analysis and 
stratification of glucose phenotypes among mothers with 
GDM are valuable methods for identifying distinct patient 
groups based on a combination of risk factors. These ap-
proaches may be helpful in identifying patients at high risk 
of adverse pregnancy outcomes, as well as mothers and 
newborns who require careful counseling and monitoring 
to prevent future metabolic disorders..

The  concept of  individualized medicine in  GDM 
adopts a multifaceted approach, encompassing person-
alized nutrition, physical activity regimens, pharmaco-
logical therapy selection, digital guidance, and genetic 
and metabolic profiling. This integrated strategy aims 
to  provide earlier, more effective, and more patient-
centered care, thereby enhancing outcomes for both 
the mother and child.

In summary, the findings of the present study support 
the view that GDM is not merely a condition confined 
to  pregnancy but rather part of  a  broader continuum 
of maternal–fetal metabolic health. These findings support 
the importance of early intervention, personalized care 
guided by BMI and glucose profiles, and the promotion 
of breastfeeding to enhance both immediate and long-term 
health outcomes for mothers and their children.

Supplementary data

The supplementary materials are available at https://
doi.org/10.5281/zenodo.15862275. The package contains 
the following files:
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Supplementary Table 1. Results of the Shapiro–Wilk test 
for normality and Levene’s test for homogeneity of vari-
ances across selected characteristics and pregnancy out-
comes in clusters and groups.

Supplementary Table 2. Results of regression analysis 
(generalized linear model).
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Abstract
Background. Glaucoma is a chronic, progressive optic neuropathy that can lead to irreversible blindness 
if left untreated. It is the leading cause of irreversible blindness globally. Effective management relies heavily 
on the control of intraocular pressure (IOP), typically through lifelong pharmacological treatment, but adher-
ence to therapy is often a challenge due to the asymptomatic nature of the disease.

Objectives. The primary aim of this study was to evaluate the predictive influence of the doctor–patient 
relationship, the quality of communication between doctor and patient, patient knowledge about glaucoma, 
and quality of life when adhering to therapeutic recommendations among a group of Polish glaucoma patients.

Materials and methods. This study was conducted at the Ophthalmology Outpatient Clinic of the Univer-
sity Clinical Hospital in Wrocław, Poland. A total of 190 patients were enrolled, and adherence to treatment 
was assessed using the Adherence to Refills and Medications Scale (ARMS). Additional variables included 
patient–physician communication (CAT-14), relationship quality (PDRQ-9), visual function (NEI VFQ-25), 
and glaucoma knowledge (GKQ-10).

Results. The results indicated that 58.9% of patients showed low adherence to their prescribed treatment. 
Satisfaction with doctor–patient communication, higher levels of knowledge about glaucoma, and better 
visual function were significantly associated with better adherence. The quality of the patient–physician 
relationship, while not statistically significant, also showed potential positive effects on adherence.

Conclusions. Improving patient education and enhancing the quality of communication between healthcare 
providers and patients are critical to increasing adherence to glaucoma treatment. Importantly, the study 
provides a valuable evidence base for developing adherence-enhancing strategies within the Polish healthcare 
system. Given the scarcity of such data in Central and Eastern Europe, our results may also inform similar 
efforts in the region. Designing culturally sensitive and system-specific interventions, such as brief com-
munication training for ophthalmologists or structured patient education programs, could help address 
persistent adherence challenges in chronic ophthalmic care.

Key words: glaucoma, communication, patient education, physician–patient relations, medication adherence
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Background

Glaucoma is a chronic, progressive optic neuropathy 
characterized by damage to the optic nerve and the retinal 
nerve fiber layer, which may lead to irreversible blindness 
if left untreated.1 Globally, glaucoma is the leading cause 
of irreversible blindness, affecting more than 76 million 
individuals, with projections indicating that this num-
ber will increase to 112 million by 2040.2 It is particularly 
prevalent in older populations, non-White ethnicities, and 
individuals with a family history of the disease.1,3

There are 2 main types of glaucoma: primary open-an-
gle glaucoma (OAG) and angle-closure glaucoma (ACG). 
The former is the most common type and is often asymp-
tomatic until significant vision loss occurs, with up to 50% 
of patients unaware of their condition.4 In contrast, the lat-
ter displays more acute symptoms, such as eye pain, nausea, 
and blurred vision. If left untreated, it can lead to rapid and 
irreversible vision loss.​1

Given its progressive nature and the potential for ir-
reversible vision loss, early diagnosis and intervention 
are critical for the management of glaucoma. Diagnostic 
methods include the measurement of intraocular pressure 
(IOP), visual field testing, and imaging techniques such 
as optical coherence tomography (OCT). Intraocular pres-
sure remains the only modifiable risk factor for glaucoma, 
making its control the primary focus of treatment​.1,5,6

Pharmacological treatment, particularly in  the  form 
of eye drops, plays a crucial role in slowing the progres-
sion of glaucoma. Medications such as prostaglandin ana-
logues, β-blockers, and carbonic anhydrase inhibitors act 
to reduce the production or improve the outflow of aque-
ous humor, thereby lowering IOP. Patients require lifelong 
treatment and regular follow-up to ensure effective IOP 
control and to monitor disease progression. Failure to ad-
here to prescribed therapy can result in inadequate IOP 
control, which significantly increases the risk of disease 
progression and permanent visual impairment.1,7,8

Adherence to treatment is defined as the extent to which 
a patient’s behavior in taking medications corresponds 
to the prescribed treatment regimen.9 Several factors con-
tribute to difficulties in maintaining adherence to glau-
coma medications, particularly given the chronic and often 

asymptomatic nature of the disease. Without noticeable 
symptoms, patients may not fully recognize the severity 
of the condition or the importance of consistent medica-
tion use. This lack of symptomatic feedback can result 
in  reduced adherence, as  patients may mistakenly be-
lieve that the medication is unnecessary or provides no 
benefit.10,11Adherence to  treatment recommendations 
is  a  complex, multifaceted phenomenon. Various fac-
tors influencing adherence have been widely discussed 
in the literature.10–12 A common conclusion of many stud-
ies on adherence is the need for continued research and 
deeper analysis of the determinants of adherence.13

Adherence to treatment recommendations, particularly 
in chronic ophthalmic conditions such as glaucoma, dry 
eye disease (DED), and age-related macular degeneration 
(AMD), remains a global challenge. Numerous interna-
tional studies have demonstrated that non-adherence sig-
nificantly impairs treatment effectiveness and increases 
the risk of disease progression and vision loss. For exam-
ple, in a large-scale Japanese study on DED, only 10.2% 
of patients used eye drops at the frequency recommended 
in the treatment guidelines, with most patients applying 
drops only when experiencing symptoms, highlighting 
a symptom-driven, inconsistent use pattern.14 In Brazil, 
electronic monitoring of glaucoma medication use dem-
onstrated that 28% of patients were non-adherent, and this 
subgroup had significantly higher rates of disease progres-
sion and loss to follow-up rates.15 Likewise, an Irish study 
of patients with intermediate or advanced AMD found that 
40% of patients eligible for AREDS2 nutritional supplemen-
tation were not using the recommended vitamins, often 
due to a lack of physician recommendation or concerns 
about cost.16

These findings highlight the multifactorial nature of ad-
herence and the influence of both systemic and individual-
level determinants, including treatment complexity, health 
literacy, symptom visibility, and healthcare-related com-
munication. While some barriers are universal, others are 
shaped by local healthcare systems, cultural expectations, 
and patient–physician dynamics. In Poland, adherence 
in ophthalmology has received limited empirical atten-
tion, despite an aging population and a high prevalence 
of chronic eye diseases. Structural aspects of the Polish 

Highlights
	• Low treatment adherence: A substantial proportion (58.9%) of Polish glaucoma patients showed low adherence 
to prescribed therapy.

	• Communication and knowledge: Improved doctor–patient communication and greater patient knowledge about 
glaucoma were significantly associated with better adherence.

	• Role of visual function: Patients with better visual function were more likely to adhere to glaucoma treatment.
	• Patient–physician relationship: Although not statistically significant, a stronger patient–physician relationship 
showed a positive trend toward improved adherence, suggesting potential value for future interventions.
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healthcare system, such as the organization of outpatient 
care, reimbursement policies, and variability in access 
to ophthalmologists, may pose distinct challenges to main-
taining long-term adherence. Accordingly, investigating 
predictors of adherence in a Polish glaucoma cohort not 
only addresses a notable research gap but may also inform 
culturally and system-level tailored interventions.

Objectives

The aim of this study was to assess the predictive value 
of the doctor–patient relationship, the quality of patient–
physician communication, patient knowledge about 
glaucoma, and quality of  life in  relation to  adherence 
to the recommended treatment in a cohort of Polish pa-
tients receiving pharmacological treatment for glaucoma.

Materials and methods

The study was conducted between January and Sep-
tember 2019 at  the Ophthalmology Outpatient Clinic, 
University Clinical Hospital, in Wrocław, Poland. A to-
tal of 190 patients who met the inclusion criteria were 
enrolled. Each participant received written information 
detailing the study’s purpose and procedures, and writ-
ten informed consent was obtained prior to participation. 
The study was conducted during a single follow-up visit 
at the ophthalmology clinic. The research was approved 
by the Bioethics Committee of Wroclaw Medical Univer-
sity (approval No. KB 305/2018).

Inclusion criteria included a confirmed diagnosis of glau-
coma at least 6 months earlier, current use of anti-glau-
coma pharmacotherapy, being aged 18 or older, the ability 
to independently complete the study questionnaires, and 
a willingness to provide informed consent for participation.

Exclusion criteria comprised a cognitive impairment 
score of less than 24, which was defined as a Mini-Mental 
State Examination (MMSE), a lack of the manual dexterity 
required for the proper administration of anti-glaucoma 
medications (necessitating assistance from a third party), 
and the  presence of  significantly exacerbated chronic 
conditions.

The Adherence to Refills and Medications Scale (ARMS) 
is a 12-item questionnaire designed to assess adherence 
to pharmacological treatment in patients with chronic con-
ditions. Responses are evaluated on a 4-point Likert scale, 
with options ranging from 1 (never) to 4 (most of the time). 
The total score ranges from 12, indicating optimal ad-
herence, to 48, reflecting a complete lack of adherence 
to prescribed pharmacotherapy. This instrument, devel-
oped by Kripalani et al. in 2009, specifically targets the as-
sessment of adherence to medication regimens for chronic 
diseases that require prolonged, often lifelong, treatment. 
The questionnaire prompts patients to evaluate not only 

their consistency in taking medications and their adher-
ence to the prescribed dosage and timing, but also their 
fulfillment of prescriptions and ability to plan and main-
tain the necessary medication supplies to ensure uninter-
rupted therapy.17 The tool has been linguistically validated 
for use in Polish, with the adaptation conducted among 
a group of patients with hypertension.18 For the purposes 
of the study, an evaluation of the psychometric properties 
of the assessment tool was conducted. The findings con-
firmed the tool’s validity for use among patients with glau-
coma (Cronbach’s α = 0.726, mean inter-item correlation 
r = 0.187). Patients were categorized into 2 groups based 
on their adherence levels to therapeutic recommendations: 
group I – low adherence (16–48 points) and group II – high 
adherence (12–15 points). This division was determined 
by the median ARMS score observed in the study group 
(Me = 16).

The Communication Assessment Tool (CAT-14) was 
employed to evaluate the quality of communication be-
tween patients and physicians. Developed by Makoul et al. 
in 2007, this instrument consists of 14  items, address-
ing both verbal and non-verbal communication, as well 
as the physician’s attentiveness, engagement, and empa-
thy. Responses are measured using a 5-point Likert scale: 
1 – inadequate, 2 – sufficient, 3 – good, 4 – very good, 
and 5 – excellent. To assess the physician’s interpersonal 
and communication skills, the average score across all 
14 items and the percentage of responses rated as excellent 
are utilized. The total score ranges from 14 to 70 points, 
with higher scores indicating a better perceived quality 
of communication.19 The questionnaire has been culturally 
adapted for use in the Polish population.20

The Patient–Doctor Relationship Questionnaire (PDRQ-
9) was used to assess the quality of the relationship between 
patients and their physicians. This instrument consists 
of nine items and was developed by Van der Feltz-Cornelis 
et al. in 2004. Responses are rated on a Likert scale, ranging 
from 1 (strongly disagree) to 5 (strongly agree). The total 
score ranges from 9, indicating the poorest possible re-
lationship, to 45, representing an ideal relationship.21–23 
As the PDRQ-9 had not undergone cultural adaptation 
for use in Poland, a validation of the tool was conducted 
specifically for glaucoma patients as part of this study, 
demonstrating strong psychometric properties (Cron-
bach’s α = 0.937, with an average inter-item correlation 
of r = 0.626).

The National Eye Institute Visual Function Question-
naire (NEI VFQ-25), published by Mangione et al. in 2001, 
was employed to evaluate the  impact of visual impair-
ment and related symptoms on general health domains 
such as emotional wellbeing, social functioning, and task-
related visual capabilities in daily life. The questionnaire 
includes items that assess general health and vision sta-
tus, difficulties with specific tasks, and limitations caused 
by visual problems. The survey consists of 3 sections, with 
respondents answering a  total of  25  closed questions. 
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The original numeric values from the survey were recoded 
so that higher scores indicate better functioning. Each 
item was then converted to a scale from 0 to 100, where 
0 represents the lowest possible score and 100 the highest. 
The final score is calculated as the average of all subscale 
items completed by the respondent, with lower scores in-
dicating a greater impact of visual impairment on quality 
of life.24,25

The  Glaucoma Knowledge Questionnaire (GKQ-10) 
is a custom-developed tool designed to assess patients’ 
knowledge of glaucoma. The reliability (internal consis-
tency) of the questionnaire was evaluated as part of this 
study. The questionnaire consists of 10 items assessing 
sources of knowledge about the disease, its definition, 
the  possibility of  a  complete cure, the  consequences 
of untreated glaucoma, and the proper use of eye drops. 
The  maximum possible score is  21, with a  minimum 
of 0. The results of the GKQ-10 validation are presented 
in Table 1, with a Cronbach’s α = 0.734, indicating satisfac-
tory reliability. The tool demonstrates adequate psycho-
metric properties and is suitable for use among glaucoma 
patients. Sociodemographic and clinical data for the study 
population were collected through a custom questionnaire, 
hospital registry, and medical records.

The results of the survey analysis were subjected to sta-
tistical evaluation. The distribution of all quantitative 
parameters was tested for conformity with the normal 
distribution using the Kolmogorov–Smirnov and Shapiro–
Wilk tests. For quantitative features, the following were 
calculated: the mean values (M), standard deviations (SD), 
medians (Me), lower (Q1) and upper quartiles (Q3), as well 
as extreme values: the minimum (Min) and maximum 
(Max). The significance of differences between average 
values for features with distributions that significantly 
deviated from normal or had heterogeneous variances 
between 2 groups was assessed using the Mann–Whit-
ney U test. For nominal and ordinal qualitative variables, 

frequencies (n) and percentages (%) were calculated and 
presented in contingency tables (multidimensional). Hy-
potheses of no association between qualitative variables 
were tested using Pearson’s χ2 test or Fisher’s exact test. 
A correlation between variables was considered significant 
if the test result was p < 0.05. Receiver operating char-
acteristic (ROC) curves and Youden’s index were used 
to determine the cutoff values for continuous and discrete 
variables. The diagnostic (classification) ability of the pa-
rameters that were analyzed was assessed using the area 
under the ROC curve (AUC). Additionally, sensitivity and 
specificity were estimated for dichotomous cutoff values. 
To assess the impact of quantitative variables on the like-
lihood of high adherence, the values of  the univariate 
logistic regression coefficients (b) and their significance 
were estimated for each predictor. In all statistical tests, 
a significance level of p < 0.05 was considered statistically 
significant. The statistical analysis was conducted using 
Statistica v. 13.3 (TIBCO Software Inc., Tulsa, USA).

Results

Sociodemographic characteristics 
of the study population

A total of  190  individuals participated in  the  study, 
comprising 124 women (65.3%) and 66 men (34.7%), with 
an age range of 25–88 years (M = 69, SD = 11.2). The larg-
est proportion of participants had completed secondary 
education (36.3%) or  vocational training (32.1%), and 
the majority were retired at the time of data collection 
(77.9%). Most participants were in marital or domestic 
partnerships (65.8%), residing either with their partner 
(45.3%) or with other family members (44.2%). Addition-
ally, 68.4% of the sample lived in urban areas. These so-
ciodemographic data are summarized in Table 2.

Table 1. Validation results of the Glaucoma Knowledge Questionnaire (GKQ-10)

Item (question) M* SD* r* α*

1. Main source of knowledge about glaucoma (0–5 points) 10.0 2.2 0.283 0.512

2. Definition of the disease (0–3 points) 10.5 2.3 0.180 0.554

3. Possibility of a complete cure (0–1 point) 11.2 2.4 0.407 0.507

4. Possibility of total blindness (0–1 point) 11.2 2.5 0.356 0.519

5. Impact of medications on disease progression (0–1 point) 11.1 2.5 0.248 0.533

6. Possibility of discontinuing therapy (0–1 point) 11.1 2.5 0.392 0.526

7. Consequences of discontinuing therapy (0–1 point) 11.1 2.5 0.291 0.527

8. Importance of proper eye drop administration (0–1 point) 11.2 2.4 0.364 0.511

9. Time intervals between eye drop administrations (0–1 point) 11.3 2.4 0.409 0.493

10. Techniques for proper eye drop administration (0–6 points) 9.2 1.9 0.303 0.555

M = 12.0 points; SD = 2.6 points; Me [Q1; Q3] = 12 [10; 14]; n = 190; α = 0.734, average inter-item correlation r = 0.221, where: M* – mean after item removal, 
SD* – standard deviation after item removal, r* – item-scale linear correlation coefficient after item removal, α* – Cronbach’s alpha after item removal. 
M – mean; Me – median.
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Clinical characteristics of the study 
population

The majority of participants had been diagnosed with 
glaucoma at least 10 years earlier (44.7%). All individuals 
were undergoing pharmacological treatment, with a sub-
set also receiving adjunctive therapies, including laser 
treatment (10.5%) or surgical intervention (12.1%). Most 
of the patients were using a single anti-glaucoma medica-
tion (62.1%), typically administered twice daily (69.5%). 
Seventy-five percent of the patients had other systemic co-
morbidities. The detailed results are presented in Table 3,4.

Adherence to therapeutic 
recommendations among the glaucoma 
patients in the study

In the cohort of glaucoma patients examined, over half 
exhibited a low level of adherence to their prescribed treat-
ment (58.9%). The mean adherence score, as assessed using 
the ARMS scale, was 16.3 ±2.7 points across the group 
(Table 5), highlighting a generally low adherence level 
within this population.

Table 2. Sociodemographic characteristics of the study population

Characteristic (variable)
Total, n = 190

n %

Gender

Men 66 34.7

Women 124 65.3

Age [years]

M (SD) 69.0 (11.2)

Me [Q1; Q3] 70 [63; 77]

Min–Max 25–88

Education

Primary 32 16.8

Vocational 61 32.1

Secondary 69 36.3

Higher 28 14.7

Marital status

Single 65 34.2

In a relationship 125 65.8

Occupational activity

Employed 31 16.3

Student 1 0.5

On disability pension 6 3.2

Retired 148 77.9

Unemployed 4 2.1

Place of residence

Rural area 60 31.6

Urban area 130 68.4

Living status

Living with spouse/partner 86 45.3

Living with family 84 44.2

Living alone 20 10.5

M – mean; SD – standard deviation; Me – median; Q1 – lower quartile; 
Q3 – upper quartile; Min – minimum value; Max – maximum value; 
n – number; % – percentage.

Table 3. Clinical characteristics of glaucoma in the study population

Characteristic (variable)
Total, n = 190

n %

Disease duration [years] 

M (SD) 11.3 (6.8) –

Me [Q1; Q3] 10 [5; 15] –

Min–Max 1–40 –

Disease duration

1–5 years 48 25.3

6–10 years 57 30.0

More than 10 years 85 44.7

Type of glaucoma treatment*

Pharmacological treatment 190 100.0

Laser therapy 20 10.5

Surgical intervention 23 12.1

Number of glaucoma medications currently in use

1 118 62.1

2 62 32.6

3 10 5.3

Frequency of daily medication administration

Once per day 51 26.8

Twice per day 132 69.5

Three times per day 7 3.7

Percentages do not add up to 100% as multiple responses were allowed. 
M – mean; SD – standard deviation; Me – median; Q1 – 1st quartile; 
Q3 – 3rd quartile; Min – minimum value; Max – maximum value.

Table 4. Clinical characteristics of patients – chronic diseases

Comorbidities
Total, n = 190

n %

Hypertension 89 46.8

Diabetes 40 21.1

Asthma 5 2.6

Osteoporosis 5 2.6

Kidney failure 4 2.1

No other chronic conditions 47 24.7
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Assessment of therapeutic communication 
between patients and physicians, 
measured with the CAT-14 questionnaire, 
in the glaucoma patient group

An  analysis of  communication quality indicated 
a high level of patient satisfaction with their interactions 
with the physician. The mean score across the 14 items 
of the questionnaire was 3.30 ±0.69. However, only 3.7% 
of responses rated the communication as excellent, giving 
the maximum possible score of 70 points (5 points per 
item). These findings are presented in Table 6.

The CAT-14 questionnaire results revealed that the high-
est percentage of  excellent ratings was observed for 

the following: question 12, which addressed the physician’s 
discussion of future steps and follow-up plans with the pa-
tient (10.0%); question 2, related to treating the patient with 
respect (9.5%); and question 7, concerning the provision 
of all the information that was expected (9.5%). The lowest 
percentage of excellent ratings was associated with ques-
tions about the physician’s interest in the patient’s opin-
ion on their health (question 3), encouraging the patient 
to ask questions (question 10), and involving the patient 
in decision-making (question 11). The detailed results are 
presented in Table 7.

Assessment of the patient–physician 
relationship, measured with the PDRQ-
9 questionnaire, in the glaucoma 
patient group

In the studied group of glaucoma patients, the mean 
score for the patient–physician relationship, as measured 
using the PDRQ-9 questionnaire, was 30.4 ±6.2, indicating 
a moderate overall rating of the relationship. The analysis 
revealed that the largest proportion of respondents rated 
their relationship with their ophthalmologist as  poor 
(42.1%). These results are summarized in Table 8.

The evaluation of  the patient–physician relationship 
using the PDRQ-9 questionnaire allowed the entire co-
hort to be divided into 3 subgroups based on the PDRQ-9 
scores:

–  Group I – poor rating (PDRQ-9 sten scores 1–4), 
n = 80 patients;

–  Group II –  average rating (PDRQ-9 sten scores  5 
and 6), n = 65 patients;

–  Group III – good rating (PDRQ-9 sten scores 7–10), 
n = 45 patients.

Table 5. Results of the assessment of adherence to pharmacological 
recommendations (Adherence to Refills and Medications Scale (ARMS)) 
in glaucoma patients

Variable M (SD) Me [Q1; Q3] Min–Max

Total score 16.3 (2.7) 16 [14; 18] 12–25

Adherence level n (%)

Low (16–48 score) 112 (58.9%)

High (12–15 score) 78 (41.1%)

M – mean; SD – standard deviation; Me – median; Q1 – 1st quartile; 
Q3 – 3rd quartile; Min – minimum value; Max – maximum value.

Table 6. Results of the assessment of patient–physician communication 
quality (Communication Assessment Tool (CAT-14)) 

Variable M (SD) Me [Q1; Q3] Min–Max

CAT-14 (mean score of 14 items) 3.30 (0.69) 3.1 [3.0; 3.6] 1.7 – 5.0

Excellent ratings (CAT-14 = 5) 7 (3.7%)

M – mean; SD – standard deviation; Me – median; Q1 – 1st quartile; 
Q3 – 3rd quartile; Min – minimum value; Max – maximum value.

Table 7. Results of the assessment of patient–physician communication quality ((Communication Assessment Tool (CAT-14)) 

Item (question) M SD Me [Q1; Q3] n %

  1. Greeted me in a way that made me feel comfortable 3.33 0.72 3 [3; 4] 15 7.9

  2. Treated me with respect 3.38 0.72 3 [3; 4] 18 9.5

  3. Showed interest in my opinion about my health 3.27 0.76 3 [3; 4] 13 6.8

  4. Understood my main health concerns 3.31 0.77 3 [3; 4] 16 8.4

  5. Paid attention to me (looked at me, listened carefully) 3.30 0.81 3 [3; 4] 16 8.4

  6. Did not interrupt me while I was speaking 3.32 0.77 3 [3; 4] 17 8.9

  7. Provided me with all the information I expected 3.41 0.82 3 [3; 4] 18 9.5

  8. Spoke in a way I could understand 3.23 0.79 3 [3; 4] 16 8.4

  9. Made sure I understood everything 3.29 0.79 3 [3; 4] 14 7.4

10. Encouraged me to ask questions 3.05 0.86 3 [3; 3] 13 6.8

11. Allowed me to participate in decision-making 3.13 0.86 3 [3; 4] 13 6.8

12. Discussed the next steps with me, including follow-up plans 3.46 0.81 3 [3; 4] 19 10.0

13. Showed care and concern for me 3.33 0.82 3 [3; 4] 14 7.4

14. Spent enough time with me 3.34 0.85 3 [3; 4] 16 8.4

M – mean; SD – standard deviation; Me – median; Q1 – lower quartile; Q3 – upper quartile; n – number of excellent ratings; % – percentage of excellent 
ratings.
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Assessment of quality of life, measured 
with the NEI VFQ-25 questionnaire, 
in the glaucoma patient group

In the studied group of glaucoma patients, the mean score 
for the impact of visual impairment and symptoms on qual-
ity of life, as measured using the NEI VFQ-25 questionnaire, 
was 73.5 ±16.9 points. This finding indicates a relatively 
high quality of life, with limited impact of visual symp-
toms on patients’ daily functioning. Only 2.1% of respon-
dents reported a poor level of visual function, while 35.3% 
rated their visual function as average and 62.6% assessed 
it as good. The detailed results are summarized in Table 9.

The evaluation of visual function using the NEI VFQ-
25 questionnaire allowed the cohort to be categorized into 
3 subgroups based on NEI VFQ-25 scores:

–  Group I – poor visual function (NEI VFQ 0–40 points), 
n = 4 patients;

–  Group II – average visual function (NEI VFQ 40–
70 points), n = 67 patients;

–  Group III –  good visual function (NEI VFQ 70–
100 points), n = 119 patients.

Assessment of knowledge levels using 
the GKQ-10 questionnaire in the glaucoma 
patient group

The evaluation of glaucoma-related knowledge was per-
formed using a custom-designed tool. The total knowledge 
score, with scores ranging from 0 to 21 points, was calculated 

based on responses to 10 questions. The raw scores were 
converted into sten scores (ranging from 1 to 10), and each 
participant was then classified into 1 of 3 categories based 
on their knowledge level: low, average, or high.

The findings demonstrate that a significant proportion 
of patients had either a high (34.7%) or an average (34.2%) 
level of knowledge about their condition. A smaller propor-
tion of patients had a low level of glaucoma-related knowledge 
(31.1%). The raw scores, sten scores, and distribution of pa-
tients across knowledge categories are detailed in Table 10.

The  assessment of  knowledge, as  measured using 
the GKQ-10 questionnaire, allowed the study cohort to be 
divided into 3 subgroups based on GKQ-10 results:

–  Group I – low knowledge level (GKQ-10 sten scores 
1–4), n = 59 patients;

–  Group II – average knowledge level (GKQ-10 sten 
scores 5 and 6), n = 65 patients;

–  Group III – high knowledge level (GKQ-10 sten scores 
7–10), n = 66 patients.

The impact of patient satisfaction with 
therapeutic communication on adherence 
to therapeutic recommendations 
in glaucoma patients

The association between the quality of communication 
between patients and their ophthalmologists, assessed using 
the CAT-14 questionnaire, and adherence to therapeutic rec-
ommendations, measured using the ARMS questionnaire, 
was statistically significant (p < 0.01). A weak but statistically 
significant negative correlation was observed between adher-
ence to therapeutic recommendations (ARMS) and physi-
cian–patient communication (CAT), indicating that patients 
who rated communication with their physician more highly 
tended to adhere more closely to therapeutic guidelines.

Receiver operating characteristic curve analysis was 
used to determine the cutoff value for communication 
satisfaction (Fig. 1). For CAT scores ≥3.25, test sensitivity 
was 62.8%, specificity was 68.8%, and the AUC was 0.664. 
The lower limit of the 95% confidence interval (95% CI) 
for the AUC was 0.583, exceeding the acceptable threshold 
of 0.5, which indicates that a communication satisfaction–
based test may be useful in classifying patients as adherent 
or non-adherent to therapeutic recommendations.

Table 8. Results of the assessment of the patient–ophthalmologist 
relationship (PDQR-9)

Variable M (SD) Me [Q1;Q3] Min–Max

Total score 30.4 (6.2) 28.5 [27; 33] 14–45

Quality of relationship (sten) 5.5 (2.0) 6 [4; 7] 1–10

Relationship 
rating, n (%)

Poor (1–4 sten) 80 (42.1)

Average (5, 6 sten) 65 (34.2)

Good (7–10 sten) 45 (23.7)

M – mean; SD – standard deviation; Me – median; Q1 – lower quartile; 
Q3 – upper quartile; Min – minimum value; Max – maximum value.

Table 9. Results of visual function assessment National Eye Institute Visual 
Function Questionnaire (NEI VFQ-25)

Variable M (SD) Me [Q1; Q3] Min–Max

Total score 73.5 (16.9) 77 [58; 87] 29.8–100

Visual 
function 
level, n (%)

Poor 
(0–40 points)

4 (2.1)

Average 
(40–70 points)

67 (35.3)

Good 
(70–100 points)

119 (62.6)

M – mean; SD – standard deviation; Me – median; Q1 – lower quartile; 
Q3 – upper quartile; Min – minimum value; Max – maximum value.

Table 10. Results of the glaucoma knowledge assessment (Glaucoma 
Knowledge Questionnaire (GKQ-10))

Variable M (SD) Me [Q1; Q3] Min–Max

Glaucoma knowledge (total score) 12.0 (2.6) 12 [10; 14] 4.5–18

Glaucoma knowledge (sten scores) 5.5 (2.0) 6 [4; 7] 1–10

Knowledge 
level, n (%)

Low (1–4 sten) 59 (31.1%)

Average (5, 6 sten) 65 (34.2%)

High (7–10 sten) 66 (34.7%)

M – mean; SD – standard deviation; Me – median; Q1 – lower quartile; 
Q3 – upper quartile; Min – minimum value; Max – maximum value.
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Comparative analysis revealed that patients with high 
adherence (ARMS ≤ 15) reported higher communication 
satisfaction than those with low adherence (ARMS > 15), 
with mean scores of 3.53 ±0.75 vs 3.13 ±0.59. Among those 
with high adherence, 31.2% expressed greater satisfaction 
with communication (CAT ≥ 3.25 points), while 37.2% 
of those with low adherence reported lower satisfaction 
(CAT < 3.25 points). These findings indicate that satisfac-
tion with physician communication, as measured using 
the CAT questionnaire, is a statistically significant factor 
influencing adherence to therapeutic recommendations 
(p < 0.001), particularly with CAT scores ≥ 3.25 (p < 0.001). 
The detailed results are shown in Supplementary Table 1.

Univariate logistic regression analysis indicated that both 
higher physician–patient communication scores (CAT-14) 
and a CAT-14 score ≥3.25 were significant positive predic-
tors of high adherence to therapeutic recommendations. 
In patients with CAT-14 scores ≥3.25, the likelihood of high 
adherence was nearly 4 times higher than in patients with 
lower communication scores (odds ratio (OR) = 3.72). These 
findings are presented in Supplementary Table 2.

The impact of the patient–physician 
relationship on adherence to therapeutic 
recommendations in glaucoma patients

The  association between the  quality of  the  pa-
tient–ophthalmologist relationship, as  assessed using 
the PDRQ-9 questionnaire, and adherence to therapeutic 

recommendations, measured with the ARMS question-
naire, was not statistically significant when raw scores 
were analyzed (p > 0.05).

The  influence of  the  patient–physician relationship 
on adherence to therapeutic recommendations appears 
to be minimal. The lower limit of the 95% CI for the ROC 
curve was below 0.5 (AUC = 0.476), indicating weak dis-
criminatory ability for classifying patients as adherent 
or non-adherent based on this criterion. The results are 
presented in Fig. 2.

A comparative analysis showed that patients with high 
adherence (ARMS ≤ 15) reported better relationships with 
their physician compared to those with low adherence 
(ARMS > 15), with scores of 31.7 ±6.6 vs 29.5 ±5.8. Most 
patients with high adherence (96.2%) had a better patient–
physician relationship (PDRQ-9 ≥ 26 points), while only 
17.9% of those with low adherence had a poorer relationship 
with their physician (PDRQ-9 < 26 points). The analysis 
indicated that the patient–physician relationship, as mea-
sured by the PDRQ-9 questionnaire, is not a statistically 
significant predictor of adherence (p = 0.163). However, 
a relationship score of PDRQ-9 ≥ 26 points may be as-
sociated with adherence in this patient group (p < 0.003). 
The results are summarized in Supplementary Table 3.

Univariate logistic regression analysis showed that both 
a better patient–physician relationship, as measured us-
ing the PDRQ-9, and a PDRQ-9 score ≥ 26 are significant 

Fig. 1. Receiver operating characteristic (ROC) curve and communication 
cutoff value distinguishing between adherent and non-adherent 
patients. For Communication Assessment Tool (CAT-14) ≥ 3.25 points, 
the sensitivity of the communication-based test is 62.8% and specificity 
is 68.8%. Area under the ROC curve (AUC): 0.664

Fig. 2. Receiver operating characteristic (ROC) curve and cutoff 
point for the patient–physician relationship that differentiates 
between adherent and non-adherent patients. For Patient–Doctor 
Relationship Questionnaire (PDRQ- 9) ≥26 points, the test sensitivity for 
communication assessment is 96.2%, and specificity is 17.9%. Area under 
the ROC curve (AUC): 0.559
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positive predictors of adherence to therapeutic recom-
mendations. Among patients with a PDRQ-9 score ≥26, 
the likelihood of high adherence was more than 5 times 
higher than among those with lower scores (OR = 5.44). 
However, the 95% CI (1.56–19.0) was quite wide.

The impact of quality of life on adherence 
to therapeutic recommendations 
in glaucoma patients

The  association between visual function, as  mea-
sured using the NEI VFQ-25 questionnaire, and adher-
ence to  therapeutic recommendations, measured with 
the ARMS questionnaire, was of limited significance for 
the raw data. The Spearman’s rank correlation coefficient 
(rho = −0.069) did not differ significantly from zero.

Receiver operating characteristic curve analysis was used 
to determine the cutoff value for visual function (Fig. 3). 
For NEI VFQ scores ≥ 68, test sensitivity was 75.6% and 
specificity was 42.0%, with an AUC of 0.585. The lower 
limit of the 95% CI for the AUC was 0.502, which exceeded 
the accepted threshold of 0.5, suggesting that a visual func-
tion–based test may be useful in distinguishing between 
patients who adhere to therapeutic recommendations and 
those who do not.

Comparative analysis showed that patients with high 
adherence (ARMS ≤ 15) reported higher visual function 
scores than those with low adherence (ARMS > 15), with 

scores of 76.2 ±17.0 vs 71.7 ±16.7, respectively. The majority 
of patients with high adherence (71.8%) rated their visual 
function as good (NEI VFQ-25 ≥ 70 points), whereas less 
than half (42%) of patients with low adherence rated their 
visual function as average (NEI VFQ-25 40–70 points). Only 
1.8% (n = 2) of patients with low adherence rated their visual 
function as poor (NEI VFQ-25 0–40 points). These findings 
indicate that visual function, as measured by the NEI VFQ-
25, is a statistically significant factor influencing adherence 
to therapeutic recommendations (p = 0.048). Detailed re-
sults are summarized in Supplementary Table 5.

Univariate logistic regression analysis showed that 
a higher visual function score (NEI VFQ-25 ≥ 68 points) 
is a significant positive predictor of adherence to thera-
peutic recommendations (b = 0.81; p = 0.013). The results 
are summarized in Supplementary Table 4.

The impact of glaucoma knowledge 
on adherence to therapeutic 
recommendations in glaucoma patients

The relationship between glaucoma knowledge, assessed 
using the custom GKQ-10 scale, and adherence to thera-
peutic recommendations, measured with the  ARMS 
questionnaire, was statistically significant (p  <  0.05). 
A weak but statistically significant negative correlation 
was observed between adherence to therapeutic recom-
mendations (ARMS) and glaucoma knowledge (GKQ-10). 
Patients with greater glaucoma knowledge demonstrated 
higher adherence to therapeutic recommendations. Spe-
cifically, an increase of 1 point on the GKQ-10 glaucoma 
knowledge scale was associated with an average reduction 
of 0.27 points in the ARMS adherence score.

Receiver operating characteristic curve analysis was 
used to establish the cutoff value for glaucoma knowl-
edge (Fig. 4). For GKQ-10 scores ≥ 13.5, test sensitivity was 
48.7% and specificity was 75.0%, with an AUC of 0.631. 
The lower limit of the 95% CI for the AUC was 0.550, which 
exceeded the acceptable threshold of 0.5, indicating that 
a glaucoma knowledge–based test may be useful in clas-
sifying patients as adherent or non-adherent to therapeutic 
recommendations.

Comparative analysis showed that patients with higher 
adherence (ARMS ≤ 15) had greater glaucoma knowl-
edge than those with lower adherence (ARMS > 15), with 
scores of 12.7 ±2.4 vs 11.5 ±2.6, respectively. Nearly half 
of patients with high adherence (48.7%) had a higher level 
of glaucoma knowledge (GKQ-10 ≥ 13.5), while the major-
ity of patients with low adherence (75.0%) had lower levels 
of knowledge (GKQ-10 < 13.5). These findings indicate that 
glaucoma knowledge, as measured using the GKQ-10 ques-
tionnaire, is a statistically significant factor influencing 
adherence to therapeutic recommendations (p = 0.002). 
Furthermore, a GKQ-10 score ≥13.5 may be associated 
with adherence levels in this patient group (p = 0.002). 
The results are summarized in Supplementary Table 7.

Fig. 3. Receiver operating characteristic (ROC) curve and threshold 
value for visual function (68 points and above), distinguishing between 
patients adhering and non-adhering to therapeutic recommendations. 
For National Eye Institute Visual Function Questionnaire (NEI VFQ-25) 
≥68 points, the sensitivity of the visual function-based test is 75.6%, 
with a specificity of 42.0%. Area under the ROC curve (AUC): 0.585
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Univariate logistic regression analysis showed that both 
higher levels of glaucoma knowledge, as measured using 
the GKQ-10 scale, and a cutoff value of GKQ-10 ≥ 13.5 are 
positive predictors of adherence to therapeutic recommen-
dations. In patients with a GKQ-10 score of 13.5 or higher, 
the odds of high adherence were nearly 3 times higher than 
in those with lower knowledge (OR = 2.85). These findings 
are summarized in Supplementary Table 8.

Discussion

The study showed that more than half of the glaucoma 
patients (58.9%) exhibited low adherence to their prescribed 
therapy. This finding is consistent with previous reports 
in the literature. Systematic reviews indicate that medica-
tion non-adherence rates may reach up to 80%, although 
numerous studies report rates that are typically closer 
to 30%.26,27 Schwartz and Quigley noted that while patients 
frequently self-report high adherence, objective measures 
such as pharmacy refill data or electronic monitoring of-
ten show much lower adherence levels. Adherence rates 
measured using electronic monitoring have been reported 
to be as low as 76%, depending on the method used.27 Such 
discrepancies between self-reported adherence and actual 
behavior highlight the challenge of accurately assessing 
and addressing non-adherence in glaucoma patients. Fac-
tors such as the chronic and often asymptomatic nature 

of  glaucoma contribute to  this suboptimal adherence, 
as patients may not recognize the importance of consis-
tent medication use.

The side effects associated with topical glaucoma medi-
cations, such as ocular irritation, hyperemia, and discom-
fort, may also represent significant barriers to adherence. 
In the study by Movahedinejad et al., adverse effects of glau-
coma medications were identified as a significant factor 
contributing to non-adherence.28 However, that study did 
not specify the exact nature of the side effects, but high-
lighted their significant role in adherence behaviors. Such 
adverse effects are particularly problematic for elderly pa-
tients, who may experience additional challenges with self-
administering eye drops due to reduced manual dexterity 
or visual impairment. These issues may contribute to pa-
tients discontinuing or irregularly using their prescribed 
medication. In a cross-sectional survey, Newman-Casey 
et al. identified key barriers to adherence in glaucoma pa-
tients, including difficulties with eye drop administration 
and challenges related to medication scheduling. Difficulty 
administering eye drops was reported by 18% of partici-
pants who struggled with controlling the number of drops, 
24% who had difficulty aiming, and others who experi-
enced problems such as squeezing the bottle or holding 
it steady. Moreover, difficulties adhering to the prescribed 
medication schedule, often linked to forgetfulness, were 
associated with increased odds of non-adherence.29

The present study identified the quality of communi-
cation between patients and physicians as a key factor 
influencing adherence. Patients who reported higher sat-
isfaction with communication, as measured with CAT-14 
scores, demonstrated better adherence to their treatment 
regimen. Specifically, a CAT score ≥3.25 points was as-
sociated with a significantly higher likelihood of adher-
ence. These findings underscore the importance of patient 
education about the disease and ensuring clear, empa-
thetic communication between healthcare providers and 
patients.

Haskard Zolnierek and DiMatteo demonstrated 
in a meta-analysis that good physician–patient commu-
nication significantly enhances adherence, while poor 
communication increases the likelihood of non-adherence 
by 19%. Additionally, training physicians in communi-
cation skills can improve adherence by as much as 62%, 
underscoring that the quality of interaction is a modifi-
able factor that directly influences patient outcomes.30 
In a more specific clinical context, Sleath et al. examined 
patients with glaucoma and found that communication 
about how to properly administer eye drops was crucial 
to adherence. Their study showed that patients who were 
educated about medication administration and had higher 
self-efficacy were more likely to adhere to their prescribed 
regimen. Importantly, the study also highlighted racial 
disparities, with African American patients showing lower 
adherence, suggesting a need for communication strate-
gies tailored to individual patient populations.31 Carpenter 

Fig. 4. Receiver operating characteristic (ROC) curve and threshold value 
for glaucoma knowledge (≥13.5 points) distinguishing between adherent 
and non-adherent patients. For Glaucoma Knowledge Questionnaire 
(GKQ-10) ≥13.5 points, the sensitivity of the knowledge-based test 
is 48.7%, and specificity is 75%. Area under the ROC curve (AUC): 0.631
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et al. expanded on these findings by investigating how 
communication affects glaucoma patients’ self-efficacy, 
a key predictor of adherence. They found that provider 
education on  glaucoma-related topics and discussions 
about patient views of the disease significantly improved 
patients’ confidence in  self-administering their medi-
cations. However, they also observed that patients who 
asked more medication-related questions tended to have 
lower confidence in overcoming barriers to adherence. 
This finding suggests that patients who are more engaged 
may simultaneously feel less assured about managing their 
treatment, indicating the need for deeper, problem-solving 
conversations during clinical visits.32

Although the quality of the patient–physician relation-
ship, as measured using the PDRQ-9 questionnaire, did 
not show a statistically significant overall association with 
adherence, a better relationship (PDRQ-9 score ≥26) may 
still be positively associated with adherence. This finding 
warrants a nuanced interpretation. One possible expla-
nation lies in the characteristics of the instrument itself. 
Although the PDRQ-9 has demonstrated strong psycho-
metric properties, it may not fully capture specific aspects 
of the physician–patient relationship that are most relevant 
in chronic ophthalmic conditions, particularly those that 
are largely asymptomatic, such as glaucoma. Elements such 
as shared decision-making, patient activation, or  trust 
in treatment recommendations may be underrepresented.

Alternatively, this finding may reflect the characteristics 
of the study population. In our cohort, many patients had 
been living with glaucoma for many years and may have de-
veloped established routines or views regarding their treat-
ment independently of their current relationship with their 
physician. Furthermore, given the relatively high overall 
satisfaction with communication observed in the CAT-
14 scores, the variability in PDRQ-9 responses may have 
been insufficient to detect a statistically significant effect. 
Future studies may benefit from using complementary in-
struments or qualitative approaches to further explore how 
relational factors influence adherence behaviors in this 
clinical context.

Gómez and Aillach examined various dimensions in-
fluencing the patient–physician relationship, highlighting 
the role of verbal and non-verbal communication skills, 
including clinical empathy, in improving patient outcomes. 
The review emphasized that while physician empathy and 
communication skills are associated with patient satis-
faction and some clinical markers, further research is re-
quired to confirm these findings across a broader range 
of clinical outcomes.33

In their study, Stryker et al. found that non-adherent 
patients were less likely to be satisfied with the amount 
of time the physician spent discussing their eye condi-
tion, compared to adherent patients.34 Patients emphasized 
the importance of physicians taking sufficient time to lis-
ten to their concerns and adequately address their ques-
tions. When patients felt that their doctors rushed through 

consultations or did not engage with their concerns, this 
created a barrier to adherence. A trusting relationship, 
built on empathy and respect, may help patients feel more 
confident in their treatment plan and more likely to adhere 
to prescribed regimens.35

The present study showed that patients with better visual 
function, as assessed using the NEI VFQ-25 questionnaire, 
were more likely to adhere to therapy. High adherence 
was associated with higher self-reported visual function 
(scores ≥68 points).

Jannuzzi et al. examined adherence to medication and 
its association with health-related quality of life (HRQoL) 
in elderly patients with diabetic retinopathy. In this cross-
sectional study involving 100 elderly participants, the au-
thors found that 58% adhered to  at  least 80% of  their 
prescribed medication doses of  antihypertensive and/
or antidiabetic drugs. The Morisky Medication Adherence 
Scale indicated that one of the key factors contributing 
to non-adherence was discontinuation of medication after 
experiencing adverse drug effects. Additionally, the study 
also showed that patients with lower scores on the NEI 
VFQ-25, reflecting poorer vision-related quality of  life, 
were more likely to be non-adherent.36

A statistically significant association was found between 
patients’ knowledge about glaucoma, as measured using 
the GKQ-10 scale, and their adherence to therapy. Patients 
with higher levels of disease-related knowledge were more 
likely to adhere to therapeutic recommendations. A GKQ-
10 score ≥13.5 points was associated with better adherence.

Patients’ understanding and awareness of glaucoma are 
pivotal in shaping their adherence to therapy. Many glau-
coma patients struggle to fully understand the progressive 
and asymptomatic nature of the disease, which often leads 
to underestimating its seriousness.11 In their study, Birhanie 
et al. reported that patients with good knowledge about glau-
coma were 2.24 times more likely to adhere to their treat-
ment compared with patients with inadequate knowledge.37

In a study by Hoevenaars et al., the relationship between 
glaucoma-related knowledge and treatment adherence was 
investigated. Contrary to expectations, the study found no 
significant correlation between overall levels of glaucoma-
related knowledge and adherence. Only specific knowledge 
items, such as understanding that eye drops cannot repair 
damage caused by glaucoma, were positively associated 
with adherence. This suggests that educational interven-
tions focused solely on  increasing knowledge may not 
substantially improve adherence in glaucoma patients.10

Welge-Lussen et al. conducted a study evaluating adher-
ence among glaucoma patients to topical eye drops using 
self-reported questionnaires. The authors found no sig-
nificant association between adherence and demographic 
factors, clinical characteristics, or glaucoma-related knowl-
edge. The most common reason for non-adherence was 
forgetfulness. The  findings suggest that individualized 
strategies are required to improve adherence, as general ed-
ucational interventions may be insufficient in this context.38



K. Malewicz et al. Patient–physician communication in glaucoma806

Inadequate knowledge and reliance on a single source 
of information may result in poor adherence, as patients 
may not appreciate the importance of consistent, lifelong 
management of the disease.

A strong association has been reported between poor 
health literacy and non-adherence to glaucoma therapy. 
Many patients lack a clear understanding of their disease 
and the importance of adhering to treatment, particularly 
as glaucoma is often asymptomatic in its early stages. This 
lack of awareness may lead to missed doses and infrequent 
refills. Educational interventions tailored to patients’ lit-
eracy levels – such as written instructions, educational 
videos, and personalized counseling – may significantly 
improve adherence. Patients who are educated about 
the proper administration of eye drops and the long-term 
consequences of non-adherence are more likely to adhere 
to their treatment regimens.39,40

In a study by Paczkowska et al., patient knowledge about 
arterial hypertension was significantly associated with 
treatment adherence and improved clinical outcomes, 
including better blood pressure control and reduced hos-
pitalization rates. The authors found that patients with 
higher levels of education and those treated in special-
ized clinics had higher levels of knowledge and adherence 
to their prescribed therapy.41

Karaeren et al. examined the impact of patient knowl-
edge on medication adherence in hypertensive individuals. 
The study found that specific aspects of knowledge, such 
as understanding the cause of hypertension and target 
blood pressure levels, were significantly associated with 
improved adherence. In contrast, knowledge of medication 
side effects was associated with decreased adherence.42

Figueira et al. examined the impact of educational in-
terventions on  disease-related knowledge, medication 
adherence, and glycemic control in patients with type 2 
diabetes mellitus. The study showed significant improve-
ments in knowledge (p < 0.001), adherence to medication 
(p = 0.0318), and glycemic control (p = 0.0321), suggest-
ing that targeted educational strategies may effectively 
enhance patient self-management.43

Physical limitations, such as arthritis or other mobility 
issues, may make it difficult for patients to self-administer 
eye drops properly.44 Additionally, complex treatment regi-
mens that require multiple medications or frequent dosing 
can negatively affect adherence. Some patients report dif-
ficulty with eye drop bottle mechanisms or find it chal-
lenging to maintain a strict dosing schedule. However, 
the relationship between regimen complexity and adher-
ence is not fully understood, as some studies have shown 
that patients receiving more complex regimens may adhere 
better, possibly because their disease is more advanced and 
because they receive increased counseling from healthcare 
providers.13

The  findings of  this study have important practical 
implications for ophthalmic care. Given the significant as-
sociation between treatment adherence and both patient 

knowledge and the quality of physician–patient commu-
nication, there is a clear rationale for the implementation 
of targeted, low-cost interventions aimed at enhancing 
these aspects. Brief, structured educational sessions de-
livered during routine clinical visits may help patients 
better understand the chronic nature of glaucoma and 
the  importance of  consistent medication use, even 
in the absence of symptoms. Furthermore, communica-
tion skills training for ophthalmologists focused on em-
pathetic engagement and effective information delivery 
may strengthen therapeutic relationships and positively 
influence adherence.

Such approaches are consistent with existing evidence 
from interventions in chronic disease management, in-
cluding the Support, Educate, Empower (SEE) program de-
veloped by Newman-Casey et al., which has demonstrated 
improvements in adherence through personalized coach-
ing and motivational interviewing.45 Similarly, a system-
atic review by Nieuwlaat et al. underscores that tailored, 
theory-informed interventions delivered by trained health 
professionals can be modestly effective in improving medi-
cation adherence.46 Future implementation of such strate-
gies in glaucoma care may help mitigate disease progres-
sion and reduce the societal burden of vision loss.

Limitations of the study

Several limitations should be considered when inter-
preting the results of this study. First, the cross-sectional 
design of the study does not allow determination of causal 
relationships between the examined variables and ad-
herence to treatment. Second, the study was conducted 
in a single ophthalmology clinic in Poland, which may limit 
the generalizability of the findings to other populations 
or healthcare settings. Additionally, patient self-reporting 
of treatment adherence and the use of questionnaires to as-
sess communication, relationship quality, and knowledge 
may introduce bias, such as social desirability or recall bias. 
Further longitudinal studies are necessary to confirm these 
findings and explore the long-term impact of the identified 
factors on adherence to glaucoma treatment.

Conclusions

Improving adherence to glaucoma medications requires 
addressing a  range of  factors, including demographic 
disparities, financial barriers, patient education, health 
beliefs, and the physical demands of treatment. Tailored 
interventions that focus on patient education, cost reduc-
tion strategies, and simplified treatment regimens are es-
sential for enhancing adherence and improving long-term 
outcomes for patients with glaucoma.

This study demonstrated that adherence to glaucoma 
treatment is influenced by a range of factors, including 
patient knowledge about the  disease, satisfaction with 
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doctor–patient communication, and visual functioning. Pa-
tients who reported better communication and higher levels 
of knowledge about glaucoma were significantly more likely 
to adhere to their treatment regimens. Although the quality 
of the patient–physician relationship did not show a statisti-
cally significant effect on adherence, a positive relationship 
may still contribute to better adherence outcomes.

These findings highlight the need for targeted inter-
ventions that focus on improving patient education, ad-
dressing misconceptions about glaucoma, and fostering 
empathetic, clear communication between patients and 
healthcare providers. Educational efforts should emphasize 
the importance of lifelong treatment for glaucoma, even 
in the absence of symptoms, to prevent disease progression 
and irreversible vision loss.
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Abstract
Background. The “equilibrium theory” posits that the tongue and perioral muscles, including the orbicularis 
oris (OO) muscle, function synergistically to maintain balanced tooth positioning. Surface electromyography 
(sEMG) is a valuable, nonivasive method for assessing muscle activity. However, previous electromyographic 
(EMG) studies comparing lip muscle activity in children with and without lip competence (LC) have yielded in-
consistent results. Therefore, further research is needed to clarify OO muscle activity patterns in this population.

Objectives. The aim of the study was to evaluate the EMG activity of the superior (SOO) and inferior orbicularis 
oris (IOO) muscles in children with and without LC.

Materials and methods. The sample comprised 30 children with lip incompetence (LI) (mean age 
9.46 ± 1.76 years) and 30 children with LC (mean age 8.85 ± 1.52 years). Electromyographic recordings 
of the SOO and IOO muscles were obtained using a DAB Bluetooth Instrument (Zebris Medical GmbH, Isny im 
Allgäu, Germany) at clinical rest, during saliva swallowing, lip protrusion (“kissing” position), lip compression, 
and while articulating the syllables /pa/, /ba/, and /ma/. Statistical analyses were performed using Stata 
v. 11.0 (StataCorp, College Station, USA). The level of significance was set at p < 0.05.

Results. Electromyographic activity of the SOO and IOO muscles during saliva swallowing (p < 0.001, 
adjusted p (padj) = 0.002) and lip compression (p = 0.001, padj = 0.013 for SOO; p < 0.001, padj = 0.005 
for IOO) was significantly greater in children with LI compared to those with LC. Similar EMG activity at rest 
and during speech production was observed in children with and without LC.

Conclusions. Children with LI demonstrate increased SOO and IOO muscle activity during saliva swallowing 
and lip compression, suggesting greater muscular effort is required to achieve lip seal. This increased activ-
ity may disturb the muscular force balance essential for proper maxillofacial growth and could contribute 
to the development of malocclusion.

Key words: surface electromyography, craniofacial growth, lip competence, lip incompetence, incompetent lips
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Background

Competent lips are essential for maintaining a balance 
between the muscles of the cheeks and the tongue. Lip 
competence (LC) is defined as the ability to maintain slight 
contact between the lips in a state of clinical rest (relaxed 
musculature). In contrast, the term incompetent lips (IL) 
describes anatomically short lips that are unable to main-
tain contact in a state of relaxed musculature. In such 
cases, lip seal requires active contraction of the orbicularis 
oris (OO) and mentalis muscles, clinically observed as chin 
wrinkling.1–5 Incompetent lips may result from anteropos-
terior and vertical disharmony of the dentofacial complex 
or may develop as an adaptation to mouth breathing due 
to nasal obstruction, respiratory difficulties, or other forms 
of altered oral function.5

The  “equilibrium theory” proposes that the  tongue 
and perioral muscles, including the OO, work together 
to maintain balanced tooth positioning.6,7 Proper growth 
and development of the maxillofacial structures and stable 
occlusion depend on a balance of muscular forces. Main-
taining healthy perioral soft tissue function is essential, 
as lip and tongue dysfunction may lead to malocclusion 
or orthodontic relapse.8–13

Surface electromyography (sEMG) is  a  valuable tool 
for assessing muscle activity. This noninvasive technique 
measures electrical signals on the skin above superficial 
muscles, providing an objective, quantitative representa-
tion of neuromuscular balance in the stomatognathic sys-
tem. Therefore, it is a highly useful instrument for study-
ing the relationship between morphology and function 
in the oral-maxillofacial system.14–19 The sEMG’s simplic-
ity, nonivasiveness, and accessibility are important factors 
for studies involving children.20–23

Currently, there is limited research on OO muscle EMG 
activity in  patients with lip incompetence (LI). More-
over, existing studies vary with respect to study popula-
tions, methodologies (e.g., tasks assessed using sEMG), 
and results. Some studies have focused on EMG activity 
of the OO in children and adolescents.1,2,10,24–27 Some au-
thors have reported EMG findings in patients with LI and 
malocclusion,1,24–27 while others did not assess occlusal 
characteristics in their study populations.2,10 The results 
of previous studies vary considerably.

Some studies reported higher EMG activity of the OO 
during tasks such as  swallowing,1,2,24–26 lip compres-
sion,24–27 speech,2 chewing,2 puffing out the  cheeks,10 
and at rest5 in individuals with LI. Other investigations 
reported lower EMG activity of the inferior OO at rest 
and during swallowing in individuals with LI, or similar 
activity during speech and swallowing in the superior OO 
in children with and without IL.10 Because EMG studies 
of lip activity comparing children with CL and IL have re-
ported contradictory results, and EMG patterns of the OO, 
particularly in children with LI, remain unclear, further re-
search on lip EMG activity in this population is necessary.

Objectives

The objective of this study was to evaluate the EMG 
activity of the superior (SOO) and inferior (IOO) orbicu-
laris oris muscles in children with and without IL. We hy-
pothesized that there would be no difference in the EMG 
activity of the SOO and IOO muscles between children 
with and without LC during the studied tasks.

Materials and methods

This cross-sectional study was reported in accordance 
with the Strengthening the Reporting of Observational 
Studies in Epidemiology (STROBE) Statement. The study 
adhered to the Declaration of Helsinki and protocol was 
approved by the Local Bioethics Committee of the Po-
meranian Medical University in Szczecin, Poland (approval 
No. KB-0012/08/15). Written informed consent was ob-
tained from the parents before the procedures.

Study population

The  study included 30  children with IL (mean age: 
9.46  ±1.76  years) and 30  children with CL (mean age: 
8.85  ±1.52  years). The  children were recruited over 
2 months from a consecutive sample at an orthodontic 
clinic. They were selected in the order of arrival for screen-
ing, forming a convenience sample. During the clinical 
examination, each child sat upright without head support, 

Highlights
	• Children with lip incompetence exhibit increased orbicularis oris muscle activity during saliva swallowing and 
lip compression.

	• This increased activity may indicate a need for additional effort to achieve lip closure and could influence maxil-
lofacial morphology.

	• The findings underscore the importance of early diagnosis and intervention for lip competence, as functional lip 
alterations may occur even in the absence of overt malocclusions.
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looking straight ahead with the jaw relaxed. An orthodon-
tist classified each child into either the competent lip group 
(CLG), defined as lips lightly touching without mentalis 
muscle contraction, or the incompetent lip group (ILG), 
defined as lips apart at rest or lips touching with visible 
mentalis muscle activity (chin shrinkage).2

The study included both boys and girls with mixed den-
tition, Class I occlusion, and positive overjet and overbite. 
Children had to be free of congenital disorders, behavioral 
problems, disabilities, environmental allergies, common 
colds, nasal obstruction, oral parafunctional habits (e.g., 
thumb or finger sucking, nail biting), restrictions of the la-
bial or lingual frenulum (e.g., ankyloglossia), and atypical 
swallowing (AS). They must not have undergone previous 
orthodontic treatment, myofunctional or speech therapy, 
or trauma or surgery in the orofacial region. Children 
with systemic diseases affecting muscles, muscle disor-
ders such as temporomandibular dysfunction or brux-
ism, or a history of neuromuscular disease were excluded. 
Participants must not have been taking any medications 
that might affect muscle activity. Only children for whom 
voluntary parental consent was obtained were included. 
Children who did not meet these criteria were excluded 
from the study.

Sample size

Each study group was planned to include 30 partici-
pants. The sample size was determined using a two-sided 
t-test with a significance level of 0.05 and a power of 80% 
(1 − β = 0.20). The effect size, defined as large (Cohen’s 
d = 0.80), was determined based on pilot data and prior re-
search.2,10,25 The calculation was performed using the pwr 
v. 1.3.0 and report v. 0.5.7 packages in R v. 4.3.1 (R Founda-
tion for Statistical Computing, Vienna, Austria), running 
on Windows 10 x64 (Microsoft Corp., Redmond, USA).28,29 
An additional 15% correction was applied to account for 
deviations from a normal distribution.

Experimental procedures

An experienced orthodontist determined whether each 
participant had CL or IL during the clinical examination. 
The examination also included an assessment of breathing 
mode (via a parental questionnaire), mouth posture (ob-
served by the examiner), ear, nose and throat conditions, 
and speech and language. Perioral muscles were visually 
assessed to diagnose AS, defined as the tongue pressing 
against the dental arches or being positioned anteriorly 
or laterally during swallowing and accompanied by myo-
functional alterations, such as hyperactivation of the lips, 
facial muscle tension, or abnormal head and mandible 
movements. An  intraoral analysis evaluated occlusal 
features, including vertical overlap, overjet, Angle Class, 
crossbite, and open bite. Body mass index (BMI) was calcu-
lated for each participant using weight [kg] and height [m].

To assess the correlation between LC and dentofacial 
morphology, cephalometric radiographs routinely obtained 
during the diagnostic process were analyzed. All cepha-
lometric radiographs were acquired using a digital X-ray 
device (Cranex Tom; Soredex, Tuusula, Finland). The mea-
surements were evaluated by the same orthodontist using 
cephalometric analysis software (Orthodontics 7.0; Orto-
Bajt, Wrocław, Poland) and were based on the Segner and 
Hasund method.30

Surface electromyography

The EMG activity of the SOO and IOO muscles was 
simultaneously measured using a DAB Bluetooth elec-
tromyography device (Zebris Medical GmbH, Isny im 
Allgäu, Germany) with a gain of 1000, a high-pass filter 
of 7–5 kHz, a sampling rate of 1 kHz, and a 12-bit analog-
to-digital converter. The system was calibrated before each 
recording. Bipolar Ag/AgCl surface electrodes (Noraxon 
Dual Electrode; Noraxon, Scottsdale, USA) with a 20-mm 
inter-electrode distance were placed on the SOO and IOO 
muscles. Electromyographic procedures followed estab-
lished protocols.24–26 During the recording, participants 
sat in a dental chair with their heads in a natural position. 
Electrodes were positioned as follows: SOO muscle – along 
the line from the lip corner to the subnasal point; IOO 
muscle – along the line from the lip corner to the chin mid-
line; reference electrode – behind the right ear. A single 
trained and experienced examiner, blinded to the clinical 
findings, positioned the electrodes to ensure consistent 
placement relative to muscle fiber orientation.

To prepare for EMG recordings, each participant’s skin 
was gently cleaned with a 70% ethyl alcohol solution and 
dried using disposable cotton to reduce impedance. Slight 
skin reddening following cleaning was considered an in-
dicator of adequate preparation. After electrode place-
ment, an impedance test was conducted using a Metex 
P-10 measuring device (Metex Instruments Corporation, 
Seoul, South Korea). Surface EMG recordings of the SOO 
and IOO muscles commenced 5 min later.

The EMG recordings of the SOO and IOO muscles were 
obtained while participants performed a series of tasks: 
1) resting with relaxed lips; 2) swallowing saliva; 3) pursing 
the lips into a “kissing” position; 4) compressing the lips 
together; and 5) pronouncing the syllables /pa/, /ba/, and 
/ma/. Before the EMG recordings, the examiner explained 
each task to ensure proper execution. Participants were 
provided with instructions and asked to practice the tasks 
by imitating the examiner. They were instructed to: 1) re-
lax the jaw; 2) swallow saliva naturally (as visually con-
firmed by hyoid bone movement); 3) pucker the lips into 
a “kissing” position; 4) press the lips together firmly; and 
5) articulate the syllables /pa/, /ba/, and /ma/.

Following established protocols, each movement 
was repeated at least 3 times.24–26 For each participant, 
the final EMG value represented the average of the last 
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2 recordings, as the initial measurement often deviated 
substantially and was discarded as a “learning” trial.31 
To prevent muscle fatigue, participants rested for approx. 
1 min between tasks. Electrode signals were amplified, 
digitized, and stored on a computer. Surface EMG data 
were subsequently normalized to the peak EMG value for 
each task. Among various normalization protocols, some 
authors recommend using the peak EMG value obtained 
during dynamic contraction as the reference value, as this 
approach helps reduce inter-subject variability.32

The task with the highest potential served as the maxi-
mum reference point (taken as 100% OO muscle activ-
ity). Lip protrusion (pursing lips into a “kissing” position) 
showed significantly higher EMG activity than all other 
tasks and was used as the reference for normalization. 
Measured values were expressed as a percentage of the lip 
protrusion reference value using the formula: mean task 
activity (µV)/mean lip protrusion activity (µV) × 100%. 
This resulted in normalized EMG values [µV/µV%] for all 
measurements.24–26,33,34

The  repeatability of  the  EMG protocol was assessed 
by performing duplicate measurements in 20 randomly 
selected children. The same examiner repeated the record-
ings after a 15-min interval under identical experimental 
conditions. The comparison of the 1st and 2nd measurements 
demonstrated good intra-examiner repeatability.

Statistical analyses

All statistical analyses were performed using Stata v. 11.0 
(StataCorp, College Station, USA). The level of statistical 
significance was set at p < 0.05. To assess differences in EMG 
activity of the SOO and IOO muscles between the ILG and 
CLG across 6 functional tasks (rest, lip compression, swal-
lowing saliva, lip protrusion, and articulation of /pa/, /ba/, 
and /ma/), a total of 12 primary comparisons were conducted 

(6 per muscle). To reduce the risk of type I error due to mul-
tiple testing, the Holm–Bonferroni correction was applied, 
maintaining the family-wise error rate at α = 0.05.

This method ranks the unadjusted p-values from small-
est (rank 1) to largest (rank 12) and compares each to a se-
quentially adjusted threshold according to the following 
equation:

P-value (unadjusted) ≤ Thresholdk (1),

where
Thresholdk = α/(m − k + 1) (1);
m – total number of comparisons (12);
k – rank of the unadjusted p-value (1 to 12).

An unadjusted p-value is considered statistically signifi-
cant if it is less than or equal to its corresponding thresh-
old. Because only 2 groups were compared, omnibus tests 
were not required. The Holm–Bonferroni correction was 
therefore applied directly to the 12 predefined pairwise 
comparisons constituting the primary endpoints. Explor-
atory subgroup analyses (by sex) were performed without 
p-value adjustment to preserve statistical power for hy-
pothesis generation. However, these secondary analyses 
should be interpreted with caution due to the increased 
risk of type I error.35

Normality of distribution was assessed separately for 
each group using the Shapiro–Wilk test. For variables 
demonstrating normal distribution in both groups, ho-
mogeneity of variances was evaluated using Levene’s test 
(Supplementary Tables 1–3 present the tests of distribu-
tional assumptions for variables included in Tables 1–3, re-
spectively). Continuous variables meeting both normality 
and homogeneity of variance assumptions were analyzed 
using the independent-samples Student’s t-test. In cases 
of unequal variances, Welch’s t-test was applied. When 
normality was violated in at  least 1 group, continuous 
variables were analyzed using the Mann–Whitney U test.

Table 1. Characteristics of the study population

Characteristics ILG (n = 30) CLG (n = 30) Statistics p-value

Age [years] 9.48 ±1.77 8.87 ±1.52 t(58) = 1.43 0.157#

Sex n (%)
boys 15 (50.0) 13 (43.3)

χ2 = 0.27, df = 1 0.605∂

girls 15 (50.0) 17 (56.7)

BMI [kg/m2] 21.20 (18.77–22.77) 22.35 (20.45–24.10) U = 373, Z = −1.14 0.258*

Overjet [mm] 3.71 ±1.16 2.59 ±0.87 t(58) = 4.26 <0.001#

Overbite [mm] 1.55 (1.20–1.88) 1.70 (1.42–2.00) U = 352.0 0.148*

ANB [°] 3.70 (3.50–3.88) 2.49 (2.45–2.52) U = 868.5 <0.001*

Sp’–Gn [mm] 68.04 ±2.75 57.84 ±2.33 t(58) = 15.52 <0.001#

Index [%] 73.06 ±1.40 81.05 ±2.55 Welch t(47.8) = −15.02 <0.001&

Normally distributed continuous variables are presented as mean ± standard deviation (SD). Non-normally distributed variables are presented as median 
and interquartile range (IQR; Q1–Q3). Categorical variables are presented as counts and percentage (%). Statistics indicates the test value (t, Welch t, U, χ2) 
and the number of degrees of freedom (df); #Student’s t-test; &Welch’s t-test; *Mann–Whitney U test; ∂ Pearson’s χ2 test. 
ILG – incompetent lip group; CLG – competent lip group; BMI – body mass index; ANB – angle determined by the N-A and N-B lines (N – Nasion, the most 
anterior point on the frontonasal suture; A – the deepest point on the contour of the maxilla; B – the deepest point on the contour of the mandible); 
Sp’–Gn – distance between the Spina’ and Gnathion points, lower anterior facial height (Sp’– point of intersection of lines Nasion–Gnathion and Spina 
nasalis anterior–Pterygomaxillare; Gnathion – inferior point on the mandibular symphysis); Index (ratio between the middle and lower facial heights 
N–Sp’/Sp’–Gn × 100%).



Table 2. Electrical activity of the SOO muscle [µV/µV%] in the ILG and CLG

Activity Sex ILG (n = 30) CLG (n = 30) Statistics p padj Effect size

Rest

all 19.10 ±5.20 20.50 ±4.80 t(58) = 0.52 0.606# >0.999 d = 0.13

girls 18.80 ±4.90 20.40 ±4.70 t(28) = 0.31 0.760# – d = 0.11

boys 23.90 ±5.50 20.30 ±4.90 t(28) = 0.65 0.520# – d = 0.24

Compression 
of the lips

all 133.20 ±12.50 99.00 ±14.10 t(58) = 3.35 0.001# 0.013 d = 0.86

girls 122.20 ±10.20 105.90 ±12.30 t(28) = 0.15 0.880# – d = 0.05

boys 143.30 ±14.40 92.20 ±13.60 t(28) = 1.55 0.130# – d = 0.57

Swallowing 
of saliva

all 98.44 (69.27–118.99) 55.49 (42.46–86.34) U = 700.0 < 0.001* 0.002 r = –0.56

girls 92.34 (62.06–115.74) 55.63 (41.39–82.32) U = 110.0 0.590* – r = –0.12

boys 100.99 (80.89–127.46) 55.35 (48.32–89.88) U = 95.0 0.420* – r = –0.28

Articulating 
/pa/

all 101.97 (64.82–149.38) 76.90 (65.11–86.63) U = 506.0 0.706* >0.999 r = –0.06

girls 99.56 (64.87–149.38) 81.58 (59.56–96.31) U = 115.0 0.360* – r = –0.18

boys 105.29 (57.78–153.85) 91.71 (66.36–158.21) U = 98.0 0.850* – r = –0.04

Articulating 
/ma/

all 81.36 (56.93–137.14) 88.18 (69.24–113.74) U = 459.0 0.900* >0.999 r = –0.02

girls 75.84 (52.45–128.93) 89.35 (70.60–114.87) U = 108.0 0.480* – r = –0.14

boys 101.97 (66.96–165.49) 87.99 (68.79–89.99) U = 102.0 0.360* – r = –0.20

Articulating 
/ba/

all 97.77 (81.55–120.80) 93.35 (75.53–113.87) U = 500.0 0.464* >0.999 r = –0.08

girls 102.40 (69.32–113.76) 93.23 (70.59–109.22) U = 116.0 0.610* – r = –0.12

boys 93.89 (84.15–149.07) 93.47 (79.25–119.65) U = 105.0 0.750* – r = –0.06

Normally distributed continuous variables are presented as mean ± standard deviation (SD). Non-normally distributed variables are presented as medians 
(interquartile range (IQR); 1st and 3rd quartiles (Q1–Q3)). Statistics indicates the test value and the number of degrees of freedom (t(df), U); p – raw p-value 
(two-tailed Mann–Whitney U or Student’s t tests); #Student’s t-test; *Mann–Whitney U test; padj – Holm–Bonferroni-adjusted p-value (only presented for “all” 
rows); r – rank-biserial correlation (95% confidence interval (95% CI)); d – Cohen’s d (95% CI); ILG – incompetent lips group; CLG – competent lips group. 
Rows labelled “all” are the 12 a priori EMG endpoints; their padj correct the family-wise error (FWER) at α = 0.05. The “girls”  and “boys” rows are exploratory 
subgroup analyses; their p-values remain unadjusted. Descriptive effect sizes for “girls” and “boys” are also reported, but not subjected to the multiplicity 
correction. Effect sizes are given as rank-biserial r (nonparametric) or Cohen’s d (parametric).

Table 3. Electrical activity of the IOO muscle [µV/µV%] in the ILG and CLG

Activity Sex ILG (n = 30) CLG (n = 30) Statistics p-value padj Effect size

Rest

all 19.75 ±5.10 20.90 ±4.60 t(58) = 0.42 0.670# >0.999 d = 0.10

girls 19.70 ±4.20 20.80 ±4.10 t(28) = 0.02 0.989# – d = 0.01

boys 23.70 ±5.80 20.98 ±4.70 t(28) = 1.27 0.205# – d = 0.30

Compression 
of the lips

all 133.45 ±15.20 99.95 ±18.40 t(58) = 3.50 < 0.001# 0.005 d = 0.90

girls 130.60 ±14.50 105.40 ±16.20 t(28) = 0.27 0.791# – d = 0.07

boys 143.50 ±17.80 94.50 ±15.30 t(28) = 1.58 0.122# – d = 0.60

Swallowing 
of saliva

all 98.20 (78.60–114.81) 63.80 (55.45–76.49) U = 720.0 <0.001* 0.002 r = –0.55

girls 94.70 (69.80–104.50) 67.80 (58.70–76.50) U = 112.0 0.704* – r = –0.13

boys 107.60 (78.60–125.40) 56.70 (54.50–74.30) U = 98.0 0.299* – r = –0.30

Articulating 
/pa/

all 101.95 (67.90–149.70) 86.25 (65.40–116.50) U = 510.0 0.412* >0.999 r = –0.05

girls 99.60 (65.45–149.70) 81.30 (59.70–96.50) U = 118.0 0.296* – r = –0.19

boys 106.50 (69.70–153.40) 91.20 (65.50–156.70) U = 100.0 0.643* – r = –0.02

Articulating 
/ma/

all 85.95 (65.70–140.68) 88.40 (77.33–109.53) U = 460.0 0.882* >0.999 r = –0.01

girls 75.60 (56.70–113.20) 90.50 (76.80–114.50) U = 110.0 0.384* – r = –0.15

boys 102.40 (65.70–165.40) 82.30 (78.90–89.70) U = 104.0 0.215* – r = –0.21

Articulating 
/ba/

all 98.70 (72.30–149.80) 93.85 (73.40–116.40) U = 510.0 0.442* >0.999 r = –0.07

girls 102.30 (70.90–113.50) 94.30 (70.50–109.30) U = 120.0 0.558* – r = –0.11

boys 87.90 (83.40–154.80) 93.40 (74.50–118.70) U = 102.0 0.401* – r = –0.05

Normally distributed continuous variables are presented as mean ± standard deviation (SD). Non-normally distributed variables are presented as medians 
(interquartile range (IQR); 1st and 3rd quartiles (Q1–Q3)). Statistics indicates the test value and the number of degrees of freedom (t(df), U); p – raw p-value 
(two-tailed Mann–Whitney U or Student’s t tests); #Student’s t-test; *Mann–Whitney U test; padj – Holm–Bonferroni-adjusted p-value (only presented for “all” 
rows); r – rank-biserial correlation (95% confidence interval (95% CI)); d – Cohen’s d (95% CI); ILG – incompetent lips group; CLG – competent lips group. 
Rows labelled “all” are the 12 a priori EMG endpoints; their padj correct the family-wise error (FWER) at α = 0.05. The “girls”  and “boys” rows are exploratory 
subgroup analyses; their p-values remain unadjusted. Descriptive effect sizes for “girls” and “boys” are also reported, but not subjected to the multiplicity 
correction. Effect sizes are given as rank-biserial r (nonparametric) or Cohen’s d (parametric).
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Categorical variables were compared using Pearson’s 
χ2  test (Supplementary Table  4 presents the  observed 
and expected frequencies, along with the results of Pear-
son’s χ2 test for the association between gender and LC). 
The paired Student’s t-test was used to analyze the repeat-
ability of the EMG procedure, as the derived data were 
normally distributed. Continuous variables were reported 
as mean ± standard deviation (SD) for normally distributed 
data or as median with interquartile range (IQR, 25th–75th 
percentiles) for non-normally distributed data. Categorical 
variables were presented as counts and percentages (%).

Results

A total of  60  individuals participated in  the  study. 
The ILG comprised 30 children (15 girls (50%) and 15 boys 
(50%) mean age: 9.46  ±1.76  years). The  CLG included 
30 subjects (17 girls (56.7%) and 13 boys (43.3%), mean 
age: 8.85 ±1.52 years). Table 1 presents the characteristics 
of the participants. The groups showed statistically sig-
nificant differences in average overjet, ANB angle, Sp’–Gn 
distance, and Index (p < 0.001); however, no significant 
differences were found for the other analyzed variables.

The 1st and 2nd EMG examinations revealed no statisti-
cally significant differences in SOO and IOO activity. Chil-
dren with IL exhibited significantly higher SOO and IOO 
muscle activity during swallowing compared to those with 
CL (p < 0.001, Holm–Bonferroni-adjusted padj = 0.002) 
(Tables 2,3; Fig. 1). Similarly, EMG activity of both the SOO 
and IOO muscles was significantly higher in the ILG dur-
ing lip compression (p = 0.001, padj = 0.013 for SOO and 
p < 0.001, padj = 0.005 for IOO) (Tables 2,3; Fig. 2).

Resting SOO and IOO activity levels were simi-
lar in both groups (p = 0.606, padj > 0.999 for SOO and 

p = 0.670, padj > 0.999 for IOO) (Tables 2,3; Fig. 3). No 
statistically significant differences were found in SOO 
and IOO muscle activity during the production of bila-
bial sounds (/pa/, /ba/, /ma/) between the ILG and CLG 
(/pa/ p = 0.706, /ba/ p = 0.464, /ma/ p = 0.900, padj > 0.999 
for SOO and /pa/ p = 0.412, /ba/ p = 0.442, /ma/ p = 0.882, 
padj > 0.999 for IOO) (Tables 2,3; Fig. 4–6). No statistically 
significant differences in SOO and IOO muscle activity 
during any of the tasks were observed between boys and 
girls in either group (Tables 2,3).

Discussion

This study compared the electrical activity of the OO 
muscle in children with IL to that of children with CL 

Fig. 1. Electromyographical (EMG) activity of the superior (SOO) and 
inferior (IOO) orbicularis oris muscles [μV/μV%] during saliva swallowing 
in the incompetent lips (ILG) and the competent lips (CLG) groups; 
p < 0.001; adjusted p-value (padj) = 0.002 for the SOO and p < 0.001; 
padj = 0.002 for the IOO muscle activity; box – interquartile range (IQR); 
horizontal line in the box – median; whiskers – min–max; dots – outliers

Fig. 2. Electromyographical (EMG) activity of the superior (SOO) and 
inferior (IOO) orbicularis oris muscles [μV/μV%] during lip compression 
in the incompetent lips (ILG) and the competent lips (CLG); p = 0.001; 
adjusted p-value (padj) = 0.013 for the SOO muscle activity and p < 0.001; 
padj = 0.005 for the IOO muscle activity; dot – mean; whiskers – 95% 
confidence interval (95% CI)

Fig. 3. Electromyographical (EMG) activity of the superior (SOO) and 
inferior (IOO) orbicularis oris muscles [μV/μV%] at rest in the incompetent 
lips (ILG) and the competent lips (CLG) groups; p = 0.606, adjusted p-value 
(padj) > 0.999 for the SOO muscle activity and p = 0.670; padj > 0.999 for 
the IOO muscle activity; dot – mean; whiskers – 95% confidence interval 
(95% CI)
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using surface electrodes. Repetition of the procedure con-
firmed the reliability of electrode placement and the study 
protocol. Higher activity of the SOO and IOO muscles 
was observed in children with IL during swallowing and 
lip compression, suggesting increased effort required 
to achieve lip seal. The significantly higher activity during 
swallowing may be particularly important due to the fre-
quency of this action (600–3,000 times per day), potentially 
affecting maxillofacial morphology and occlusal stability. 
Previous research has demonstrated increased EMG ac-
tivity of the OO muscle in individuals with LI compared 
to those with normal lip seal.1,2,24–27 However, the findings 
remain inconsistent, likely due to heterogeneity in study 

populations and methodological differences. Our results, 
showing higher OO muscle activity during swallowing 
in children with LI, are consistent with the observations 
of Gustafsson and Ahlgren1 and Gamboa et al.,2 although 
the  latter study included an older cohort (17–27 years 
of age).

In contrast, Lipari et al.10 reported similar SOO muscle 
activity in both groups and lower IOO activity during swal-
lowing in children with IL aged 7–13 years. They proposed 
that children with IL have hypotonic IOO muscles and 
require activation of the mentalis muscle to achieve lip 
seal.10 Consistent with our findings, Tosello et al.27 ob-
served significantly higher activity in the SOO, IOO, and 
mentalis muscles during lip compression in children with 
IL, suggesting muscle hyperactivity.

In the present study, similar OO muscle activity at rest 
was observed in children with and without IL, consistent 
with the findings of Gamboa et al.2 However, this result 
contrasts with the  findings of  Tomiyama et  al.,5 who 
reported higher resting EMG activity in adults with IL. 
Lipari et al.10 observed lower resting activity in children 
with IL. Orbicularis oris muscle activity during speech 
was similar in both groups, aligning with the results of Li-
pari et al.10 This suggests that speech function in the OO 
muscle is not affected by LC, potentially due to compensa-
tory mentalis muscle activity.36 However, this differs from 
Gamboa et al.,2 who found higher SOO activity during 
speech in individuals with IL.

When interpreting the study results, it  is  important 
to consider that various factors may influence the find-
ings. Previous research has suggested that EMG activ-
ity in the SOO muscle is elevated in individuals with LI, 
as well as in those with anterior open bite and increased 
overjet.37 In the present study, no study participants with 
open bite were included, and no significant difference 

Fig. 4. Electromyographical (EMG) activity of the superior (SOO) and 
inferior (IOO) orbicularis oris muscles [μV/μV%] during articulating /pa/ 
in the incompetent lips (ILG) and the competent lips (CLG) groups; 
p = 0.706; adjusted p-value (padj) > 0.999 for the SOO muscle activity 
and p = 0.412; padj > 0.999 for the IOO muscle activity; box – interquartile 
range (IQR); horizontal line in the box – median; whiskers – min–max; dots 
– outliers

Fig. 5. Electromyographical (EMG) activity of the superior (SOO) and 
inferior (IOO) orbicularis oris muscles [μV/μV%] during articulating /ba/ 
in the incompetent lips (ILG) and the competent lips (CLG) groups; 
p = 0.464; adjusted p-value (padj) > 0.999 for the SOO muscle activity 
and p = 0.442; padj > 0.999 for the IOO muscle activity; box – interquartile 
range (IQR); horizontal line in the box – median; whiskers – min–max; 
dots – outliers

Fig. 6. Electromyographical (EMG) activity of the superior (SOO) and 
inferior (IOO) orbicularis oris muscles [μV/μV%] during articulating /ma/ 
in the incompetent lips (ILG) and the competent lips (CLG) groups; 
p = 0.900; adjusted p-value (padj) > 0.999 for the SOO muscle activity and 
p = 0.882; padj > 0.999 for the IOO muscle activity; box – interquartile 
range (IQR), horizontal line in the box – median; whiskers – min–max; 
dots – outliers
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in mean overbite was observed between the groups. Al-
though overjet was significantly greater in the ILG than 
in the CLG, no significant differences in OO muscle EMG 
activity at rest were observed between the groups, suggest-
ing that overjet does not significantly affect this parameter.

Moreover, it should be noted that the study sample was 
controlled for malocclusion. Only participants with Class 
I occlusion and positive overjet and overbite were included. 
However, significant differences in cephalometric char-
acteristics were observed, including a larger ANB angle, 
increased Sp’–Gn distance, and a reduced Index (indicat-
ing greater lower anterior facial height) in the ILG. These 
findings suggest that, independent of occlusal conditions, 
dentofacial morphology may be associated with LI, which 
is consistent with previous studies.38 Another factor that 
could affect OO muscle activity is AS. Some authors39,40 
have reported higher EMG activity of the OO muscle in pa-
tients with AS and LI compared to subjects with LC and 
controls, suggesting greater effort during swallowing.

In our study, however, patients with clearly identifiable 
AS were excluded. Nevertheless, a few borderline cases 
were observed in the ILG, as these children exhibited some 
features of an infantile swallowing pattern. Many other fac-
tors, such as disabilities, oral parafunctional habits, restric-
tions of the labial or lingual frenulum, as well as a history 
of frenotomy or speech and myofunctional therapy, may 
also affect muscle activity.25,41–45 It has been reported that 
higher resting activity of the perioral muscles is observed 
among thumb and pacifier suckers,41 as well as in individu-
als with disabilities (e.g., Down syndrome and orally edu-
cated deaf individuals), during swallowing or speech.25,42 
Similarly, the presence of ankyloglossia may affect the rest-
ing position of the tongue and lips.43 In light of the above, 
children with these characteristics were excluded from 
the study sample. It should also be noted that individuals 
with nasal obstruction or other airway-related conditions 
were excluded. However, some of these conditions may have 
been underreported, as the assessment was based on clini-
cal examination and a parent-completed questionnaire.

The present study utilized sEMG to measure muscle 
activity. This method is particularly suitable for use in chil-
dren, as it does not involve needles or other invasive pro-
cedures. However, sEMG recordings may be influenced 
by factors such as inconsistent electrical conductivity and 
difficulty in distinguishing signals from different muscle 
fibers.15 Crosstalk, defined as the recording of signals over 
a muscle that originate from adjacent muscles, represents 
a significant source of error in sEMG and may lead to over-
estimation of muscle activity. Several factors influence 
the extent of crosstalk, including the inter-electrode dis-
tance of the EMG sensor and the accuracy of sensor place-
ment on the muscle surface.46,47

The accuracy of sEMG recordings also depends on fac-
tors related to the psychological and physiological state 
of  the participants, as well as  the equipment used.14,15 
To address these challenges, a consistent inter-electrode 

distance was maintained, electrodes were carefully placed 
at the center of the muscle belly, and the data were analyzed 
using appropriate quantitative methods, including a nor-
malization procedure, to enhance accuracy. Another limi-
tation of sEMG is its sensitivity to impedance imbalance.

To minimize impedance, the skin was thoroughly cleaned 
with 70% ethyl alcohol, a method commonly employed 
in sEMG studies involving children.24–26,45 The children 
included in this study were well accustomed to the pro-
cedure, and the use of alcohol did not cause discomfort 
or elicit abnormal muscle activity.

In summary, it is important for clinicians to recognize that 
increased muscle activity in patients with LI may eventually 
influence dental arch form and facial morphology. Further-
more, stable tooth positioning relies on a balance among 
the oral, maxillofacial, and respiratory systems. Therefore, 
the therapeutic goal should be to establish normal jaw pos-
ture, nasal breathing, and proper lip closure.2,48,49

The diagnosis of LC is a critical element of orthodon-
tic treatment planning. In this context, sEMG may serve 
as a valuable noninvasive tool to support accurate diagnosis. 
A precise analysis of sEMG recordings of the OO muscles 
is essential for refining treatment protocols aimed at achiev-
ing orofacial muscular balance. In this regard, the present 
study highlights the importance of early diagnosis of LC 
and timely intervention strategies, as functional lip altera-
tions may occur even in the absence of overt malocclusion.

If left untreated, these functional disturbances may lead 
to more complex orthodontic, periodontal, or esthetic com-
plications over time. Therefore, knowledge of OO muscle 
activity in growing individuals with LI may be particularly 
valuable for clinicians involved in the multidisciplinary 
management of such cases.10,25,50–53

For growing patients diagnosed with LI, the combined 
use of  myofunctional therapy and interceptive ortho-
dontics – alongside conventional orthodontic treatment 
– is fundamental to establishing new neuromuscular pat-
terns and restoring harmony within the stomatognathic 
system.45,49,54,55 Surface electromyography may serve 
as a valuable tool for monitoring the progression and thera-
peutic outcomes of these interventions.45

Limitations of the study

This study has several limitations that should be acknowl-
edged. We recognize that regulation of OO muscle activity 
is multifactorial and may be differentially influenced by oc-
clusal conditions, oral habits, soft tissue morphology, and 
vertical and sagittal facial dimensions.13,56 One limitation 
of the present study is the lack of detailed analysis of soft tis-
sue morphology, such as upper lip length. In addition, the di-
agnosis of LI was based on clinical observation – specifically, 
the presence of lip separation at clinical rest or lip contact 
achieved through visible contraction of the mentalis muscle 
in the mandibular rest position (chin shrinkage). It should be 
noted that subtle contraction of the orofacial muscles may 
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go unnoticed during visual assessment.4 Another limitation 
of this study is the lack of subdivision of the ILG into more 
specific subgroups, which could have allowed for a more 
detailed characterization of functional differences within 
this population. Furthermore, the cross-sectional design 
provides data collected at a single point in time and does 
not allow for conclusions regarding causality or longitudinal 
changes. Therefore, considering the aforementioned limita-
tions, further well-designed, long-term studies conducted 
on larger sample sizes are required to confirm these findings 
and to better understand their potential impact on maxil-
lofacial morphology.

Conclusions

Despite its limitations, the findings of this study indi-
cate that children with LI exhibit increased EMG activity 
of the SOO and IOO muscles during saliva swallowing 
and lip compression. This may reflect the need for greater 
muscular effort to achieve adequate lip seal. Such increased 
muscular activity could potentially disturb the equilib-
rium of perioral forces required for proper maxillofacial 
growth and development, thereby contributing to the risk 
of malocclusion. However, longitudinal studies are neces-
sary to confirm these observations and to clarify their 
long-term clinical implications.
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Abstract
Background. Intervertebral disc degeneration (IDD) is the primary cause of lower back pain. Transient 
receptor potential canonical 3 (TRPC3) is a nonselective cation channel permeable to Ca2+.

Objectives. This study explores the mechanisms by which the TRPC3-mediated Ca2+/nuclear factor kappa 
B (NF-κB) pathway regulates autophagy in IDD.

Materials and methods. An IDD rat model was established using the annulus fibrosus puncture method 
and was treated with local intraspinal injection of adeno-associated virus (AAV)-shRNA targeting TRPC3. 
Primary human nucleus pulposus cells (NPCs) were transfected with TRPC3 siRNA and subsequently treated 
with pyrrolidine dithiocarbamate (PDTC; an NF-κB inhibitor), rapamycin (RAPA), or 3-methyladenine (3-MA), 
respectively. Micro-computed tomography (micro-CT), hematoxylin and eosin (H&E) staining, immunohisto-
chemistry, western blotting, transmission electron microscopy (TEM), and flow cytometry were performed.

Results. TRPC3 expression was significantly increased in IDD rats (p < 0.05). TRPC3 shRNA ameliorated 
histopathological damage in IDD rats and promoted the expression of autophagy-related protein 5 (ATG5), 
Beclin-1, and LC3-II (all p < 0.05). In vitro, interleukin-1 beta (IL-1β) increased Ca2+ levels, siRNA TRPC3 reduced 
them, and PDTC further decreased them (p < 0.05). In addition, siRNA TRPC3 increased the expression of ATG5, 
Beclin-1, and the LC3-II/LC3-I ratio and inhibited phosphorylation of p-NF-κB p65 in NPCs (p < 0.05). Trans-
mission electron microscopy and flow cytometry showed that siRNA TRPC3-induced autophagy promoted 
apoptosis in NPCs (p < 0.05). Furthermore, siRNA TRPC3 increased the levels of aggrecan and collagen II and 
decreased matrix metalloproteinase-13 (MMP-13) expression (p < 0.05).

Conclusions. TRPC3 exacerbates IDD by inhibiting protective autophagy via activation of the Ca2+/NF-κB 
signaling pathway. Knockdown of TRPC3 promotes autophagy, which in turn influences NPC apoptosis and 
extracellular matrix (ECM) metabolism. This study offers potential novel strategies for IDD prevention and 
treatment.

Key words: autophagy, NF-κB, intervertebral disc degeneration, TRPC3, calcium ions influx
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Background

Low back pain (LBP) is the most common chronic mus-
culoskeletal condition affecting adults and has emerged 
as a leading cause of global disability, profoundly impacting 
patients’ work capacity and daily life.1 Research indicates 
that 60–80% of individuals experience symptoms of LBP, 
with approx. 10% of patients becoming disabled.2–4 Cur-
rently, approx. 630 million people worldwide suffer from 
neck pain and LBP. Intervertebral disc degeneration (IDD) 
is  the primary cause of LBP and disc-related disorders, 
such as herniation and spinal stenosis.5 Studies have re-
vealed that approx. 40% of low back and leg pain cases are 
attributable to  IDD.6 The prevalence of  IDD is  steadily 
increasing across all age groups, posing significant chal-
lenges for medical care and society.7 Although IDD is par-
ticularly prevalent among the elderly population, a shift 
toward younger patients has been observed in recent years, 
likely due to changes in lifestyle and habits.8 Intervertebral 
disc degeneration is a progressive, multifactorial condition 
characterized by biomechanical, structural, and biological 
changes in disc tissue induced by various factors, ultimately 
leading to the loss of disc integrity and function. These 
changes include annulus fibrosus rupture, nucleus pulpo-
sus (NP) herniation, extracellular matrix (ECM) degrada-
tion, reduced disc height, and compression of the spinal 
cord and nerve roots, ultimately resulting in lower back and 
leg pain.9 Recent research suggests that IDD is a complex 
disease resulting from the interaction of multiple factors, 
including aging, genetic predisposition, mechanical stress, 
inflammation, oxidative stress, metabolic dysfunction, en-
vironmental factors, and autophagy.5,10–12 Furthermore, IDD 
is characterized by degeneration of the intervertebral disc 
ECM, leading to reduced biomechanical integrity and pain.13 
Among these factors, matrix metalloproteinases (MMPs) 
are key contributors to ECM degradation in IDD. Previous 
studies have shown that bovine bone grafts can contribute 
to intervertebral disc repair by supporting cell attachment, 
proliferation, and matrix synthesis.14 Recent studies have 
also demonstrated that inhibition of matrix degradation 
can reduce mitochondrial damage, inhibit cell apoptosis and 
senescence, and significantly delay the progression of IDD.15 
However, the pathogenesis of IDD remains a major challenge 

in clinical practice. Therefore, it is crucial to further eluci-
date the mechanisms underlying IDD and identify reliable 
therapeutic targets to improve ECM metabolic imbalance 
and ultimately reverse the progression of IDD.

As  an  intracellular recycling process, autophagy de-
grades cytoplasmic components via lysosomes and plays 
a vital role in cellular self-degradation and recycling.16 This 
process is essential for maintaining metabolic homeosta-
sis. It has been reported that autophagy alleviates osteo-
arthritis by regulating ECM metabolism.17 Recent studies 
have increasingly demonstrated that autophagy plays a cru-
cial role in IDD.18,19 Cheng et al. has found that regulation 
of  chaperone-mediated autophagy can effectively delay 
the progression of IDD in an inflammatory environment.20 
However, the role of autophagy in IDD remains controver-
sial because of its dual effects. Some studies have reported 
that the expression levels of autophagy-associated genes are 
significantly higher in IDD than in healthy discs.21 In ad-
dition, research has indicated that appropriate activation 
of autophagy can protect nucleus pulposus cells (NPCs), 
which are the core cellular components of the intervertebral 
disc, from pressure-induced damage. In contrast, impair-
ment of autophagic function can lead to apoptosis of NPCs, 
thereby further accelerating the progression of IDD.22,23

Transient receptor potential (TRP) channels are known for 
their involvement in sensory processes, such as temperature 
and pain perception, as well as in the regulation of cellular 
calcium homeostasis. Transient receptor potential canonical 
3 (TRPC3) is a Ca2+-permeable, nonselective cation channel 
that plays vital roles in a wide range of cellular physiological 
processes. TRPC3 facilitates calcium entry, thereby enabling 
cells to regulate gene expression, as well as cell growth and 
differentiation. Notably, TRPC3 has been implicated in vari-
ous physiological and pathological conditions, including 
cardiovascular diseases, neurological disorders, and cancer. 
In the context of IDD, the specific mechanisms of TRPC3 
remain controversial. Some studies suggest that TRPC3 is in-
volved in cytosolic Ca2+ elevation, activation of nuclear fac-
tor kappa B (NF-κB), and cytokine upregulation.24 Notably, 
research has shown that increased TRPC3 expression can 
lead to elevated intracellular Ca2+ concentrations and is as-
sociated with decreased bone mass.25 Abnormal TRPC3 
channel activity may promote bone resorption, reduce bone 

Highlights
	• TRPC3 is upregulated in intervertebral disc degeneration (IDD), driving pathological Ca2+ influx and activation 
of the NF-κB signaling pathway in nucleus pulposus cells.

	• Silencing TRPC3 restores autophagy in IDD, significantly increasing ATG5, Beclin-1, and LC3-II expression while 
reducing NF-κB p65 phosphorylation.

	• TRPC3 inhibition improves disc matrix homeostasis, enhancing aggrecan and collagen II levels and suppressing 
MMP-13-mediated extracellular matrix (ECM) degradation.

	• Targeting the TRPC3/Ca2+/NF-κB axis represents a novel therapeutic strategy for preventing and treating IDD.
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density, and mediate the Ca2+/NF-κB signaling pathway.26 
Calcium (Ca2+) is one of the most abundant and important 
signaling molecules in the human body. In tissues such as in-
tervertebral discs, bone, and cartilage, elevated intracel-
lular Ca2+ concentrations activate Ca2+ signaling pathways, 
which in turn regulate gene expression and protein synthe-
sis, thereby influencing changes in the microenvironment 
of intervertebral disc tissue. Previous investigations have 
demonstrated the critical role of Ca2+ signaling in interver-
tebral disc tissues. Intervertebral disc degeneration leads 
to alterations in the osmotic pressure of intervertebral disc 
tissue, resulting in activation of the Ca2+ signaling pathway. 
Intervertebral disc cells regulate gene expression and protein 
synthesis by increasing intracellular Ca2+ concentrations. 
Furthermore, Ca2+ acts as a second messenger in the human 
body, activating downstream signaling pathways. The role 
of the NF-κB signaling pathway in IDD has been widely 
recognized; however, its upstream regulatory mechanisms 
are diverse. Evidence suggests that calcium/calmodulin-
dependent protein kinase II, in conjunction with interleu-
kin-1 receptor-associated kinase 1 (IRAK1), plays a critical 
role in the phosphorylation processes that activate NF-κB.27 
When activated, the NF-κB pathway triggers cell apoptosis 
and ECM degradation, thereby promoting IDD.28 In addi-
tion, the NF-κB pathway promotes autophagy in various 
diseases. Melatonin has been shown to induce autophagy 
via the NF-κB signaling pathway, thereby preventing ECM 
degeneration in intervertebral disc cells.29 Furthermore, 
through the miR-139-3p/CXCR4/NF-κB axis, lncRNA H19 
enhances autophagy and apoptosis in NPCs, thereby ag-
gravating IDD.30 However, there are currently no reports 
on whether TRPC3 can activate autophagy to regulate IDD 
via the Ca2+/NF-κB pathway. Moreover, whether TRPC3-
induced NF-κB activation through Ca2+ influx exerts syn-
ergistic effects on apoptosis and ECM degradation remains 
to be further elucidated.

Objectives

This study aims to investigate the role and underlying 
mechanisms by which the TRPC3-mediated Ca2+/NF-κB 
pathway inhibits autophagy in IDD using both in vivo and 
in vitro approaches. 

Materials and methods

Animals

Twenty-four specific pathogen-free (SPF) healthy male 
Sprague Dawley (SD) rats (8  weeks old; body weight, 
200 ±20 g) were purchased from Chengdu Dashuo Bio-
technology Co., Ltd. (Chengdu, China). The rats were housed 
in a pathogen-free environment for 1 week to acclimate 
to the laboratory conditions, with free access to a standard 

diet (caloric composition: 70% carbohydrate, 10% fat, and 
24% protein; provided by Chengdu Dashuo Biotechnology 
Co., Ltd.) and water, under a normal 12-h light/dark cycle.

Experimental design

The rats were randomly assigned to 4 groups: the sham 
group (n = 6), model group (n = 6), shRNA negative control 
(NC) group (n = 6), and shRNA TRPC3 group (n = 6). An IDD 
rat model was established using the annulus fibrosus punc-
ture method.31 Twelve hours before model induction, the rats 
were fasted with ad libitum access to water. The rats were 
weighed and then intraperitoneally injected with 40 mg/kg 
of 1% pentobarbital sodium for anesthesia, based on body 
weight. Once anesthetized, the rats were placed in the su-
pine position with their limbs immobilized. The surgical 
area was shaved and disinfected with iodine. A longitudinal 
incision of 3–4 cm was made approx. 0.5 cm to the right 
of the midline. Each tissue layer was sequentially incised 
to expose the posterior abdominal wall. The intestinal tract 
and greater omentum were gently retracted to prevent injury, 
and the paravertebral lumbar muscles were bluntly dissected. 
The L4/5 and L5/6 intervertebral discs were exposed, and 
a 21-gauge needle was used to puncture the annulus fibro-
sus at 3 points on the right anterior aspect of the vertebral 
body, directed toward the center of the intervertebral disc. 
The puncture depth was approx. 2–3 mm, limiting the in-
jury to the full thickness of the annulus fibrosus. Following 
the injury, the needle was maintained in position for 10 s. 
After successful puncture, the incision was closed in lay-
ers. Rats in the sham surgery group underwent the same 
skin and tissue incision without intervertebral disc punc-
ture. Postoperatively, routine care was provided, including 
intramuscular injection of penicillin (8 × 105 U/day, once 
daily for 3 consecutive days) to prevent infection. The rats 
were closely monitored postoperatively for food intake, gait, 
wound infection, and urinary retention.

Three rats were randomly selected from the sham and 
model groups at 8 weeks after surgery. The rats were anes-
thetized with isoflurane, followed by cervical dislocation 
at the atlantoaxial joint. Tissue samples were collected, 
and the skin, paravertebral muscles, and ligaments were 
dissected layer by layer. The L5/6 intervertebral disc tis-
sue was rapidly harvested and fixed in 4% paraformalde-
hyde. To evaluate the success of model establishment and 
observe morphological changes, hematoxylin and eosin 
(H&E) staining was performed.

Model establishment was confirmed by pathological ex-
amination at 8 weeks after surgery. On the 1st day after suc-
cessful model establishment, rats in the shRNA NC group 
received a local intraspinal injection of adeno-associated 
virus (AAV)-shRNA NC (1 × 1012 μg/kg). Rats in the shRNA 
TRPC3 group received a local intraspinal injection of AAV-
shRNA TRPC3 (1 × 1012 μg/kg). Both AAV-shRNA NC 
and AAV-shRNA TRPC3 were designed and synthesized 
by  Shanghai Jikai Gene Medical Technology Co., Ltd. 
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(Shanghai, China). After 3 weeks, the rats were anesthe-
tized with an overdose of isoflurane, and NP tissue samples 
were collected from the intervertebral discs of each group.

H&E staining

Intervertebral disc tissues were first decalcified using 
a 15% ethylenediaminetetraacetic acid (EDTA) solution. 
The tissues were then dehydrated and embedded, sec-
tioned at a thickness of 5 μm, stained with hematoxylin 
for 10–20 min followed by eosin for 3–5 min, and mounted 
with neutral gum.32 Images were acquired using a Pan-
noramic 250 FLASH III digital slide scanner (3DHISTECH, 
Budapest, Hungary).

Immunohistochemistry staining

Intervertebral disc tissues were sectioned, deparaf-
finized, and rehydrated. The sections were then heated 
in 10 mM sodium citrate buffer (pH 6.0) at 100°C for 
30 min for antigen retrieval and blocked with 3% bovine 
serum albumin (BSA; cat. No. GC305010; Servicebio, Wu-
han, China) for 1 h at room temperature. The sections were 
subsequently incubated overnight at 4°C with primary 
antibodies against autophagy-related protein 5 (ATG5; 
bs-4005R, 1:100; Proteintech, Wuhan, China), Beclin-1 
(11306-1-AP, 1:100, Proteintech), and LC3-II (14600-1-AP, 
1:200; Proteintech). Afterward, the sections were incu-
bated with a secondary antibody (horseradish peroxidase 
(HRP)-labeled goat anti-rabbit immunoglobulin G (IgG; 
H+L) GB23303, 1:100; Servicebio) for 1 h at room tem-
perature. Diaminobenzidine (DAB) color development 
and hematoxylin counterstaining were then performed.33 
Finally, the sections were examined under a light micro-
scope (BA400Digital; Motic China Group Co., Ltd., Xia-
men, China), and images were captured using a digital 
trinocular microscope (BA400 Digital; McAudi, Xiamen, 
China).

Micro-computed tomography scan

Intervertebral disc tissue samples were scanned using 
the Micro-CT Scanner software. For three-dimensional 
analysis, the samples were analyzed using CTAn software 
(Bruker Micro-CT, Billerica, USA) to obtain the follow-
ing parameters: structure model index (SMI), trabecular 
thickness (Tb.Th), bone volume to total volume ratio (BV/
TV), trabecular number (Tb.N), and trabecular separation 
(Tb.Sp).

Primary human NPCs isolation and culture

Nucleus pulposus tissue was obtained during lumbar 
discectomy, and its morphology was observed under a light 
microscope (Leica DMI1; Leica Microsystems, Wetzlar, 
Germany). Following washing with phosphate-buffered 

saline (PBS), NP tissue samples were digested with 0.25% 
trypsin and 0.2% collagenase type II at 37°C for 4–6 h. Af-
ter removal of tissue debris by filtration through a 200-μm 
filter, purified NPCs were cultured in Dulbecco’s modified 
Eagle’s medium (DMEM)/F-12 supplemented with 10% 
fetal bovine serum (FBS), 100 μg/mL streptomycin, and 
100 μg/mL penicillin at 37°C in a humidified atmosphere 
containing 5% CO2. Nucleus pulposus cells at passage 2 
were used for subsequent in vitro experiments.

Cell transfection and grouping

The cell experiments were divided into 2 parts.
Part I: NPCs were divided into the following groups: 

control, IL-1β, IL-1β + siRNA NC, IL-1β + siRNA TRPC3, 
and IL-1β + siRNA TRPC3 + pyrrolidine dithiocarbamate 
(PDTC; NF-κB inhibitor, 100 μmol/L).

Part II: NPCs were divided into the following groups: 
control, IL-1β, IL-1β + siRNA NC, IL-1β + siRNA TRPC3, 
IL-1β + siRNA TRPC3 + 3-methyladenine (3-MA; autoph-
agy inhibitor), and IL-1β + siRNA TRPC3 + rapamycin 
(RAPA; autophagy activator).

Cell transfection was performed using the RiboFect™ CP 
Transfection Kit (C10511-05; RiboBio, Guangzhou, China). 
The lyophilized siRNA was reconstituted in RNase-free 
water to obtain a 20 μM stock solution. The transfection 
mixture was prepared by thoroughly mixing 120 μL of Ri-
boFect™ CP Buffer, 12 μL of RiboFect™ CP Reagent, and 
10 μL of siRNA, followed by incubation at 37°C. Except for 
the control group, cells in all other groups were treated 
with 10 ng/mL IL-1β after cell adherence to induce cellular 
injury. Simultaneously, cells in the IL-1β + siRNA TRPC3 + 
3-MA group were treated with 3-MA (5 mmol/L), and cells 
in the IL-1β + siRNA TRPC3 + RAPA group were treated 
with RAPA (250 nmol/L). The corresponding assays were 
performed 24 h later.

Western blot

Rat intervertebral disc NP tissue or NPCs were lysed 
for 10  min in  radioimmunoprecipitation assay (RIPA) 
lysis buffer (Beyotime, Shanghai, China). Protein con-
centrations were quantified using a bicinchoninic acid 
(BCA) Protein Assay Kit (Beyotime). Protein samples from 
the supernatant were mixed with an equal volume of so-
dium dodecyl sulfate (SDS) loading buffer and boiled for 
5 min to denature the proteins. Equal amounts of protein 
were loaded onto a 12% polyacrylamide gel and subjected 
to electrophoresis for 60–90 min. Subsequently, proteins 
were transferred onto polyvinylidene fluoride (PVDF) 
membranes (Merck Millipore, Billerica, USA). To block 
nonspecific binding, the membranes were incubated with 
5% skim milk for 1 h at room temperature. The PVDF 
membranes were then incubated with primary antibodies 
overnight at 4°C, followed by incubation with secondary 
antibodies for 2 h at room temperature.
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The antibodies used were as follows: anti-β-actin (cat. 
No. AC026, 1:50,000), anti-ATG5 (cat. No. A0203, 1:1,000), 
anti-Beclin-1 (cat. No. A7353, 1:2,000), anti-LC3B (cat. No. 
A19665, 1:2,000), anti-NF-κB p65 (cat. No. A2547, 1:2,000), 
anti-phospho-NF-κB p65 (cat. No. AP0123, 1:2,000), and 
anti-MMP13 (cat. No. A11148, 1:2,000), all purchased from 
ABclonal Biotechnology Co., Ltd. (Wuhan, China); anti-
TRPC3 (cat. No. 77934, 1:1,000) was purchased from Cell 
Signaling Technology (CST; Danvers, USA); anti-aggrecan 
(cat. No. DF7561, 1:1,000) and goat anti-rabbit IgG (H+L) 
HRP (cat. No. S0001, 1:5,000) were purchased from Af-
finity Biosciences (Beijing, China); and anti-collagen II 
(cat. No. BS-10589R, 1:2,000) was purchased from Bioss 
Biotechnology Co., Ltd. (Beijing, China).

Protein bands were visualized using an enhanced che-
miluminescence (ECL) kit (Biosharp, Hefei, China), and 
signals were captured using the Tanon 5200 Multi-System 
(Tanon, Shanghai, China).

Transmission electron microscope 
for autophagy observation

A transmission electron microscope (TEM) was used 
to investigate autophagy in NPCs. First, the NPC samples 
were subjected to primary fixation with 3% glutaraldehyde 
to preserve cellular structures. Subsequently, secondary fixa-
tion was performed using 1% osmium tetroxide to enhance 
contrast of the cellular components. Ultrathin sections with 
a thickness of approximately 60 nm were prepared using 
an ultramicrotome (Leica Camera AG). To improve electron 
density and visualization of cellular organelles, the sections 
were stained with uranyl acetate for 15 min. Subsequently, 
the sections were briefly stained with lead citrate for 2 min 
to further enhance contrast. Finally, the stained samples were 
examined using a JEM-1400 FLASH transmission electron 
microscope (JEOL, Tokyo, Japan).

Detection of cell apoptosis 
by flow cytometry

To assess the apoptotic status of NPCs, flow cytomet-
ric analysis was performed using the Annexin V–APC/PI 
Apoptosis Detection Kit (KGA1030; KeyGen Biotech Corp., 
Ltd., Nanjing, China) according to the manufacturer’s in-
structions.34 Nucleus pulposus cells were seeded in 6-well 
plates at a density of 2 × 105 cells per well and incubated 
at 37°C in a humidified atmosphere containing 5% CO2 
to  allow cell attachment and growth. Once the  cells 
reached appropriate confluency, apoptosis detection was 
initiated. A total of 5 μL of Annexin V–FITC and 5 μL 
of propidium iodide (PI) were added to the cell suspension. 
The cells were then incubated for 15 min at room tem-
perature in the dark to allow effective binding of the dyes 
to the cell membranes. After incubation, the stained NPCs 
were analyzed using a flow cytometer (CytoFLEX; Beck-
man Coulter, Brea, USA).

Statistical analyses

For statistical analysis, IBM SPSS Statistics v. 25 (IBM 
Corp., Armonk, USA) was used, and data are presented 
as the median (minimum–maximum). The Kruskal–Wal-
lis (K–W) test, followed by Dunn’s post hoc test with Bon-
ferroni correction, was applied for multiple-group com-
parisons. A p < 0.05 was considered statistically significant. 
Statistical analysis results are presented in Supplementary 
Tables 1–6.

Results

Inhibition of TRPC3 improved 
histopathological damage in IDD rats

To  investigate the  role and mechanisms of  TRPC3 
in  IDD, AAV-shRNA TRPC3 was injected into the  in-
tervertebral disc tissue of rats in the animal study. First, 
intervertebral disc tissues were evaluated using micro-
CT, as shown in Table 1. Compared with the sham group, 
the model group exhibited decreased BV/TV, Tb.N, and 
Tb.Th values, while Tb.Sp and SMI were increased; how-
ever, only BV/TV, Tb.N, and SMI showed statistically sig-
nificant differences (all p = 0.050). However, no significant 
difference was observed between the shRNA TRPC3 group 
and the shRNA NC group (p = 0.127, p = 0.513, p = 0.275). 
To further evaluate histopathological changes, H&E stain-
ing was performed. In the model group, a significant re-
duction in NPCs was observed compared with the sham 
group, whereas chondrocytes and the cartilaginous matrix 
were increased and arranged in clusters. The shRNA NC 
group did not exhibit notable improvement in pathological 
conditions compared with the model group. In contrast, 
the shRNA TRPC3 group exhibited a relatively intact in-
tervertebral disc tissue structure: the annulus fibrosus 
was arranged in concentric circles with multiple layers 
of fibrocartilage and showed a denser organization, and 
the NP was rich in elastic gel-like material, with abundant 
NPCs and ECM, indicating attenuation of pathological 

Table 1. Microstructural parameters of intervertebral disc tissue analyzed 
with micro-CT

Group Sham Model shRNA NC shRNA TRPC3

BV/TV [%] 37.44 ±1.67 30.74 ±1.95# 30.17 ±2.59 32.49 ±1.25

Tb.N [mm] 3.51 ±0.07 2.93 ±0.24# 2.92 ±0.22 3.07 ±0.04

Tb.Th [mm] 0.11 ±0.002 0.10 ±0.003 0.10 ±0.005 0.11 ±0.013

Tb.Sp [mm] 0.25 ±0.01 0.28 ±0.05 0.28 ±0.02 0.26 ±0.01

SMI 0.21 ±0.09 0.82 ±0.14# 0.79 ±0.17 0.64 ±0.12

CT – computed tomography; BV/TV – percent bone volume; 
Tb.Th – trabecular thickness; Tb.Sp – trabecular separation; 
Tb.N – trabecular number; SMI – structure model index. Data were 
analyzed using the Kruskal–Wallis test followed by Dunn’s post hoc test 
with Bonferroni correction; #p < 0.05, compared with the sham group.



Y. Gao et al. TRPC3 and intervertebral disc degeneration824

damage (Fig. 1). Therefore, these results indicate that 
TRPC3 knockdown can ameliorate histopathological dam-
age in IDD rats in vivo.

Inhibition of TRPC3 promoted autophagy 
in the nucleus pulposus of intervertebral 
discs in vivo

Subsequently, we analyzed the effect of shRNA TRPC3 
on autophagy levels in the NP of intervertebral discs in IDD 
rats using IHC staining. The expression levels of ATG5, Be-
clin-1, and LC3-II were markedly higher in the model group 
than in the sham group (all p = 0.050). Moreover, treatment 
with AAV-shRNA TRPC3 further increased the expression 
of ATG5, Beclin-1, and LC3-II compared with the shRNA 
NC group (all p = 0.050) (Fig. 2, Supplementary Table 1). 
In addition, the model group exhibited a marked increase 
in TRPC3 expression in NP tissue compared with the sham 
group, as confirmed by western blot analysis (p = 0.05). 
In contrast, TRPC3 expression levels were significantly de-
creased in the AAV-shRNA TRPC3-treated group relative 
to the shRNA NC group (p = 0.024) (Fig. 3, Supplementary 
Table 2). Overall, these findings suggest that high TRPC3 
expression may lead to abnormal accumulation of autopha-
gosomes by inhibiting autophagy, thereby aggravating IDD, 
whereas TRPC3 knockdown may reverse the IDD pheno-
type by activating protective autophagy signaling.

The knockdown of TRPC3 inhibited 
the Ca2+/NF-κB pathway to promote 
autophagy in NPCs in vitro

To further investigate the mechanisms by which TRPC3 
regulates autophagy in  IDD, in  vitro experiments were 

performed using primary human NPCs. As shown in Fig. 4A, 
intracellular Ca2+ levels were significantly higher in the IL-1β-
treated group than in the control group (p = 0.003). Follow-
ing siRNA-mediated knockdown of TRPC3, Ca2+ levels were 
significantly reduced compared with those in the shRNA 
NC group (p = 0.050). In addition, treatment of NPCs with 
PDTC, a selective NF-κB inhibitor, led to a further reduction 
in intracellular Ca2+ levels (p = 0.050). Western blot analysis 
showed that knockdown of TRPC3 attenuated the IL-1β-
induced increase in phosphorylated NF-κB p65 (p = 0.011), 
while total NF-κB p65 expression remained unchanged 
(p = 0.273) (Fig. 4B–D). Notably, PDTC treatment signifi-
cantly suppressed p-NF-κB p65 phosphorylation in the pres-
ence of siRNA TRPC3 (p = 0.050) (Fig. 4D, Supplementary Ta-
ble 3). Furthermore, siRNA-mediated knockdown of TRPC3 
increased the expression of ATG5, Beclin-1, and the LC3-II/
LC3-I ratio compared with the IL-1β + siRNA NC group 
(p < 0.05). Moreover, NPCs treated with PDTC in combina-
tion with siRNA TRPC3 and IL-1β exhibited further increases 
in these autophagy-related proteins (all p = 0.050) (Fig. 5A–D). 
In addition, PDTC significantly suppressed the IL-1β-induced 
increase in TRPC3 expression (p = 0.050) (Fig. 5E, Supple-
mentary Table 4). Collectively, these results indicate that 
TRPC3 activates the NF-κB pathway through Ca2+ influx and 
promotes autophagy-related protein expression, ultimately 
exacerbating IDD, whereas combined inhibition of TRPC3 
and NF-κB exerts a synergistic effect in enhancing protective 
autophagy, thereby delaying IDD progression.

The knockdown of TRPC3-activated 
autophagy promoted apoptosis in NPCs

To further examine the impact of TRPC3-induced autoph-
agy on cell apoptosis, NPCs were treated with rapamycin 

Fig. 1. Inhibition of TRPC3 ameliorates histopathological damage in intervertebral disc degeneration (IDD) rats. Hematoxylin and eosin (H&E) staining was 
used to observe pathological changes in intervertebral disc tissues. Scale bars = 50 μm (×400) and 200 μm (×100). Black arrows indicate reduced numbers 
of NPCs and increased chondrocytes and cartilaginous matrix

TRPC3 – transient receptor potential canonical 3; NC – negative control; NPCs – nucleus pulposus cells.
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(RAPA) and 3-methyladenine (3-MA). In the IL-1β group, 
TEM revealed the presence of autophagosomes and pri-
mary lysosomes, whereas the IL-1β + siRNA TRPC3 group 
exhibited a markedly increased number of autophagosomes 
and primary lysosomes. Treatment with RAPA further 
enhanced autophagy, whereas 3-MA reduced autophagic 
activity (Fig. 6). Furthermore, compared with the control 
group, IL-1β treatment markedly increased NPC apop-
tosis (p = 0.050). Following siRNA-mediated knockdown 
of TRPC3, NPC apoptosis was significantly higher than 

that in the shRNA NC group (p = 0.050). Compared with 
the IL-1β + siRNA TRPC3 group, treatment with RAPA 
resulted in a further increase in NPC apoptosis (p = 0.039), 
whereas 3-MA led to a reduction in apoptosis (Fig. 7, Supple-
mentary Table 5).

These results suggest that TRPC3 alleviates IL-1β-
induced apoptosis in  NPCs by  inhibiting autophagy, 
whereas excessive activation of autophagy exacerbates 
cell death, indicating a bidirectional role of the TRPC3-
autophagy axis in the regulation of apoptosis.

Fig. 2. Inhibition of TRPC3 promotes autophagy-related protein expression in the nucleus pulposus of intervertebral discs. A. Immunohistochemical 
staining of ATG5, Beclin-1, and LC3-II in intervertebral disc tissues. Scale bar = 50 μm. Hematoxylin staining shows cell nuclei in blue, and diaminobenzidine 
(DAB) staining indicates positive expression in brown; B–D. Quantitative analysis of the positive area ratios of ATG5, Beclin-1, and LC3-II immunohistochemical 
staining. Data are presented as the median (minimum–maximum) (n = 3). Data were analyzed using the Kruskal–Wallis test followed by Dunn’s post hoc 
test with Bonferroni correction

#p < 0.05 vs the sham group; *p < 0.05 vs the shRNA negative control (NC) group; TRPC3 – transient receptor potential canonical 3; DAB – diaminobenzidine; 
ATG5 – autophagy-related protein 5.
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Fig. 3. Effect of TRPC3 knockdown on TRPC3 protein expression. A. TRPC3 protein levels in intervertebral disc tissues were detected with western blot 
analysis; B. Quantitative analysis of TRPC3 protein expression. Data are presented as the median (min–max) (n = 3). Data were analyzed using the Kruskal–
Wallis test followed by Dunn’s post hoc test with Bonferroni correction

#p < 0.05 vs the sham group; *p < 0.05 vs the shRNA NC group; TRPC3 – transient receptor potential canonical 3.

Fig. 4. TRPC3 knockdown 
inhibits the Ca2+/NF-κB 
pathway and promotes 
autophagy in NPCs. NPCs 
were pretreated with IL-1β, 
siRNA TRPC3, or the NF-κB 
inhibitor PDTC, respectively. 
A. Intracellular Ca2+ levels 
in NPCs were measured 
using a spectrophotometer; 
B. Western blot images 
showing NF-κB p65 and 
phosphorylated NF-κB 
p65 (p-NF-κB p65) protein 
expression in NPCs; 
C,D. Quantitative analysis 
of NF-κB p65 and p-NF-κB 
p65 protein expression. 
Data are presented 
as the median (minimum–
maximum) (n = 3). Data 
were analyzed using 
the Kruskal–Wallis test 
followed by Dunn’s post 
hoc test with Bonferroni 
correction

##p < 0.01 vs the control 
group; *p < 0.05 vs the IL-1β 
+ siRNA NC group; &p < 0.01 
vs the IL-1β + siRNA TRPC3 
group; TRPC3 – transient 
receptor potential 
canonical 3; NF-κB – nuclear 
factor kappa B; 
IL-1β – interleukin-1 beta; 
NPCs – nucleus pulposus 
cells; PDTC – pyrrolidine
dithiocarbamic acid.
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The knockdown of TRPC3 induced 
autophagy to regulate the expression 
of IDD-related proteins in NPCs

To investigate the regulatory effect of TRPC3-induced 
autophagy on ECM degradation in NPCs, western blot 
analysis was used to detect the expression levels of MMP-
13, collagen II, and aggrecan (Fig. 8, Supplementary Table 6). 
Interleukin-1 beta treatment significantly reduced aggrecan 
(p = 0.007) and collagen II (p = 0.002) expression compared 
with the control group, while significantly increasing MMP-
13 expression (p = 0.002). In addition, knockdown of TRPC3 
reversed these expression changes (all p = 0.050). Com-
pared with the IL-1β + siRNA TRPC3 group, treatment with 
RAPA increased the expression of aggrecan and collagen II 
and decreased MMP-13 expression (all p = 0.050). In con-
trast, treatment with 3-MA reduced collagen II expression 
(p = 0.050) and increased MMP-13 expression (p = 0.050), 
while no significant difference was observed in aggrecan 
expression (p = 0.646). Taken together, these results indi-
cate that TRPC3 knockdown reverses IL-1β-induced ECM 
degradation by promoting autophagy in NPCs.

Discussion

Intervertebral disc degeneration is a leading cause of LBP 
and neurological compression syndromes. The pathogenesis 
of IDD is complex and mainly involves excessive mechanical 
stress, increased apoptosis of NPCs abnormal ECM deg-
radation, dysregulated autophagy, oxidative stress-induced 
damage, and genetic factors. TRPC3 is a member of the TRP 
family of cation channels, which are involved in various 
physiological processes, including calcium homeostasis and 
cell signaling. This study elucidates a novel role of TRPC3 
in IDD pathogenesis, demonstrating that TRPC3 exacerbates 
disc degeneration by orchestrating Ca2+/NF-κB-mediated 
suppression of autophagy, thereby providing a new research 
direction for targeted therapy of IDD.

The intervertebral disc is principally composed of 3 dis-
tinct components: the central gelatinous NP, the outer 
fibrous annulus fibrosus (AF), and the cartilaginous end-
plate (CEP).35 The NP is predominantly composed of wa-
ter, proteoglycans, and collagen, along with substantial 
amounts of  elastic proteins, fibronectin, and laminin. 
In contrast, the AF is primarily composed of collagen fibers 

Fig. 5. Western blot analysis 
of ATG5, Beclin-1, LC3-II/LC3-I, 
and TRPC3 expression in NPCs 
pretreated with TRPC3 knockdown 
and the NF-κB inhibitor PDTC. 
A Representative western 
blot images of ATG5, Beclin-1, 
LC3-II/LC3-I, and TRPC3 proteins; 
B–E Quantitative analysis of ATG5, 
Beclin-1, LC3-II/LC3-I, and TRPC3 
protein expression. Data are 
presented as the median 
(minimum–maximum) (n = 3). 
Data were analyzed using 
the Kruskal–Wallis test followed 
by Dunn’s post hoc test with 
Bonferroni correction

#p < 0.05 vs the control 
group; *p < 0.05 vs. the IL-1β 
+ shRNA NC group; &p < 0.01 
vs the IL-1β + siRNA TRPC3 
group; TRPC3 – transient 
receptor potential canonical 3; 
NF-κB – nuclear factor kappa B; 
ATG5 – autophagy-related 
protein 5; NPCs – nucleus 
pulposus cells; PDTC – pyrrolidine 
thiocarbamate; IL-1β – interleukin-1 
beta; NC – negative control.
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rich in type I collagen, whereas the CEP consists of hya-
line cartilage.36,37 In animal models, intervertebral disc 
tissue in IDD rats exhibits significant structural damage, 

including a reduction in NPCs, disorganized arrangement 
of the AF, and abnormal deposition of cartilaginous ma-
trix. Inhibition of TRPC3 ameliorates these pathological 

Fig. 6. Effect of TRPC3 knockdown on autophagy in NPCs treated with IL-1β, siRNA TRPC3, the autophagy activator rapamycin (RAPA), and the autophagy 
inhibitor 3-methyladenine (3-MA). Transmission electron microscopy (TEM) images show that TRPC3 knockdown enhances the formation of autophagosomes 
and primary lysosomes. Green arrows indicate autophagosomes, and purple arrows indicate autolysosomes. Scale bars = 2 μm and 500 nm

TRPC3 – transient receptor potential canonical 3; NPCs – nucleus pulposus cells; NC – negative control; 3-MA – 3-methyl adenine.
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changes in rat intervertebral disc tissue. These findings 
suggest that TRPC3 primarily influences the progression 
of IDD by regulating cellular functions, such as autophagy 
and apoptosis, rather than by directly affecting bone struc-
ture. Consistent with this, previous studies have shown 
that members of the TRP channel family, such as TRPV4, 
regulate ECM homeostasis through ion channel activity 
in chondrocyte metabolism rather than directly modulat-
ing bone remodeling, thereby supporting the conclusions 
of the present study.38

Autophagy is a crucial cellular process that maintains 
homeostasis by degrading damaged components through 
lysosomes and plays a dual role in IDD: moderate autoph-
agy eliminates damaged organelles and protects NPCs, 
whereas excessive autophagy may induce apoptosis.19 
ATG5 is a key regulator of autophagy, facilitating autopha-
gosome formation and promoting autophagic flux.39,40 
The initiation of autophagy largely depends on Beclin-1, 
and LC3-II is  commonly used as  a marker of  autoph-
agy.41–43 Our study reveals that under IL-1β stimulation, 
overexpression of TRPC3 leads to a compensatory up-
regulation of the autophagy markers ATG5, Beclin-1, and 
LC3-II, accompanied by ECM degradation, as evidenced 
by downregulation of collagen II and aggrecan and up-
regulation of MMP-13. These findings suggest that TRPC3 
may cause abnormal accumulation of autophagosomes 
by blocking autophagic flux, possibly due to impaired ly-
sosomal function. Further experiments confirmed that 

TRPC3 knockdown or  treatment with the  autophagy 
inducer RAPA significantly restored autophagic activity 
and reversed ECM degradation, whereas the autophagy 
inhibitor 3-MA exacerbated matrix damage. Together, 
these results indicate that TRPC3 promotes ECM meta-
bolic imbalance by inhibiting protective autophagy, and 
that restoration of autophagic flux may be critical for 
delaying IDD.

Mechanistically, TRPC3 acts as a nonselective cation 
channel, and its activation leads to intracellular Ca2+ over-
load.44 Our data demonstrate that IL-1β stimulation sig-
nificantly elevates intracellular Ca2+ levels in human NPCs, 
an effect that is effectively mitigated by TRPC3 knockdown. 
This Ca2+ overload correlates with enhanced phosphoryla-
tion of NF-κB p65, suggesting that TRPC3-mediated Ca2+ 
influx is a critical activator of NF-κB signaling. In addition, 
Ca2+ may activate the IκB kinase (IKK) complex via cal-
cium/calmodulin-dependent protein kinase II (CaMKII), 
thereby promoting IκBα degradation and subsequent nu-
clear translocation of NF-κB.45 Notably, the NF-κB inhibitor 
PDTC not only suppressed p-NF-κB p65 phosphorylation 
but also attenuated IL-1β-induced TRPC3 upregulation, 
revealing a self-reinforcing “TRPC3–Ca2+–NF-κB–TRPC3” 
positive feedback loop. This vicious cycle amplifies apop-
totic responses and ECM degradation, thereby promoting 
IDD progression. Knockdown of TRPC3 or treatment with 
the NF-κB inhibitor PDTC reversed this phenomenon and 
synergistically enhanced the expression of ATG5, Beclin-1, 

Fig. 7. Effect of TRPC3 knockdown on apoptosis in NPCs. Cells were transiently transfected with siRNA negative control (NC) or siRNA TRPC3 and then 
treated with IL-1β, the autophagy activator rapamycin (RAPA), or the autophagy inhibitor 3-methyladenine (3-MA), respectively. Apoptosis was analyzed 
with flow cytometry. Representative flow cytometry plots and quantitative results are shown. The Q1-UR region represents late apoptotic cells, Q1-UL 
represents necrotic cells, Q1-LL represents viable cells, and Q1-LR represents early apoptotic cells. Data are presented as the median (minimum–maximum) 
(n = 3). Data were analyzed using the Kruskal–Wallis test followed by Dunn’s post hoc test with Bonferroni correction

#p < 0.05 vs. the control group; *p < 0.05 vs the IL-1β + shRNA NC group; &p < 0.05 vs the IL-1β + siRNA TRPC3 group; TRPC3 – transient receptor potential 
canonical 3; NPCs – nucleus pulposus cells; IL-1β – interleukin-1 beta.
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and LC3-II. These findings suggest that TRPC3 negatively 
regulates autophagy through the Ca2+/NF-κB axis, and that 
the underlying mechanism may involve NF-κB-mediated 
transcriptional repression of autophagy-related genes, such 
as the ATG5 promoter.46

One of the characteristic features of IDD is apoptosis 
of NPCs.47 The interplay between autophagy and apopto-
sis has attracted considerable attention in IDD research. 
In this study, we observed that IL-1β-induced apoptosis 
in NPCs was further exacerbated by TRPC3 knockdown. 
In addition, the autophagy activator RAPA enhanced apop-
tosis, whereas the autophagy inhibitor 3-MA attenuated 
apoptotic responses. These findings suggest bidirectional 
regulation of autophagy at different stages: moderate au-
tophagy inhibits apoptosis by clearing damaged mitochon-
dria, whereas excessive autophagy – such as “autophagic 
stress” caused by impaired autophagic flux – may pro-
mote apoptosis by activating caspase pathways or depleting 
pro-survival signals.48 TRPC3 knockdown may trigger this 

latter effect by inducing excessive autophagy, including 
accumulation of autophagosomes.

Extracellular matrix degradation is a central feature 
of IDD,49 primarily driven by an imbalance among MMPs, 
aggrecan, and collagen II. During the early stages of IDD, 
there is a notable increase in the production of type II 
collagen in the NP, suggesting an attempt by the tissue 
to initiate repair mechanisms. As degeneration progresses, 
type II collagen content markedly decreases, while type 
I  collagen forms more pronounced fibrous structures 
in the AF and NP.50 In addition, a key hallmark of degen-
eration is alteration of proteoglycans, particularly deg-
radation of  aggrecan, a  major polymeric proteoglycan 
of  the  intervertebral disc.51 Aggrecan, with its glycos-
aminoglycan side chains containing numerous negatively 
charged groups, confers unique permeability to the NP, 
allowing it to maintain a swollen state under compressive 
loads.52 Moreover, recent studies have demonstrated that 
ECM degradation is an early and critical event in IDD, 

Fig. 8. TRPC3 knockdown 
induces autophagy to regulate 
the expression of IDD-related 
proteins in NPCs. A Representative 
western blot images of MMP-13, 
collagen II, and aggrecan proteins; 
B–D Quantitative analysis of MMP-13, 
collagen II, and aggrecan protein 
expression. Data are presented 
as the median (minimum–
maximum) (n = 3). Data were 
analyzed using the Kruskal–Wallis 
test followed by Dunn’s post hoc 
test with Bonferroni correction

##p < 0.01 vs the control group; 
*p < 0.05 vs the IL-1β + shRNA 
negative control (NC) group; 
&p < 0.05 vs the IL-1β + siRNA 
TRPC3 group; TRPC3 – transient 
receptor potential canonical 3; 
NPCs – nucleus pulposus 
cells; IDD – intervertebral disc 
degeneration; MMP-13 – matrix 
metalloproteinase-13; 
IL-1β – interleukin-1 beta.
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involving metalloproteinases such as MMP-1, MMP-3, 
and MMP-13, which play key roles and are considered 
risk genes associated with disc degeneration.53,54 Our 
study demonstrates that TRPC3 knockdown reverses IL-
1β-induced upregulation of MMP-13 and downregulation 
of collagen II and aggrecan by activating autophagy. Mech-
anistically, autophagy may maintain ECM homeostasis 
through several pathways: 1) degrading damaged MMP 
precursors55; 2)  inhibiting NF-κB-mediated MMP-13 
transcription via the mTORC1 pathway56; and 3) enhanc-
ing the anabolic function of NPCs to promote secretion 
of ECM components.57 Notably, the autophagy inhibitor 
3-MA partially reverses the protective effects of TRPC3 
knockdown on the ECM, further supporting the central 
role of autophagy. In addition, NF-κB, as a key transcrip-
tion factor regulating MMP-13 expression, may directly 
reduce ECM degradation when inhibited, while TRPC3 
knockdown exerts a synergistic protective effect through 
a dual mechanism involving autophagy activation and 
NF-κB inhibition.

Limitations of the study

This study has several limitations. First, we only con-
ducted an initial exploration of the role of TRPC3 in IDD. 
In addition, the rat IDD model cannot fully recapitulate 
the chronic degenerative process observed in humans; 
therefore, the  effects and underlying mechanisms 
of TRPC3 on ECM metabolism in IDD in vivo require 
further investigation. Although this study elucidates 
the mechanism by which TRPC3 regulates autophagy 
through the Ca2+/NF-κB pathway, the pathophysiology 
of IDD is complex and multifactorial, potentially involv-
ing multiple signaling pathways and molecular mech-
anisms beyond those examined here. Future research 
should explore additional signaling pathways and mo-
lecular mechanisms involved in IDD and their relation-
ships with TRPC3. In addition, the potential involvement 
of other Ca2+ channels, such as TRPV4, cannot be ex-
cluded and warrants further validation of the functional 
specificity of TRPC3 using gene-editing approaches, such 
as CRISPR–Cas9.

Conclusions

The results of this study indicate that TRPC3 promotes 
autophagy by regulating the Ca2+/NF-κB pathway, induces 
apoptosis of NPCs and ECM degradation, and thereby con-
tributes to the development of IDD. These findings high-
light the importance of TRPC3 as a key therapeutic target 
in IDD and provide potential strategies for the treatment 
of this condition.

Future studies may focus on the development of small-
molecule drugs targeting TRPC3, particularly highly 
selective TRPC3 inhibitors, as  well as  the  application 

of  nanodelivery technologies to  enhance the  clinical 
translation potential of TRPC3-targeted therapies for IDD. 
In addition, exploring combination strategies involving 
TRPC3 inhibitors together with NF-κB antagonists or au-
tophagy modulators may synergistically enhance the sup-
pression of IDD progression.
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Abstract
Background. Osteogenesis imperfecta (OI) necessitates innovative mesenchymal stem cell (MSC) therapies 
targeting key molecular pathways to enhance targeted and combination treatments and improve bone health.

Objectives. To investigate the therapeutic mechanisms of various interventions for OI by analyzing relevant 
datasets, with a focus on lipid metabolism-related genes, particularly PLIN2, in order to determine whether 
they influence the balance between osteoblast and adipocyte differentiation.

Materials and methods. This study analyzed datasets from the Gene Expression Omnibus (GEO; GSE157587, 
GSE214064, GSE186141) and UK Biobank genome-wide association study (GWAS) summary statistics (UKB-
b-4657, UKB-b-1096, UKB-b-8875, UKB-b-20124) using bioinformatics tools, including GEO2R, DESeq2, 
TwoSampleMR, MR-Egger, MR-PRESSO, gwasrapidd, and summary data-based Mendelian randomization 
(MR), to identify differentially expressed genes (DEGs) and assess causal relationships with heel bone mineral 
density (BMD).

Results. Differentially expressed genes analysis of GSE157587 identified PLIN2 as the most significant gene 
influenced by MSC therapy in OI (log2 fold change = 0.428, adjusted p = 3.29 × 10–6), whereas GSE186141 
revealed 770 DEGs in OI patients, with 7 overlapping with PLIN2-related genes. Notably, TNFRSF19 (log2 fold 
change = −2.7454, adjusted p = 3.930 × 10–7 in OI; 1.5001, adjusted p = 3.482 × 10–3 in PLIN2 knockdown) 
and E2F2 (log2 fold change = −2.1428, adjusted p = 8.830 × 10–5 in OI; 1.7207, adjusted p = 1.244 × 10–2 
in PLIN2 knockdown) were identified as key genes. Mendelian randomization analysis confirmed a negative 
association between E2F2 and heel BMD (p = 1.116 × 10–7 to 6.073 × 10–5; effect size −0.0461 to −0.0277).

Conclusions. PLIN2 and E2F2 emerge as critical targets for refining MSC therapy in OI, with the potential 
to improve bone formation and reduce fat accumulation by restoring the osteogenesis–adipogenesis balance. 
These findings may support the development of combination therapies or engineered MSCs, ultimately 
improving clinical outcomes for patients with OI.

Key words: Mendelian randomization, lipid metabolism, osteogenesis imperfecta, mesenchymal stem cell 
therapy, bone homeostasis
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Background

Osteogenesis imperfecta (OI) is  a  genetic disorder 
characterized by bone fragility and impaired bone for-
mation. This rare connective tissue disorder affects ap-
prox. 11.6 per 100,000 pediatric individuals, as reported 
in a recent nationwide registry study conducted in Turkey 
(data from 2016–2022).1 Current treatments for OI pri-
marily rely on bisphosphonates and other antiresorptive 
agents. Despite these approaches, significant challenges re-
main, including limited efficacy in severe cases, long-term 
adverse effects, and the inability to fully restore normal 
bone quality and reduce fracture risk. Therefore, the iden-
tification of novel therapeutic targets remains essential 
for improving the management of this serious disease. 
Recent studies have highlighted the complex interplay 
between glucose and lipid metabolism and bone homeo-
stasis. Notably, hypoglycemic agents such as metformin2 
and glucagon-like peptide-1 (GLP-1) receptor agonists3,4 
have demonstrated potential pro-osteogenic effects, while 
lipid-lowering agents such as statins5,6 have also shown 
promise in promoting bone formation. These findings sug-
gest that targeting glucose and lipid metabolic pathways 
may provide novel therapeutic strategies for OI.

Recent studies have highlighted the complex interplay 
between glucose and lipid metabolism and bone homeo-
stasis. Notably, high-fat diet-induced glucose intoler-
ance leads to dysregulated osteoblast lipid metabolism, 
resulting in reduced bone formation; this effect can be 
mitigated by enhanced fatty acid oxidation.7 Furthermore, 
extracellular metabolites such as  lactate, as well as  in-
teractions with mesenchymal stromal cells in the tumor 
microenvironment (TME), exacerbate lipid droplet accu-
mulation in osteosarcoma cells. Targeting PLIN2, a key 
protein associated with lipid droplet formation, signifi-
cantly reduces cell viability and increases reactive oxygen 
species (ROS) production in these cells.8 PLIN2, a protein 
involved in lipid droplet formation and fatty acid oxidation, 
has emerged as a critical regulator in lipid metabolism. 
Specifically, PLIN2 knockdown has been shown to  in-
duce lipolysis and increase fatty acid oxidation, making 
it a promising target in various metabolic disorders.9,10 
Given the dynamic relationship between adipogenesis and 
osteogenesis, and the potential role of PLIN2 in regulating 
lipid metabolism and bone cell differentiation, we hypoth-
esize that therapeutic interventions for OI may exert their 

effects, at least in part, by modulating PLIN2 expression 
and thereby influencing the balance between osteogenesis 
and adipogenesis.

Objectives

This study aims to investigate the therapeutic mecha-
nisms of various interventions for OI by analyzing relevant 
datasets, with a focus on lipid metabolism-related genes, 
particularly PLIN2, to determine whether they influence 
the balance between osteoblast and adipocyte differentia-
tion. By elucidating the role of PLIN2 in OI pathogenesis 
and therapeutic responses, this study seeks to provide 
novel insights into potential therapeutic targets for OI.

Materials and methods

Datasets

We retrieved datasets from the Gene Expression Om-
nibus (GEO; https://www.ncbi.nlm.nih.gov/geo/) database 
to  investigate innovative therapeutic strategies aimed 
at  improving bone health in patients with OI. Among 
these, mesenchymal stem cell (MSC) therapy has demon-
strated potential in clinical settings, with studies show-
ing improvements in bone parameters and stimulation 
of pro-osteogenic responses (GSE157587), whereas other 
emerging therapies remain largely limited to animal or cell 
line models. The dataset GSE214064 examines the impact 
of PLIN2 deficiency on hepatic lipid droplet storage and 
gene expression in fasted mice, demonstrating that PLIN2 
plays a crucial role in regulating lipid droplet size and neu-
tral lipid storage under fasting conditions. The dataset 
GSE186141 investigates mutations in  the COL1A1 and 
COL1A2 genes and their correlation with clinical pheno-
types in a Chinese cohort of patients with OI.

The included datasets comprise genome-wide association 
study (GWAS) summary statistics related to heel bone min-
eral densite (BMD), derived from the UK Biobank, a large-
scale prospective cohort study. Specifically, UKB-b-4657 was 
designated as the discovery dataset, whereas UKB-b-1096, 
UKB-b-8875, and UKB-b-20124 served as validation data-
sets. All datasets originate from a European population, in-
cluding both males and females, and were generated in 2018. 

Highlights
	• PLIN2 modulates lipid metabolism and mesenchymal stem cell (MSC) differentiation in osteogenesis imperfecta.
	• E2F2 is a key regulator of bone cell function and bone mineral density.
	• Integrated transcriptomic and Mendelian randomization analyses identify PLIN2 and E2F2 as therapeutic targets.
	• MSC therapy in osteogenesis imperfecta remains limited by variable and transient clinical effects.
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The variables are continuous and expressed in standard 
deviations (SD). Sample sizes vary across datasets, rang-
ing from approx. 146,000 to 265,000 individuals, and each 
dataset includes nearly 9.85 million single-nucleotide poly-
morphisms (SNPs). These datasets were generated using 
PHESANT-derived variables from the UK Biobank, based 
on the hg19/GRCh37 reference genome build. Notably, UKB-
b-20124 represents heel BMD T-scores, whereas the remain-
ing datasets correspond to raw BMD measurements.

DEGs analysis methodology

To address the hypothesis that MSC therapy or PLIN2 de-
ficiency alters gene expression profiles relevant to OI patho-
physiology, we employed a dual approach using both the on-
line tool GEO2R (https://www.ncbi.nlm.nih.gov/geo/geo2r) 
and the R package DESeq2 (v. 3.21.1; https://github.com/the-
lovelab/DESeq2).11 DESeq2 models count data using a nega-
tive binomial generalized linear model, which accounts for 
the variance–mean dependence inherent in RNA-seq data 
and does not assume normality of raw counts. All DESeq2 
analyses were performed using standard workflows and 
default parameters unless otherwise specified. The primary 
criteria for identifying differentially expressed genes (DEGs) 
were defined as a log2 fold change >1 or <−1 and an adjusted 
p < 0.05. For multiple testing correction, DESeq2 applies 
the Benjamini–Hochberg procedure to control the false 
discovery rate (FDR). However, when these stringent log2 
fold change thresholds did not yield any DEGs, the selec-
tion criteria were relaxed to include genes with an adjusted 
p < 0.05. This approach ensured the inclusion of potentially 
relevant genes exhibiting statistically significant differential 
expression, even with more modest effect sizes.

Data acquisition and preparation

To investigate potential causal relationships between 
overlapping DEGs identified from OI and PLIN2-related 
gene expression profiles and heel BMD, we performed 
Mendelian randomization (MR) analysis. We first identi-
fied overlapping DEGs from the GSE186141 dataset, which 
contains gene expression data from patients with OI. These 
overlapping genes were subsequently analyzed for their 
association with heel BMD. GWAS summary statistics 
for heel BMD were obtained from the UK Biobank. One 
dataset was designated as the discovery dataset, whereas 
the remaining datasets served as validation datasets. To fa-
cilitate efficient retrieval and management of GWAS data, 
we used the gwasrapidd R package,12 which enables query-
ing and downloading data from the GWAS Catalog.

MR analysis

To address our hypothesis regarding the causal effects 
of  gene expression on  heel BMD, we  performed two-
sample MR analysis using the TwoSampleMR R package 

(v. 0.6.17; R Foundation for Statistical Computing, Vienna, 
Austria).13 This approach uses genetic variants as instru-
mental variables to  infer causal relationships between 
exposures (gene expression) and outcomes (heel BMD). 
For each gene, independent SNPs associated with gene 
expression were selected as instrumental variables. In-
strumental variables were selected based on stringent 
criteria to ensure validity: SNPs were required to have 
a p < 5 × 10–8 for association with gene expression and 
an  F-statistic  >10 to  minimize weak instrument bias. 
To account for linkage disequilibrium (LD), clumping 
was performed using PLINK (v. 1.9; https://www.cog- 
genomics.org/plink) with a 1000 Genomes Project Euro-
pean reference panel, applying an LD r2 threshold of 0.3 
and a clumping window of 1,000 kb to ensure indepen-
dence of selected SNPs. This procedure reduces multi-
collinearity among instrumental variables by retaining 
only independent variants. The inverse variance weighted 
(IVW) method was used as the primary approach to es-
timate causal effects, as it provides the most precise esti-
mates when all instrumental variable assumptions are sat-
isfied. This method performs a weighted linear regression 
of SNP–outcome associations on SNP–exposure associa-
tions, with weights inversely proportional to the variance 
of the SNP–outcome effects. The validity of MR analysis 
relies on 3 core assumptions for the instrumental variables: 
1) relevance (SNPs are associated with the exposure), en-
sured by the applied p-value and F-statistic thresholds; 2) 
independence (SNPs are not associated with confound-
ers of  the exposure–outcome relationship), supported 
by the random allocation of genetic variants and further 
evaluated using MR-Egger regression to detect directional 
pleiotropy; and 3) exclusion restriction (SNPs influence 
the outcome only through the exposure), assessed using 
heterogeneity tests. Regarding the underlying statistical 
framework, MR assumes linear relationships, homosce-
dasticity (constant variance of residuals), and normally 
distributed residuals for valid inference of standard errors 
(SEs) and p-values. Although these assumptions cannot be 
directly verified using summary-level data, the application 
of complementary robust MR methods (e.g., MR-Egger 
and MR-PRESSO (Mendelian Randomization Pleiotropy 
RESidual Sum and Outlier)), along with validation across 
multiple datasets, enhances the robustness of the findings 
to potential violations. All analyses using the TwoSam-
pleMR package were conducted with default parameters 
unless otherwise specified.

Statistical analyses and 
heterogeneity assessment

Causal effects of gene expression on heel BMD were 
estimated using the IVW method, and statistical sig-
nificance was assessed using p-values. Heterogeneity 
among instrumental variables was evaluated using Co-
chran’s Q statistic. Directional pleiotropy was assessed 

https://www.ncbi.nlm.nih.gov/geo/geo2r
https://github.com/thelovelab/DESeq2
https://github.com/thelovelab/DESeq2
https://www.cog-genomics.org/plink
https://www.cog-genomics.org/plink
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using MR-Egger regression. Additionally, MR-PRESSO 
analysis was performed to detect and correct for hori-
zontal pleiotropy.14 A key consideration in MR analyses 
based on summary-level data is the potential for bias due 
to sample overlap between exposure and outcome GWAS 
datasets or residual linkage disequilibrium if clumping 
is insufficient. Although strict clumping parameters were 
applied and findings were validated across multiple UK 
Biobank datasets to mitigate these concerns, these limi-
tations are inherent to analyses based on summary-level 
data.

SMR integration

To further validate our findings and integrate GWAS 
summary statistics with expression quantitative trait loci 
(eQTL) data, we applied the summary data-based Mende-
lian randomization (SMR) method using default param-
eters for heterogeneity (I2 < 0.05 and P_HEIDI > 0.01).15 
SMR enables the  identification of  candidate genes for 
complex traits by integrating GWAS summary statistics 
with eQTL data. Specifically, SMR tests for pleiotropy, 
whereby a genetic variant influences both gene expression 
and a complex trait through a shared underlying causal 
variant. By applying multiple MR approaches and integrat-
ing GWAS and eQTL data, we aimed to comprehensively 
assess potential causal relationships between the identified 
overlapping DEGs and heel BMD.

Results

DEGs of MSC therapy on OI

Differentially expressed gene analysis was performed 
using GEO2R based on the GSE157587 dataset, which ex-
amines the effects of MSC therapy in OI. This analysis 
identified a limited set of 4 potentially significant DEGs: 
PLIN2, PDK4, ANGPTL4, and HADHA. Notably, the log2 
fold change values for these genes were modest, indicating 
moderate changes in gene expression. Among the identified 
DEGs, PLIN2 showed the most significant adjusted p-value 
(adjusted p = 3.290 × 10–6), with a corresponding p-value 
of 1.920 × 10–10, lfcSE of 0.0673, test statistic of 6.367, log2 
fold change of 0.428, and a baseMean of 6529.790 (Table 1).

DEGs analysis of PLIN2-deficient mice 
reveals significant transcriptomic 
alterations

Differentially expressed gene analysis was conducted 
on the GSE214064 dataset, which examined gene expres-
sion differences between PLIN2+/+ and PLIN2−/− mice un-
der 24-h fasting conditions in a C57BL/6N background. 
The analysis aimed to identify PLIN2-related genes. Tran-
scriptomic data clearly distinguished the PLIN2+/+ and 
PLIN2−/− sample groups from each other (Fig. 1A). The re-
sults revealed 43  downregulated and 102  upregulated 

Table 1. Differentially expressed genes (DEGs) following MSC therapy in OI

Gene 
symbol GeneID padj p-value lfcSE stat log2FoldChange baseMean Description

PLIN2 123 0.001 1.92E-10 0.067 6.367 4.28E-01 6529.790

PLIN2 (perilipin 2): Perilipin 2, involved in lipid 
droplet formation and storage, may influence MSC 

differentiation and lipid metabolism, potentially 
affecting bone matrix quality and osteoblast function 

OI following MSC therapy.

PDK4 5166 0.001 4.46E-08 0.164 5.472 8.98E-01 2173.820

PDK4 (pyruvate dehydrogenase kinase 4): Pyruvate 
dehydrogenase kinase 4, a regulator of glucose and 

energy metabolism, can modulate the metabolic 
environment of bone-forming cells, possibly 

enhancing MSC-mediated repair of defective bone 
tissue in OI.

ANGPTL4 51129 0.010 1.77E-06 0.142 4.778 6.79E-01 6528.740

ANGPTL4 (angiopoietin like 4): Angiopoietin like 
4, known for its role in angiogenesis and lipid 

metabolism, might contribute to improved vascular 
support and tissue remodeling in OI, potentially 

aiding MSC therapy in promoting bone regeneration.

HADHA 3030 0.014 3.20E-06 0.033 4.658 1.51E-01 7701.840

HADHA (hydroxyacyl-CoA dehydrogenase 
trifunctional multienzyme complex subunit alpha): 

Hydroxyacyl-CoA dehydrogenase trifunctional 
multienzyme complex subunit alpha, essential for 

fatty acid oxidation, may support the energy demands 
of MSCs during osteogenic differentiation, potentially 

improving bone strength in OI post-therapy.

Gene symbol – official gene symbol; GeneID – NCBI gene identifier; padj – adjusted p-value (Benjamini–Hochberg FDR); p-value – raw p-value (Wald test); 
lfcSE – log2 fold change standard error; stat – Wald statistic; log2FoldChange – log2 fold change (MSC therapy vs control); baseMean – mean of normalized 
counts across all samples; description – gene name and functional annotation; MSC – mesenchymal stem cells; OI – osteogenesis imperfecta; 
NCBI – National Center for Biotechnology Information.
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DEGs with statistical significance. Among the downreg-
ulated genes, PLIN2 itself exhibited the most substantial 
log2 fold change, with a value of −4.074 and an adjusted 
p = 3.180 × 10−123. Other notable downregulated genes 
included CCDC171, ETFBKMT, and CCNG2, each dem-
onstrating log2 fold changes greater than −1 and adjusted 
p < 0.001. Conversely, the upregulated gene list comprised 
102  genes, with MPDZ showing the  highest log2 fold 
change of 1.655 and an adjusted p = 2.100 × 10−33. Other 
significantly upregulated genes included S100A9, ZBP1, 
and CIRBP, all with log2 fold changes exceeding 1 and 
adjusted p < 0.001 (Fig. 1B).

Overlap of DEGs between OI and 
PLIN2-related gene expression profiles

Differentially expressed gene analysis was performed 
on the GSE214064 dataset, which examined gene expres-
sion differences between PLIN2+/+ and PLIN2–/– mice un-
der 24-h fasting conditions in a C57BL/6N background. 
The analysis aimed to identify PLIN2-related genes. Tran-
scriptomic profiling clearly distinguished PLIN2+/+ and 
PLIN2–/– samples (Fig. 1A). A total of 43 downregulated 
and 102 upregulated DEGs were identified as statistically 
significant. Among the  downregulated genes, PLIN2 

Fig. 1. Differentially expressed genes (DEGs) 
analysis in PLIN2-deficient mice. A. Principal 
component analysis (PCA) plot of PLIN2+/+ 
and PLIN2–/– samples based on variance-
stabilizing transformation, demonstrating 
clear separation between groups; 
B. Volcano plot of DEGs between PLIN2+/+ 
and PLIN2–/– mice, highlighting significantly 
upregulated and downregulated genes
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exhibited the most substantial log2 fold change (−4.076; 
adjusted p = 3.180 × 10–123). Other notable downregulated 
genes included CCDC171, ETFBKMT, and CCNG2, each 
with log2 fold change <−1 and adjusted p < 0.001. Con-
versely, 102 genes were significantly upregulated, with 
MPDZ showing the highest log2 fold change (1.655; ad-
justed p = 2.100 × 10–33). Other significantly upregulated 
genes included S100A9, ZBP1, and CIRBP, all with log2 
fold change >1 and adjusted p < 0.001 (Fig. 1B). The overlap 
between the PLIN2‑related DEGs and genes previously 
associated with OI is presented in Table 2.

MR analysis results for overlap of DEGs and 
heel BMD

Mendelian randomization analysis of E2F2 was con-
ducted to evaluate its potential causal relationship with 
heel BMD using UK Biobank data. The UKB-b-4657 data-
set served as the discovery dataset, whereas UKB-b-8875, 
UKB-b-20124, and UKB-b-1096 were used as validation 
datasets. The IVW method was applied. For each dataset, 
29 SNPs were used as instrumental variables. The esti-
mated effect sizes (β coefficients) consistently indicated 
a negative association between E2F2 expression and heel 
BMD, suggesting that increased E2F2 expression is associ-
ated with lower heel BMD. The p-values across all 4 da-
tasets were highly significant, ranging from 1.116 × 10–7 
to 6.073 × 10–5, indicating strong statistical evidence for 
this association. The 95% confidence intervals (95% CIs) for 

the effect estimates further supported this finding, as all in-
tervals indicated negative effects across datasets. The cor-
responding odds ratios (ORs) were close to 1 (0.955–0.973), 
suggesting that although the association is statistically 
significant, the magnitude of the effect is relatively small 
(Table 3, Fig. 2). No other DEGs showed a causal relation-
ship with heel BMD using the IVW method.

Mendelian randomization analysis of the causal rela-
tionship between E2F2 and heel BMD, conducted using 
the IVW method across 4 UK Biobank datasets (UKB-
b-4657, UKB-b-1096, UKB-b-8875, and UKB-b-20124), 
revealed significant heterogeneity in the causal estimates 
derived from instrumental SNPs. Specifically, Cochran’s 
Q statistic and the corresponding p-values indicated sub-
stantial heterogeneity across all datasets, with Q p-values 
ranging from 5.140 × 10–17 to 5.895 × 10–13 (Table 4). MR-
Egger regression analysis further indicated the presence 
of directional pleiotropy. This conclusion was supported 
by statistically significant intercept p-values (p < 0.05) 
across all datasets, suggesting that genetic variants associ-
ated with E2F2 may influence heel BMD through pathways 
other than the hypothesized causal mechanism (Table 5).

The  MR-PRESSO analysis for horizontal pleiotropy, 
examining the causal effect of E2F2 on heel BMD, con-
sistently demonstrated a negative association across all 
datasets, as indicated by statistically significant p-values 
(p < 0.001) for the causal estimates. The global test p-value 
(pGlo), which also remained below 0.001, further supported 
the overall significance of the observed association (Table 6).

Table 2. Overlap of DEGs between OI and PLIN2-related gene

Gene 
symbol GeneID padj p-value lfcSE stat log2FoldChange baseMean Description

TNFRSF19 55504 0.001 7.48E-10 0.446 −6.156 −2.745 1859.710
tumor necrosis factor (TNF) 

receptor superfamily member 19

E2F2 1870 0.001 0.001 0.43 −4.985 −2.143 62.150 E2F transcription factor 2

SH3PXD2A 9644 0.001 0.001 0.402 4.498 1.807 6808.540 SH3 and PX domains 2A

MMP11 4320 0.005 0.001 0.492 3.848 1.894 143.030 matrix metallopeptidase 11

TXNIP 10628 0.011 0.001 0.351 3.599 1.263 4511.310 thioredoxin interacting protein

PPP1R3G 648791 0.022 0.001 0.477 3.346 1.595 64
protein phosphatase 1 regulatory 

subunit 3G

ID3 3399 0.032 0.001 0.369 3.197 1.180 2679.070 inhibitor of DNA binding 3

Gene symbol – official gene symbol; GeneID – NCBI gene identifier; padj – adjusted p-value (Benjamini–Hochberg false discovery rate); p-value – raw 
p-value from Wald test; lfcSE – log2 fold change standard error; stat – Wald statistic; log2FoldChange – log2 fold change (experimental vs control); 
baseMean – mean of normalized counts across all samples; description – gene name and functional annotation; DEGs – differentially expressed genes; 
OI – osteogenesis imperfecta; NCBI – National Center for Biotechnology Information. 

Table 3. Mendelian randomization (MR) analysis results for gene E2F2 and bone mineral density (BMD) (method – inverse-variance weighted (IVW))

Datasets nsnp b SE p-value Lower 95% CI Upper 95% CI OR OR_LCI_95 OR_UCI_95

UKB-b-8875 29.000 −0.028 0.007 0.000 −0.041 −0.014 0.973 0.960 0.986

UKB-b-20124 29.000 −0.028 0.007 0.000 −0.042 −0.015 0.972 0.959 0.986

UKB-b-1096 29.000 −0.034 0.007 0.000 −0.049 −0.020 0.966 0.952 0.981

UKB-b-4657 29.000 −0.046 0.009 0.000 −0.063 −0.029 0.955 0.939 0.971

95% CI – 95% confidence interval; nsnp – number of single nucleotide polymorphisms; b – effect size; SE – standard error of effect size; OR – odds ratio; 
OR_LCI_95 – odds ratio lower boundary of 95% CI; OR_UCI_95 – odds ratio upper boundary of 95% CI.
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Discussion

Our analysis revealed that PLIN2 is a key gene influenced 
by MSC therapy in OI, exhibiting the most significant 
adjusted p-value among the identified DEGs. PLIN2 plays 
a critical role in lipid droplet formation and storage, thereby 
influencing cellular lipid metabolism. Given the important 

role of lipids in cellular energy homeostasis and signal-
ing, particularly in stem cell differentiation,16 modulation 
of PLIN2 by MSC therapy suggests a potential mechanism 
for altering the metabolic environment of bone-forming 
cells in OI. Furthermore, our findings indicate that PLIN2 
deficiency leads to substantial transcriptomic changes, 
underscoring its regulatory role in gene expression.17

The observed interplay between PLIN2 and other DEGs, 
such as TNFRSF19 and E2F2, which are significantly down-
regulated in patients with OI but upregulated under PLIN2 
knockdown conditions, highlights the complex relation-
ship between lipid metabolism and bone homeostasis.18 
This finding suggests that PLIN2 may act as a key regulator 
of the balance between osteogenic and adipogenic differen-
tiation of MSCs.19 Dysregulation of this balance is a hall-
mark of OI, in which impaired bone formation is often 

Table 4. Heterogeneity analysis results for E2F2 gene and heel BMD 
(method – inverse-variance weighted (IVW))

Datasets Q Q_df Q_pval

UKB-b-4657 117.638 28 5.89582E-13

UKB-b-1096 86.642 28 6.57791E-08

UKB-b-8875 135.193 28 5.36E-16

UKB-b-20124 140.945 28 5.14E-17

Datasets – source genome-wide association study (GWAS) dataset 
identifier; BMD – bone mineral density; method – meta‑analysis method 
(inverse‑variance weighted); Q – Cochran’s Q statistic; Q_df – degrees 
of freedom for Cochran’s Q statistic; Q_pval – p‑value for Cochran’s Q statistic.

Table 5. MR-Egger analysis results for E2F2 gene and heel BMD

Datasets Egger_
intercept SE p-value

UKB-b-4657 −0.009 0.001 2.76E-07

UKB-b-1096 −0.008 0.001 3.52E-08

UKB-b-8875 −0.008 0.001 1.49E-09

UKB-b-20124 −0.008 0.001 1.36E-09

BMD – bone mineral density; SE – standard error of effect size.

Table 6. Horizontal pleiotropy analysis results for E2F2 gene and heel BMD 
(MR analysis – raw)

Causal 
estimate SD t-stat p-value p_Glo

−0.046 0.009 −5.409 8.15E-06 <0.001

−0.035 0.007 −4.674 6.27E-05 <0.001

−0.028 0.007 −4.061 0.001 <0.001

−0.029 0.007 −4.066 0.001 <0.001

Causal estimate – causal effect estimate (beta coefficient) from MR 
analysis; SD – standard deviation; t-stat – t-statistic; p-value – p-value 
for the t-statistic; p_Glo – global p-value for horizontal pleiotropy; 
horizontal-pleiotropy – pleiotropic effects via independent pathways; 
MR – Mendelian randomization; raw – unadjusted analysis; BMD – bone 
mineral density.

Fig. 2. Scatter plot of Mendelian randomization (MR) analysis for E2F2 gene in the UKB-b-4657 dataset
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accompanied by  increased adipogenesis.20 Accordingly, 
PLIN2 emerges as a potential therapeutic target in MSC-
based therapies for OI, as its modulation may help restore 
the balance between bone and adipose tissue formation, 
thereby improving bone matrix quality and osteoblast func-
tion. By targeting PLIN2, MSC therapy may not only en-
hance bone repair but also mitigate the adverse effects of ex-
cessive adipogenesis, potentially leading to more effective 
and sustained therapeutic outcomes in patients with OI.21

The complex interplay between bone and lipid metabo-
lism is essential for maintaining skeletal health, particu-
larly in conditions such as OI, in which metabolic imbal-
ances may exacerbate disease pathology. Our findings 
underscore the important role of PLIN2 in this context, 
consistent with the broader understanding of how lipid 
metabolism influences bone homeostasis.22 The balance 
between osteogenesis and adipogenesis is tightly regulated, 
and its disruption can lead to impaired bone quality and in-
creased fracture risk, as observed in OI.23 The involvement 
of PLIN2 in lipid metabolism suggests that it may play a key 
role in this process, potentially influencing the differentia-
tion of MSCs into either osteogenic or adipogenic lineages. 
This is particularly relevant in OI, where a shift toward 
adipogenesis may impair effective bone formation.24

Research demonstrates that lipid metabolism is closely 
linked to bone homeostasis, and disruptions in this balance 
contribute to OI pathophysiology. For instance, the per-
oxisome proliferator-activated receptor (PPAR) signaling 
pathway, a key regulator of adipogenesis and osteogenesis, 
is influenced by lipid dynamics. Although PLIN5 has been 
shown to modulate PPAR signaling in oxidative tissues,25 
the role of PLIN2 in MSCs and adipocytes suggests that 
it may indirectly influence this pathway by regulating lipid 
availability. Specifically, PLIN2 controls the availability 
of free fatty acids for energy metabolism compared to their 
storage within lipid droplets. In OI, where a shift toward 
adipogenesis is commonly observed, modulation of PLIN2 
may restrict lipid availability for adipogenic pathways and 
redirect metabolic resources toward osteogenesis. This bal-
ance is critical; by optimizing lipid partitioning, PLIN2 may 
influence MSC lineage commitment, promoting differen-
tiation toward osteoblasts rather than adipocytes. Bone 
remodeling involves a tightly regulated interplay between 
osteoblasts and osteoclasts, with lipid metabolism playing 
an important regulatory role in this process. Studies indicate 
that PLIN5 deficiency alters the expression of osteoclasto-
genesis-related genes, such as RANKL and OPG, thereby 
affecting bone resorption. In contrast, the role of PLIN2 
in lipid storage within the bone microenvironment may in-
directly stabilize osteoclast–osteoblast dynamics by modu-
lating the availability of lipid-derived signaling molecules. 
These molecules, including fatty acids, are known to influ-
ence inflammation and oxidative stress – key contributors 
to the excessive bone fragility observed in OI.26 Accord-
ingly, the regulation of lipid reserves by PLIN2 may support 
bone remodeling processes in the context of MSC-based 

therapy. The  therapeutic relevance of PLIN2 is  further 
supported by its potential interaction with mitochondrial 
function, a critical component of energy metabolism in os-
teoblasts. Previous studies on PLIN5 have highlighted its 
role in facilitating mitochondrial lipid utilization, thereby 
influencing adenosine triphosphate (ATP) production and 
ROS levels. In OI, mitochondrial dysfunction exacerbates 
oxidative stress and impairs osteogenesis, and PLIN5 defi-
ciency may further aggravate these effects. Although PLIN2 
is not directly associated with mitochondria, unlike PLIN5, 
it contributes to cytoplasmic lipid homeostasis and may in-
directly support mitochondrial energy supply. This suggests 
that PLIN2 could enhance MSC therapy by maintaining 
the lipid pool required for energy-intensive bone formation.

PLIN2 and PLIN5, both members of the perilipin fam-
ily, exhibit distinct yet complementary roles in lipid and 
bone metabolism. PLIN2 primarily regulates lipid droplet 
storage and hydrolysis in adipocytes and MSCs, whereas 
PLIN5, which is enriched in oxidative tissues, directs lipids 
toward mitochondria for β-oxidation. In the context of OI, 
the predominance of PLIN2 in MSCs positions it as a key 
regulator of lipid availability, influencing whether these 
cells differentiate into osteoblasts or adipocytes. In con-
trast, the mitochondrial role of PLIN5 supports energy 
metabolism in active osteoblasts and may help mitigate 
oxidative stress in OI. The interplay between these proteins 
is evident: PLIN2 maintains the lipid reservoir, whereas 
PLIN5 facilitates the utilization of these lipids for mito-
chondrial energy production.

One downstream consequence of the PLIN2-mediated 
inflammatory response is the upregulation of TNFRSF19, 
a member of the tumor necrosis factor (TNF) receptor 
superfamily. Evidence suggests that TNFRSF19 expression 
is elevated under conditions of increased inflammation and 
cellular stress, potentially as a compensatory response.27 
In the context of PLIN2 deficiency, increased availability 
of lipid-derived signaling molecules may stimulate TN-
FRSF19, which has been implicated in the regulation of cell 
proliferation and survival. Notably, GWAS have identi-
fied TNFRSF19 among candidate genes associated with 
bone biology, alongside genes such as PPARG and FBN2.28 
The upregulation of TNFRSF19 under PLIN2 knockdown 
conditions suggests a potential role in osteoblast or pre-os-
teoblast proliferation, as TNFRSF19 signaling may promote 
cell growth in response to inflammatory stimuli. In OI, 
where bone formation is already impaired, the interplay 
between PLIN2 deficiency, inflammation, and TNFRSF19 
upregulation presents a complex scenario. On the one 
hand, enhanced osteoblast proliferation driven by TN-
FRSF19 could potentially improve bone formation and 
counteract osteopenia. On the other hand, inflammation 
associated with increased lipid catabolism may offset these 
benefits by promoting osteoclast activity or impairing bone 
matrix quality.29 This dual effect highlights the nuanced 
role of  PLIN2 as  a  regulator of  both lipid metabolism 
and inflammatory tone in the bone microenvironment. 



Adv Clin Exp Med. 2026;35(5):835–846 843

The observed upregulation of TNFRSF19 under PLIN2 
knockdown conditions, as identified in our analysis, fur-
ther supports its potential role in modulating bone cell 
dynamics, although the net outcome – whether anabolic 
or catabolic – likely depends on the balance between these 
competing processes. From a  therapeutic perspective, 
these findings reinforce the importance of PLIN2 as a tar-
get in MSC-based therapy for OI. Preservation of PLIN2 
function may help mitigate excessive lipolysis and inflam-
mation, thereby limiting downstream activation of TN-
FRSF19 and its uncertain effects on bone cell proliferation. 
Alternatively, if the proliferative effects of TNFRSF19 prove 
beneficial, a combined strategy involving PLIN2 modula-
tion and targeted TNFRSF19 agonists may enhance os-
teogenesis while maintaining control over inflammation. 
This hypothesis is supported by evidence that TNFRSF19 
contributes to bone biology and that PLIN2 deficiency 
amplifies inflammatory signaling, underscoring the need 
for further studies to clarify these interactions.

The downregulation of E2F2 in OI is consistent with 
its established role in bone and cartilage biology. E2F2, 
a transcription factor, is involved in cell cycle regulation 
and differentiation, with studies demonstrating its impact 
on skeletal tissues. For example, constitutive overexpres-
sion of E2F2 inhibits chondrocyte differentiation and de-
lays endochondral ossification.30 These findings suggest 
that reduced E2F2 expression in OI may reflect impaired 
chondrocyte or osteoblast differentiation, thereby contrib-
uting to the characteristic bone fragility observed in this 
disease. Conversely, the upregulation of E2F2 under PLIN2 
knockdown conditions indicates that PLIN2 may normally 
suppress E2F2, potentially maintaining a balance that fa-
vors osteogenesis over excessive proliferation or adipogen-
esis. This relationship is particularly relevant given the role 
of PLIN2 in lipid metabolism, which influences MSC fate. 
Mechanistically, E2F2 regulates osteogenesis and adipo-
genesis through its control of cell cycle progression and 
progenitor cell proliferation. By  governing the  transi-
tion from proliferation to differentiation, E2F2 may de-
fine the temporal window during which MSCs commit 
to either osteogenic or adipogenic lineages. In OI, altered 
E2F2 expression may disrupt this critical timing, thereby 
contributing to the  imbalance in bone formation. Fur-
ther evidence supports the therapeutic relevance of E2F2 
in skeletal disorders. In traumatic osteoarthritis, exosomes 
enriched with miR-125a-5p derived from MSCs target 
E2F2 to suppress chondrocyte degeneration, suggesting 
a protective effect associated with E2F2 downregulation.31 
Similarly, in osteoarthritis prevention, long noncoding 
RNA (lncRNA) PTS-1 inhibits E2F2 via the miR-8085/
E2F2 axis, thereby promoting cartilage homeostasis.32 
These findings contrast with OI, in which E2F2 downregu-
lation may exacerbate bone defects, highlighting context-
dependent effects. In fracture healing, quercetin modulates 
the miR-6089/E2F2 axis to enhance osteoblast viability, 
proliferation, migration, and differentiation,33 suggesting 

that increased E2F2 expression may be beneficial in certain 
regenerative contexts. The upregulation of E2F2 follow-
ing PLIN2 loss may therefore represent a compensatory 
mechanism in OI, aimed at enhancing osteoblast activity, 
although potentially at the expense of increased inflamma-
tion or dysregulated differentiation. Mendelian random-
ization analysis further elucidates the causal relationship 
between E2F2 and bone health. Across 4 UK Biobank data-
sets, E2F2 expression consistently demonstrated a negative 
association with heel BMD, with statistically significant 
p-values (from 1.116 × 10–7 to 6.073 × 10–5) and effect esti-
mates indicating that higher E2F2 expression is associated 
with lower BMD. This finding is consistent with the in-
hibitory role of E2F2 in chondrocyte differentiation and 
suggests that E2F2 downregulation in OI may represent 
a compensatory mechanism aimed at preserving BMD, 
despite the osteopenic phenotype of the disease. However, 
the relatively small effect sizes (ORs: 0.955–0.973) indicate 
a modest magnitude of association. Moreover, the pres-
ence of significant heterogeneity and directional pleiotropy 
suggests that additional biological pathways may contrib-
ute to this relationship, thereby complicating its potential 
as a therapeutic target. This heterogeneity indicates that 
the causal effect estimates across instrumental variables 
are not fully consistent, which may arise from several fac-
tors. Potential explanations include residual confounding, 
differences in genetic architecture or environmental expo-
sures within UK Biobank subpopulations, and horizontal 
pleiotropy, whereby SNPs influence the outcome through 
pathways independent of the exposure. Although MR-Eg-
ger and MR-PRESSO analyses were applied to detect and 
partially account for pleiotropy, residual pleiotropic effects 
or context-specific genetic interactions may still contribute 
to the observed variability. These findings suggest that 
the relationship between E2F2 and BMD is multifactorial 
and likely governed by complex biological networks, rather 
than a single causal pathway. Accordingly, while the MR 
analysis supports a causal association, the magnitude and 
generalizability of this effect should be interpreted with 
caution. Future studies incorporating individual-level data 
or stratified population analyses are warranted to further 
elucidate the sources of heterogeneity and refine causal 
inference.

Mesenchymal stem cell therapy has attracted consider-
able attention as a potential treatment for OI due to its 
capacity to differentiate into osteoblasts, home to sites 
of injury, and exert paracrine effects on recipient tissues. 
These properties, together with a favorable safety profile, 
multilineage differentiation potential, low immunogenic-
ity, and relative ease of manufacturing, position MSCs 
as a promising therapeutic platform for OI. Fetal-derived 
MSCs, in particular, exhibit enhanced osteogenic potential 
compared with adult-derived MSCs, as supported by pre-
clinical and early clinical studies demonstrating improved 
bone formation and potential clinical benefits following 
intravenous administration.34 Despite these advantages, 
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the therapeutic efficacy of MSC therapy in OI remains 
limited, with outcomes that are often modest, variable, 
and insufficiently durable, thereby hindering broader 
clinical translation. Evidence from multiple studies high-
lights these limitations. Although MSC therapy shows 
promise, including the superior bone-forming capacity 
of fetal MSCs, consistent and sustained clinical benefit 
has not been reliably achieved. More broadly, analyses 
of clinical-stage MSC therapies indicate that many fail 
to meet primary efficacy endpoints, suggesting that the in-
trinsic therapeutic potency of MSCs in humans may be 
lower than that predicted by preclinical models.35 This 
discrepancy may be attributed to heterogeneity arising 
at multiple stages of cell therapy development, including 
cell sourcing, expansion, and delivery, all of which can 
undermine consistency and therapeutic efficacy. In os-
teoarthritis, MSC injections have been shown to  im-
prove clinical outcomes such as pain and joint function; 
however, magnetic resonance imaging (MRI) typically 
demonstrates only minimal structural improvement, sug-
gesting that functional benefits may not translate into 
durable tissue repair.36 Similarly, clinical trials of MSC 
therapy in osteoarthritis and rheumatoid arthritis re-
port improvements in joint function, pain reduction, and 
quality of life without major adverse effects. Nevertheless, 
the magnitude of these benefits varies, and their long-term 
durability remains uncertain.37 Additional challenges in-
clude age-related declines in MSC potency and the risk 
of immune responses associated with allogeneic MSCs.38 
Taken together, these findings indicate that although MSC 
therapy provides measurable benefits, its effects are often 
insufficient or unstable for addressing complex underly-
ing pathologies such as OI. Accordingly, the inconsistent 
and modest efficacy of MSC-based approaches highlights 
the need to target key regulatory genes, including PLIN2 
and E2F2, to enhance osteogenesis and improve therapeu-
tic stability, potentially through combinatorial strategies 
or MSC engineering.

Future directions and clinical relevance

Our study, primarily computational in nature, identifies 
PLIN2 and E2F2 as promising therapeutic targets in OI and 
suggests novel strategies to enhance MSC-based thera-
pies by promoting osteogenesis and improving the stability 
of therapeutic outcomes. Future research should prioritize 
experimental validation of these findings using both in vi-
tro and in vivo models to confirm the causal roles of PLIN2 
and E2F2 in osteoblast and adipocyte differentiation. Fur-
ther investigation into the molecular mechanisms by which 
modulation of these genes affects bone quality and fracture 
healing is warranted. Ultimately, these insights may facili-
tate the development of more targeted and effective MSC-
based interventions for OI, supporting the advancement 
of personalized therapeutic approaches aimed at optimiz-
ing bone health and reducing disease burden.

Limitations of the study

Although our bioinformatics analysis provides valu-
able insights into the roles of PLIN2 and E2F2 in OI and 
their potential as therapeutic targets, it is inherently lim-
ited by its reliance on computational methods and pub-
licly available datasets. The identification of DEGs and 
the causal associations inferred from MR analyses are 
based on statistical relationships rather than direct ex-
perimental evidence, and therefore should be interpreted 
with caution.

Factors such as sample heterogeneity, batch effects, and 
unmeasured confounders may have influenced the ob-
served expression patterns and associations. Moreover, 
the upregulation of E2F2 and TNFRSF19 under PLIN2 
knockdown conditions, contrasted with their downregu-
lation in OI, suggests a complex regulatory interplay that 
requires functional validation. Further experimental stud-
ies – including in vitro assays using MSC models, in vivo 
PLIN2 knockout models, and histological analyses of bone 
formation – are necessary to elucidate the mechanistic 
role of PLIN2 in lipid metabolism and the impact of E2F2 
on osteoblast differentiation and BMD. In addition, clini-
cal translation will require well-designed trials to evaluate 
the feasibility and efficacy of targeting these pathways 
in MSC-based therapies, ensuring that bioinformatics-
derived hypotheses are validated by robust experimental 
and clinical evidence.

Conclusions

Our study highlights the pivotal role of PLIN2 in regu-
lating lipid metabolism and MSC fate in OI, with E2F2 
emerging as a key downstream regulator that influences 
bone cell dynamics and BMD. The overlap of DEGs be-
tween OI and PLIN2-related profiles, together with MR 
evidence linking E2F2 to skeletal traits, underscores their 
therapeutic relevance. Despite the promise of MSC-based 
therapies for OI, their efficacy remains modest and vari-
able, characterized by transient clinical benefits, incon-
sistent outcomes, limited structural repair, and potential 
immunological challenges. These limitations highlight 
the need for more targeted and mechanistically informed 
approaches. We propose that PLIN2 and E2F2 represent 
critical molecular targets for enhancing MSC therapy. 
Precise modulation of PLIN2 to optimize lipid metabo-
lism, together with regulation of E2F2-mediated differ-
entiation pathways, may improve osteogenic potential 
and promote more durable therapeutic effects. Although 
these findings provide a compelling framework, experi-
mental and clinical validation is essential to translate 
bioinformatics-driven insights into effective therapeutic 
strategies, ultimately improving skeletal outcomes in pa-
tients with OI.
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Abstract
Background. Lung adenocarcinoma (LUAD) ranks among the deadliest malignancies worldwide. The en-
doplasmic reticulum (ER) stress response plays a critical role in the pathogenesis of various cancers, and long 
non-coding RNAs (lncRNAs) are known for their regulatory roles in gene expression and disease progression.

Objectives. To construct and validate a prognostic model based on ER stress-related lncRNAs in LUAD.

Materials and methods. The Cancer Genome Atlas (TCGA) and Genotype-Tissue Expression (GTEx) 
databases were used. Utilizing the Molecular Signatures Database (MSigDB), we identified ER stress-related 
mRNAs and lncRNAs. Weighted gene co-expression network analysis (WGCNA) was employed to identify 
genes associated with LUAD prognosis. An lncRNA-based prognostic risk scoring model was constructed using 
univariate and least absolute shrinkage and selection operator (LASSO) regression analyses and independently 
validated. Consensus clustering analysis was applied to define risk subgroups, optimizing the risk scoring 
system. The model’s performance was evaluated using receiver operating characteristic (ROC) curves and 
nomograms. Differentially expressed gene (DEG) and enrichment analyses were performed to investigate 
the biological relevance of the risk score. Additionally, the relationships between risk scores, immune infiltra-
tion, and the tumor microenvironment (TME) were explored.

Results. Using WGCNA, we successfully identified genes strongly associated with ER stress in LUAD prognosis. 
A prognostic model comprising 13 signature genes was developed, demonstrating robust discrimination 
between high- and low-risk patients, with the high-risk group exhibiting reduced overall survival (OS). 
The model’s predictive accuracy was confirmed through Kaplan–Meier and ROC analyses. Correlation analysis 
between risk scores and immune infiltration indicated that the model reflects the immune landscape of LUAD. 
Subgroup analysis using consensus clustering (C1 and C2) revealed more pronounced differences in immune 
cell dynamics than the binary risk score classification alone.

Conclusions. This study introduces a novel prognostic model based on the co-expression of ER stress-
related lncRNAs in LUAD.

Key words: lung adenocarcinoma, immune infiltration, prognostic model, endoplasmic reticulum stress, 
long non-coding RNAs
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Background

Lung adenocarcinoma (LUAD), the most common his-
tological subtype of non-small cell lung cancer (NSCLC), 
is one of  the most prevalent malignancies worldwide, 
accounting for approx. 40% of all lung cancer cases.1–3 
According to the World Health Organization (WHO), 
lung cancer remains the leading cause of cancer-related 
mortality globally, with adenocarcinoma representing 
a substantial proportion of  these cases.3 Lung adeno-
carcinoma is characterized by marked molecular het-
erogeneity and biological complexity, which contribute 
to its poor prognosis, particularly in patients diagnosed 
at advanced stages. The 5-year survival rate for LUAD 
remains low, often below 20%, highlighting the urgent 
need for improved diagnostic and therapeutic strate-
gies. Therefore, a deeper understanding of the molecular 
mechanisms underlying LUAD and the  identification 
of reliable biomarkers for early detection, targeted in-
tervention, and personalized management are of critical 
importance.4

The endoplasmic reticulum (ER) is a critical intracellular 
organelle responsible for maintaining protein homeostasis 
through the regulation of protein synthesis, folding, and 
transport.5,6 Endoplasmic reticulum stress occurs when ER 
protein-folding capacity is disrupted, resulting in the ac-
cumulation of misfolded proteins. This stress response 
activates a series of signaling pathways, including the un-
folded protein response (UPR), which aims to  restore 
cellular homeostasis.7 In the context of LUAD, ER stress 
has been shown to be closely associated with malignant 
cellular behaviors, including invasion, metastasis, and re-
sistance to anticancer therapies.8–10 For example, studies 
have demonstrated that ER stress can promote epithelial–
mesenchymal transition (EMT) in LUAD cells, thereby 
enhancing their invasive and metastatic potential. Addi-
tionally, ER stress has been implicated in the development 
of therapeutic resistance, representing a major challenge 
in cancer treatment. Therefore, targeting ER stress has 
emerged as a promising therapeutic strategy for LUAD.11

Long non-coding RNAs (lncRNAs) have attracted 

increasing attention in recent years due to their critical 
roles in diverse biological processes, including cellular 
differentiation, development, and gene expression regu-
lation.12 In LUAD, dysregulated lncRNA expression has 
been closely associated with tumor progression, metastasis, 
and patient prognosis.13–16 For example, specific lncRNAs 
have been identified as potential oncogenes or tumor sup-
pressors in LUAD, influencing cell proliferation, apopto-
sis, and migration. Moreover, lncRNAs can interact with 
ER stress-related signaling pathways, thereby modulating 
the biological behavior of tumor cells.17 This crosstalk be-
tween lncRNAs and ER stress pathways suggests that ER 
stress-related lncRNAs may serve not only as promising 
biomarkers for LUAD but also as potential therapeutic 
targets.

Recent advances in molecular biology have revealed that 
the interplay between ER stress and lncRNAs is more com-
plex than previously recognized. For example, the lncRNA 
HOTAIR has been reported to interact with ER stress-
related pathways, promoting tumor progression in LUAD 
through modulation of key genes involved in the UPR.18 
Similarly, the lncRNA MALAT1 has been implicated in en-
hancing the metastatic potential of LUAD cells by stabiliz-
ing ER stress-related transcripts.19 These findings further 
underscore the potential of lncRNAs as both prognostic 
biomarkers and therapeutic targets in LUAD.

Furthermore, the  tumor microenvironment (TME) 
plays a critical role in the progression of LUAD and in de-
termining treatment response. Endoplasmic reticulum 
stress has been shown to modulate the TME by influenc-
ing the recruitment, activation, and function of immune 
cells, including macrophages and T lymphocytes.20 This 
interaction between ER stress and the TME further com-
plicates the therapeutic landscape of LUAD and highlights 
the need for a comprehensive understanding of the un-
derlying molecular mechanisms. The complex interplay 
among ER stress, lncRNAs, and the TME in LUAD under-
scores the importance of further investigation into their 
roles in tumor biology. A deeper understanding of these 
interactions may reveal novel therapeutic targets and con-
tribute to improved clinical outcomes in LUAD.

Highlights
	• A novel prognostic model based on endoplasmic reticulum (ER) stress-related long non-coding RNAs (lncRNAs) 
was developed for lung adenocarcinoma (LUAD).

	• A 13-lncRNA risk signature effectively stratifies LUAD patients into high- and low-risk groups with distinct sur-
vival outcomes.

	• DNAJC5B is associated with immune cell infiltration and ER stress regulation, highlighting potential therapeutic 
relevance in LUAD.

	• The prognostic model demonstrated robust predictive performance (AUC > 0.7) across training, testing, and 
validation cohorts.

	• ER stress-related lncRNA signatures may support prognostic assessment and personalized immunotherapy in LUAD.
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Objectives

Although previous studies have explored the roles of ER 
stress and ER stress-related lncRNAs in LUAD, their in-
teractions and specific prognostic applications in LUAD 
remain unclear. This study aimed to  construct an  ER 
stress-related prognostic risk model through comprehen-
sive analysis of gene expression data from LUAD patients, 
with particular emphasis on lncRNA expression patterns. 
We anticipate that this study will provide novel insights 
and potential biomarkers for personalized prognostic as-
sessment and therapeutic decision-making in LUAD.

Material and methods

Data processing

This study utilized data from The Cancer Genome Atlas 
(TCGA; https://portal.gdc.cancer.gov) and the Genotype-
Tissue Expression (GTEx) project (https://gtexportal.org). 
In addition, single-cell validation analyses were performed 
using TISCH2 (http://tisch.comp-genomics.org), which in-
cludes 17 single-cell sequencing datasets. TISCH2 is a sin-
gle-cell transcriptomic database focused on the TME, pro-
viding detailed cell-type annotations. As LUAD was not 
available as a specific category in the TISCH2 database, 
NSCLC was selected as the closest alternative for the initial 
validation analysis. This approach enabled validation us-
ing the available single-cell transcriptomic data relevant 
to the lung cancer microenvironment.

The  TCGA cohort of  patients with LUAD included 
transcriptomic data and detailed clinical information for 
600 patients. All patients underwent surgical resection 
and had relatively complete follow-up data, with a median 
follow-up duration of 6 years. The patients ranged in age 
from 30 to 90 years, with a male-to-female ratio of ap-
prox. 1.8:1. The pathological stage distribution included 
279 patients with stage I disease, 124 with stage II, 100 with 
stage IIA, 85 with stage III, and 26 with stage IV disease.

Identification of ER stress-related lncRNAs

A keyword search for “endoplasmic reticulum stress” 
identified 419 ER stress-related genes. Pearson’s correlation 
analysis was subsequently performed between these ER 
stress-related genes and 16,876 lncRNAs in the expression 
matrix, identifying 3,611 lncRNAs significantly associated 
with ER stress.

Weighted correlation network analysis

Weighted correlation network analysis (WGCNA; 
v. 1.73) was performed to identify gene modules associ-
ated with LUAD prognosis. Selection of an appropriate 
soft-thresholding power is a critical step in WGCNA, 

as it directly influences the scale-free topology of the con-
structed network. To determine the optimal soft thresh-
old, a systematic evaluation of candidate soft-thresholding 
powers ranging from 1 to 20 was performed. For each 
candidate value, the scale-free topology fit index (R2) was 
calculated to assess the degree of conformity between 
the network connectivity distribution and the ideal scale-
free topology. A soft-thresholding power of 16 was se-
lected, at which the scale-free topology fit index reached 
0.80, indicating a satisfactory approximation to a scale-
free network model. This threshold was chosen based 
on the balance between module stability, intramodular 
connectivity, and reduction of background noise, thereby 
improving the identification of prognostically relevant 
gene modules in LUAD.

Construction and validation 
of the prognostic ER stress-related 
lncRNA risk score

For construction of the prognostic risk model, differen-
tial expression analysis between LUAD and control sam-
ples was first performed using the limma package (v. 3.50.3; 
https://bioconductor.org/packages/limma) in R to identify 
significantly differentially expressed genes (DEGs). Dif-
ferentially expressed genes were defined using the thresh-
olds of |log2 fold change| >1 and Benjamini–Hochberg 
adjusted p < 0.05. Subsequently, WGCNA was applied 
to the gene expression dataset to identify gene modules 
significantly associated with LUAD prognosis. WGCNA 
enables the identification of potential disease-related bio-
markers by constructing gene co-expression networks and 
clustering genes with similar expression patterns into bio-
logically relevant modules.

After identifying disease-related gene modules, inter-
secting analysis was performed between these modules and 
the previously identified DEGs. This step was used to fur-
ther refine the candidate gene set by focusing on genes 
that were both differentially expressed and associated 
with disease-relevant molecular modules. Subsequently, 
univariate Cox regression analysis was performed to iden-
tify genes significantly associated with patient prognosis 
among the intersecting genes. Univariate Cox regression 
is a standard survival analysis method used to evaluate 
the association between gene expression levels and patient 
survival outcomes.

To further optimize the prognostic model and reduce 
the risk of overfitting, least absolute shrinkage and se-
lection operator (LASSO) Cox regression analysis was 
performed to  select prognostically relevant genes and 
estimate their coefficients. LASSO regression is a regu-
larization-based method suitable for variable selection 
in high-dimensional datasets. The analysis was conducted 
using the glmnet package in R (https://CRAN.R-project.
org/package=glmnet), and the optimal penalty param-
eter (λ) was determined through 10-fold cross-validation 

https://portal.gdc.cancer.gov
https://gtexportal.org
http://tisch.comp-genomics.org
https://bioconductor.org/packages/limma
https://CRAN.R-project.org/package=glmnet
https://CRAN.R-project.org/package=glmnet
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by minimizing the partial likelihood deviance. This ap-
proach improved model robustness and generalizability.

Validation of prognostic model 
and consensus clustering

Based on gene expression profiles following risk strati-
fication, consensus clustering analysis was performed 
on the TCGA-LUAD dataset using the ConsensusClusterPlus 
package (https://www.bioconductor.org/packages/release/
bioc/html/ConsensusClusterPlus.html). Principal compo-
nent analysis (PCA) and t-distributed stochastic neighbor 
embedding (t-SNE) were used to visualize the distribution 
of clustered samples. A heatmap was generated to illustrate 
the distribution of LUAD patients across different clusters, 
together with survival information and stratification into 
high- and low-risk groups. A nomogram was constructed 
to provide a visual representation of the clinical applicabil-
ity of the prognostic model. In addition, subgroup analyses 
based on clinical characteristics were performed to evaluate 
the prognostic value of the risk score and consensus cluster-
ing within specific patient subgroups.

Enrichment and TME analysis

Immune cell infiltration in LUAD samples was initially 
evaluated using the CIBERSORT algorithm (R script v. 1.03) 
(https://cibersort.stanford.edu) with 1,000 permutations 
and a significance threshold of p < 0.05, in combination with 
the IOBR (Immuno-Oncology Biological Research) pack-
age (v. 0.99.9; https://CRAN.R-project.org/package=IOBR) 
in R to estimate the relative abundance of immune cell 
populations based on RNA transcriptomic data. This ap-
proach enabled quantitative assessment of immune cell 
infiltration across individual samples. For TME analysis, 
the ESTIMATE algorithm implemented in the IOBR pack-
age was used to assess stromal and immune components 
within the  tumor tissue. Default gene signatures were 
applied for immune and stromal cell estimation, and im-
mune, stromal, and ESTIMATE scores were calculated for 
each TCGA-LUAD sample. Patients were stratified into 
high- and low-risk groups, as well as consensus clustering 
subgroups, using the median risk score as the cutoff. Differ-
ences in stromal, immune, and ESTIMATE scores between 
groups were assessed using the Wilcoxon rank-sum test.

Gene mutation analysis

Somatic mutation data for TCGA-LUAD patients were 
obtained from the TCGA database. A waterfall plot was 
generated to visualize the mutation landscape of frequently 
mutated genes in the high- and low-risk groups. In addi-
tion, tumor mutation burden (TMB) was calculated for 
each TCGA-LUAD patient using the maftools R package 
(v. 3.21; https://bioconductor.org/packages/release/bioc/
html/maftools.html). Tumor mutation burden was defined 

as the number of somatic mutations per megabase (Mb) 
of sequenced genomic region and was subsequently used 
for comparative and correlation analyses.

LncRNA-related target genes

Potential target genes of the model lncRNAs were identi-
fied using RNAct (http://rnact.crg.eu) and systematically 
compiled for downstream analysis. An interaction network 
was constructed and hub gene analysis was performed 
using Cytoscape (https://cytoscape.org). Core target genes 
associated with the model lncRNAs were subsequently 
subjected to differential expression analysis across risk 
score groups and consensus clustering subgroups.

Statistical analyses

Statistical analyses and data visualization were performed 
using R v. 4.1.0 (R Foundation for Statistical Computing, 
Vienna, Austria). Survival analyses were conducted using 
the Kaplan–Meier method, and differences between groups 
were compared using the log-rank test. Associations be-
tween risk scores and clinical characteristics were evaluated 
using Cox proportional hazards regression analysis with 
the survival package (v. 3.2-11; https://github.com/therneau/
survival) in R to assess the independent prognostic value 
of the risk score. During model construction and validation, 
the proportional hazards (PH) assumption was assessed for 
all Cox regression models, including univariable and LASSO 
Cox regression analyses. The PH assumption was evaluated 
using the Schoenfeld residuals test, and the results confirmed 
that the included variables satisfied this assumption (Sup-
plementary Fig. 1).21 Statistical tests were selected accord-
ing to data distribution and variance characteristics. For 
comparisons between 2 groups, Student’s t-test was applied 
when data met assumptions of normality and homogeneity 
of variance; Welch’s t-test was used when normality was 
satisfied but variances were unequal; otherwise, the Wil-
coxon rank-sum test was applied. A p < 0.05 was considered 
statistically significant.

Results

Model construction

Differential expression analysis and WGCNA were 
performed on LUAD and normal control samples from 
the TCGA and GTEx datasets (Fig. 1A,B). The intersection 
between differentially expressed genes and genes from 
the blue and gray WGCNA modules was selected for uni-
variate Cox regression analysis (Fig. 1D), yielding candidate 
genes for prognostic model construction. Subsequently, 
LASSO Cox regression analysis was performed to con-
struct the ER stress-related lncRNA prognostic model 
(Fig. 1E,F), with the following risk score formula: 

https://www.bioconductor.org/packages/release/bioc/html/ConsensusClusterPlus.html
https://www.bioconductor.org/packages/release/bioc/html/ConsensusClusterPlus.html
https://cibersort.stanford.edu
https://CRAN.R-project.org/package=IOBR
https://bioconductor.org/packages/release/bioc/html/maftools.html
https://bioconductor.org/packages/release/bioc/html/maftools.html
http://rnact.crg.eu
https://cytoscape.org
https://github.com/therneau/survival
https://github.com/therneau/survival


Fig. 1. Endoplasmic reticulum (ER) stress-related long non-coding RNA (lncRNA) model prognostic model. A. Tree-like topology; B. Module-trait correlation 
heatmap. The horizontal axis represents clinical characteristics, and the vertical axis represents the names of WGCNA modules; C. Volcano plot. Red 
represents high expression in tumors, and green represents low expression in tumors; D. Univariate Cox forest plot, red represents hazard ratio (HR) >1 and 
green represents HR < 1; E. Log change coefficients plotted with (least absolute shrinkage and selection operator (LASSO) Cox regression in 10-fold cross-
validation; F. Partial likelihood deviation plotted with LASSO Cox regression in 10-fold cross-validation
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Risk score = 
(LINC00460  ×  0.0006) + (AC010999.2  ×  −0.1509) + 
(AC026355.2  ×  −0.0104) + (LINC01537  ×  0.1545) + 
(AL162632.3  ×  0.6158) + (ABCA9-AS1  ×  0.1352) + 
(AL137009.1  ×  −0.0158) + (AC026462.3  ×  0.0417) + 
(AC090559.1  ×  −0.0023) + (LINC00707  ×  0.0481) + 
(AC034102.8  ×  −0.0575) + (AC018647.1  ×  −0.3211) + 
(AC092802.1 × −0.0283). 
All lncRNAs included in  the  final prognostic model 
satisfied the  proportional hazards assumption based 
on Schoenfeld residual testing.

Consensus clustering

Based on  the model genes and risk scores, we con-
ducted consensus clustering analysis on LUAD samples. 
First, the patients were divided into different clusters 
(K = 2–9), and the optimal number of clusters was de-
termined to be K = 2 based on the consensus matrix 
(Fig. 2A). The consensus cumulative distribution func-
tion (CDF) curve was also plotted (Fig. 2B). The analy-
sis showed that patients with LUAD could be divided 
into 2  risk groups, C1 and C2. The  infiltration level 
of immunosuppressive cells (such as regulatory T cells, 
myeloid-derived suppressor cells, and tumor-associated 
macrophages) in the TME of group C1 (high-risk group) 
was relatively high. These cells can inhibit the antitumor 
immune response and promote tumor immune escape. 
Therefore, group C1 may be associated with a poorer sur-
vival prognosis. Conversely, the infiltration level of im-
munosuppressive cells in group C2 (low-risk group) was 
lower, suggesting that there may be a more active anti-
tumor immune response in the TME. Effector T cells 
can recognize and attack tumor cells more effectively, 
thereby inhibiting tumor growth and metastasis. To vi-
sually demonstrate the  relationship between the  risk 
score and the clustering results, we plotted a Sankey 
plot (Fig. 2C) and verified using the Kaplan–Meier curve 
that the survival time of patients in group C2 was longer 
(Fig. 2D). Furthermore, the stability and repeatability 
of the clustering results were confirmed through PCA 
and t-SNE analysis (Fig. 2E,F).

Model validation and comparison

The samples were randomly divided into a test group 
and a training group. There were survival differences ac-
cording to risk scores across the entire cohort, the test set, 
and the training set, with lower scores indicating better 
survival outcomes (Fig. 3A–C). Time-dependent receiver 
operating characteristic (ROC) analysis demonstrated 
robust predictive accuracy. The  area under the  ROC 
curve (AUC) for the risk scores with clinical relevance, 
as well as the AUCs at 1, 3, and 4 years, were consistent 
(Fig. 3D,E).

Functional enrichment analysis

Functional enrichment analysis was performed on dif-
ferential genes between the  risk score and consensus 
clustering groups. Gene Ontology (GO) analysis related 
to the risk score mainly involved cell movement and cili-
ary movement. Among these, “cell motility” and “cilia 
motility” were significantly enriched biological pro-
cesses that play a key role in LUAD invasion and metas-
tasis (Fig. 4A), while GO analysis related to consensus 
clustering mainly involved muscle contraction and fiber 
contraction (Fig. 4B). Kyoto Encyclopedia of Genes and 
Genomes (KEGG; https://www.genome.jp/kegg) enrich-
ment analysis and gene set enrichment analysis (GSEA) 
related to the risk score were enriched only in cell move-
ment; therefore, these results are not shown in the figures. 
The KEGG analysis for consensus clustering mainly in-
volved vascular contraction (Fig. 4C). GSEA for consensus 
clustering mainly involved the formation and regulation 
of the stromal group (Fig. 4D).

Immune-related analysis

The risk score and consensus clustering showed simi-
lar profiles in immune cell infiltration and immune cell 
function, primarily associated with T cells and macro-
phages (Fig. 5A,B,D,E). By integrating checkpoint analysis 
with risk scores and consensus clustering, together with 
the analysis of immune cells and their functions, the con-
sensus clustering groups appeared to be more immunologi-
cally sensitive (Fig. 5C,F).

Mutation analysis

An in-depth examination of the mutational profile in re-
lation to the risk score was performed. The mutational spec-
trum revealed the top 20 most frequently mutated genes, 
highlighting a  pronounced disparity in  mutation rates 
between the high- and low-risk cohorts (Fig. 6A). A sta-
tistically significant difference in mutation rates was ob-
served between these groups (p = 0.039), with the high-risk 
group exhibiting a notably elevated TMB score compared 
to the low-risk group (Fig. 6B). Moreover, a significant posi-
tive correlation was identified between TMB and risk scores 
(correlation coefficient R = 0.087, p = 0.033), suggesting 
a direct association between the 2 metrics (Fig. 6C).

Clinical and functional exploration 
of model genes

Pairwise sample analysis was conducted on the model 
genes, revealing expression differences for all core genes 
in  the  model except AC010999.2, AC026462.3, and 
AC034102.8 (Fig. 7A). Prognostic analysis of the model 
genes over 1–5 years indicated a close relationship between 

https://www.genome.jp/kegg
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the model genes and prognosis (Fig. 7B). Immunoinfiltra-
tion analysis showed that the model genes were involved 
in  immune cell production and immune cell function 

(Fig. 7C,D). Based on TCGA data, we further analyzed 
the expression of the hub target genes in the risk scoring 
and consensus clustering groups (Fig. 7E,F). Combining 

Fig. 2. Identifying risk clusters through consensus clustering. A. Consensus clustering matrix at K = 2; B. Cumulative distribution function (CDF) curves for 
clustering from k = 2 to 9; C. Sankey diagram; D. Survival analysis of lung adenocarcinoma (LUAD) samples divided into 2 clusters; E. Principal component 
analysis (PCA) plot for the 2 clusters; F. T-distributed stochastic neighbor embedding (tSNE) plot for the 2 clusters



Fig. 4. Functional enrichment analysis for risk score and consensus clustering. A. Gene Ontology (GO) enrichment analysis for the risk score; B. GO 
enrichment analysis for consensus clustering; C. Kyoto Encyclopedia of Genes and Genomes (KEGG) enrichment analysis for consensus clustering; D. Gene 
set enrichment analysis (GSEA) enrichment analysis for consensus clustering

Fig. 3. Validation of the endoplasmic reticulum (ER) stress-related long non-coding RNA (lncRNA) prognostic model. A. Kaplan–Meier survival curves 
(all); B. Kaplan–Meier survival curves (test); C. Kaplan–Meier survival curves (train); D. Clinically relevant prognostic receiver operating characteristic (ROC); 
E. Prognostic ROC for risk scores. In the Kaplan–Meier survival curve, red represents the high-risk group and green represents the low-risk group
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expression correlation analysis and differential expression 
analysis, DNAJC5B was ultimately selected for subsequent 
validation. Based on TISCH2, as there was no option for 
LUAD, we selected NSCLC. DNAJC5B was primarily as-
sociated with monocytes/macrophages, followed by B cells 
and natural killer (NK) cells (Fig. 8).

Discussion

The individual variability among patients leads to differ-
ent responses to treatment, necessitating robust prognostic 
markers for personalized prediction and therapy.4,22 There-
fore, the construction of a robust prognostic model to pre-
dict patient outcomes is urgently needed. Long non-coding 
RNAs play a significant role in many biological processes, 
including tumorigenesis, cell differentiation, and metabo-
lism.23–25 In recent years, these novel non-coding transcripts 
have garnered widespread attention due to their extensive 
and complex roles in cancer migration and progression.26

Long non-coding RNAs play a key role in cancer de-
velopment by interacting with ER stress-related proteins, 
activating downstream signaling pathways, and regulat-
ing apoptosis and survival. For example, lncRNA GAS5 
binds to GRP78, activates the UPR and the caspase-9 and 
CHOP signaling pathways, and induces apoptosis in hepa-
toblastoma HepG2 cells.27 lncRNA MEG3 is associated 
with increased expression of ER stress pathway proteins 
(e.g., GRP78, PERK, IRE1α, and ATF6), enhances NF-κB 
(nuclear factor kappa-light-chain-enhancer of activated 
B cells) translocation, and induces apoptosis in cancer 
cells.28–30 In addition, lncRNAs are involved in the fine 
regulation of apoptosis and survival mechanisms and in-
fluence the sensitivity of tumor cells to chemotherapeutic 
agents.31,32 These mechanisms are complex and diverse, 
providing potential targets for cancer prognostic assess-
ment and treatment, and further research is needed to sup-
port precision cancer therapy in the future.

In  the  present study, we  paid special attention 
to the role of lncRNAs such as LINC00460 in ER stress. 

Fig. 5. Immune-related analysis for risk score and consensus clustering. A. Differential analysis of immune cells in risk scoring; B. Differential analysis 
of immune cell functions in risk scoring; C. Differential analysis of checkpoints in risk scoring; D. Differential analysis of immune cells in consensus clustering; 
E. Differential analysis of immune cell functions in consensus clustering; F. Differential analysis of checkpoints in consensus clustering. The p-values are 
represented as *p < 0.05, **p < 0.01, and ***p < 0.001. Green represents C1 or the low-risk group, and red represents C2 or the high-risk group
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LINC00460 has been reported to interact with key regu-
lators of ER stress, such as ATF4, which in turn affects 
UPR signaling. Our data indicate that the expression level 
of LINC00460 is closely associated with the prognosis 
of LUAD patients, suggesting that it may influence tumor 
progression by regulating the UPR.

We employed the WGCNA method to  identify gene 
modules highly related to the disease from the gene ex-
pression data of LUAD patients. Combined with DEGs and 
univariate Cox analysis, we selected genes significantly 
associated with prognosis and further optimized model 
construction using the LASSO Cox regression algorithm. 
This process not only improved the predictive accuracy 
of  the  model but also ensured its robustness through 
cross-validation.

The  risk scoring model and its consensus clustering 
subgroups demonstrated excellent discrimination ability 
in both the training and testing sets, clearly distinguishing 
high- and low-risk patient groups. The predictive accuracy 
of the model was further validated through Kaplan–Meier 
survival curves and ROC curve analysis, providing a po-
tential prognostic tool for personalized treatment of LUAD 
patients. Compared with previous methods that only used 

the median or average value of the risk score as the thresh-
old to distinguish high and low-risk groups, consensus clus-
tering subgroups (C1 and C2) more accurately combined 
the risk score with clinical actual subgroups. This com-
bination helps to identify subgroups sensitive to the risk 
score (C2) and subgroups with unique immune charac-
teristics (C1), providing a more precise stratification basis 
for clinical treatment. We found that a high risk score was 
associated with a poorer survival prognosis, which may be 
related to the high infiltration of immunosuppressive cells 
in the TME of patients in the high risk score group. This 
finding provides a potential biomarker for future immuno-
therapy, suggesting that we can improve patient prognosis 
by modulating immune cells in the TME.

Furthermore, functional enrichment analysis using 
the GO and KEGG databases revealed that differential 
genes were mainly enriched in biological processes re-
lated to cell movement and ciliary movement. In contrast, 
consensus clustering analysis revealed gene enrichment 
related to muscle contraction and fiber contraction. These 
findings suggest that ER stress-related lncRNAs may af-
fect the development of LUAD by regulating these key 
biological processes.

Fig. 6. Exploration of tumor mutation burden based on risk score. A. Mutation landscape of the top 20 genes related to the risk score (high risk); B. Mutation 
landscape of the top 20 genes related to the risk score (low risk); C. Box plot of tumor mutation burden (TMB) scores for the 2 risk groups; D. Correlation 
analysis between TMB score and risk score
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Muscle contraction and fiber contraction play impor-
tant roles in tumor biology, as they can regulate vascular 
contraction and, through the regulation of material ex-
change between the tumor and the circulatory system, 
affect tumor metabolism and proliferation on  the one 
hand.33–35 On the other hand, these processes also par-
ticipate in the regulation of tumor invasion, metastasis, 
and immune escape mechanisms.34,36–38 At the same time, 
cell movement and ciliary movement directly participate 

in affecting the invasiveness, metastatic ability, and im-
mune escape mechanisms of tumors.39,40 It is worth noting 
that both muscle and fiber contraction and cell and cili-
ary movement depend on the normal function of the ER 
to ensure the correct synthesis and execution of protein 
functions.41–43 The ER plays a crucial role in maintaining 
cell movement and tumor biological behavior.

Therefore, the analysis results of this study highlight 
the  multifaceted role of  the  ER in  tumor biology and 

Fig. 7. Clinical and functional exploration of model genes. A. Pairwise differential analysis; B. Correlation network of model genes and target genes; C. Cell 
and gene correlation (CIBERSORT algorithm); D. Cell and gene correlation (SSGSEA algorithm); E. Differential analysis of core target genes between risk 
score groups; F. Differential analysis of core target genes between consensus clustering groups. The p-values are represented as *p < 0.05, **p < 0.01, and 
***p < 0.001



Fig. 8. Single-cell validation. A. Heatmap of malignant tumor groups; B. Heatmap of primary tumor lineage groups; C. Heatmap of secondary tumor lineage groups
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provide new perspectives for future research. Especially 
when developing treatment strategies for LUAD, consider-
ing the potential impact of ER stress and related lncRNAs 
is crucial. These findings may help design new intervention 
measures to regulate ER stress, thereby affecting tumor 
development and response to treatment.

The TME, immune system interactions, and TMB are 
pivotal areas of interest in oncology, significantly influ-
encing tumor genesis and progression.44–46 Our research 
demonstrated that the TME score for patients categorized 
in the high-risk group markedly surpassed that of the low-
risk group, suggesting a potential enhanced responsive-
ness to immunotherapy among high-risk patients. This 
notion is further corroborated by a detailed examination 
of immune cell dynamics and their respective roles. Clini-
cally, an elevated TMB score is often linked to enduring 
clinical benefits and enhanced objective response rates 
in cancer immunotherapy.47 Our findings indicate that 
the TMB score for the high-risk group was considerably 
higher than for the low-risk group, hinting at a more fa-
vorable prognosis and a greater potential for therapeutic 
advantage from immunotherapy for those with elevated 
TMB scores.48

A combined analysis of risk score grouping and consen-
sus clustering subgroups was performed.49,50 This find-
ing provides a new perspective for understanding the role 
of ER stress in the tumor immune microenvironment and 
may help develop precision treatment strategies for specific 
immune cell populations.

DNAJC5B (DnaJ heat shock protein family C member 
5B), as a member of the heat shock protein family, belongs 
to the subfamily of DNAJ/Hsp40 protein co-chaperones. 
These proteins play important roles in cells, including 
promoting the  correct folding of  proteins, preventing 
the aggregation of misfolded proteins, and participating 
in the degradation and translocation processes of pro-
teins.51 DNAJC5B, with its molecular chaperone charac-
teristics, may be involved in the correct folding of proteins 
in the ER, preventing the accumulation of abnormal pro-
teins, thereby maintaining protein homeostasis.

When protein folding encounters obstacles, it may trig-
ger ER stress. In this process, DNAJC5B may participate 
in the regulation of the ER stress response through its 
role in the ER, affecting the cell’s response to ER stress. 
Therefore, DNAJC5B may indirectly affect the  prolif-
eration, migration, invasion, apoptosis, and colony for-
mation of tumor cells by participating in the ER stress 
response.52–54 To verify this hypothesis, we conducted 
an  in-depth exploration of  the  function of  DNAJC5B 
in the experimental part.

In addition, combined with the single-cell sequencing 
exploration in this study, we found that DNAJC5B mainly 
affects monocytes/macrophages, T cells (NK cells), and 
B cells. Therefore, we speculate that DNAJC5B affects 
immune cells (monocytes/macrophages, T  cells (NK 
cells), B cells) through the ER stress response, thereby 

affecting the immune-related treatment of LUAD. Inter-
estingly, the correlation between DNAJC5B and immune 
cells is not related to  lung cancer treated with neoad-
juvant PD-1 blockade, which provides evidence for our 
hypothesis.

This study successfully constructed a risk scoring model 
based on ER stress-related lncRNAs, providing a new per-
spective and tool for the prognostic evaluation and person-
alized treatment of LUAD. Through consensus clustering 
analysis, not only were populations potentially sensitive 
to treatment identified, but populations with specific im-
mune characteristics were also discovered. In addition, 
the  biological relevance of  the  core target gene DNA-
JC5B in tumor cell biological behavior was experimen-
tally verified, further confirming the biological relevance 
of the model.

Limitations of the study

A critical limitation is the absence of external valida-
tion cohorts, which may restrict the  generalizability 
of the model. Future studies should prioritize multicenter 
prospective trials to assess its clinical utility across di-
verse populations. Additionally, the model’s dependency 
on RNA-seq data necessitates standardization of sequenc-
ing platforms for real-world application. The present study’s 
used only data on LUAD patients from the TCGA database, 
which may be subject to selection bias. In addition, our 
model has not been validated in an independent cohort, 
so its generalizability and reliability need to be further as-
sessed. To overcome these limitations, future research will 
verify the biological function of the model through experi-
mental methods and plans to further explore the clinical 
application potential of the model in a larger independent 
patient cohort. Meanwhile, future studies should include 
validation of our risk scoring model in a larger multicenter 
cohort of patients and explore its application in guiding 
individualized treatment. This will help improve the gen-
eralizability and reliability of the models, bridge the gap 
between computational prediction and clinical implemen-
tation, and provide more accurate guidance for the clini-
cal treatment of LUAD patients. In addition, we suggest 
further studies on the regulatory mechanisms of lncRNAs 
in ER stress and how they affect the immune microenvi-
ronment in LUAD.

Conclusions

Our study contributes to the development of new thera-
peutic strategies to improve outcomes for LUAD patients. 
This will help improve the model’s universality and reli-
ability, providing more accurate guidance for the clini-
cal treatment of LUAD patients. Through these efforts, 
we hope to translate research results into practical clinical 
applications, benefiting more LUAD patients.
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Abstract
Background. Osteomyelitis is a challenging orthopedic condition characterized by bone inflammation, 
often resulting from infection. The roles of inflammatory cytokines (ICs) and metabolites in its pathogenesis 
are not fully understood.

Objectives. This study aimed to explore the potential causal relationships among ICs, metabolites, and 
osteomyelitis using Mendelian randomization (MR) analysis and in vitro experiments.

Materials and methods. A 2-sample MR analysis (FinnGen: 1,881 cases and 391,037 controls) was 
performed to screen 91 cytokines and more than 1,400 metabolites. In vitro experiments using MC3T3-E1 
cells treated with staphylococcal protein A (SPA) were conducted to evaluate the effects of p-cresol sulfate 
(PCS), a circulating metabolite identified through MR analysis, on cell proliferation, osteogenic differentia-
tion, and inflammation.

Results. Mendelian randomization analysis identified significant associations between several ICs and 
osteomyelitis risk. Elevated levels of CUB domain-containing protein 1 (CDCP1; odds ratio (OR) = 1.19, 95% 
confidence interval (95% CI): 1.03–1.38) and thymic stromal lymphopoietin (TSLP; OR = 1.26, 95% CI: 1.05–
1.51) were associated with increased risk, whereas higher levels of adenosine deaminase (ADA; OR = 0.85, 
95% CI: 0.74–0.98) and interleukin-5 (IL-5; OR = 0.79, 95% CI: 0.65–0.96) were associated with reduced risk. 
Metabolites such as PCS (OR = 0.74, 95% CI: 0.59–0.93) were identified as protective, whereas others, such 
as beta-cryptoxanthin (β-CX; OR = 1.33, 95% CI: 1.07–1.66), were associated with increased risk. Mediation 
analysis further suggested that several metabolites significantly mediated the indirect effects of cytokines 
on osteomyelitis risk. In vitro experiments demonstrated that PCS enhanced osteogenic potential, reduced 
intracellular reactive oxygen species (ROS) production, and lowered IC levels.

Conclusions. These findings provide insight into the associations among ICs, metabolites, and osteomyelitis, 
suggesting potential therapeutic targets for reducing disease severity. They also highlight the complex inter-
play among these factors in osteomyelitis pathogenesis. Further studies are needed to clarify the mechanisms 
through which ICs and metabolites influence osteomyelitis, particularly through regulation of inflammatory 
responses and oxidative stress.
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Background

Osteomyelitis is an inflammatory bone condition that 
can cause damage to both bone and adjacent tissues.1 This 
disorder may occur at any age and affect any bone, often 
resulting from the local spread of infection from a con-
tiguous source, such as  trauma, bone surgery, or  joint 
replacement.2 Owing to its complex and chronic nature, 
osteomyelitis is considered a refractory condition in or-
thopedics and poses a significant challenge in orthopedic 
surgical practice.3,4 Even with optimal medical manage-
ment, approx. 40% of treatments for chronic or recurrent 
osteomyelitis fail, partly due to persistent infection and 
bacterial persistence.5

Recent studies have emphasized the key roles of cyto-
kines such as interleukin-1 beta (IL-1β) and interleukin-6 
(IL-6) in osteomyelitis pathophysiology, particularly in os-
teoblast–osteoclast communication.6,7 The importance 
of the precise temporal and spatial expression of these cy-
tokines in maintaining the balance between inflammation 
and immunoregulation is increasingly recognized.8 Gut-
derived indole derivatives and short-chain fatty acids have 
recently been shown to modulate both systemic inflam-
mation and bone turnover.9,10 In high-income countries, 
the annual incidence of osteomyelitis is approx. 8–10 per 
100,000 person-years, with direct medical costs exceeding 
USD 1 billion annually.11,12

Mendelian randomization (MR) uses genetic variation 
as a natural instrument to  investigate potential causal 
relationships between modifiable risk factors and health 
outcomes in  observational datasets.13 Because genetic 
variants are fixed at birth, MR is less susceptible to con-
founding than conventional observational studies. Given 
that the associations among inflammatory cytokines (ICs), 
metabolites, and osteomyelitis have not yet been exam-
ined using genetic approaches, we employed a 2-sample 
MR approach to assess the potential causal relationships 
between genetically predicted blood concentrations of ICs 
and metabolites and the risk of osteomyelitis.

While MR is a powerful tool for exploring potential causal 
relationships and identifying ICs associated with osteomy-
elitis risk, it is limited in its ability to elucidate the specific 

cellular mechanisms through which these ICs exert their 
effects. Staphylococcal protein A (SPA), a key virulence 
factor of Staphylococcus aureus that impairs osteoblast 
function, is widely used to model infection-induced bone 
damage. It binds to osteoblasts, inhibits their proliferation, 
induces apoptosis, and impairs mineralization.14

Objectives

The primary aim of this study was to screen for poten-
tial causal effects of 91 cytokines and more than 1,400 
blood metabolites on osteomyelitis risk using a 2-sample 
MR approach. Secondary aims were to: 1) perform media-
tion analysis to quantify indirect pathways; 2) conduct 
reverse-direction MR analysis; and 3) validate the effects 
of PCS in vitro using SPA-treated MC3T3-E1 cells. We hy-
pothesized that p-cresol sulfate (PCS) would attenuate 
SPA-induced oxidative stress and IC release in osteoblasts.

Materials and methods

Study design

In the 1st stage, the inverse-variance weighting (IVW) 
method was used as the primary MR analysis, alongside 
MR-Egger, weighted median, simple mode, and weighted 
mode methods to improve robustness and address potential 
pleiotropy.15,16 Mediation was assessed using a 2-step MR 
framework. In step 1, 2-sample MR was used to estimate 
the total effect of each cytokine on osteomyelitis and the di-
rect effect of each metabolite on osteomyelitis. In step 2, 
2-sample MR was used to estimate the effect of each cyto-
kine on its candidate mediator (metabolite). The proportion 
mediated (PM) was calculated as PM = (α × β)/γ, where 
α represents the effect of the cytokine on the metabolite, 
β represents the effect of the metabolite on osteomyelitis, 
and γ represents the total effect of the cytokine on osteo-
myelitis. Standard errors (SEs) for PM were estimated us-
ing the delta method. Inflammatory cytokine data were 
obtained from the largest available protein quantitative trait 

Highlights
	• Mendelian randomization (MR) analysis identifies key inflammatory cytokines and metabolites linked to osteo-
myelitis risk and disease progression.

	• Protective metabolite p-cresol sulfate (PCS) enhances osteogenic differentiation and reduces oxidative stress 
in osteomyelitis models.

	• Cytokines including CDCP1, TSLP, ADA, and IL-5 emerge as potential biomarkers and therapeutic targets for 
osteomyelitis.

	• Integrated genetic and in vitro evidence reveals complex interactions between inflammation, metabolism, and 
bone infection pathogenesis.
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loci (pQTL) study (GWAS Catalog IDs GCST90274758–
GCST90274848), which quantified 91 plasma proteins using 
the Olink Target Inflammation platform in 14,824 indi-
viduals of European ancestry (Fig. 1).17 Plasma metabolite 
genome-wide association studies (GWAS) data were derived 
from the Canadian Longitudinal Study on Aging (n = 8,299 
participants of European ancestry; Metabolon HD4 plat-
form; GWAS Catalog IDs GCST90199621–GCST9021020). 
Osteomyelitis summary statistics (1,881 cases and 391,037 
controls) were obtained from the FinnGen R10 release 
(Finnish population). Mean F-statistics were 31 (range: 
10–120) for cytokines and 29 (range: 10–105) for metabo-
lites, indicating robust instrument strength.

Genetic instrumental variables selection

Single nucleotide polymorphisms (SNPs) were selected 
as  instrumental variables (IVs) for IC and metabolite 
traits using a p-value threshold of <1 × 10−5.18 For os-
teomyelitis, a more stringent threshold of p < 5 × 10−8 
was applied. Genetic variants were clumped using an R2 
threshold of <0.001 within a 10,000-kb window. Single 
nucleotide polymorphisms were further filtered based 
on the F-statistic, calculated as the ratio of the squared 
effect size (β2) to the squared standard error (SE2), with 
a  threshold of >10. Potential confounders and related 
traits (e.g., age, sex, ethnicity, and comorbid conditions) 
were identified using the  PhenoScanner V2 database 
(http://www.phenoscanner.medschl.cam.ac.uk/).

Allele harmonization was performed using the TwoSam-
pleMR package (action = 2), which automatically aligned 
ambiguous (palindromic) SNPs to the positive strand and 
ensured concordant effect alleles across the  exposure 
and outcome datasets. Linkage disequilibrium clumping 
was performed using the 1000 Genomes European refer-
ence panel (https://github.com/MRCIEU/gwasvcf) with 
a 10,000-kb window and an r2 threshold of <0.001. MR-
PRESSO (Mendelian Randomization Pleiotropy RESidual 
Sum and Outlier) was used to assess horizontal pleiot-
ropy: the global test evaluated overall pleiotropy, whereas 
the outlier test identified influential SNPs. Outliers with 
distortion p < 0.05 were removed, and MR estimates were 
recalculated using the cleaned dataset.

Allele harmonization and strand alignment were per-
formed using the TwoSampleMR package (v. 0.5.6) following 
the protocol described by Hemani et al.19 To contextual-
ize our findings within recent large-scale studies, we note 
the  comprehensive MR overview by  Wang et  al.20 and 
the proteome-wide investigation by Sun et al.17 Our study ex-
tends these efforts by focusing specifically on osteomyelitis.

Cell culture and amplification

The MC3T3-E1 cell line was obtained from the Cell 
Bank of  the Chinese Academy of Sciences (Shanghai, 
China). Cells between passages 3 and 6 were used for 

all experiments. All experiments were performed with 
at  least 3  independent biological replicates (n = 3 per 
group). Cells were randomly allocated to  treatment 
groups, and the operator was blinded to treatment identity 
during image acquisition and quantification. To maintain 
the cells, they were cultured in phenol-red-free Dulbecco’s 
modified Eagle’s medium (DMEM) supplemented with 
10% heat-inactivated fetal bovine serum (FBS-HI), 100 U/
mL penicillin, and 100 μg/mL streptomycin. Cells were 
incubated at 37°C in a humidified atmosphere contain-
ing 5% CO2.

Osteomyelitis in vitro model

A 50 μg/mL SPA solution was added to the culture plates 
and incubated at 37°C, with the concentration selected 
based on a previous study.21 After incubation, unbound 
SPA was removed by aspiration. Cells (5 × 105 cells/mL) 
were then seeded into each well. The co-culture was main-
tained for 4 h.

Cell proliferation assay

The Cell Counting Kit-8 (CCK-8) assay (MedChemEx-
press, Monmouth Junction, USA) was used to evaluate cell 
viability. MC3T3-E1 cells were seeded in 96-well plates 
at a density of 4 × 103 cells per well. Following 2-day ex-
posure to different concentrations of PCS (0, 10, 50, and 
100 μg/mL), 10 μL of CCK-8 reagent was added to each 
well, and the plates were incubated at 37°C for 2 h. Ab-
sorbance at 450 nm was measured using a spectropho-
tometer (Molecular Devices, San Jose, USA) to assess cell 
viability. Based on the preceding CCK-8 dose–response 
curve (0–100 μg/mL), 50 μg/mL was selected as the non-
cytotoxic concentration that maximally restored osteoblast 
function and was therefore used in all subsequent alkaline 
phosphatase (ALP), alizarin red staining (ARS), and reac-
tive oxygen species (ROS) assays.

Alkaline phosphatase staining

MC3T3-E1 cells were cultured in osteogenic induction 
medium for 7 days. For differentiation assays, cells were 
seeded at a density of 5 × 104 cells per well. On day 7, cells 
were stained using the Cell Alkaline Phosphatase Stain-
ing Kit (Solarbio, Beijing, China) according to the manu-
facturer’s instructions. Following staining, the cells were 
observed under an optical microscope (Leica DMRB Mi-
croscope; Leica Microsystems GmbH, Wetzlar, Germany), 
and representative images were captured.

Alizarin red staining

MC3T3-E1 cells were cultured in osteogenic induc-
tion medium for 21 days. After the  induction period, 
the medium was removed, and the cells were stained 

http://www.phenoscanner.medschl.cam.ac.uk
https://github.com/MRCIEU/gwasvcf


Fig. 1. Study flowchart

GWAS – gene-wide association study; CCK-8 assay – Cell Counting Kit-8 assay; ROS – reactive oxygen species; ELISA – enzyme-linked 
immunosorbent assay; MR – Mendelian randomization; ALP – alkaline phosphatase; ARS – Alizarin Red S; SPA – staphylococcal protein A; 
DCFH-DA – 2′,7′-dichlorodihydrofluorescein diacetate ;TNF-α – tumor necrosis factor alpha; IL-1β – interleukin-1 beta.
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using the Cell Alizarin Red S Staining Kit (Solarbio) ac-
cording to the manufacturer’s instructions. The stained 
cells were then examined under a  microscope (Leica 
Microsystems GmbH), and representative images were 
captured.

Detection of intracellular O2 production

The cell-permeable 2′,7′-dichlorodihydrofluorescein di-
acetate (DCFH-DA; MedChemExpress) probe was used 
to measure intracellular ROS levels. For ROS assays, cells 
were seeded at a density of 2 × 104 cells per well. SPA-
treated MC3T3-E1 cells were co-cultured with PCS for 
3 days. After rinsing with phosphate-buffered saline (PBS), 
the cells were incubated with 10 μM DCFH-DA in the dark 
for 30 min, then washed twice with PBS. Fluorescence 
images were acquired using a fluorescence microscope 
(Nikon Eclipse 80i; Nikon Corp., Tokyo, Japan).

ELISA

The culture supernatants from SPA-treated MC3T3-E1 
cells were collected, and changes in tumor necrosis fac-
tor alpha (TNF-α) and IL-1β levels were measured using 
commercially available Yuanju Bio, Shanghai, China) en-
zyme-linked immunosorbent assay (ELISA) kits according 
to the manufacturer’s instructions. Each measurement was 
performed in triplicate. Concentrations were calculated 
based on standard calibration curves, and mean values 
were subsequently determined.

Statistical analyses

All statistical analyses were performed using R v. 4.3.3 
(R  Foundation for Statistical Computing, Vienna, Aus-
tria) with the TwoSampleMR package (https://github.com/
MRCIEU/TwoSampleMR). To account for the multiple-test-
ing burden arising from approx. 1,500 exposures, we applied 
a 2-stage filtering strategy. First, associations with p < 0.05 
based on the IVW estimator were retained. Second, these 
p-values were corrected using the Benjamini–Hochberg false 
discovery rate (FDR) procedure across all independent tests 
(91 cytokines and 1,400 metabolites analyzed separately). 
Only cytokines or metabolites with FDR-adjusted p < 0.05 
were considered statistically significant.

For cellular experiments, all data were analyzed using 
GraphPad Prism v. 10 (GraphPad Software, San Diego, 
USA). CCK-8 proliferation data were analyzed using 2-way 
analysis of variance (ANOVA; factors: treatment and time), 
followed by Dunnett’s multiple-comparisons test to obtain 
adjusted p-values. All other cellular assays (ALP activ-
ity, ARS quantification, ROS fluorescence intensity, and 
ELISA) were analyzed using unpaired 2-tailed t-tests after 
confirmation of normal distribution with the Shapiro–
Wilk test. Count data were analyzed using the χ2 test. Re-
sults are presented as mean ± standard deviation (SD) from 

at least 3 independent biological replicates (passages 3–6). 
Statistical significance was set at p (or adjusted p) <0.05.

Ethics approval and biosafety

The  use of  the  MC3T3-E1 cell line was approved 
by the Institutional Animal Care and Use Committee (IA-
CUC) of Shanghai Jiao Tong University School of Medicine 
(China). As this study was conducted entirely in vitro using 
a commercially available cell line and did not involve live 
animals, an animal ethics approval number is not appli-
cable. All procedures involving SPA were conducted under 
Biosafety Level 2 (BSL-2) containment in accordance with 
institutional guidelines.

This study relied on publicly available summary statistics 
from previously published studies and research consortia. 
Ethical approval had been obtained by the respective in-
stitutional review boards for each original study, and all 
participants had provided informed consent. As this study 
did not involve individual-level data, no additional ethical 
approval was required.

Results

Inflammatory cytokines as dual 
modulators in osteomyelitis risk

A total of 33,384, 1,397, and 229 SNPs were selected as IVs 
for 1,400 metabolites, 91 ICs, and osteomyelitis, respectively 
(Supplementary Tables 1–3). Mendelian randomization 
analysis revealed significant associations between IC levels 
and osteomyelitis risk. The primary analysis, conducted us-
ing the IVW method (Fig. 2), indicated that elevated levels 
of CDCP1 were associated with an increased risk of osteo-
myelitis (odds ratio (OR) = 1.19, p < 0.05). Similarly, higher 
levels of thymic stromal lymphopoietin (TSLP) were associ-
ated with increased osteomyelitis risk (OR = 1.26, p < 0.05). 
Conversely, certain ICs, including adenosine deaminase 
(ADA) (OR = 0.85, p < 0.05) and IL-5 (OR = 0.79, p < 0.05), 
showed protective associations with osteomyelitis. These 
findings highlight the potentially diverse roles of ICs in os-
teomyelitis pathophysiology and identify promising can-
didates for further investigation as potential therapeutic 
targets. MR-PRESSO and MR-Egger analyses were used 
to assess pleiotropy (Supplementary Table 4). Heteroge-
neity testing using Cochran’s Q (Supplementary Table 4) 
yielded p > 0.05 for all 3 cytokines across both IVW and 
MR-Egger models, indicating low heterogeneity. Leave-one-
out analysis (Supplementary Fig. 1,2) demonstrated that no 
single SNP had a disproportionate impact on the causal es-
timates, supporting the robustness of the results. Potential 
horizontal pleiotropy was assessed using MR-PRESSO and, 
where appropriate, multivariable MR (MVMR) to adjust 
for correlated exposures.22,23 We then conducted reverse 
MR analysis to evaluate the effect of osteomyelitis on these 

https://github.com/MRCIEU/TwoSampleMR
https://github.com/MRCIEU/TwoSampleMR
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Fig. 2. Two-step Mendelian randomization (MR) analysis examining the causal relationship between inflammatory cytokines (ICs) and osteomyelitis



Adv Clin Exp Med. 2026;35(5):863–876 869

ICs. Mendelian randomization analysis showed that all 
p-values exceeded 0.05, indicating no significant effect 
of osteomyelitis on circulating IC levels (Supplementary 
Table 5). Results of horizontal pleiotropy testing, hetero-
geneity analysis (Supplementary Table 6), and leave-one-
out analyses (Supplementary Fig. 3,4) were consistent with 
these findings.

Metabolic determinants of osteomyelitis 
risk: Protective and risk-enhancing 
metabolites

The results presented in Table 1 highlight significant 
associations between various metabolites and osteomy-
elitis risk. Using the IVW method, the analysis identified 

Table 1. Associations between genetically predicted circulating metabolites and osteomyelitis risk estimated with IVW Mendelian randomization (MR)

Exposure nsnp p-value OR

P-cresol sulfate (PCS) 21 0.012 0.744

X-12007 13 0.007 0.753

X-24307 16 0.018 0.754

Homostachydrine 24 0.007 0.773

X-23648 17 0.038 0.792

Taurodeoxycholate 23 0.012 0.794

Behenoyl sphingomyelin (d18:1/22:0) 18 0.046 0.802

4-hydroxyphenylacetylglutamine 25 0.015 0.809

Pentose acid 22 0.026 0.819

1-palmitoleoyl-2-linolenoyl-GPC (16:1/18:3) 20 0.007 0.823

Citramalate 24 0.019 0.833

Etiocholanolone glucuronide 21 0.012 0.838

N-oleoyltaurine 21 0.023 0.841

Lithocholate sulfate 23 0.037 0.842

Palmitoyl sphingomyelin (d18:1/16:0) 32 0.045 0.847

Creatinine 25 0.038 0.847

Oleoyl-linoleoyl-glycerol (18:1 to 18:2) [2] to linoleoyl-arachidonoyl-glycerol (18:2 
to 20:4) [2] ratio

28 0.003 0.850

Hypotaurine 29 0.032 0.853

X-21312 21 0.023 0.854

1-stearoyl-2-linoleoyl-GPI (18:0/18:2) 28 0.029 0.860

Pregnanediol-3-glucuronide 35 0.024 0.861

X-24518 22 0.004 0.862

Adenosine 5’-diphosphate (ADP) to glutamate ratio 30 0.021 0.863

Carnitine 25 0.038 0.873

X-18922 29 0.038 0.873

5-methyluridine (ribothymidine) 26 0.049 0.875

Cytidine 29 0.041 0.885

X-24795 28 0.029 1.094

Gamma-glutamylcitrulline 27 0.047 1.115

2-acetamidophenol sulfate 24 0.050 1.158

Glucuronate to etiocholanolone glucuronide ratio 24 0.041 1.161

Alpha-ketoglutarate to kynurenine ratio 26 0.033 1.172

Tridecenedioate (C13:1-DC) 23 0.041 1.189

N-acetylproline 21 0.047 1.189

Cholesterol to oleoyl-linoleoyl-glycerol (18:1 to 18:2) [2] ratio 35 0.008 1.190

2-naphthol sulfate 23 0.033 1.191

Maltotriose 23 0.012 1.192

Histidine to phosphate ratio 29 0.011 1.204

1-(1-enyl-oleoyl)-GPE (p-18:1) 18 0.022 1.209
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54 metabolites with either protective or risk-enhancing as-
sociations (Supplementary Table 7). Notably, higher levels 
of PCS, X-12007 (an uncharacterized plasma metabolite 
identified in the GWAS Catalog), and homostachydrine 
were associated with a reduced risk of osteomyelitis, with 
ORs of  0.744 (p  =  0.012), 0.753 (p  =  0.007), and 0.773 
(p = 0.007), respectively. Conversely, higher beta-crypto-
xanthin (β-CX) levels were associated with an increased 
risk of osteomyelitis (OR = 1.334, p = 0.009). Results from 
pleiotropy and heterogeneity analyses (Supplementary 
Table 8) were consistent with these findings. An FDR 
threshold of q < 0.05 was applied separately for each fam-
ily of tests (cytokines, n = 91; metabolites, n = 1,400; details 
in Supplementary Table 9).

Mediation roles of ICs on osteomyelitis via 
metabolites

Previously, we identified 11 ICs with a unidirectional ef-
fect on osteomyelitis, as well as 54 metabolites associated 
with osteomyelitis. We next explored the potential causal 
relationships between these ICs and metabolites (Table 2). 
The 95% confidence intervals (95% CIs) for the mediated ef-
fect and proportion mediated were estimated using the delta 
method; proportions >100% or <0% may occur when the in-
direct and total effects have opposite directions. Figure 3 
illustrates the associations between various IC levels and 
metabolites in relation to osteomyelitis risk, as assessed us-
ing different MR methods. The IVW method identified sig-
nificant associations for specific cytokine–metabolite pairs.

Leukemia inhibitory factor receptor (LIFR) was nega-
tively associated with osteomyelitis, and X-12007 was also 

Table 2. Mediation roles of inflammatory cytokines (ICs) on osteomyelitis via metabolites

Pathway Beta1 Beta2 Beta all Mediated effect Mediated proportion

CDCP1 – homostachydrine 
– osteomyelitis

0.0720123987031509 −0.257209225 0.175824410233942
−0.0185 

(−0.067, 0.03)
−10.5% 

(−38.1%, 17.1%)

LIFR – X-12007 
– osteomyelitis

−0.123619426 −0.283756662 −0.195568506
0.0351 

(−0.025, 0.0951)
−17.9% 

(12.8%, −48.6%)

SCF – beta-cryptoxanthin 
– osteomyelitis

−0.080997106 0.288524677065791 −0.154307188
−0.0234 

(−0.086, 0.0392)
15.1% 

(55.7%, −25.4%)

Beta1 – MR effect (β) of exposure cytokine on mediator metabolite (log‑OR or SD units); Beta2 – MR effect (β) of mediator metabolite on outcome 
(osteomyelitis); Beta all – total MR effect (β) of exposure cytokine on outcome; mediated effect is shown with 95% confidence interval (95% CI)
in parentheses; mediated proportion (%) is the percentage of the total cytokine→osteomyelitis effect explained by the metabolite mediator; CDCP1 – CUB 
domain‑containing protein 1; LIFR – leukemia inhibitory factor receptor; SCF – stem cell factor; X‑12007, homostachyline, beta‑cryptoxanthin – metabolite 
identifiers/names from the GWAS catalog or Metabolon platform.

Exposure nsnp p-value OR

Arginine to phosphate ratio 22 0.038 1.210

Glutarate (C5-DC) to salicylate ratio 18 0.043 1.219

1-palmitoyl-2-arachidonoyl-GPI (16:0/20:4) 24 0.015 1.221

1-(1-enyl-stearoyl)-GPE (p-18:0) 24 0.014 1.233

X-18886 16 0.030 1.240

Citrate to oxalate (ethanedioate) ratio 16 0.044 1.242

Alpha-ketobutyrate to 3-methyl-2-oxobutyrate ratio 23 0.014 1.244

Pyruvate 22 0.031 1.252

Tyramine O-sulfate 21 0.017 1.252

X-24978 19 0.004 1.253

Stearidonate (18:4n3) 26 0.033 1.255

Cortisol to 4-cholesten-3-one ratio 20 0.006 1.266

Glycerate 27 0.016 1.269

Carotenoid(cryptoxanthin) 28 0.009 1.334

Taurocholate to oxalate (ethanedioate) ratio 19 0.010 1.361

IVW – inverse-variance weighted (two-sample Mendelian randomization estimator); nsnp – number of single-nucleotide polymorphisms used 
as instrumental variables; OR – odds ratio per 1-standard-deviation increase in metabolite level; GPC – glycerophosphocholine; GPI – glycerophosphoinositol; 
GPE – glycerophosphoethanolamine; ADP – adenosine 5’-diphosphate; X-12007, X-23648, X-24307, X-21312, X-24518, X-18922, X-24795, X-18886, X-24978: 
uncharacterized plasma metabolites designated by their internal genome-wide association study (GWAS) catalogue identifiers.

Table 1. Associations between genetically predicted circulating metabolites and osteomyelitis risk estimated by inverse-variance weighted (IVW) 
Mendelian randomization (MR) – cont.
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associated with a reduced osteomyelitis risk. Based on these 
findings, one might expect a positive association between 
LIFR and X-12007. However, the observed causal relation-
ship between LIFR and X-12007 was negative. These find-
ings highlight the complex interplay among cytokines, me-
tabolites, and osteomyelitis risk, with some factors showing 
protective associations while others may increase suscepti-
bility. Sensitivity analyses further supported these results 
(Supplementary Table 9 and Supplementary Fig. 5,6).

Validation of osteomyelitis in vitro model

Following establishment of the in vitro osteomyelitis 
cell model, the  expression levels of  the  inflammatory 
markers TNF-α and IL-1β in the cell culture superna-
tant were measured using ELISA (Fig. 4A,B). In the os-
teomyelitis model, both inflammatory cytokines were 
significantly elevated compared with the control group. 
TNF-α concentration was 16.81 ±1.31 pg/mL in the con-
trol group and 38.50 ±1.42 pg/mL in the osteomyelitis 
group (mean ±SD, n = 3 biological replicates; mean dif-
ference (MD) = 19.66 pg/mL, 95% CI: 15.75–23.57; un-
paired 2-tailed t-test, p = 0.001). Interleukin-1 beta showed 

a similar trend, with concentrations of 29.82 ±1.36 pg/mL 
in the control group vs 38.50 ±1.28 pg/mL in the osteo-
myelitis group (MD = 8.68 pg/mL, 95% CI: 7.32–10.04, 
p ≤ 0.001).

PCS increased the proliferation and 
osteogenic differentiation of SPA‑treated 
MC3T3‑E1 cells

Furthermore, to explore the impact of PCS on the os-
teogenic differentiation of SPA-treated MC3T3-E1 cells, 
ALP activity was evaluated on day 7, and ARS staining 
was performed on day 21. Cells were seeded at 5 × 104 
cells per well in 3 independent cultures (n = 3) and treated 
with 50 µg mL PCS, the concentration chosen from pilot 
data. Alkaline phosphatase activity reached 110.5 ±2.1% 
vs 100.0 ±2.3% (mean ±SD, n = 3 biological replicates); 
MD = 10.5% (95% CI: 4.8–16.3, p = 0.007). Mineralized 
nodules (ARS) quantified 131.0  ±1.6% vs 100.0  ±1.8%; 
MD = 31.0% (95% CI: 26.6–35.4, p < 0.001). The findings 
demonstrated that MC3T3-E1 cells co-cultured with PCS 
displayed a notable rise in both ALP activity and calcified 
nodules compared to the control group (Fig. 5B,C).

Fig. 3. Forest plots illustrating the associations between inflammatory cytokine (IC) levels, metabolites, and osteomyelitis

Fig. 4. Enzyme-linked 
immunosorbent assay (ELISA) 
quantification of (A) tumor 
necrosis factor alpha (TNF-α) 
and (B) interleukin (IL)-1β 
in cell culture supernatants. 
Data are presented 
as mean ± standard 
deviation (SD) (pg mL) from 
3 independent cultures per 
group. The p-values were 
calculated using unpaired 
two-tailed t-tests following 
Shapiro–Wilk normality 
testing (p < 0.05, p < 0.01)
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PCS decreased the intracellular 
ROS production and protein levels 
of inflammatory cytokines in SPA‑treated 
MC3T3‑E1 cells

The  reduction effect of  PCS on  ROS was assessed 
by observing the fluorescence intensity of the DCFH-DA 
probe via fluorescence microscopy (Nikon Eclipse 80i) 
(Fig. 6A). The PCS demonstrated antioxidant properties, 
significantly reducing intracellular ROS in SPA-treated 
MC3T3-E1 cells. Intracellular ROS was 1.000  ±0.016 

a.u. vs 1.315 ±0.018 a.u. in control (mean ±SD, n = 3 bi-
ological replicates); MD = −0.315 a.u. (95% CI: −0.360 
to  −0.269, p  <  0.001). Normality and equal variance 
confirmed (F  =  3.04, p  =  0.495). The  ELISA results 
showed that PCS co-culture simultaneously reduced 
both cytokines: TNF-α decreased to 28.23 ±1.39 pg/mL 
vs 36.48 ±1.23 pg/mL in SPA-only control (mean ±SD, 
n = 3 biological replicates; MD = −8.25 pg/mL, 95% CI: 
−12.21 to −4.29, unpaired two-tailed t-test, p = 0.004), 
while IL-1β fell to 19.60 ±1.21 pg/mL vs 22.36 ±1.18 pg/mL 
(MD = −2.76 pg/mL, 95% CI: −3.77 to −1.76, p = 0.002). 

Fig. 5. A. Cell Counting Kit-8 (CCK-8) proliferation assay showing OD450 values (mean ± standard deviation (SD)) from 3 biological replicates per group. 
Dunnett’s test vs control yielded an adjusted p = 0.007, with a 95% confidence interval (95% CI) of 4.8–16.3% for the 50 μg/mL PCS group; B. Alkaline 
phosphatase (ALP) activity (U mg protein) and (C) Alizarin Red S (ARS) absorbance (562 nm) measured after 7 and 21 days, respectively (n = 3). Comparisons 
were performed using unpaired two-tailed t-tests (p < 0.05). Scale bars: 200 μm; magnification: ×200

OD450 –optical density at 450 nm; PCS – p-cresol sulfate.
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Normality (Shapiro–Wilk) and equal variance (F test) were 
satisfied for both datasets (TNF-α: F = 18.04, p = 0.105; 
IL-1β: F = 5.95, p = 0.288). (Fig. 6B,C).

Discussion

Previous research has predominantly focused on the role 
of ICs in other inflammatory conditions, such as rheu-
matoid arthritis and inflammatory bowel disease (IBD).24 
In contrast, this study represents the first systematic evalu-
ation of the causal relationship between ICs and osteo-
myelitis. The results indicate that CDCP1 and TSLP sig-
nificantly increase the risk of osteomyelitis, whereas ADA 
and IL-5 appear to exert protective effects. CDCP1 and 
TSLP may exacerbate the inflammatory response in os-
teomyelitis by promoting the activation and proliferation 
of inflammatory cells. CDCP1 is a transmembrane protein 
with critical intracellular signaling functions.25 Its detec-
tion on extracellular vesicles in prostate cancer suggests 
that this cell surface protein may serve as a biomarker for 
malignancy.26 As a ligand for CD6 expressed on T cells, 
CDCP1 acts as a co-stimulatory receptor within the im-
munological synapse and has been proposed as a potential 
molecular target for cancer therapy.27

Although TSLP was originally identified as an initia-
tor of type 2 inflammatory responses, its biological func-
tions extend far beyond this role, with involvement in viral 

infections, cancer, chronic inflammatory diseases, and 
lipid metabolism.28,29

In contrast, ADA and IL-5 appear to play protective 
roles in osteomyelitis by suppressing inflammatory cell 
activation and attenuating the inflammatory response. 
ADA, an RNA-editing enzyme that acts on RNA, restricts 
the accumulation of endogenous immunostimulatory dou-
ble-stranded RNA.30 The inflammatory effects of ADA 
on tissues may vary depending on the time elapsed since 
injury onset.31

Interleukin-5, a hematopoietic cytokine derived from 
Th2 cells, plays a critical role in regulating the develop-
ment and function of basophils and mast cells.32 Recent 
studies suggest that IL-5 may also hold therapeutic po-
tential in sepsis through its effects on non-eosinophilic 
myeloid cell populations.33 Ongoing and future clinical 
trials are expected to further enhance our understanding 
of its role in the pathogenesis of allergic and eosinophilic 
inflammatory diseases.34

Additionally, this study found that β-CX increases 
the risk of osteomyelitis, whereas PCS appears to exert 
protective effects. Residual pleiotropy cannot be entirely 
excluded, and the  restriction of  the  study population 
to individuals of European ancestry limits the generaliz-
ability of these findings to other populations. Compared 
with the MR analysis by Yang et al.,35 our study expands 
the metabolic landscape to include more than 1,400 me-
tabolites and provides additional functional validation. 

Fig. 6. A. Intracellular reactive oxygen species (ROS) fluorescence (arbitrary units (a.u.), mean ± standard deviation (SD)) from 6 independent cultures per 
group; B,C. Concentrations of tumor necrosis factor alpha (TNF-α) and interleukin (IL)-1β (pg mL), measured using enzyme-linked immunosorbent assay 
(ELISA). The p-values were calculated using unpaired two-tailed t-tests with Welch’s correction following Shapiro–Wilk normality testing (p < 0.05, p < 0.01). 
Scale bars: 100 μm; magnification: ×400
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As a carotenoid, β-CX is generally recognized for its anti-
inflammatory properties, particularly in conditions such 
as oral ulcers, where it suppresses inflammation-related 
signaling pathways and cytokine production.36 However, 
in the context of osteomyelitis, β-CX appears to exhibit 
pro-inflammatory effects. This apparent discrepancy may 
be attributable to differences in cellular and tissue micro-
environments, as well as the specific signaling pathways 
involved. For example, β-CX has been shown to enhance 
nuclear Nrf2 expression and preserve mitochondrial 
function, thereby mitigating oxidative stress and cellular 
senescence in renal cells; however, within the bone mar-
row microenvironment, it may activate distinct molecular 
pathways that promote inflammation.37

PCS is the principal metabolite of p-cresol, a uremic 
toxin traditionally associated with toxicity and increased 
mortality in patients with chronic kidney disease (CKD).38 
Previous studies have demonstrated that PCS induces 
immune activation and cellular inflammatory responses 
in various cell types, including cultured proximal renal 
tubular cells, endothelial cells, and macrophages.39

However, the relationship between PCS and its pre-
cursor, tyrosine, appears to be complex. Notably, PCS 
levels are not correlated with tyrosine concentrations, 
despite evidence that tyrosine can suppress the produc-
tion of  pro-inflammatory ICs.40 Our MR-prioritized 
identification of PCS is consistent with recent murine 
metabolomics studies that identified sphingosine and 
tricarboxylic acid (TCA) cycle intermediates as early in-
dicators of osteomyelitis.41 These findings suggest that 
the inflammatory effects of PCS may be mediated not 
by its precursor itself, but rather by downstream meta-
bolic mechanisms. Given this, p-cresol and its metabo-
lites represent promising targets for future mechanistic 
investigation.42

In the context of osteomyelitis, the protective effects 
of PCS may be attributable to its potential modulation 
of oxidative stress pathways. Oxidative stress is a critical 
contributor to the pathogenesis of osteomyelitis, as it can 
exacerbate inflammation and tissue damage.43 By modu-
lating the cellular oxidative stress response, PCS may help 
attenuate inflammatory cell activation, thereby reducing 
disease severity. This hypothesis is supported by stud-
ies demonstrating that PCS can influence the expression 
of antioxidant enzymes, such as superoxide dismutase and 
catalase, which play key roles in neutralizing ROS.39 Our 
findings identify PCS as a potential candidate for future 
mechanistic and interventional studies.

Limitations of the study

This study has several limitations. First, the analysis 
was restricted to GWAS data derived from individuals 
of European ancestry, which may limit the generalizabil-
ity of the findings to other populations. Second, residual 
pleiotropy and weak instrumental variables could not be 

entirely excluded. Third, the mediation analyses were 
based on genetic proxies rather than direct measure-
ments of circulating biomarker levels. Fourth, the in vitro 
validation was limited to a single murine cell line and 
short-term experimental readouts. Finally, potential con-
founding factors, including age, sex, and environmental 
exposures, could not be accounted for in the summary-
level data.

Conclusions

Despite leveraging comprehensive GWAS datasets, our 
investigation was predominantly limited to populations 
of European ancestry and lacked critical demographic infor-
mation, such as age and sex distribution, thereby precluding 
more refined stratified analyses that might have identified 
population-specific associations.44 In summary, our MR 
analysis identified PCS as a potentially protective metabo-
lite against osteomyelitis (OR = 0.74, p = 0.012), a finding 
further supported by in vitro evidence demonstrating re-
duced ROS production and lower levels of pro-inflamma-
tory cytokines. Future studies involving diverse ancestral 
populations and well-controlled experimental models are 
warranted to validate and further elucidate these findings.

Supplementary data

The supplementary materials are available at https://
doi.org/10.5281/zenodo.17622218. The package contains 
the following files:

Supplementary Table 1. Instrumental variables for in-
flammatory cytokines.

Supplementary Table 2. SNPs used as instruments.
Supplementary Table  3. Instrumental variables for 

osteomyelitis.
Supplementary Table 4. Heterogeneity and pleiotropy 

tests for total effects (beta.all).
Supplementary Table 5. All odds ratios for nonsignificant 

cytokines (all_OR_NO10).
Supplementary Table 6. Heterogeneity and pleiotropy 

tests for reverse MR analysis.
Supplementary Table 7. IVW filtered results (IVW.filter).
Supplementary Table 8. Heterogeneity and pleiotropy 

tests for beta2 (metabolite→outcome).
Supplementary Table 9. Heterogeneity and pleiotropy 

tests for beta1 (cytokine→metabolite).

Data Availability Statement

The datasets supporting the findings of this study are 
available in 2 ways:

1.  Publicly available GWAS summary statistics used 
as exposure and outcome were accessed from FinnGen R10 
(https://storage.googleapis.com/finngen-public-data-r10/
summary_stats/finngen_R10_M13_OSTEOMYELITIS.gz) 
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and GWAS Catalog (GCST90274758–GCST90274848 for 
inflammatory proteins; GCST90199621–GCST90201020 
for metabolites).

2.  All raw and processed data are openly available in Ze-
nodo at https://doi.org/10.5281/zenodo.17622259.
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Abstract
Background. The precise causal relationship between alterations in the gut microbiota, microbiota-derived 
metabolites, and the development of diffuse large B-cell lymphoma (DLBCL) remains unclear.

Objectives. To investigate the potential causal relationships between gut microbiota, microbiota-derived 
metabolites, and DLBCL.

Materials and methods. Genetic data on gut microbiota were obtained from the MiBioGen consortium, 
while data on microbiota-derived metabolites were sourced from the TwinsUK and KORA studies. Summary 
statistics for DLBCL were retrieved from FinnGen. Mendelian randomization (MR) analysis was performed, 
with inverse-variance weighting (IVW) used as the primary analytical method. Sensitivity analyses included 
Cochran’s Q test, the MR-Egger intercept test, and MR-PRESSO. Reverse MR analysis was conducted to as-
sess potential bidirectional causal relationships between gut microbiota and DLBCL. Bayesian weighted MR 
(BWMR) was applied for additional validation to enhance the robustness of the findings.

Results. Among 196 gut microbial taxa analyzed, Bilophila (odds ratio (OR) = 1.777, 95% confidence 
interval (95% CI): 1.053–3.000, p = 0.031) was associated with an increased risk of DLBCL. In contrast, 
Alistipes (OR = 0.521, 95% CI: 0.311–0.873, p = 0.013) and Ruminococcaceae UCG011 (OR = 0.749, 95% CI: 
0.574–0.978, p = 0.034) were associated with a reduced risk. Reverse MR analysis demonstrated a posi-
tive association between DLBCL risk and the abundance of Anaerofilum (OR = 1.087, 95% CI: 1.008–1.173, 
p = 0.031). Negative associations were observed between DLBCL risk and the abundance of Deltaproteobac-
teria (OR = 0.959, 95% CI: 0.922–0.997, p = 0.037), Desulfovibrionales (OR = 0.959, 95% CI: 0.922–0.998, 
p = 0.041), Oxalobacteraceae (OR = 0.914, 95% CI: 0.843–0.992, p = 0.031), and Oxalobacter (OR = 0.909, 
95% CI: 0.837–0.988, p = 0.024). Analysis of microbiota-derived metabolites identified a causal association 
between indolepropionate (OR = 0.296, 95% CI: 0.131–0.669, p = 0.003) and reduced DLBCL risk, whereas 
7-alpha-hydroxy-3-oxo-4-cholestenoate (7-HOCA) (OR = 9.561, 95% CI: 1.426–64.088, p = 0.020) was 
associated with an increased risk. No evidence of directional pleiotropy or heterogeneity was detected.

Conclusions. This MR study provides evidence that specific gut microbial taxa and microbiota-derived 
metabolites may causally influence the risk of DLBCL.

Key words: metabolomics, gut microbiota, diffuse large B-cell lymphoma, Mendelian randomization, 
Bayesian statistics
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Background

Non-Hodgkin lymphoma (NHL) comprises a heteroge-
neous group of malignant lymphoproliferative disorders 
arising from lymphocytes.1 In recent decades, the inci-
dence of NHL has increased significantly, and it now ranks 
as the 11th most common malignancy worldwide, contrib-
uting substantially to the global cancer burden.1,2 Diffuse 
large B-cell lymphoma (DLBCL) is  the most prevalent 
subtype of NHL, accounting for approx. 30–58% of cases, 
with notable geographic variation in its distribution.3,4

Although DLBCL is considered clinically aggressive, 
standard treatment regimens generally yield favorable out-
comes, with 60–70% of patients achieving a 5-year overall 
survival (OS) rate. Nevertheless, approx. 30–40% of pa-
tients eventually experience relapse or treatment failure, 
partly due to an incomplete understanding of the disease’s 
underlying pathogenic mechanisms.3

Although the etiology of DLBCL remains incompletely 
elucidated, accumulating evidence suggests its develop-
ment involves complex interactions between genetic sus-
ceptibility, immune dysregulation, and environmental 
exposures.5 In this context, the proposed microbiota–
gut–lymphoma axis highlights the potential mechanistic 
link between microbial alterations and lymphomagen-
esis.6,7 The human gastrointestinal tract contains approx. 
100 trillion microorganisms,8,9 which contribute to host 
physiology by enhancing nutrient absorption,10 providing 
pathogen defense,11 maintaining intestinal barrier func-
tion, modulating epithelial differentiation,12 and regulat-
ing immune responses.13 However, disruption of these 
microbial communities, referred to  as  dysbiosis, may 
impair normal physiological functions.9 Characterized 
by a reduction in beneficial microbes and/or an increase 
in pathogenic species, dysbiosis has been linked to chronic 
inflammation, immune dysregulation, and tumor de-
velopment.7,14 Emerging evidence indicates that the gut 
microbiota contributes not only to  the  development 
of gastrointestinal malignancies but also to oncogenesis 
at extraintestinal sites.14–19 Recent studies have identified 
distinct gut microbial profiles in newly diagnosed DLBCL 
patients compared with healthy controls,18,20–22 with spe-
cific alterations in microbial composition correlating with 

clinical outcomes.22,23 Furthermore, accumulating evi-
dence indicates that microbial metabolites may influence 
DLBCL progression by modulating immunometabolic 
pathways.24

Although current research has demonstrated correla-
tions between gut microbial profiles, microbial metabo-
lites, and DLBCL, causal relationships remain unproven, 
as most existing studies have employed case–control de-
signs and therefore cannot establish temporal relation-
ships between microbial alterations and lymphomagen-
esis.22 In addition, observational studies examining gut 
microbiota–DLBCL associations are subject to inherent 
limitations due to multiple confounding factors, including 
age, environmental exposures, diet, lifestyle, comorbidi-
ties, and therapeutic interventions, which may substan-
tially bias association estimates.25 While randomized 
controlled trials represent the gold standard for causal 
inference, their implementation is often limited by ethical 
and practical constraints. Therefore, Mendelian random-
ization (MR) and other causal inference methodologies 
may offer alternative approaches to elucidate potential 
microbiome–lymphoma relationships. Mendelian ran-
domization is an epidemiological method that strength-
ens causal inference by using genetic variants as instru-
mental variables (IVs), leveraging the random allocation 
of alleles at conception to minimize confounding from 
postnatal environmental factors.26 This approach has 
gained increasing utility in investigating potential causal 
links between gut microbiota composition and various 
cancers.27,28

This study employed a  two-sample MR framework 
to  systematically investigate potential causal relation-
ships between gut microbiota composition and DLBCL 
risk. We aimed to elucidate the role of specific gut micro-
bial taxa in DLBCL pathogenesis while simultaneously as-
sessing the bidirectional nature of microbiota–lymphoma 
associations. Furthermore, we evaluated potential causal 
relationships between gut microbiota–derived metabo-
lites and DLBCL development. By applying robust MR 
methodologies, our findings may provide novel insights 
into gut microbiome–DLBCL interactions and potentially 
inform the development of microbiota-targeted strategies 
for DLBCL prevention and clinical management.

Highlights
	• Mendelian randomization identifies causal associations between gut microbiota, microbial metabolites, and diffuse 
large B-cell lymphoma (DLBCL) risk.

	• Alistipes and Ruminococcaceae UCG011 are inversely associated with DLBCL, whereas Bilophila increases disease 
risk.

	• The microbial metabolite indolepropionate shows protective effects against DLBCL, while 7-HOCA is positively 
associated with lymphoma development.

	• Evidence supports bidirectional interactions between DLBCL and specific gut bacterial taxa.
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Objectives

This study employed MR to systematically investigate 
causal relationships between gut microbiota composition 
and DLBCL risk, with a particular focus on identifying po-
tentially pathogenic microbial taxa and their contributions 
to DLBCL lymphomagenesis. Our findings may provide 
insights into the development of microbiome-modulating 
interventions for DLBCL prevention and treatment.

Materials and methods

Study design

This MR study was conducted in  accordance with 
the Epidemiology-MR (STROBE-MR) guidelines. We ap-
plied both conventional two-sample MR and Bayesian 
weighted MR (BWMR) to assess causal relationships be-
tween gut microbiota composition, microbial metabolites, 
and DLBCL risk. A schematic overview of the study design 
is presented in Fig. 1. Instrumental variables were selected 
as single nucleotide polymorphisms (SNPs) significantly 
associated with the exposures from genome-wide asso-
ciation study (GWAS) datasets. Mendelian randomiza-
tion analyses were performed using the TwoSampleMR 
package in the R statistical environment (R Foundation for 
Statistical Computing, Vienna, Austria). Comprehensive 

sensitivity analyses, including heterogeneity tests, pleiot-
ropy assessments, and leave-one-out analyses, were con-
ducted to evaluate the robustness of the findings. In ad-
dition, BWMR provided further validation of the causal 
estimates through its robust Bayesian framework. Reverse 
MR analyses were also performed to evaluate potential 
reverse causality between gut microbiota and DLBCL. 
Our analytical framework satisfied the 3 core assump-
tions of MR:

1.  The SNPs used as IVs must be robustly associated 
with the exposure;

2.  The IVs must be independent of confounders influ-
encing both the exposure and the outcome;

3.  The IVs must affect the outcome exclusively through 
the exposure (i.e., absence of horizontal pleiotropy).

Data sources

The  gut microbiota dataset was obtained from 
the MiBioGen consortium GWAS (https://mibiogen.gcc.
rug.nl), comprising 18,340 individuals of predominantly 
European ancestry across 24  cohorts.29 This resource 
provided 16S rRNA gene sequencing profiles paired with 
genome-wide genotyping data, identifying 211 bacterial 
taxa across 5 taxonomic levels: 9 phyla, 16 classes, 20 or-
ders, 35 families, and 131 genera. To enhance analytical ro-
bustness, we excluded 3 taxonomically undefined families 
and 12 unclassified genera that could introduce annotation 

Fig. 1. Flowchart of the Mendelian 
randomization (MR) analysis investigating 
the associations between gut microbiota, 
microbiota-derived metabolites, and 
diffuse large B-cell lymphoma (DLBCL)

https://mibiogen.gcc.rug.nl
https://mibiogen.gcc.rug.nl
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inconsistencies or noise into SNP-exposure associations. 
Metabolite GWAS data were obtained from 2 European 
population-based studies (TwinsUK and KORA), compris-
ing 7,824 participants with quantitative profiles of 486 cir-
culating metabolites. From this dataset, we systematically 
identified and extracted 77 gut microbiota-derived me-
tabolites through annotation based on the Human Me-
tabolome Database (https://hmdb.ca).

The DLBCL summary statistics were obtained from 
the  latest release (R10; published December 18, 2023) 
of the FinnGen consortium, specifically from the “Dif-
fuse large B-cell lymphoma” dataset, comprising 1,050 
cases and 314,193 controls. As this study exclusively uti-
lized de-identified, publicly available data from established 
consortia, no additional institutional ethics approval was 
required. When treating gut microbiota and their derived 
metabolites as exposures and DLBCL as  the outcome, 
the selection of IVs was based on the following criteria: 
1) Based on prior literature, we set the significance thresh-
old at p < 1.0 × 10–5 to maximize the number of genetic 
instruments for exposures30; 2) To ensure independence 
between IVs, LD pruning was conducted using a threshold 
of r2 < 0.001 and a clumping window of 10,000 kb30; 3) Ex-
posure and outcome datasets were harmonized, with pal-
indromic SNPs removed. Single nucleotide polymorphisms 
with F-statistics ≤10 were excluded to ensure instrument 
strength, as the F-statistic reflects the strength of the as-
sociation between IVs and the exposure.31 For the reverse 
MR, in which DLBCL was treated as the exposure and 
gut microbiota as the outcome, the significance threshold 
was set at p < 5 × 10–6. All other IV selection criteria were 
consistent with those applied in the forward MR analysis.

Statistical analyses

A range of MR methodologies was applied to investigate 
the potential causal association between gut microbiota 
and DLBCL. For bacterial genera with only a single avail-
able IV, the Wald ratio method was used to estimate causal 
effects.32 When multiple IVs were available, 5 complemen-
tary MR methods were applied: inverse-variance weighted 
(IVW), MR-Egger regression, weighted median, simple 
mode, and weighted mode. Under the assumption of no 
horizontal pleiotropy, the IVW method provides the most 
precise estimates and was therefore selected as the pri-
mary analytical approach in this study.33 MR-Egger re-
gression, which assumes that instrument strength is in-
dependent of  direct effects (InSIDE assumption), was 
used as a sensitivity analysis to assess horizontal pleiot-
ropy.34 The weighted median method can provide consis-
tent causal estimates even when up to 50% of the genetic 
instruments are invalid.35 A key excerpt of the R script 
used for the data analysis is provided in the shared raw 
data. The F-statistic for each SNP was calculated using 
the formula F = β2/SE2, and SNPs with F-statistics ≤10 were 
excluded to minimize weak instrument bias. To assess 

the robustness of MR estimates, several sensitivity analyses 
were subsequently performed. Cochran’s Q test was used 
to detect heterogeneity among IVs, with p < 0.05 indicat-
ing statistical significance.36 Horizontal pleiotropy was 
evaluated using both the MR-Egger intercept test (estimat-
ing the average pleiotropic effect) and the MR-PRESSO 
global test (detecting outlier SNPs).34,37 In addition, a leave-
one-out analysis was conducted to determine whether 
any single IV had a disproportionate influence on causal 
effect estimates.38 The BWMR was employed to account 
for uncertainties arising from polygenicity and to address 
violations of IV assumptions by controlling for outliers.39

Results

MR results

The IVW method was used as the primary analytical ap-
proach, with BWMR providing complementary validation. 
The IVW analysis identified 4 gut microbial taxa show-
ing statistically significant associations with DLBCL risk 
(p < 0.05). Specifically, Bilophila (odds ratio (OR) = 1.777, 
95% confidence interval (95% CI): 1.053–3.000, p = 0.031) 
and Desulfovibrionaceae (OR = 1.577, 95% CI: 1.003–2.487, 
p = 0.049) were positively associated with an increased 
risk of DLBCL. In contrast, Alistipes (OR = 0.521, 95% CI: 
0.311–0.873, p = 0.013) and Ruminococcaceae UCG011 
(OR = 0.749, 95% CI: 0.574–0.978, p = 0.034) were in-
versely associated with DLBCL risk (Table 1). Scatter 
plots illustrating the nominally significant associations 
(p < 0.05) identified through IVW analysis are presented 
in Fig. 2A–C.

The BWMR validation confirmed 3 of these associations 
and refined their effect estimates. Alistipes (OR = 0.573, 
95% CI: 0.341–0.964; p = 0.036) and Ruminococcaceae 
UCG011 (OR = 0.747, 95% CI: 0.565–0.987; p = 0.040) 
maintained their inverse associations with DLBCL risk, 
whereas Bilophila demonstrated a stronger positive as-
sociation (OR = 2.005, 95% CI: 1.238–3.248; p = 0.005). 
In contrast, the association for Desulfovibrionaceae was 
no longer statistically significant in the BWMR analysis 
(OR = 1.342, 95% CI: 0.846–2.130; p = 0.212), and was 
therefore not considered in subsequent analyses (Table 1).

Moreover, our MR analysis of gut microbiota–derived 
metabolites identified 3  significant associations with 
DLBCL risk. Two metabolites, 3-(4-hydroxyphenyl)lactate 
(OR = 0.174, 95% CI: 0.030–0.784; p = 0.023) and indole-
propionate (OR = 0.296, 95% CI: 0.131–0.669; p = 0.003), 
were inversely associated with DLBCL risk, suggesting 
potential protective effects. In contrast, 7α-hydroxy-3-oxo-
4-cholestenoate (7-HOCA) (OR = 9.561, 95% CI: 1.426–
64.088; p = 0.020) exhibited a strong positive association 
with DLBCL risk, indicating a potential risk-promoting 
role (Table 2). BWMR validation confirmed 2 of  these 
associations. Indolepropionate (OR  =  0.256, 95%  CI: 

https://hmdb.ca
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0.100–0.650; p = 0.004) maintained its inverse association 
with DLBCL risk, whereas 7-HOCA (OR = 10.577, 95% CI: 
1.275–87.729; p = 0.029) demonstrated an even stronger 
positive association. However, 3-(4-hydroxyphenyl)lactate 
(OR = 0.230, 95% CI: 0.040–1.314; p = 0.098) did not re-
tain statistical significance in the BWMR analysis and was 
therefore not considered in further interpretation (Table 2). 
Scatter plots depicting the significant metabolite–DLBCL 
associations identified through BWMR analysis are pre-
sented in Fig. 2D–E. Forest plots visually summarize all 
significant microbiota–DLBCL causal relationships (Sup-
plementary Fig. 1). Funnel plots demonstrated symmetrical 
distributions of causal estimates, indicating minimal evi-
dence of directional pleiotropy that could bias the results 
(Supplementary Fig. 2).

Sensitivity analysis

Sensitivity analyses consistently supported the robust-
ness of our findings. Cochran’s Q test revealed no sig-
nificant heterogeneity among the selected IVs (Tables 1,2). 
Additionally, the MR-Egger intercept test provided no 
evidence of significant horizontal pleiotropy. The MR-
PRESSO global test (p > 0.05) identified no outlier vari-
ants among the gut microbial taxa, microbiota-derived 
metabolites, or DLBCL associations, further supporting 
the absence of horizontal pleiotropy (Tables 1,2). Finally, 
the leave-one-out analysis confirmed the stability of the es-
timates, demonstrating that no individual variant exerted 
a disproportionate influence on the causal associations 
(Supplementary Fig. 3).

Table 1. The causal relationship estimation between gut microbiota and diffuse large B-cell lymphoma (DLBCL)

Gut microbiota 
(exposure)

Number 
of SNPs β p-value OR (95% CI) p-value for 

heterogeneity test
p-value for 
intercept

p-value for 
MR-PRESSO

Alistipes

IVW 13 −0.652 0.013 0.521 (0.311–0.873) 0.889 0.257 0.797

MR Egger 13 0.834 0.525 2.302 (0.190–27.832) 0.928 – –

Weighted median 13 −0.588 0.088 0.556 (0.283–1.092) – – –

Simple mode 13 −0.498 0.395 0.608 (0.201–1.840) – – –

Weighted mode 13 −0.515 0.369 0.597 (0.202–1.767) – – –

BWMR 13 −0.557 0.036 0.573 (0.341–0.964) – – –

Biophila

IVW 13 0.575 0.031 1.777 (1.053–3.0) 0.121 0.659 0.089

MR Egger 13 1.181 0.405 3.256 (0.225–47.225) 0.095 – –

Weighted median 13 0.827 0.012 2.286 (1.192–4.383) – – –

Simple mode 13 1.194 0.092 3.200 (0.870–12.517) – – –

Weighted mode 13 1.183 0.091 3.266 (1.019–10.468) – – –

BWMR 13 0.696 0.005 2.005 (1.238–3.248) – – –

Desulfovibrionaceae

IVW 10 0.457 0.049 1.579 (1.003–2.487) 0.701 0.271 0.485

MR Egger 10 1.058 0.095 2.881 (0.964–8.615) 0.760 – –

Weighted median 10 0.468 0.132 1.077 (0.869–2.936) – – –

Simple mode 10 0.412 0.412 1.350 (0.591–3.856) – – –

Weighted mode 10 0.429 0.308 1.206 (0.706–3.340) – – –

BWMR 10 0.294 0.212 1.342 (0.846–2.130) – – –

Ruminococcaceae UCG011

IVW 8 −0.289 0.034 0.749 (0.574–0.978) 0.987 0.485 0.973

MR Egger 8 −0.785 0.293 0.456 (0.120–1.732) 0.983 – –

Weighted median 8 −0.295 0.080 0.745 (0.535–1.036) – – –

Simple mode 8 −0.344 0.216 0.709 (0.432–1.163) – – –

Weighted mode 8 −0.364 0.222 0.695 (0.408–1.184) – – –

BWMR 8 −0.291 0.04 0.747 (0.565–0.987) – – –

SNPs – single nucleotide polymorphisms; OR – odds ratio; 95% CI – 95% confidence interval; IVW – inverse variance weighted; BWMR – Bayesian weighted 
Mendelian randomization.
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Reverse MR results

In the reverse MR analysis evaluating DLBCL as expo-
sure and gut microbiota as outcome, we initially identified 
12 IVs, excluding those with weak instrument effects. Using 
IVW as the primary statistical method, DLBCL was found 
to be associated with a higher abundance of Anaerofilum 
(OR = 1.087, 95% CI: 1.008–1.173, p = 0.031) and a lower 
abundance of Deltaproteobacteria (OR = 0.959, 95% CI: 
0.922–0.997, p = 0.037), Desulfovibrionales (OR = 0.959, 
95%  CI: 0.922–0.998, p  =  0.041), Desulfovibrionaceae 
(OR = 0.960, 95% CI: 0.923–0.999, p = 0.045), Oxalobac-
teraceae (OR = 0.914, 95% CI: 0.843–0.992, p = 0.031), and 
Oxalobacter (OR = 0.909, 95% CI: 0.837–0.988, p = 0.024) 
(Table 3). The BWMR analysis provided further validation 
of the causal relationships between DLBCL and specific 
gut microbial taxa. This robust approach confirmed sig-
nificant associations of DLBCL with Deltaproteobacteria 
(OR = 0.958, 95% CI: 0.920–0.999, p = 0.042), Desulfovi-
brionales (OR = 0.959, 95% CI: 0.920–0.999, p = 0.046), 
Oxalobacteraceae (OR  =  0.911, 95%  CI: 0.838–0.990, 
p = 0.027), Anaerofilum (OR = 1.091, 95% CI: 1.008–1.181, 
p = 0.030), and Oxalobacter (OR = 0.905, 95% CI: 0.832–
0.986, p = 0.022). However, the association with Desulfo-
vibrionaceae (OR = 0.960, 95% CI: 0.921–1.001, p = 0.051) 

narrowly missed the  statistical significance threshold 
and was consequently excluded from final interpretation. 
Scatter plots of SNP effects supported the causal associa-
tions between DLBCL risk and gut microbiota abundance, 
as shown in Supplementary Fig. 4.

Forest plots demonstrated significant effects of DLBCL 
on specific gut microbial taxa in the reverse MR analysis 
(Supplementary Fig. 5). Funnel plots derived from the re-
verse MR analysis demonstrated a symmetrical distribu-
tion of variant effects, suggesting a low likelihood of di-
rectional pleiotropy (Supplementary Fig. 6). Importantly, 
sensitivity analyses performed for the reverse MR findings 
provided no evidence of significant heterogeneity or hori-
zontal pleiotropy, with all relevant statistics summarized 
in Table 3. The leave-one-out analysis further confirmed 
the stability of the estimates, indicating that no single IV 
exerted a disproportionate influence on the causal effect 
estimates (Supplementary Fig. 7).

Discussion

In this study, we applied MR to systematically investi-
gate the causal relationships between gut microbial fea-
tures, microbiota-derived metabolites, and DLBCL risk. 

Table 2. The causal relationship estimation between gut microbiota-derived metabolites and diffuse large B-cell lymphoma (DLBCL)

Metabolite (exposure) Number 
of SNPs β p-value OR (95% CI) p-value for 

heterogeneity test
p-value for 
intercept

p-value for 
MR-PRESSO

3-(4-hydroxyphenyl)lactate

IVW 22 −1.749 0.023 0.174 (0.030–0.784) 0.601 0.764 0.561

MR Egger 22 −2.269 0.133 0.103 (0.003–4.043) 0.544 – –

Weighted median 22 −1.67 0.017 0.188 (0.021–1.682) – – –

Simple mode 22 −2.601 0.188 0.074 (0.001–4.534) – – –

Weighted mode 22 −3.011 0.2 0.049 (0.001–3.616) – – –

BWMR 22 −1.47 0.098 0.23 (0.04–1.314) – – –

7-HOCA

IVW 15 2.258 0.02 9.561 (1.426–64.088) 0.423 0.561 0.455

MR Egger 15 3.772 0.190 43.47 (0.208–9140.125) 0.375 – –

Weighted median 15 1.807 0.189 6.092 (0.411–90.161) – – –

Simple mode 15 0.616 0.790 1.851 (0.022–159.266) – – –

Weighted mode 15 1.527 0.484 4.604 (0.071–296.764) – – –

BWMR 15 2.359 0.029 10.577 (1.275–87.729) – – –

Indolepropionate

IVW 16 −1.217 0.003 0.296 (0.131–0.669) 0.932 0.729 0.914

MR Egger 16 −0.958 0.273 0.384 (0.074–1.990) 0.906 – –

Weighted median 16 −1.05 0.104 0.350 (0.099–1.239) – – –

Simple mode 16 −1.815 0.116 0.163 (0.019–1.378) – – –

Weighted mode 16 −0.86 0.235 0.423 (0.108–1.654) – – –

BWMR 16 −1.364 0.004 0.256 (0.1–0.65) – – –

SNPs – single nucleotide polymorphisms; OR – odds ratio; 95% CI – 95% confidence interval; IVW – inverse variance weighted; BWMR – Bayesian weighted 
Mendelian randomization; 7-HOCA – 7α-hydroxy-3-oxo- 4-cholestenoate.
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The  findings identified 3  bacterial genera –  Alistipes, 
Ruminococcaceae UCG011, and Bilophila – along with 
2 microbiota-derived metabolites, indolepropionate and 
7-HOCA, that demonstrated significant causal associa-
tions with DLBCL risk. Furthermore, reverse MR analysis 
suggested that DLBCL may reciprocally influence gut mi-
crobial composition, with putative causal effects observed 
for 1 bacterial class (Deltaproteobacteria), 1 order (De-
sulfovibrionales), 1 family (Oxalobacteraceae), and 2 gen-
era (Anaerofilum and Oxalobacter). The gut microbiota, 
comprising more than 1,000 taxonomic units residing 

in the intestinal tract, is increasingly recognized as a vi-
tal “virtual organ” due to its structural complexity and 
partially heritable characteristics. This microbial commu-
nity plays a pivotal role in maintaining host physiological 
homeostasis through diverse direct and indirect mecha-
nisms.40 Growing evidence suggests that perturbations 
in gut microbial ecology contribute to the pathogenesis 
of various diseases, including hematological malignan-
cies.41,42 Recent studies have further implicated gut micro-
biota dysbiosis in lymphomagenesis and disease progres-
sion.43,44 Supporting this connection, Lin et al. reported 

Fig. 2. Scatter plots illustrating the causal effects of gut microbiota 
and microbiota-derived metabolites on the risk of diffuse large B-cell 
lymphoma (DLBCL). A. Alistipes; B. Bilophila; C. Ruminococcaceae UCG011; 
D. 7-alpha-hydroxy-3-oxo-4-cholestenoate (7-HOCA); E. indolepropionate
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distinct gut microbiota profiles in  untreated DLBCL 
patients, characterized by  significantly elevated abun-
dances of Proteobacteria, Escherichia–Shigella, Roseburia, 

and Alistipes compared with healthy controls.18 In con-
trast, Li et al. observed a significant depletion of Rose-
buria in DLBCL patients.20 Further clinical observations 

Table 3. The causal relationship estimation between diffuse large B-cell lymphoma (DLBCL) and gut microbiota

Gut microbiota (outcome) Number 
of SNPs β p-value OR (95% CI) p-value for 

heterogeneity test
p-value for 
intercept

p-value for 
MR-PRESSO

Deltaproteobacteria

IVW 7 −0.042 0.037 0.959 (0.922–0.997) 0.889 0.508 0.907

MR Egger 7 −0.118 0.326 0.889 (0.719–1.099) 0.876 – –

Weighted median 7 −0.054 0.030 0.947 (0.902–0.995) – – –

Simple mode 7 −0.058 0.171 0.944 (0.877–1.015) – – –

Weighted mode 7 −0.058 0.137 0.944 (0.884–1.008) – – –

BWMR 7 0.043 0.042 0.958 (0.920–0.999) – – –

Desulfovibrionales

IVW 7 −0.041 0.041 0.959 (0.922–0.998) 0.889 0.257 0.8

MR Egger 7 −0.120 0.316 0.887 (0.717–1.096) 0.928 – –

Weighted median 7 −0.054 0.027 0.947 (0.903–0.994) – – –

Simple mode 7 −0.058 0.170 0.944 (0.877–1.015) – – –

Weighted mode 7 −0.057 0.161 0.945 (0.881–1.013) – – –

BWMR 7 −0.042 0.046 0.959 (0.920–0.999) – – –

Desulfovibrionaceae

IVW 7 −0.041 0.045 0.960 (0.923–0.999) 0.88 0.506 0.893

MR Egger 7 −0.117 0.330 0.890 (0.720–1.010) 0.865 – –

Weighted median 7 −0.053 0.038 0.948 (0.903–0.996) – – –

Simple mode 7 −0.057 0.169 0.945 (0.882–1.012) – – –

Weighted mode 7 −0.056 0.163 0.946 (0.886–1.010) – – –

BWMR 7 −0.041 0.051 0.960 (0.921–1.0001) – – –

Oxalobacteraceae

IVW 7 −0.090 0.031 0.914 (0.843–0.992) 0.188 0.930 0.211

MR Egger 7 −0.068 0.792 0.935 (0.581–1.504) 0.120 – –

Weighted median 7 −0.069 0.172 0.933 (0.845–1.031) – – –

Simple mode 7 −0.068 0.450 0.934 (0.793–1.101) – – –

Weighted mode 7 −0.129 0.137 0.879 (0.759–1.018) – – –

BWMR 7 −0.093 0.027 0.911 (0.838–0.990) – – –

Anaerofilum

IVW 7 0.083 0.031 1.087 (1.008–1.173) 0.279 0.940 0.333

MR Egger 7 0.101 0.675 1.106 (0.708–1.727) 0.188 – –

Weighted median 7 0.120 0.011 1.128 (1.028–1.238) – – –

Simple mode 7 0.143 0.091 1.154 (1.004–1.326) – – –

Weighted mode 7 0.138 0.086 1.147 (1.006–1.308) – – –

BWMR 7 0.087 0.03 1.091 (1.008–1.181) – – –

Oxalobacter

IVW 7 −0.095 0.024 0.909 (0.837–0.988) 0.222 0.995 0.249

MR Egger 7 −0.093 0.722 0.911 (0.560–1.482) 0.144 – –

Weighted median 7 −0.061 0.244 0.940 (0.848–1.043) – – –

Simple mode 7 −0.010 0.916 0.990 (0.816–1.200) – – –

Weighted mode 7 −0.008 0.938 0.992 (0.822–1.198) – – –

BWMR 7 −0.099 0.022 0.905 (0.832–0.986) – – –

SNPs – single nucleotide polymorphisms; OR – odds ratio; 95% CI – 95% confidence interval; IVW – inverse variance weighted; BWMR – Bayesian weighted 
Mendelian randomization.
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indicated that patients experiencing treatment-related 
adverse events exhibited higher levels of Enterobacteria-
ceae, whereas those without adverse events showed rela-
tive enrichment of Prevotellaceae and Oscillospiraceae.22 
Moreover, a significant difference in Enterobacteriaceae 
abundance was observed between patients with disease 
relapse or progression and those in remission.22 Recent 
investigations have identified significant microbial shifts 
in treatment-naïve patients, characterized by increased 
levels of Bacteroidetes and decreased levels of Firmicutes 
compared with healthy controls.43 Firmicutes, particularly 
members of the families Ruminococcaceae and Lachno-
spiraceae, are major butyrate producers in  the human 
colon.45,46 In our study, Ruminococcaceae UCG011, a bu-
tyrate-producing bacterial genus, was inversely associated 
with DLBCL risk (OR = 0.749). This protective association 
suggests potential anti-lymphoma effects that may op-
erate through multiple butyrate-mediated mechanisms. 
As the primary short-chain fatty acid (SCFA) generated 
through microbial fermentation of dietary fiber, butyrate 
serves as a key energy source for colonocytes while also 
modulating immune responses and enhancing intestinal 
barrier integrity.47 Moreover, Wei et al. demonstrated that 
butyrate exerts potent anti-tumor effects by  function-
ing as a histone deacetylase (HDAC) inhibitor, thereby 
promoting histone acetylation and inducing apoptosis 
of malignant cells through epigenetic modulation of gene 
expression pathways.24 The anti-tumor effects of butyrate 
may be particularly relevant in DLBCL, given the charac-
teristic overexpression of HDAC isoforms observed in this 
malignancy.48,49 Similar HDAC-mediated oncogenic pro-
cesses have been reported across multiple malignancies, 
in which butyrate’s HDAC-inhibitory activity promotes 
tumor-suppressive histone acetylation and apoptosis.50,51

Existing evidence also indicates that butyrate regu-
lates key oncogenic pathways including mitochondrial 
and extrinsic apoptosis, G  protein-coupled receptor 
(GPR41/43/109a) signaling, Wnt signaling, and protein 
kinase C pathway.52 Particularly relevant to lymphoma-
genesis, Lu et al. reported that butyrate-producing Eu-
bacterium rectale suppresses tumor necrosis factor (TNF) 
production and subsequent TLR4/MyD88/NF-κB activa-
tion in B cells, which may contribute to reduced lymphoma 
incidence.23 Our current analysis did not detect significant 
associations of E. rectale with DLBCL risk, potentially due 
to limited sample size. However, the robust association 
with Ruminococcaceae UCG011 warrants future investi-
gation into its specific mechanisms of action, particularly 
its potential to modulate these reported butyrate-sensitive 
pathways in B-cell malignancies.

Alistipes, a recently identified genus of anaerobic bacteria, 
predominantly colonizes the human gastrointestinal tract 
but has also been identified in extraintestinal sites including 
the brain, bloodstream, and gut periphery.53 This bacterial 
genus demonstrates complex disease-modulating proper-
ties, with studies reporting both protective and pathogenic 

associations. Several studies have reported that Alistipes 
exerts protective effects against colitis.54 In patients with 
liver cirrhosis, Alistipes abundance declines progressively 
from the compensated to the decompensated stage.55,56 
The onset and severity of liver fibrosis have been associ-
ated with reduced Alistipes populations. The observed anti-
fibrotic effects may be mediated through Alistipes produc-
tion of propionate and acetate, with the latter exhibiting 
well-documented anti-inflammatory properties.57,58 Ad-
ditionally, emerging evidence indicates complex, context-
dependent roles for Alistipes in cancer biology. While el-
evated Alistipes abundance has demonstrated protective 
effects against hepatocellular carcinoma (HCC) progression, 
potentially mediated through the suppression of hepatic 
T helper 17 cells,59 other studies suggest this genus may 
promote carcinogenesis in colorectal cancer via IL-6/STAT3 
pathway activation.60 Our findings revealed a similarly pro-
tective association between Alistipes and DLBCL risk, which 
may be mediated through immunomodulatory mechanisms 
analogous to those observed in hepatic malignancies. How-
ever, the precise pathways underlying Alistipes–DLBCL in-
teractions require further mechanistic investigation.

Moreover, our MR analysis revealed a significant posi-
tive association between Bilophila and the risk of DLBCL. 
The anaerobic genus Bilophila has been implicated in di-
verse pathological conditions, including abscesses, ap-
pendicitis, colitis, and Parkinson’s disease.61 Studies have 
demonstrated that Bilophila generates hydrogen sulfide 
(H2S), a gaseous metabolite that significantly compromises 
intestinal barrier function. This disruption facilitates di-
rect contact between harmful substances or bacteria and 
epithelial surfaces, thereby impairing immune responses, 
activating inf lammation, and ultimately promoting 
colorectal tumorigenesis.62,63 Furthermore, evidence also 
suggests that Bilophila exhibits inhibitory effects on bu-
tyrate-producing gut microbiota, simultaneously affect-
ing both microbial balance and host physiology.64 Given 
the established protective role of butyrate against DLBCL, 
it  is plausible that Bilophila may contribute to DLBCL 
pathogenesis through butyrate depletion mechanisms. 
However, the precise nature of this relationship remains 
to be elucidated, as no prior studies have directly investi-
gated Bilophila–DLBCL associations.

The gut microbiota serves as a key biosynthetic organ 
for circulating metabolites, generating diverse small mol-
ecules that systemically regulate host physiology through 
multiple mechanisms. Emerging evidence links dysregu-
lation of these microbial metabolic pathways to various 
disease states.65,66 As previously discussed, elevated levels 
of butyrate have been associated with reduced lymphoma 
burden, whereas the loss of butyrate-producing bacteria 
may diminish these beneficial effects.24 Moreover, this re-
lationship is further supported by observations in NK/T-
cell lymphoma patients, who exhibit significantly reduced 
levels of both butyrate and its primary producer Faecali-
bacterium prausnitzii. Butyrate is hypothesized to inhibit 
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tumor progression by activating SOCS1 and suppressing 
the JAK–STAT signaling pathway.67 Building upon our 
initial findings, we conducted a comprehensive investiga-
tion of the causal relationships between gut microbiota-
derived metabolites and DLBCL risk. Our analysis identi-
fied indolepropionate, a microbial metabolite generated 
from dietary tryptophan catabolism,68 as a potentially pro-
tective factor for DLBCL. This compound demonstrates 
multifaceted biological activity, including the stimula-
tion of interleukin (IL)-10 secretion from bone marrow-
derived macrophages to exert potent anti-inflammatory 
effects.69 Another study demonstrated that indolepropio-
nate attenuates intestinal inflammation by suppressing 
interferon gamma (IFN-γ), TNF-α, and IL-1β through its 
action as an aryl hydrocarbon receptor (AHR) ligand that 
promotes IL-22 production.68 Indolepropionate has also 
been reported to exhibit anti-tumor effects by inhibiting 
epithelial-mesenchymal transition, enhancing anti-tumor 
immunity through upregulation of both AHR and preg-
nane X receptor (PXR) pathways, and functioning as a free 
radical scavenger against oxidative DNA damage induced 
by carcinogens like free iron and Cr(III).70–72 The conver-
gence of these anticancer properties with our MR findings 
suggests its potential relevance to DLBCL prevention and 
treatment, although the specific mechanisms in lymphoid 
malignancies remain to be fully elucidated.

In contrast to well-characterized microbial metabo-
lites, the pathological significance of 7-HOCA remains 
poorly understood. A recent study reported elevated levels 
of 7-HOCA in patients with hepatitis and liver cancer and 
demonstrated that 7-HOCA induces DNA damage and 
promotes tumorigenesis in non-alcoholic fatty liver disease 
(NAFLD).73 In our MR analyses, 7-HOCA was identified 
as a potential risk factor for DLBCL, providing a compel-
ling rationale for further investigations into the molecu-
lar mechanisms through which 7-HOCA may contribute 
to lymphomagenesis.

This study has several methodological strengths com-
pared with previous research. We employed a MR design 
to infer causal relationships between gut microbiota, mi-
crobiota-derived metabolites, and DLBCL. Bidirectional 
MR analyses were conducted using large-scale GWAS data-
sets to comprehensively evaluate these associations. Single 
nucleotide polymorphisms were selected as instrumen-
tal variables to emulate the random allocation of genetic 
variants. According to Mendel’s laws, these variants are 
randomly assigned at conception and are generally inde-
pendent of environmental confounders. As highlighted 
by Ference et al.,74 this intrinsic property enables MR to es-
timate causal effects of exposures on disease outcomes with 
reduced confounding. By serving as proxies for long-term 
exposure, SNPs facilitate more robust causal inference. 
To assess potential horizontal pleiotropy, we applied both 
MR-Egger regression and MR-PRESSO. Finally, the ro-
bustness of our findings was further supported through 
complementary analyses using BWMR.

Limitations of the study

Despite its strengths, this study has several limitations that 
warrant consideration. First, the GWAS data on gut micro-
biota and metabolites were predominantly derived from Eu-
ropean cohorts, and the DLBCL dataset also consisted exclu-
sively of individuals of European ancestry. Consequently, our 
findings may be susceptible to population stratification bias 
and may not be generalizable to non-European populations. 
Second, the absence of clinical subtyping data precluded im-
portant stratified analyses, including the evaluation of dif-
ferences according to cell-of-origin classification (germinal 
center B-cell (GCB) vs non-GCB subtypes) or the presence 
of  gastrointestinal involvement. Finally, the  resolution 
of the gut microbiota data was limited to the genus level, and 
the metabolite dataset was incomplete, thereby constrain-
ing more in-depth mechanistic exploration. Future studies 
incorporating more comprehensive and higher-resolution 
datasets are warranted to validate and refine the inferred 
causal relationships between gut microbiota and DLBCL.

Conclusions

In summary, our findings provide evidence support-
ing potential causal relationships between gut microbiota, 
microbiota-derived metabolites, and DLBCL, offering new 
insights into DLBCL pathogenesis and informing future 
diagnostic and therapeutic strategies. However, given 
the limitations of this study, further experimental and 
clinical investigations are warranted to more comprehen-
sively elucidate the roles of gut microbiota and their me-
tabolites in DLBCL development.
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Abstract
Neuroimaging techniques such as magnetic resonance imaging (MRI) are routinely used in diagnostic radiol-
ogy to evaluate brain changes associated with neurological and psychiatric conditions. Evidence suggests 
that imaging biomarkers predict clinical outcomes with varying accuracy across ethnic groups. Under-
representation of ethnic diversity in neuroimaging research may result in generalization bias, whereby 
findings derived from one population are inaccurately applied to others. A scoping review methodology 
was employed to systematically identify and analyze relevant literature. Searches were conducted across 
EBSCOhost (including CINAHL and Medline Complete), Elsevier (Scopus), Clarivate (Web of Science), and 
PubMed. Eligible studies examined ethnicity-related differences in subcortical brain volumes and cortical 
thickness in healthy adults using neuroimaging. The search yielded 1,013 records, which were screened ac-
cording to predefined inclusion and exclusion criteria. Fourteen studies met the eligibility criteria and were 
included in the final analysis. The reviewed studies demonstrated significant variations in cortical thickness 
and subcortical volumes across diverse populations and socioeconomic groups, underscoring the need for 
population-sensitive reference standards in neuroimaging to minimize generalization bias. These findings 
highlight the importance of  incorporating ethnic variability into neuroimaging research and developing 
population-sensitive frameworks for MRI-based diagnostic applications. Additionally, the review identifies 
key areas for improvement, including the integration of ethnic and socioeconomic diversity in artificial intel-
ligence (AI)-driven neuroimaging models to enhance diagnostic precision and equity.

Key words: brain, magnetic resonance imaging, cortex, artificial intelligence, ethnicity
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Introduction

Alzheimer’s and Parkinson’s diseases are among 
the most prevalent neurodegenerative disorders, signifi-
cantly impacting global health. Over 57 million people 
were living with dementia worldwide in 2019.1 This num-
ber is projected to rise to more than 153 million by 2050 
due to population aging. Neuroimaging techniques, par-
ticularly magnetic resonance imaging (MRI) and positron 
emission tomography (PET), are invaluable for diagnosis. 
The integration of artificial intelligence (AI) into imaging 
enhances segmentation, lesion detection, and volumetric 
analysis, thereby facilitating the identification of subtle 
structural changes and improving early diagnosis of neu-
rodegenerative and psychiatric disorders.2

Beyond neuroimaging, AI applications in health sciences 
continue to expand. For example, Razdan et al.3 explored 
the role of AI in pediatric dentistry by analyzing dentists’ 
perceptions of  its diagnostic capabilities. Furthermore, 
AI models have been developed to assess pediatric frailty 
syndrome in heart failure4 and pediatric-onset multiple 
sclerosis.5 The cortical and subcortical brain regions are 
involved in higher-order cognitive processes, including 
decision-making, language, complex motor control, emo-
tion, motivation, and basic survival functions, and play 
a fundamental role in behavior. Specific cognitive domains 
are associated with distinct brain structures. Memory 
is linked to hippocampal and entorhinal cortex volumes; 
attention and processing speed are related to parietal lobe 
volumes and white matter integrity6; executive functions 
involve the prefrontal cortex and caudate7,8; emotional pro-
cessing and social cognition are associated with amygdala 
volume8; and global cognitive and social functioning have 
been linked to thalamic volume.9 Additionally, the pre-
frontal cortex (PFC) plays a key role in executive function-
ing, emotional regulation, and decision-making,10 while 
the pre-supplementary motor cortex and the right inferior 
frontal gyrus are implicated in reactive action control.11 
These brain structures serve as  important biomarkers 
of neurological disorders; their morphology aids diagnosis, 
monitoring of disease progression, and prognostication. Al-
terations in cortical thickness and regional brain volumes 
– including total brain volume, parietal and temporal gray 

matter, and the hippocampus – are well-established bio-
markers of neurodegenerative diseases such as Alzheimer’s 
disease (AD) and related dementias,12–14 Parkinson’s dis-
ease (PD),15 Huntington’s disease,16 amyotrophic lateral 
sclerosis (ALS),17 and global cognitive decline.6 Cortical 
structural abnormalities are likewise observed in psychi-
atric disorders, including major depressive disorder,18,19 
schizophrenia,20 and bipolar disorder.10,21,22

Furthermore, volumetric measures of subcortical struc-
tures – including the thalamus, basal ganglia, hippocampus, 
amygdala, and nucleus accumbens – serve as key diagnostic 
biomarkers. Subcortical structural alterations have been doc-
umented in a range of neurological and psychiatric disorders, 
including AD,23 PD,24 schizophrenia, bipolar disorder, major 
depressive disorder, and autism spectrum disorder.25–27

Ethnic differences in brain volumes in both health and 
disease are well documented in the literature and have 
important implications for clinical practice and research. 
For example, studies comparing Caucasian and African 
American populations,28 as well as Korean and other East 
Asian cohorts,29,30 have reported significant differences 
in cortical and subcortical volumes. In a multiethnic study, 
Black participants demonstrated larger total brain vol-
umes, while both Black and Hispanic participants exhib-
ited higher white matter volumes compared with other 
groups.31 Differences in pathological markers have also 
been observed. Black participants showed a greater burden 
of white matter hyperintensities (WMH), whereas Japanese 
individuals demonstrated less functional disability despite 
comparable levels of brain atrophy.31

Understanding differences in  these brain biomarkers 
is crucial for accurate diagnosis, particularly in the con-
text of AI-driven neuroimaging. Although genetic ancestry 
may contribute to intergroup variation in brain morphol-
ogy,30 such differences are more consistently associated with 
social determinants of health, including income, educa-
tion, access to healthcare, and chronic stress exposure.31,32 
Recognizing race as a sociopolitical construct rather than 
a purely biological determinant33,34 helps prevent the per-
petuation of biological essentialism within AI-based diag-
nostic frameworks.35,36 A significant challenge arises from 
the fact that commercially available AI-enabled neuroim-
aging software is primarily trained on data derived from 

Highlights
	• Significant volumetric differences in cortical and subcortical brain structures are observed across ethnic populations.
	• Aging, socioeconomic status (SES), and racialized social identity interact to influence brain anatomy, cognitive 
performance, and health outcomes.

	• Population-sensitive neuroimaging templates incorporating race/ethnicity and SES can improve AI-based diagnostic 
accuracy for neurodegenerative diseases.

	• Ethical AI development in  neuroimaging requires bias mitigation, data privacy protection, and healthcare 
accountability.
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geographically limited populations, particularly in the USA, 
Europe, and China,37–40 thereby introducing potential bias. 
Consequently, the development of inclusive AI models with 
broader population representation – integrating biological, 
social, and geographic determinants – is essential to en-
hance diagnostic equity and generalizability.

This review critically examines evidence from the litera-
ture on how racial, ethnic, and social determinants, con-
ceptualized as sociopolitical and structural factors, influ-
ence brain volumetric variability. Throughout the review, 
racial and ethnic groupings are used within a socio-struc-
tural context rather than as biologically fixed categories. 
Moreover, we adopt the term “population-sensitive” to de-
scribe approaches that consider both biological variation 
(e.g., ancestry and sex) and socio-structural determinants 
(e.g., race, ethnicity, and socioeconomic status).

Although the cited literature variably uses the terms 
“race,” “ethnicity,” and related constructs, our use 
of the term “population-sensitive” aims to provide a more 
inclusive and precise framework that avoids reinforcing 
essentialist or reductive interpretations. While acknowl-
edging the diagnostic benefits of race-aware AI models and 
population-specific templates, we also highlight the as-
sociated ethical risks, including racial essentialism and 
algorithmic bias. This review emphasizes the importance 
of evidence-based, bias-reducing strategies that prioritize 
diagnostic accuracy, equity, and scientific rigor.

Objectives

This scoping review explores differences in cortical and 
subcortical volumes among diverse populations and ad-
dresses the following research questions:

–  What is known about cerebral cortical and subcorti-
cal volumetric differences across ethnic groups, and how 
do these differences affect AI-based neuroimaging tools?

–  What is the role of specific cortical and subcortical 
brain structures in health and in neurological and psychi-
atric conditions?

–  How do normative brain volumes across different 
population groups influence diagnostic accuracy, AI model 
generalization, and population-sensitive standards?

–  What are the potential challenges, biases, and ethical 
considerations involved in incorporating ethnicity and 
socioeconomic status (SES) when developing population-
sensitive norms and AI models in neuroimaging?

Concept

This scoping review, based on MRI studies, examines 
population-specific differences in brain volumetry among 
healthy adults and their implications for ensuring accurate 
diagnoses and equitable AI-driven assessments. As de-
scribed earlier, the term “population-sensitive” is used 
to highlight a comprehensive approach that integrates 

biological variation (e.g., ancestry and sex) with socio-
structural influences (e.g., race, ethnicity, and socioeco-
nomic status). A population-sensitive perspective empha-
sizes diagnostic precision and equity while preventing 
the reinforcement of racial essentialism in AI development.

Context

Given the increasing integration of AI into diagnostic 
processes, population-level diversity in brain volumetry 
is a key factor in interpreting MRI scans, necessitating 
population-sensitive reference standards. This review 
identifies key themes and evaluates the feasibility of per-
sonalized diagnostic standards to enhance the accuracy 
and fairness of AI-based neuroimaging.

Materials and methods

This scoping review follows the framework proposed 
by Arksey and O’Malley41 and later refined by Levac et al.42 
to systematically explore ethnic differences in brain vol-
umetry among healthy adults using MRI data. Scoping 
reviews are useful for mapping key concepts in emerging 
fields, identifying research gaps, and guiding future in-
vestigations.43 Although scoping reviews do not require 
formal quality appraisal,44 this study enhances transpar-
ency and reliability by acknowledging the methodological 
limitations of the included studies and presenting a struc-
tured summary table.

Search strategy

Initially, we conducted a preliminary search across the EB-
SCOhost databases (including CINAHL (Cumulative Index 
to Nursing and Allied Health Literature) and MEDLINE 
Complete), Elsevier databases (Scopus), Clarivate databases 
(Web of Science), and PubMed, which yielded no published 
reviews on the specified topic. Subsequently, a 2nd search was 
performed across the same databases to identify relevant ar-
ticles published between 2014 and 2024, in order to capture 
the most recent data and refine the search output. The search 
terms were (“brain anatomy” OR “brain size” OR “brain 
structure” OR “brain morphology” OR “brain volume” OR 
“brain volumetric” OR “brain morphometry”) AND (“race” 
OR “racial” OR “ethnicity” OR “ethnic” OR “racioethnic”).

To  enhance clarity and provide specific support for 
the need for population-sensitive diagnostic standards, 
the search specifically focused on studies examining eth-
nic variability in brain morphology. We included studies 
comparing cortical and subcortical brain volumes across 
different racial and ethnic groups to ensure that our re-
view captured the full scope of morphological differences 
relevant to neuroimaging practice.

This review included studies that analyzed brain vol-
umes using MRI across different ethnic groups, as well 
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as studies that compared brain volumes among different 
ethnicities. Only studies involving healthy adult popula-
tions were included. The search encompassed peer-re-
viewed studies published in English and other languages.

Studies were excluded if they: focused primarily on ado-
lescent or pediatric populations; did not compare volumet-
ric outcomes across racial or ethnic groups; used imaging 
modalities other than MRI; or lacked full-text availability.

Selection of studies

All citations retrieved through the database search were 
imported into the Zotero reference management software 
(https://www.zotero.org). Two independent reviewers (A.J. 
and S.R.) assessed the titles and abstracts to determine their 
relevance according to the inclusion criteria. Disagree-
ments regarding study inclusion were resolved through 
discussion to ensure consistency in the selection process. 
Following the initial screening phase, full-text versions 
of the selected articles were reviewed, and the exclusion 
criteria were applied. Excluded studies were documented, 
with justifications provided for their removal. The final 
selection process followed the Preferred Reporting Items 
for Systematic Reviews and Meta-Analyses Extension 
for Scoping Reviews (PRISMA-ScR)  flowchart (Fig. 1). 
A standardized data extraction form was used to chart 
study design, population characteristics, MRI modalities, 

segmentation software, and key findings. Two reviewers 
(A.J. and S.R.) independently extracted the data, and dis-
crepancies were resolved by consensus.

Study heterogeneity

Studies included in this review varied in MRI acqui-
sition protocols, analytical approaches, and population 
demographics, which may introduce inconsistencies 
in the findings. To manage this heterogeneity, we: 1) iden-
tified common study designs (predominantly cross-sec-
tional); 2) highlighted differences in MRI modalities and 
processing methods; and 3) evaluated key limitations, such 
as scanner variability, small sample sizes, and confounder 
adjustment (e.g., for age, sex, and SES).

Quality assessment 
and methodological limitations

Although a formal risk-of-bias assessment was not man-
dated, we conducted a structured methodological appraisal 
using the Joanna Briggs Institute (JBI) Checklist for Ana-
lytical Cross-Sectional and Cohort Studies.44 The identi-
fied limitations are summarized in Table 128–30,45–55 and 
include: variability in MRI protocols; differences in volu-
metric measurement software; limited ethnic diversity 
and generalizability; and inconsistent adjustment for 

Fig. 1. Preferred Reporting Items for 
Systematic Reviews and Meta-Analyses 
Extension for Scoping Reviews 
(PRISMA-ScR) flowchart of the study 
selection process
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Table 1. Summary of characteristics of the studies included in this review

Study Authors (year), 
country

Study 
design

Population, 
context Analysis Limitations Key findings

1

Atilano-
Barbosa 

and Barrios 
(2023),28

Mexico

cross-
sectional 

observation-
al study

White (n = 338) 
or African 
American 
(n = 56) 

participants

Nonparametrical 
permutation analysis 

of covariance (AN-
COVA).

- � Unbalanced sample with 
overrepresentation of White 
participants.

- � Confounding variables in the Human 
Connectome Project (HCP) dataset.

- � Self-reported race without genetic 
ancestry data.

- � Restricted statistical power due 
to imbalance.

- � Morphological brain 
differences were 
observed between 
African American and 
White participants 
across white matter and 
forebrain, midbrain, and 
hindbrain regions. 

2
Choi et al. 
(2021),29

South Korea

cross-
sectional 

observation-
al study

Korean 
(n = 1,686) 

and Caucasian 
(n = 851) 

participants

Regression analysis 
to predict brain vol-

umes; logistic regres-
sion modeling for 

Alzheimer’s disease 
(AD) diagnosis using 

regional z-scores; 
propensity score 

matching for valida-
tion groups; and 

area under the curve 
(AUC) comparisons 

using bootstrap 
analysis.

- � Use of multiple magnetic resonance 
imaging (MRI) scanners for 
the Caucasian sample, potentially 
increasing variance in image quality 
and measurements.

- � Cross-sectional study design limiting 
assessment of individual-level 
longitudinal changes.

- � Inherent limitations of longitudinal 
studies (e.g., small sample sizes, 
limited follow-up duration).

- � Ethnicity was significantly 
associated with 
volumetric differences 
across all lobar and 
subcortical regions, 
except for the left 
pallidum and bilateral 
ventricles.

- � Brain volume z-scores 
derived from a prediction 
model incorporating 
ethnicity as a predictor 
improved diagnostic 
accuracy for multi-ethnic 
patients with AD.

3
Kang et al. 
(2020),30

South Korea

cross-
sectional 

observation-
al study

East Asian 
(n = 171) and 

Caucasian 
(n = 178) 

participants

Descriptive statistics; 
group comparison 
tests (two-sample 

t-tests and χ2 tests); 
regression analysis 

(general linear 
model); vertex-wise 
statistical analysis; 
and correction for 
multiple compari-

sons.

- � Scanner heterogeneity across centers, 
potentially reducing generalizability.

- � Slight differences in voxel size 
between groups (0.9 mm vs 
1.0–1.25 mm), potentially introducing 
measurement bias.

- � Inference of functional implications 
(e.g., language or cognition) from 
structural data without direct 
functional assessment.

- � East Asian sample limited 
to Korean participants, restricting 
generalizability to other East 
Asian populations (e.g., Chinese 
or Japanese).

- � Statistically significant difference 
in Mini-Mental State Examination 
(MMSE) scores between groups 
despite both being cognitively 
normal (0.4-point difference).

- � Differences in cortical 
anatomy between 
cognitively normal East 
Asian and Caucasian 
older adults were 
observed.

4
Lou et al. 
(2019),45

China

cross-
sectional 

observation-
al study

Chinese 
(n = 45) and 
Caucasian 

(n = 45) 
participants

Parametric tests 
(t-test, analysis of 

variance (ANOVA)), 
linear regression, 

correction for mul-
tiple comparisons, 

and Vertex-wise 
surface-based mor-
phometric analyses.

- � Sample restricted to right-handed 
male participants, precluding 
assessment of sex and handedness 
effects on brain asymmetry.

- � Relatively small and demographically 
homogeneous sample, limiting 
generalizability.

- � Absence of behavioral and functional 
magnetic resonance imaging 
(fMRI) data, limiting interpretation 
of structural asymmetries in relation 
to language and cognition.

- � Interhemispheric 
differences were 
observed between 
Chinese and Caucasian 
participants.

- � Chinese participants 
exhibited greater 
structural asymmetries 
in the frontal, temporal, 
occipital, and insular 
cortices compared with 
Caucasian participants.

- � These structural 
differences may 
be associated 
with functional 
disparities between 
the 2 populations, with 
potential implications for 
language learning and 
visuospatial processing.
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Study Authors (year), 
country

Study 
design

Population, 
context Analysis Limitations Key findings

5
Lu et al. 
(2016),46

China

comparative 
cross-sec-

tional study

Uyghurs 
(n = 15) and 
Han Chinese 

(n = 15) 
participants

Vertex-wise cortical 
surface group analy-

sis using a 2-class 
general linear model 

(GLM), random 
effects analysis, and 
statistical parametric 

mapping, normal-
ity tests were per-

formed, and double 
sample t-tests were 

used for group 
comparisons.

- � Lack of population-specific cognitive 
and behavioral data for the Uyghur 
group, limiting correlation of MRI 
findings with cognitive or social 
behavioral differences.

- � Hypothesized language-driven 
anatomical plasticity without 
functional imaging (e.g., fMRI) 
to verify causal associations.

- � Sample restricted to young adults 
(~18 years), limiting lifespan 
generalizability and developmental 
interpretation.

- � Small sample size (n = 15 per group), 
potentially reducing statistical power 
and stability of findings.

- � Structural brain 
differences were 
observed between 
young Uyghur and Han 
Chinese participants, 
consistent with prior 
East–West comparisons.

6
Lu et al. 
(2017),47

China

cross-
sectional 

observation-
al study

Chinese 
(n = 36) and 

Indian (n = 32) 
participants

Student’s t-test,  
χ2 test, and Bonfer-

roni correction.

- � Restriction to region-of-interest (ROI)-
based analysis.

- � Small and demographically 
homogeneous sample size.

- � Limited ethnic diversity and narrow 
age range.

- � Population-related 
differences in brain mor-
phometry were observed 
between Chinese and 
Indian undergraduate 
participants.

- � Differences in gray 
matter volume, cortical 
thickness, and surface 
area were identified, with 
potential implications for 
cognitive function.

7
Rao et al. 
(2017),48

India

comparative 
cross-sec-

tional study

Indian (n = 27), 
and Caucasian 

(n = 27) 
participants

χ2 test, unpaired and 
paired t-test, Bonfer-

roni correction for 
multiple compari-

sons, Mann–Whitney 
U test.

- � Small sample size (n = 27), potentially 
limiting representativeness 
of the diverse Indian population.

- � Absence of manual editing and 
quantification of registration 
accuracy.

- � Differences in MRI acquisition 
parameters between Indian scans 
(1.5T) and the IXI dataset (Caucasian 
participants), potentially introducing 
measurement variability.

- � Use of 1.5T MRI scans for 
compatibility with existing Western 
templates, despite the higher 
resolution of 3T imaging.

- � No collection of ancestral 
background data.

- � Significant differences 
in brain volume 
were observed 
between Indian and 
Caucasian participants, 
necessitating an Indian-
specific brain template. 
This underscores 
the importance 
of using population-
specific templates 
for accurate analysis 
over the Montreal 
Neurological Institute 
template.

8
Tang et al. 
(2018),49

China

comparative 
cross-sec-

tional study

Han Chinese 
(n = 45) and 
Caucasian 

(n = 45) 
participants

Surface-based 
morphometric 

analysis, voxel-based 
morphometry (VBM) 

analysis.

- � Sample limited to 45 male 
participants per group (total n = 90), 
potentially restricting generalizability.

- � Restriction to young male 
participants, limiting applicability 
to females and older populations.

- � Use of structural MRI only, without 
additional modalities (e.g., diffusion 
MRI or fMRI).

- � Absence of behavioral or cognitive 
measures to correlate with structural 
findings, limiting interpretation 
of functional significance.

- � Structural differences 
observed between 
Chinese and Caucasian 
participants.

- � Differences in cortical 
thickness, volume, and 
surface area.

Table 1. Summary of characteristics of the studies included in this review – cont.



Study Authors (year), 
country

Study 
design
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9
Zahodne et al. 

(2015),50

USA

cross-
sectional 

observation-
al study

Non-Hispanic 
White 

(n = 185), 
African 

American 
(n = 230), 

and Hispanic 
(n = 223) 

participants

Descriptive statistics, 
group comparisons, 
regression analysis, 
and multiple-group 
regression analysis.

- � Cross-sectional design precluding 
causal interpretation between brain 
structure and cognitive outcomes 
across racial/ethnic groups.

- � Binary measurement of infarcts 
(present vs absent), potentially 
reducing sensitivity for detecting 
detailed associations with cognitive 
performance.

- � Residual confounding due 
to longstanding differences 
in socioeconomic status, education, 
and life experiences across racial/
ethnic and immigrant groups.

- � Recruitment from a limited 
geographic area (~10 square miles 
in Northern Manhattan), potentially 
restricting generalizability and 
complete experiential matching across 
groups.

- � MRI–cognition 
associations varied across 
racial/ethnic groups.

- � Higher white matter 
hyperintensities (WMH) 
burden associated with 
poorer language and 
executive performance 
in African American 
participants.

- � Weaker hippocampal 
volume–memory 
associations in Hispanic 
participants.

- � Higher cognitive scores 
in non-Hispanic White 
participants.

- � Group differences 
influenced 
by demographic and 
health factors.

10
Shaked et al. 

(2019),51

USA

cross-
sectional 

observation-
al study

African 
American 

(n = 83) and 
White (n = 117) 

participants

Regression analysis.

- � Cross-sectional design precluding 
causal or temporal inference between 
sociodemographic factors and brain 
structure.

- � Limited operationalization of socio-
economic status (SES) (poverty status 
and education only), without inclu-
sion of occupation, wealth, childhood 
SES, or longitudinal changes.

- � Restricted generalizability beyond 
African American and White partici-
pants, with potential underrepresen-
tation of higher-SES individuals.

- � Lack of correction for multiple com-
parisons, increasing the risk of type I 
error.

- � Absence of direct lifespan stress 
measures despite a stress-theoretical 
framework.

- � Incomplete MRI segmentation, 
excluding stress-relevant regions (e.g., 
hypothalamus and brainstem).

- � No separate analysis of key prefron-
tal subregions (e.g., dorsomedial vs 
ventromedial Prefrontal cortex (PFC)) 
or the anterior cingulate cortex (ACC).

-ROI volumes not adjusted for total 
brain volume, potentially affecting 
volumetric comparisons.

- � An interaction 
between SES and race 
was associated with 
differences in brain 
volume; high-SES White 
participants exhibited 
larger cortical volumes 
than African American 
participants and low-SES 
White participants.

- � African American 
participants and low-SES 
individuals exhibited 
smaller volumes in stress-
related subcortical 
regions.

11
Waldstein et al. 

(2017),52

USA

cross-
sectional 

observation-
al study

African 
American 

(n = 63) and 
White (n = 84) 

participants

Multiple regression 
analysis, t-tests, 

sensitivity analyses, 
and exploratory 

analyses.

- � Restriction to African American 
and White participants, limiting 
generalizability to other racial/ethnic 
populations.

- � Potential geographic specificity 
to an urban Baltimore cohort, limiting 
applicability to rural or other urban 
settings.

- � Limited operationalization of SES 
(education and poverty status only), 
excluding occupational status, wealth, 
and detailed income measures.

- � Sample size limiting detection 
of smaller group differences and mul-
tilevel interactions (e.g., age × sex).

- � No correction for multiple com-
parisons due to exploratory design, 
increasing the risk of type I error.

- � Low-SES African 
American participants 
exhibited a higher white 
matter lesion burden 
than low-SES White 
participants.

- � Higher-SES White 
participants had 
greater brain volumes 
than lower-SES White 
and African American 
participants; no SES 
differences were 
observed among African 
American participants.

- � The interaction between 
socioeconomic status 
and race suggested 
a complex relationship 
influencing brain health 
outcomes.

Table 1. Summary of characteristics of the studies included in this review – cont.
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12
Fleischman 

et al. (2022),53 
USA

observation-
al study

Black 
participants 

(n = 376)

Linear-mixed effects 
models for cognitive 
change, voxel-wise 

linear regression 
for associations be-
tween deformations 

and cognition.

- � Adjustment for cardiometabolic risk 
factors (e.g., hypertension, diabe-
tes, smoking) without examina-
tion of race-relevant sociocultural 
moderators (e.g., educational quality, 
life-course experiences) influencing 
brain–cognition associations.

- � Predominantly female, highly educat-
ed sample from the Chicagoland area, 
limiting generalizability to the broader 
U.S. population of older Black adults.

- � Intrinsic correlations between global 
cognition and domain-specific abilities, 
limiting construct separation despite 
multiple assessments.

- � Brain morphometry assessed only 
at baseline, with longitudinal cogni-
tive follow-up but no evaluation 
of concurrent structural and cognitive 
change.

- � Use of deformation-based morphom-
etry (DBM) only, without complemen-
tary imaging modalities (e.g., diffusion 
MRI, quantitative susceptibility map-
ping (QSM), white matter hyperinten-
sity burden, resting-state fMRI).

- � Reduced brain tissue 
volume and increased 
cerebrospinal fluid (CSF) 
with age were associated 
with declines in global 
cognition, memory, and 
perceptual speed.

- � Specific brain regions, 
including the entorhinal 
cortex and hippocampi, 
were associated with 
cognitive decline.

- � Temporal lobe volumes 
were associated with 
episodic memory 
performance, whereas 
parietal lobe volumes 
were associated with 
perceptual speed.

13
Moonen et al. 

(2021),54

USA

observation-
al study

Black (n = 183) 
and White 
(n = 295) 

participants

ANOVA χ2 tests, 
paired sample 

t-tests, multiple 
regression analysis.

- � Selection bias due to inclusion of par-
ticipants completing both MRI scans 
and 25- and 30-year CARDIA follow-
ups; non-returning participants had 
poorer cardiovascular health (Life’s 
Simple 7 (CVH-LS7) scores).

- � Reduced sample size due to attrition, 
limiting statistical power for subgroup 
and sex × race interaction analyses.

- � Cardiovascular risk factors assessed 
at baseline only, without longitudinal 
tracking.

- � Use of a composite CVH-LS7 score, 
potentially obscuring the impact 
of individual cardiovascular health 
metrics.

- � Limited imaging frequency (2 MRI 
scans over 5 years), restricting de-
tailed characterization of brain aging 
trajectories.

- � Focus on macrostructural MRI 
measures without inclusion of more 
sensitive biomarkers of early brain 
pathology.

- � Race- and sex-related 
differences were 
observed in baseline 
brain health measures.

- � Men exhibited greater 
declines in total brain 
and gray matter volumes 
compared with women.

- � Black participants 
exhibited significant 
differences in gray matter 
volume and cerebral 
blood flow compared 
with White participants.

14
Choi et al. 
(2024),55

South Korea

comparative 
observation-

al study

Korean 
(n = 1,629) 

and Caucasian 
(n = 786) 

participants

Regression analysis 
and bootstrapping.

- � Scanner heterogeneity across sites 
for the Caucasian sample, whereas 
the Korean sample was acquired 
using a single scanner, potentially 
introducing measurement error and 
reducing statistical precision in group 
comparisons.

- � Cross-sectional study design, limiting 
assessment of individual brain aging 
trajectories.

- � Scanner-related variability potentially 
attenuating observed ethnic differ-
ences in brain aging rates, particularly 
within the Caucasian sample.

- � Ethnicity was associated 
with differences in brain 
volume, with Korean 
participants generally 
exhibiting larger cortical 
structures.

- � Sex-related differences 
were observed, with 
certain brain structures 
differing in size between 
men and women.

- � A steeper aging slope 
was observed in Cauca-
sian women, particularly 
in cortical regions.

- � apolipoprotein E (APOE) 
ε4 carrier status was as-
sociated with differential 
patterns of brain aging 
across ethnic groups.

Table 1. Summary of characteristics of the studies included in this review – cont.
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confounding variables. To complement Table 228–30,45–49,51,52 
and Table 350,54, a domain-based summary of the potential 
risk of bias across the included studies is presented, based 
on the JBI critical appraisal tool for cross-sectional and co-
hort studies. Each study was evaluated across key domains, 
including clarity of inclusion criteria, validity of outcome 
measurement, and management of confounders. This visual 
overview provides a structured understanding of the distri-
bution of bias risk across the evidence base.

Data analysis

Thematic analysis was performed following Braun and 
Clarke’s six-step framework.56 This process included fa-
miliarization with the  findings, coding, and synthesis 
of themes related to racial differences in brain structure, 
diagnostic implications, and challenges associated with 
AI-based models. Given the high methodological heteroge-
neity, a meta-analysis was not feasible.57 Instead, a qualita-
tive synthesis was conducted to explore nuanced patterns 
in population-specific volumetric variability.

Results

Search outcome

Initially, 1,013 research articles, including publications 
in English and other languages, were identified across 4 da-
tabases (EBSCOhost, Elsevier, Clarivate, and PubMed). 
During the identification stage, 462 duplicate records were 
removed, and an additional 40 articles were excluded due 
to lack of full-text availability. The remaining 511 articles 
were screened based on titles and abstracts, and 463 were 

excluded as they were not relevant to the review topic. 
The remaining 48 articles underwent full-text review, and 
31 were excluded because they did not focus on racial dif-
ferences in brain volumetric outcomes. Thus, the remain-
ing 17 relevant articles were assessed against the exclusion 
criteria, and 3 were excluded because the primary study 
population consisted of adolescents. Consequently, this 
scoping review included 14 articles with comparative and 
cross-sectional observational study designs that provided 
evidence relevant to the research questions. The short-
listed studies were conducted in the USA, Mexico, South 
Korea, China, and India (Fig. 2, Table 1).

Thematic analysis of the shortlisted studies

This scoping review synthesizes findings from 14 mul-
tinational studies published between 2014 and 2024, en-
compassing diverse populations, including Caucasian, 
East Asian, South Asian, Latinx, and African American 
cohorts. Specifically, findings from the shortlisted studies 
were categorized into 3 major themes: 1) race/ethnicity-
specific differences in brain morphometry; 2) the impact 
of SES and race/ethnicity on brain health; and 3) the role 
of racial identity in cognitive aging and brain health tra-
jectories. These themes collectively emphasize the inter-
play between genetic, environmental, and socioeconomic 
factors in shaping brain aging and disease susceptibility.

Theme 1: Race/ethnicity-specific differences 
in brain morphometry

Studies consistently reported structural differences 
across ethnic groups in cortical thickness, surface area, 
and subcortical volumes. The most frequently cited regions 

Table 2. Joanna Briggs Institute (JBI) critical appraisal checklist for cross-sectional studies 

Article (authors, year) Q1 Q2 Q3 Q4 Q5 Q6 Q7 Q8 JBI score 
(yes/total)

Overall 
appraisal (%)

Atilano-Barbosa and Barrios,28 2023 1 1 0 1 1 1 1 1 7/8 87.5

Choi et al.,29 2021 1 1 0 1 1 1 1 1 7/8 87.5

Kang et al.,30 2020 1 1 0 1 1 1 1 1 7/8 87.5

Lou et al.,45 2020 1 1 0 1 1 1 1 1 7/8 87.5

Lu et al.,46 2016 1 1 0 1 1 1 1 1 7/8 87.5

Lu et al.,47 2017 1 1 0 1 1 1 1 1 7/8 87.5

Rao et al.,48 2017 1 1 0 1 1 1 1 1 7/8 87.5

Tang et al.,49 2018 1 1 0 1 1 1 1 1 7/8 87.5

Shaked et al.,51 2019 1 1 0 1 1 1 1 1 7/8 87.5

Waldstein et al.,52 2017 1 1 0 1 1 1 1 1 7/8 87.5

Table 3. Joanna Briggs Institute (JBI) critical appraisal checklist for cohort studies 

Article (authors, year) Q1 Q2 Q3 Q4 Q5 Q6 Q7 Q8 Q9 Q10 Q11 Overall score

Zahodne et al.,50 2015 1 1 1 1 1 1 1 1 1 1 1 11/11 (100%)

Moonen et al.,54 2022 1 1 1 1 1 1 1 1 1 1 1 11/11 (100%)
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included the frontal, temporal, parietal, and occipital lobes, 
as well as subcortical structures such as the hippocampus 
and choroid plexus.28–30,45–50 For instance, Chinese par-
ticipants generally exhibited larger temporal and cingulate 
cortices but smaller frontal and parietal regions compared 
with Caucasian participants.49 Similarly, significant mor-
phometric differences were observed between Chinese 
and Indian groups, particularly in gray matter distribu-
tion within the frontal, temporal, and occipital lobes.47 
Studies comparing East Asian groups (Koreans and Uy-
ghurs) with White participants reported widespread dif-
ferences in cortical thickness and surface area, especially 
in language-associated regions such as the frontoparietal 
operculum.29,30,46 In U.S.-based samples, African American 
participants exhibited distinct patterns of white matter and 
subcortical volume compared with White participants,28 
with larger hippocampal volumes associated with better 
memory outcomes among non-Hispanic White individu-
als.50 These group-level differences in brain volume should 
be understood as arising from interacting factors such 
as ancestry, environmental exposures, education, and sys-
temic inequalities, rather than as evidence of inherent bio-
logical distinctions. This perspective supports the view that 
population-level differences are shaped by environmental 
influences over time rather than by innate biological traits.

Theme 2: Impact of socioeconomic status 
and race/ethnicity on brain health

The interplay between race/ethnicity, SES, and brain 
health is a significant factor in understanding neurode-
velopment and cognitive aging. Disparities in education, 
income, access to healthcare, and employment stability 

influence brain structure and function, with cumulative 
exposure to stressors exacerbating racial disparities in neu-
rological health (Fig. 3).51,52 Waldstein et al.52 found that 
higher SES was associated with neuroprotection against 
cognitive decline and cerebrovascular damage, predomi-
nantly among White populations, whereas African Ameri-
can participants derived fewer protective benefits from 
SES advantages. This finding suggests that economic gains 
alone may not counteract the effects of chronic stress-
ors that disproportionately affect racial minority groups. 
Zahodne et al.50 identified racial disparities in WMH, 
an MRI marker of cerebrovascular health. African Ameri-
can participants exhibited larger WMH volumes, which 
were strongly associated with poorer executive function, 
whereas this pattern was not observed in non-Hispanic 
White participants.50 Increased WMH burden was asso-
ciated with lower psychomotor speed and poorer execu-
tive function, reflecting overall cognitive status and brain 
health.58 Fleischman et al.53 found that lower hippocam-
pal volume was associated with episodic memory deficits 
in aging Black adults. Despite these well-documented dis-
parities, current AI-driven diagnostic models in neuro-
imaging often fail to incorporate SES-related variables, 
potentially exacerbating healthcare inequities.

Theme 3: The impact of racial identity on cognitive 
aging and brain health trajectories

Racial identity influences not only baseline brain struc-
ture but also the trajectory of cortical atrophy during aging. 
Studies suggest that cortical thinning accelerates with age, 
typically worsening after 70 years of age,59 although these 
patterns vary significantly across racial and gender groups. 

Fig. 2. Global distribution of studies included in the review by country of origin

Fleischman et al. (2022), USA
Moonen et al. (2021), USA
Shaked et al. (2019), USA
Zahodne et al. (2015), USA
Waldstein et al. (2017), USA

Daniel Atilano-Barbosa & Fernando 
A. Barrios (2023), Mexico

Yu Yong Choi et al. (2020), South Korea
Choi et al. (2021), South Korea
Kang, D.W. et al. (2020), South Korea

Lou et al. (2020), China
Lu et al. (2016), China
Tang et al. (2018), China
Lu et al. (2016), China

Rao et al. (2017), India
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Choi et al.29 observed that Caucasian women had steeper 
rates of cortical atrophy compared with Korean women, 
suggesting the influence of potential cultural or environ-
mental protective factors. Moonen et al.54 reported faster 
gray matter decline in Black men than in White individuals 
or Black women, likely reflecting chronic stress exposure 
and systemic inequalities. These findings are supported 
by studies indicating that brain regions involved in language 
and cognition, such as the frontal and temporal lobes, are 
particularly susceptible to social determinants of health.60,61

Discussion

This scoping review examines the need for population-
sensitive neuroimaging standards by synthesizing evidence 
on differences in brain morphology and their implica-
tions for AI-based diagnostics, while critically addressing 
the concept of biological essentialism.

Influence of biological and SES factors 
and associated risk of bias

While biological distinctions in brain morphology may 
support the development of population-sensitive neuro-
imaging reference standards, these differences are shaped 
by evolutionary adaptations30,62 and broader factors, such 
as SES and systemic discrimination, which accelerate brain 
aging in marginalized groups, as evidenced by acceler-
ated gray matter decline among Black adults.34,54 This 
suggests that the observed differences in brain morphol-
ogy are more accurately attributed to socioeconomic and 
environmental determinants than to  innate biological 
variation.34,63 Similarly, African American participants 
demonstrate a stronger association between larger WMH 
volumes and poorer cognitive function compared with 

non-Hispanic White individuals.50 Documented evidence 
of ethnic disparities in biomarkers of AD and PD high-
lights the risk of misclassification if AI models are trained 
on homogeneous datasets, potentially leading to inaccu-
rate diagnoses in diverse populations.29,50

Advantages and limitations 
of population-sensitive templates

Developing population-sensitive MRI templates and nor-
mative brain volumes (NBVs) offers potential advantages 
for diagnostic accuracy. Studies by Choi et al.29,55 demon-
strated that population-specific templates significantly 
enhance diagnostic precision and reduce prediction er-
rors in neurodegenerative disease models. For example, 
an MRI template developed for Indian individuals was 
tested on MRI scans from an Indian population, yielding 
better alignment compared with the standard MRI tem-
plate based on a Caucasian population.48

In addition, Caucasian normative brain volume refer-
ences were unable to accurately classify Korean patients 
with AD, as AD-vulnerable regions are larger in cognitively 
normal older Korean adults.29

Subsequent studies found that ethnicity-adjusted norms 
for brain volumes improved the  diagnostic accuracy 
of AD.55 Nathoo et al.64 similarly highlighted substantial 
disparities in multiple sclerosis lesion burden and clinical 
outcomes, with poorer outcomes observed among Af-
rican American and Latin American populations com-
pared with non-Hispanic White individuals. The same 
study also reported increased lesion load and worse clini-
cal outcomes among Latin American patients, further 
emphasizing health disparities across underrepresented 
populations. In contrast, Hedderich et al.65 found that nor-
mative brain volumes have a limited impact on diagnostic 
accuracy in neurodegenerative diseases. These variations 

Fig. 3. Heatmap illustrating the interaction between socioeconomic status (SES), race, and brain health outcomes

High SES Whites: SES has a low impact on stroke risk, cognitive decline, and white matter lesions.  
Low SES Whites: Moderate impact observed in all cognitive outcomes. 
High SES African Americans: Moderate to high impact, indicating the importance of SES in this group. 
Low SES African Americans: Very high impact on stroke risk, cognitive decline, and white matter lesions, underscoring severe effects of low SES.
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underscore the need for population-sensitive neuroimag-
ing models that account for biological and socioeconomic 
influences to improve diagnostic precision.

Integrating race/ethnicity and 
SES in AI models and their ethical 
considerations

Although integrating race and SES into AI models of-
fers potential advantages, addressing issues of transpar-
ency and ethical governance is essential. Reinforcing racial 
essentialism and embedding bias in clinical AI systems 
– particularly through misinterpreting race as a biologi-
cal determinant – may result in the reinforcement of ra-
cial stereotypes, breaches of privacy, and the exacerba-
tion of healthcare inequities. It is crucial to distinguish 
biologically based variability from disparities arising from 
systemic inequities, such as structural racism, limited ac-
cess to healthcare, and environmental exposures, in order 
to prevent the reinforcement of biological essentialism. 
Therefore, population-sensitive standards must be devel-
oped alongside appropriate safeguards, including the in-
corporation of socioeconomic variables, robust informed 
consent procedures, and continuous bias monitoring, 
to ensure equitable implementation in clinical practice. 
Given the critical role of SES in brain health, its integration 
as a core variable in neuroimaging datasets – using tools 
such as the HOUSES index, which measures individual 
socioeconomic status based on housing characteristics 
such as cost and crowding – is essential.66

To mitigate these risks, researchers and clinicians must 
ensure transparency in data collection methodologies, 
obtain explicit informed consent from participants, and 
implement robust ethical oversight mechanisms. Provid-
ing clear information about the populations included and 
their demographic characteristics can help clinicians make 
better-informed decisions when using AI-based neuroim-
aging tools. Artificial intelligence-based diagnostic tools 
should serve as supportive aids rather than substitutes for 
clinical judgment, ensuring that radiologists and neurolo-
gists retain primary responsibility for interpreting neuro-
imaging results within the broader clinical context (Fig. 4).

Artificial intelligence-based neuroimaging platforms 
should incorporate a structured clinician feedback loop 
to ensure continuous improvement and ethical oversight. 
Clinicians should be able to flag suspected diagnostic dis-
crepancies through a secure, anonymized interface. Expert 
reviewers should then validate these flagged cases, and 
confirmed discrepancies should inform model retrain-
ing pipelines. This iterative process would enhance model 
calibration, facilitate bias detection, and promote account-
ability in the deployment of clinical AI systems. Developers 
can implement broader ethical safeguards by conduct-
ing subgroup-specific performance audits, applying bias 
quantification metrics, and validating models using diverse 
population datasets. Explainable AI (XAI) techniques, such 

as SHAP (Shapley Additive Explanations) and LIME (Lo-
cal Interpretable Model-Agnostic Explanations), can help 
clarify model decision-making processes, thereby reduc-
ing the “black box” effect and highlighting the influence 
of input features such as SES and race/ethnicity. Consent 
frameworks should clearly define data provenance, usage 
parameters, and the implications of algorithmic outputs 
to ensure transparency and participant autonomy. Finally, 
clinicians must receive targeted training to interpret AI 
predictions in the context of population metadata and so-
cial determinants of health, reinforcing their essential role 
in context-aware, multidisciplinary diagnostic workflows.

Limitations of the study

This scoping review, by design, does not include a critical 
appraisal of bias or a meta-analysis, which would provide 
the statistical precision and pooled effect estimates typi-
cally reported in systematic reviews. Nevertheless, adher-
ence to the PRISMA-ScR framework mitigated selection 
bias by ensuring a structured approach to study identifi-
cation, screening, and inclusion.42 As noted in the “Study 
heterogeneity” section, methodological inconsistencies 
in MRI protocols, software, and adjustments for confound-
ing variables pose challenges to generalizability. Further-
more, a substantial proportion of  the  included studies 
employed cross-sectional designs, limiting the ability to es-
tablish causal relationships or assess longitudinal changes. 
Variations in sample size (ranging from 30 to 2,537 par-
ticipants) also constrain generalizability. The present re-
view primarily emphasized structural and socio-structural 
dimensions without extensively addressing genetic pre-
dispositions or environmental exposures, including air 
pollution, nutrition, and early-life stress.

Conclusions

This scoping review synthesizes evidence of population-
sensitive variability in regional brain morphology across 
racial, ethnic, and socioeconomic groups in both health 
and disease. These differences have important implications 
for the interpretation of neuroimaging findings and the de-
velopment of AI-based diagnostic models. The  review 
highlights persistent gaps in demographic diversity within 
current neuroimaging datasets, particularly in commer-
cial and research-based AI tools. Addressing these gaps 
requires studies that incorporate larger, socio-demograph-
ically diverse populations and account for structural deter-
minants of health. Developing population-sensitive neu-
roimaging templates is critical for improving diagnostic 
accuracy and advancing healthcare equity; however, this 
effort must also consider practical challenges, including 
data harmonization, potential misclassification, and ethi-
cal risks such as the inadvertent reinforcement of racial 
bias. To navigate these complexities, coordinated efforts 
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at national and international levels are necessary, along-
side the rigorous implementation of ethical safeguards. 
These should include transparency in data provenance, 
the inclusion of socioeconomic variables, and interpret-
ability mechanisms within AI tools. Explainable AI tech-
niques can be incorporated to visualize how input features 
– including race, ethnicity, and socioeconomic indicators 
– contribute to diagnostic predictions. These methods 
help quantify feature attribution, promote transparency 
in model behavior, and enable clinicians to assess whether 
outputs are influenced by spurious or biased correlations. 
The proposed implementation approaches are consistent 
with emerging recommendations to integrate structural 
and functional neuroimaging features into personalized, 
context-aware diagnostic frameworks.7,65 Population-
sensitive standards and inclusive models may help reduce 
bias, misclassification, and inequities in AI-driven neu-
roimaging. Interpretation of intergroup brain differences 
must remain grounded in a socio-structural framework 
to prevent the misrepresentation of race as a biological 
essence. Crucially, group-level morphological differences 
should be interpreted within the broader context of social 
determinants of health rather than as biologically inherent 
traits, in order to avoid reinforcing essentialist narratives.

Recommendations

To  address the  clinical, ethical, and research chal-
lenges identified in this review, the following strategies 
are recommended:

–  Fostering international partnerships and data-sharing 
initiatives to create large, representative neuroimaging 
datasets that capture population diversity. These data-
sets could be stratified by  race/ethnicity, age, and sex 
to improve diagnostic precision and minimize bias in AI 
applications.

–  Incorporating validated socioeconomic indicators 
(e.g., HOUSES index, education, housing quality) and 
ensuring subgroup performance auditing during model 
development.

–  Employing explainability (XAI) methods, such 
as SHAP and LIME, to enhance transparency in algorith-
mic decision-making.

–  Integrating population-sensitive neuroanatomical 
features (e.g., ethnicity-adjusted volumetrics, SES-modu-
lated patterns) into AI models while contextualizing them 
as proxies for lived structural and social experiences rather 
than fixed biological traits. This approach safeguards 
against the misinterpretation of race as a biological essence 

Fig. 4. Future implications 
of the review findings

SES – socioeconomic status; 
AI – artifical intelligence.

Step 7: Model Audit & Recalibration
Validate feedback and retrain model with corrected data

Step 6: Clinician Feedback Loop
Clinicians flag misdiagnoses through a secure feedback system

Step 5: Clinical Decision Support
Clinicians review AI outputs with population data in mind

Step 4: Explainability Layer (XAI Integration)
Use SHAP/LIME to visualize the impact of race, ethnicity, and SES on model decisions

Step 3: AI Model Development
Integrates race/ethnicity, SES, ancestry-sensitive features

Step 2: Preprocessing & Harmonization
Standardization across scanners, sites, and populations

Step 1:  Diverse Neuroimaging Data Input

Collect imaging data with demographic/SES information (race,ethincity,gender and age)  
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and aligns diagnostic models with equity-focused preci-
sion medicine.

–  Employing federated learning approaches to preserve 
data privacy while improving inclusivity across geographic 
and demographic populations.39

–  Implementing ethical AI toolkits to detect and ad-
dress algorithmic bias at all stages of model deployment.

–  Establishing a  structured feedback mechanism 
through which clinicians can report AI-generated diag-
nostic discrepancies, allowing for systematic monitoring, 
auditing, and model retraining. This mechanism should 
include a secure, anonymized reporting interface and a val-
idation pipeline for incorporating clinical corrections into 
future model updates.

–  Developing future models that include metadata fields 
capturing key social determinants of health.

Use of AI and AI-assisted technologies

Not applicable.
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Abstract
Systemic lupus erythematosus (SLE) is a complex autoimmune disease characterized by a broad spectrum 
of clinical manifestations, including gastrointestinal (GI) involvement. Although the joints, skin, and kidneys 
are most commonly affected, GI manifestations are frequently underrecognized despite their potential 
to significantly influence patient outcomes. Eleven major GI manifestations have been identified and de-
scribed: oral ulcers, lupus enteritis (LE), lupus peritonitis (LP), mesenteric vasculitis, mesenteric thrombosis, 
protein-losing enteropathy (PLE), intestinal pseudo-obstruction (IPO), lupus pancreatitis, lupus hepatitis (LH), 
gastroesophageal reflux disease (GERD), and medication-related adverse effects.
These manifestations may present with nonspecific symptoms, such as abdominal pain, diarrhea, vomiting, 
and weight loss, which often complicate timely diagnosis. Imaging modalities, particularly contrast-enhanced 
computed tomography, together with serological markers, including antinuclear antibodies (ANA) and 
complement levels, play a central role in diagnosis. Corticosteroids remain the cornerstone of treatment, 
whereas immunosuppressive agents and biologic therapies are reserved for refractory cases. Medication-
induced GI adverse effects, particularly those associated with glucocorticoids, nonsteroidal anti-inflammatory 
drugs (NSAIDs), and immunosuppressive agents such as azathioprine (AZA) and cyclophosphamide (CPA), also 
represent important contributors to GI pathology in patients with SLE. Gastrointestinal involvement in SLE 
is heterogeneous and may be severe. Increased awareness, early recognition, and individualized treatment 
strategies are essential for improving patient outcomes. Further research is required to establish standardized 
diagnostic criteria and therapeutic guidelines for GI manifestations in SLE.
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Introduction

Systemic lupus erythematosus (SLE) is one of the most 
prevalent multisystem autoimmune disorders. It is char-
acterized by the production of a broad spectrum of anti-
nuclear antibodies (ANA) and the deposition of immune 
complexes in various organs, leading to inflammation 
and tissue damage. Although SLE most commonly af-
fects the joints, skin, and kidneys, it may also manifest 
with respiratory, neurological, or gastrointestinal (GI) 
symptoms, reflecting the systemic nature of the disease 
(Fig. 1).1,2

The global incidence of SLE is estimated at 5.14 cases 
per 100,000 person-years, including 8.82 cases among 
women and 1.53 cases among men. The estimated world-
wide prevalence is 43.7 cases per 100,000 individuals, 
with approx. 78.73/100,000 women and 9.26/100,000 men 
affected. Most documented cases have been reported 
in more developed regions, particularly in Europe and 
North America. However, these data should be inter-
preted with caution due to the lack of reliable epidemio-
logical data from certain countries.3 It is also important 
to note that SLE is most commonly diagnosed in young 
adults. Moreover, earlier disease onset is associated with 
a more aggressive clinical course. This observation high-
lights the  importance of early and accurate diagnosis 
of the disease.4

As mentioned previously, SLE may also involve the GI 
tract among the many organ systems affected by the dis-
ease. Abdominal pain and other GI symptoms are as-
sociated with a broad differential diagnosis.5 Because 
nonspecific GI manifestations may represent the initial 
clinical presentation of SLE, and delayed diagnosis may 
lead to a more severe disease course, accurate classifica-
tion and comprehensive understanding of the epidemi-
ology, clinical manifestations, diagnostic approaches, 
and treatment of GI involvement in SLE are essential.6 
This paper presents a scoping review of the gastroen-
terological manifestations of SLE. We systematically 
mapped the epidemiology, pathophysiology, clinical fea-
tures, diagnostic approaches, and management strate-
gies related to eleven distinct GI manifestations: oral 
ulcers; gastroesophageal reflux disease (GERD); enteri-
tis; peritonitis; vasculitis; thrombosis; protein-losing 
enteropathy (PLE); intestinal pseudo-obstruction (IPO); 
pancreatitis; hepatitis; and drug-related adverse effects 
(Table 1).

Objectives

This scoping review aims to systematically map current 
evidence on the epidemiology, pathophysiology, clinical 
presentation, diagnosis, and management of gastrointesti-
nal manifestations in SLE. By comprehensively describing 
eleven distinct GI manifestations, we seek to raise clinical 
awareness, highlight gaps in standardized diagnostic and 
therapeutic guidelines, and identify priorities for future 
research.

Highlights
	• Systemic lupus erythematosus (SLE) is associated with multiple gastroenterological manifestations.
	• Early gastrointestinal symptoms may support earlier diagnosis of SLE.
	• Targeted imaging improves detection of mesenteric vasculitis and lupus enteritis in SLE patients.

Fig. 1. Lupus may manifest throughout the entire gastrointestinal tract
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Table 1. Summary of the most common gastroenterological manifestations of SLE

Manifestation 
of SLE

Prevalence of each 
manifestation Common symptoms Diagnostic markers Imaging findings Standard treatments

GERD
almost half 

of patients with SLE 
regurgitation (27.3%), 

heartburn (24.6%)

inflammatory response 
in the esophageal 

muscles

ischemic vasculitis, 
muscle atrophy

proton pump inhibitors, 
prokinetic agents, and 
high-dose H2-blockers

PLE rare

susceptibility 
to infections, peripheral 

edema, ascites, 
abdominal pain

hypoproteinemia, 
hypoalbuminemia, 

lymphopenia

99mTc-HSA 
demonstrating protein 
leakage into the bowel 

lumen

glucocorticoids and 
immunosuppressants

Mesenteric 
vasculitis

0.2–9.7%

abdominal pain, 
tenderness, rectal 
bleeding, nausea, 
vomiting, diarrhea

low complement 
(C3, C4) levels, CRP

bowel wall thickening, 
bowel loop dilation, 
“target sign” on CT

anti-inflammatory and 
immunosuppressive 

therapy

Mesenteric 
vascular 
thrombosis

very rare
abdominal pain, 

vomiting

elevated white blood 
cell count, D-dimer, CRP, 

and lactic acid levels

bowel dilatation, 
bowel wall thickening, 

mesenteric edema, 
vascular engorgement 

on CT

anticoagulation

LE 0.2–6.0%
severe abdominal 

pain, diarrhea, nausea, 
vomiting, ascites

elevated CRP and lactic 
acid levels, leukopenia, 

elevated IgA levels, 
AutoABs

abdominal CT 
showing target sign 

(wall thickening 
above 3 mm), comb 
sign (engorgement 
of the mesenteric 

vessels), and 
increased attenuation 

of mesenteric fat; ascites

glucocorticoid 
pulse therapy and 

immunosuppressants 
with supportive measures, 
including antibiotics and 

fluid therapy; biologic 
agents such as rituximab 

or belimumab

IPO approx. 1.7%

symptoms suggestive 
of obstruction – vomiting 

and constipation, 
preceded by diarrhea 

and weight loss

AutoABs (including 
anti-Ro and anti-

RNP antibodies) and 
histopathological 

findings

air-fluid levels and 
dilated intestinal 

loops on CT/X-ray 
radiography; co-

occurrence of bilateral 
hydronephrosis 

(CT/USG)

glucocorticoids and 
immunosuppressants 

with supportive measures 
including decompression 

or surgery

LP

isolated – single 
cases; serositis with 
pleural/pericardial 
effusion – 10–20%, 
although peritonitis 
remains rare in these 

cases

chronic – exudative 
ascites;

acute – nonspecific 
symptoms, including 

nausea, vomiting, 
abdominal pain, and 

tenderness

peritoneal fluid analysis 
combined with AutoABs 

– to exclude infection 
or malignancy

ascites on CT

no standardized 
guidelines, good results 
of methylprednisolone 

pulse therapy with 
possible addition 

of immunosuppressants

Oral 
manifestations

approx. 30%

oral ulcers, 
hyperkeratosis, erosion, 

oral pigmentation, 
fissured tongue

haplotype C of CD34 
gene polymorphism, 

VEGF pathway
–

proper dental hygiene, 
HCQ, glucocorticoids, 
immunosuppressants

Lupus 
pancreatitis

0.2–8.2% 
(0.4–1.1 cases per 

1,000 patients)

acute abdominal pain 
located in the epigastric 

region, radiating 
to the back,

nausea and vomiting

elevated amylase and 
lipase levels, high anti-
dsDNA antibody levels, 
low complement (C3/

C4) levels

AP on CT

high-dose corticosteroids 
(methylprednisolone pulse 

therapy),
CPA

mycophenolate mofetil, 
HCQ

LH 3–8%

fatigue, yellowing of skin/
sclera, dark urine/pale 

stools,
ascites, skin rashes, 

photosensitivity

elevated ALT/AST, LDH, 
total/direct bilirubin, 
total bile acid levels, 

decreased haptoglobin, 
platelet count, and RBC 

count

hepatomegaly, 
cholecystitis, ascites 

on CT

corticosteroids 
(methylprednisolone pulse 
therapy, oral prednisone/

prednisolone), azathioprine

SLE – systemic lupus erythematosus; GERD – gastroesophageal reflux disease; PLE – protein-losing enteropathy; IPO – intestinal pseudo-obstruction; 
LE – lupus enteritis; LP – lupus peronitis; LH – lupus hepatitis; AP – acute pancreatitis; CRP – C-reactive protein; IgA – immunoglobulin A; ALT – alanine 
aminotransferase; AST – aspartate aminotransferase; LDH – lactate dehydrogenase; RBCs – red blood cells; AutoABs – autoantibodies; anti-dsDNA – anti-
double-stranded DNA antibodies; C3/C4 – complement components 3 and 4; D-dimer – fibrin degradation product; VEGF – vascular endothelial growth 
factor; CD34 – cluster of differentiation 34; CT – computed tomography; USG – ultrasonography; 99mTc-HSA – technetium-99m labelled human serum 
albumin; HCQ – hydroxychloroquine; CPA – cyclophosphamide.
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Materials and methods

The literature search was conducted using the PubMed, 
Embase, and Google Scholar databases, as well as refer-
ences from relevant articles and online sources. The fol-
lowing medical keywords were used, the majority of which 
were Medical Subject Headings (MeSH) terms: “lupus” OR 
“SLE” combined with “GI system”, “colitis”, “mesenteric 
vasculitis”, “intestinal pseudo-obstruction (IPO)”, “GERD”, 
“gastroesophageal reflux”, “oral cavity”, “peritonitis”, 
“hepatitis”, “pancreatitis”, “enteritis”, “mesenteric vascular 
thrombosis”, “lupus-associated protein-losing enteropathy 
(LUPLE)”, “glucocorticosteroids”, “hydroxychloroquine”, 
“azathioprine (AZA)”, “nonsteroidal anti-inflammatory 
drugs (NSAIDs)”, “cyclophosphamide”, and “belimumab”. 
The authors screened article titles and abstracts to identify 
relevant publications. Original articles and review papers 
published in 2020 or later were included. Older articles 
and case reports were considered only when more recent 
literature was unavailable. The  final literature search 
was performed on May 25, 2025. The exclusion criteria 
were as follows: articles published before 2020, publica-
tions in languages other than English, studies with very 
small sample sizes, and case reports when review articles 
or meta-analyses were available.

Oral cavity

Oral cavity involvement is a common manifestation 
of SLE. Du et al. reported that the prevalence of oral mani-
festations may reach 30%.7 Oral ulcers, the most frequently 
observed oral pathology, are included in the European Al-
liance of Associations for Rheumatology (EULAR) recom-
mendations for the management of SLE. These lesions 
may be painful or remain asymptomatic and unnoticed 
by the patient. Clinically, they typically present as pale 
yellow or grayish-white superficial ulcers.8

Other reported oral manifestations include hyperkera-
tosis, erosions, oral pigmentation, fissured tongue, and 
xerostomia resulting from oral dryness.9 The hard palate 
and buccal mucosa are the most common sites of involve-
ment. Therefore, proper oral and dental hygiene represents 
an important aspect of prophylaxis and supportive care. 
Management of oral lesions includes a variety of therapeu-
tic approaches, with antimalarial agents considered first-
line treatment. In addition, standard SLE therapies, includ-
ing glucocorticosteroids, immunosuppressive agents, and 
other systemic treatments, may also be used.10

GERD

One study reported that nearly half of patients with SLE 
experienced esophageal involvement, most commonly regur-
gitation (27.3%) and heartburn (24.6%).11 The pathophysiol-
ogy of esophageal motility disorders in SLE remains unclear. 
Earlier studies suggested that these abnormalities may result 

from ischemic vasculitis, muscle atrophy, or inflammatory 
involvement of the esophageal musculature. Symptomatic 
treatment is primarily based on proton pump inhibitors, 
prokinetic agents, and high-dose H2-receptor blockers.6

Intestinal pseudo-obstruction

Intestinal pseudo-obstruction is a rare gastrointestinal 
manifestation of SLE, characterized by symptoms resem-
bling mechanical or functional bowel obstruction despite 
the absence of an identifiable obstructive cause.12 It may 
occur either as the initial manifestation of the systemic dis-
ease or as one of multiple clinical manifestations of SLE.13 
The prevalence of IPO is estimated to affect approx. 1–2% 
of patients with SLE.14 Several theories have been proposed 
regarding the pathophysiology of this manifestation of lu-
pus; however, none has been conclusively confirmed due 
to the limited number of reported cases. Based on current 
evidence, 2 principal mechanisms have been suggested. 
One hypothesis involves vasculitis affecting the smooth 
muscles of the GI tract, leading to ischemia and dysfunction 
of the affected tissue, which subsequently impairs normal 
smooth muscle contraction. The 2nd hypothesis, frequently 
associated with ureterohydronephrosis and other genito-
urinary complications, suggests generalized smooth muscle 
dysmotility caused by myopathic or neurogenic abnormali-
ties. These alterations are thought to develop as a result 
of autoantibodies and immune complexes directed against 
smooth muscle tissue and its vasculature (Fig. 2).12

Patients typically present with symptoms suggestive 
of bowel obstruction, including nausea, vomiting, and 
constipation; however, episodes of diarrhea may precede 
the acute phase of the disease. In addition, substantial 
weight loss is often observed before the onset of acute 
symptoms.15 In more severe cases, patients may also pres-
ent with fever.16 Physical examination may reveal absent 
bowel sounds on auscultation, as well as diffuse abdomi-
nal tenderness and muscular guarding.17 Laboratory find-
ings are similar to those observed in lupus enteritis (LE), 
including elevated C-reactive protein (CRP) levels and 
the presence of SLE-associated autoantibodies.18 Diag-
nostic imaging typically demonstrates features of bowel 
obstruction, such as air–fluid levels on abdominal radiog-
raphy and dilated intestinal loops. A characteristic finding 
in this manifestation is the coexistence of bilateral hy-
dronephrosis, which is frequently identified on computed 
tomography (CT).19 This phenomenon is considered highly 
prevalent, and its absence is often regarded as atypical and 
highlighted in case reports. Management of this mani-
festation of lupus includes not only corticosteroids and 
immunosuppressive agents, but also supportive measures 
such as nasogastric decompression, electrolyte correc-
tion, and, in selected cases, surgical intervention. Standard 
pharmacological treatment most commonly involves pulse 
methylprednisolone therapy, cyclophosphamide (CPA), 
and hydroxychloroquine (HCQ).17
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Lupus peritonitis

Lupus peritonitis (LP) is one of the least frequent GI 
manifestations of SLE, and it is not described in the litera-
ture as often as other lupus features, such as lupus nephritis 
or enteritis. Serositis, defined as inflammation of serous 
membranes, is a well-established criterion of SLE. It typi-
cally involves the pleura or pericardium, with peritoni-
tis being a far less common presentation. The reported 
prevalence of serositis in SLE ranges from 10% to 20%, 
depending on the cohort studied.20 Isolated LP is particu-
larly rare, but cases in which it was the first manifestation 
of SLE have been documented.21 The pathophysiology 
of LP is believed to involve the formation of pathological 
immune complexes in the peritoneum and inflammation 
of local vessels and serosal surfaces. Clinically, LP can pres-
ent in an acute or chronic form. The former is associated 
with nonspecific acute abdominal symptoms, such as ab-
dominal pain, nausea, vomiting, and tenderness.22 Chronic 
manifestation is characterized by exudative ascites, which 
should be differentiated from appendicitis and neoplastic 
or infectious causes.

Diagnostic evaluation should include autoantibody 
testing (e.g., ANA, anti-dsDNA), complement levels, and 
peritoneal fluid analysis to differentiate LP from other 
causes.23 Currently, no specific guidelines for the treatment 

of LP have been developed due to its rarity and the lim-
ited amount of available literature. Despite this, available 
case reports demonstrate high effectiveness of intravenous 
or oral pulse methylprednisolone therapy.22 Immunosup-
pressants, such as mycophenolate mofetil, are sometimes 
administered together with glucocorticosteroids with sat-
isfactory results.

Lupus hepatitis

Lupus hepatitis (LH) is a liver dysfunction associated 
with SLE. Since the  liver is rarely a primary target or-
gan in SLE, liver function abnormalities are not included 
in the diagnostic or classification criteria for the disease.24 
However, up to 50% of patients with SLE are reported to ex-
perience abnormal liver function at some point in their 
lives, possibly related to SLE. This may result from LH, co-
existing autoimmune liver diseases, or liver damage caused 
by non-autoimmune conditions.25 Lupus hepatitis occurs 
in approx. 3–8% of affected individuals and is character-
ized by mildly elevated transaminase levels, often without 
clinical symptoms.26 Elevations may be observed in liver 
enzymes, including alanine aminotransferase (ALT), as-
partate aminotransferase (AST), alkaline phosphatase 
(ALP), and gamma-glutamyl transferase (GGT), as well 
as bilirubin, inflammatory markers such as erythrocyte 

Fig. 2. Graphical representation of the pathophysiology of lupus pseudo-obstruction
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sedimentation rate (ESR) and CRP, and SLE-specific se-
rological markers. Laboratory findings may also reveal 
reduced complement levels, including C3, C4, and C1q.27

Strongly positive complement C1q deposits observed 
in liver immunohistochemistry are highly indicative of LH, 
whereas such deposits are absent in patients with other he-
patic disorders.28 Patients with LH characteristically exhibit 
elevated anti-ribosomal P antibody levels, and liver biopsy 
usually reveals lobular inflammation. These features may 
be valuable in differentiating LH from other chronic hepatic 
pathologies observed in patients with SLE.29 Several studies 
have reported that elevated liver enzyme levels in patients 
with SLE usually normalize following corticosteroid treat-
ment. In contrast, a diminished initial therapeutic response 
to corticosteroid treatment has been observed in patients 
with autoimmune hepatitis (AIH).30

Autoimmune hepatitis is a chronic, immune-mediated 
inflammatory liver disease characterized by elevated levels 
of circulating autoantibodies, hypergammaglobulinemia, 
and increased serum transaminase activity.31 The over-
lap syndrome involving AIH and SLE represents a rare 
complication.32 Differential diagnosis between AIH and 
SLE-associated LH can be demanding. Certain parameters, 
such as elevated antinuclear antibody (ANA) and immu-
noglobulin (IgG) levels, are commonly observed in both 
conditions. However, markers more specific for AIH and 
typically absent in SLE include antibodies against soluble 
liver antigen (SLA), liver–pancreas antigen, smooth muscle 
antibodies (SMA) with specificity for F-actin, and micro-
somal autoantibodies such as anti-liver kidney microsomal 
antibodies (anti-LKM antibodies).33,34 A key distinguish-
ing factor between AIH and SLE is liver histopathology. 
Patients with AIH typically present with characteristic 
biopsy findings, including interface hepatitis, hepatocyte 
rosetting, emperipolesis, and fibrosis. In comparison, liver 
histology in SLE usually reveals fatty degeneration or hy-
dropic changes in hepatocytes, which are typically asso-
ciated with drug-induced toxicity or nonspecific hepatic 
involvement.35

A recent systematic review summarized findings from 
4 studies investigating the treatment of lupus-associated 
hepatitis, including SLE–autoimmune hepatitis (SLE-AIH) 
overlap, SLE-AIH–primary biliary cholangitis (PBC) over-
lap, and LH, encompassing a total of 59 patients. Overall, 
approx. 2/3 of patients (39/59) experienced favorable out-
comes, while 11 patients relapsed and 3 died. Intrave-
nous methylprednisolone (IVMP) and oral prednisolone 
(0.5–1 mg/kg/day), often in combination with AZA, formed 
the basis of both induction and maintenance therapy. Al-
though higher doses of prednisolone (>0.25 mg/kg/day) 
may correlate with improved response rates, the available 
evidence remains limited and of low certainty. Conserva-
tive management may be appropriate for patients with mild 
disease presentations.

Differentiating SLE-associated hepatitis from AIH re-
mains clinically challenging due to overlapping features; 

however, specific serological and histological markers 
may assist in establishing the diagnosis. Current limited 
evidence suggests that immunosuppressive therapy with 
corticosteroids and AZA is generally effective, although 
high-quality controlled studies are needed to establish 
standardized treatment approaches.10

Acute pancreatitis

Acute pancreatitis (AP) is an acute inflammatory condi-
tion of the pancreas that constitutes a gastroenterological 
emergency.36 Pancreatitis is primarily caused by alcohol 
consumption and gallstones. Pancreatic involvement 
in SLE remains a rare occurrence.37 Pancreatitis associ-
ated with SLE has a reported prevalence ranging from 
0.2% to 8.2% and an annual incidence of 0.4–1.1 cases 
per 1,000 patients.38 If not treated promptly, more than 
half of patients with SLE-related AP are at risk of devel-
oping complications. The onset of pancreatitis in SLE 
is multifactorial and involves a complex pathophysiol-
ogy, including immune-mediated pancreatic damage and 
vasculitis.39 Yuan et al. identified 132 cases of abdominal 
pain considered to be SLE-related. Among these, lupus-
associated pancreatitis accounted for 17.4% of patients 
(23 out of 132).40 One study reported that in 97% of cases, 
the diagnosis of pancreatitis was confirmed by labora-
tory evidence of elevated serum amylase or lipase levels.41 
Pancreatic involvement represents a severe and potentially 
life-threatening clinical condition, often occurring as part 
of widespread multiorgan involvement, such as macro-
phage activation syndrome (MAS).42 Recent studies sug-
gest that favorable outcomes in the management of acute 
pancreatitis associated with SLE (SLEAP) may be achieved 
with higher doses of glucocorticoids and intensified im-
munosuppressive therapy. In cases of chronic pancre-
atitis occurring in the context of SLE, limited evidence 
supports the use of induction therapy with prednisolone 
(20–60 mg/day), often in combination with other im-
munomodulatory agents such as CPA. However, the lack 
of high-quality randomized controlled trials (RCTs) un-
derscores the need for further clinical research to inform 
evidence-based therapeutic guidelines. Further clinical 
studies are essential to establish clear and effective treat-
ment strategies for both acute and chronic SLE-associated 
pancreatitis.10

Pancreatitis may present as  the  first manifestation 
of previously undiagnosed SLE or occur during the course 
of the disease. It is commonly associated with high disease 
activity, which increases the risk of severe outcomes. Pa-
tients experiencing severe disease flares are particularly 
vulnerable to developing fatal complications due to pan-
creatitis; therefore, appropriate therapeutic interventions 
are required. However, standardized guidelines regarding 
the type, dosage, and duration of corticosteroid therapy for 
SLE-associated pancreatitis are currently lacking, high-
lighting the need for further research in this area.
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Lupus enteritis

Lupus enteritis is one of the most common specific GI 
manifestations of SLE. It may be either the first manifesta-
tion of the systemic disease or may develop concurrently 
with other symptoms.43 It may also arise because of subop-
timal or inappropriate management of lupus.44 The patho-
physiology of LE is not fully understood. It is suggested 
that deposition of immune complexes, as well as abnor-
mal complement activation, leads to inflammation and 
microvascular damage, causing edema and thrombosis 
of intestinal blood vessels. Consequently, ischemia may 
lead to ulceration or even perforation.45 The symptoms 
accompanying LE are usually nonspecific. They include 
severe abdominal pain – most commonly diffuse, although 
some reports indicate that it may be localized – abdomi-
nal distention, diarrhea without blood or mucus, nausea, 
dry heaving, and vomiting.46 They present with varying 
degrees of severity, ranging from moderate to severe, and 
may be accompanied by symptoms involving other affected 
systems, such as joint pain, dysuria or anuria, and uter-
ine bleeding.47 Physical examination may reveal sluggish 
or completely absent bowel sounds, as well as abdominal 
tenderness or muscle guarding. However, physical exami-
nation findings may also be completely normal.

Most often, LE affects the jejunum and ileum. It can 
also involve different parts of the colon and, very rarely, 
the  rectum.48 Laboratory findings can be divided into 
nonspecific and lupus-associated abnormalities. The for-
mer include elevated CRP levels (ranging from low eleva-
tions to approx. 100 mg/L), erythrocyte sedimentation 
rate (ESR), and lactate dehydrogenase (LDH).49 The latter 
include positive ANA, anti-Ro, anti-Sm, anti-dsDNA, anti-
La, and anti-U1 RNP antibodies. Decreased complement 
protein levels (C3 and C4) are also frequently observed.50 
Blood morphology findings are nonspecific; however, low 
hemoglobin (Hb) levels are common, often due to blood 
loss, whereas white blood cell (WBC) counts may be either 
elevated or decreased.51

The gold standard imaging modality for diagnosis is ab-
dominal CT. Possible findings include edema, thickening 
of the intestinal wall, and dilated intestinal loops.47 There 
are no pathognomonic signs of LE; however, 3 specific find-
ings strongly raise suspicion of this disease when pres-
ent together: the target sign (bowel wall thickening above 
3 mm), the comb sign (engorgement of mesenteric ves-
sels), and increased attenuation of mesenteric fat.47 Mild 
ascites is also frequently observed on CT. Pathological 
changes in the thorax, such as pleural effusion, may also 
be present.52 Other diagnostic methods include ultraso-
nography.53 Although it is easier to perform, its diagnostic 
accuracy is  limited. In contrast, endoscopic procedures 
with biopsy, despite being more invasive, frequently dem-
onstrate nonspecific inflammatory findings.54 First-line 
treatment of  LE includes glucocorticosteroids, mainly 
high-dose intravenous methylprednisolone administered 

in pulses (200 mg, 300 mg, or 500 mg daily) for several 
days, followed by oral prednisone therapy. Most patients 
improve rapidly; however, treatment is often supplemented 
with 1 or 2 pulses of CPA and daily HCQ therapy. Myco-
phenolate mofetil is sometimes used and has demonstrated 
efficacy in certain cases.47,55 Supportive treatment with 
intravenous fluids, antibiotics, or vitamin supplementation 
also plays a vital role due to impaired GI tract function.56 
In more severe cases, this treatment may be insufficient. 
Biologic agents such as rituximab or belimumab are used 
in these situations, generally with favorable therapeutic 
outcomes.10,52

Lupus-associated protein-losing 
enteropathy

Protein-losing enteropathy is a rare manifestation of SLE 
characterized by excessive protein loss through the GI 
tract.57 It  leads to hypoproteinemia, hypoalbuminemia, 
and lymphopenia. Hypoalbuminemia may result in asci-
tes, pleural effusion, pericardial effusion, and generalized 
edema.58,59 In the pathogenesis of PLE, a key role is played 
by increased vascular permeability due to vessel damage 
caused by cytokine activity and complement deposition, 
as well as by vasculitis and intestinal lymphangiectasia.58

The early stage of PLE is frequently asymptomatic and 
difficult to detect. The most common symptom, with 
a prevalence of up to 89.7%, is peripheral edema. Among 
GI manifestations, the most frequent are abdominal dis-
tension, diarrhea, abdominal pain, and vomiting.60 Protein-
losing enteropathy should be considered in patients with 
hypoalbuminemia in the absence of significant proteinuria 
or malnutrition and with positive ANA results. Relevant di-
agnostic tests include magnetic resonance (MR) lymphan-
giography, alpha-1-antitrypsin clearance, and technetium-
99m human serum albumin scintigraphy (99mTc-HSA); 
however, in low- and middle-income countries, PLE is of-
ten diagnosed by exclusion.61 Technetium-99m human 
serum albumin scintigraphy is important because it can 
localize the site of protein leakage.62 Differential diagnoses 
include right-sided heart failure, inflammatory bowel dis-
ease (IBD), chronic liver diseases, renal conditions associ-
ated with significant proteinuria, malnutrition, malabsorp-
tion syndrome, amyloidosis, malignancies, nonsteroidal 
anti-inflammatory drug-induced enteropathy, and post-
chemotherapy protein loss.58 The condition is treated with 
glucocorticoids and immunosuppressants such as CPA, 
mycophenolate mofetil, and cyclosporine A.60

Lupus mesenteric vasculitis

Mesenteric vasculitis is an uncommon GI complication 
of SLE that should be considered in patients presenting 
with abdominal pain. Lupus mesenteric vasculitis (LMV) 
is reported to affect between 0.2% and 9.7% of individu-
als with SLE, with a higher prevalence in Asia. It can be 
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the initial manifestation of SLE and occurs more frequently 
in pediatric patients.63 The superior mesenteric artery is af-
fected in 80–85% of cases, with the ileum and jejunum be-
ing more commonly involved than the large intestine and 
rectum. Patients with high disease activity are at a greater 
risk of developing LMV compared to those with inactive 
SLE.64 The pathogenesis of this condition is associated 
with the deposition of immune complexes in vessel walls, 
as well as thrombosis resulting from the presence of an-
tiphospholipid antibodies.65 Case reports suggest that LMV 
may develop following GI infections; however, a definitive 
association has not been fully confirmed.63 The symptoms 
of LMV result from ischemia, which may progress to or-
gan infarction. The most common clinical manifestations 
include abdominal pain, tenderness, and rectal bleeding, 
while nausea, vomiting, and diarrhea are also frequently re-
ported.66,67 Thrombotic occlusion typically leads to acute, 
sudden-onset abdominal pain, whereas chronic ischemia 
presents with postprandial pain and progressive weight 
loss. Urinary symptoms, such as lupus cystitis and dysuria, 
are associated with LMV in approx. 22.7% of cases.68

A prompt diagnosis is essential to prevent complications, 
but it remains highly challenging. The imaging modality 
of choice is contrast-enhanced CT of the abdomen, which 
is considered the gold standard.68 Typical radiological find-
ings include bowel wall thickening, bowel loop dilation, 
intestinal wall enhancement known as the “target sign”, 
vascular occlusions, and ascites. Characteristic signs such 
as the “fence-like” pattern and the double halo sign may 
also be observed.69 The differential diagnosis should in-
clude infections, malignancies, adverse drug reactions, 
and atherosclerotic mesenteric ischemia. Management 
of the underlying disease is a key aspect of treatment.65 
Anti-inflammatory and immunosuppressive therapy in-
cludes glucocorticoids, CPA, AZA, and mycophenolate 
mofetil.10 In  SLE-related LMV, high-dose intravenous 
glucocorticosteroids are the first-line treatment,68 while 
CPA is reserved for refractory cases. Biologic agents, such 
as rituximab and tumor necrosis factor alpha (TNF-α) 
inhibitors, have also shown efficacy. Given the risk of per-
foration, surgical intervention, including segmental bowel 
resection, should be considered at an early stage.70

Mesenteric vascular thrombosis in SLE

Mesenteric vascular thrombosis is  rare in  SLE, and 
its frequency is difficult to determine due to  the  lim-
ited number of studies. The risk of thrombosis increases 
in the presence of concurrent vasculitis and antiphos-
pholipid syndrome (APS).71 Antiphospholipid antibod-
ies are present in approx. 20–40% of patients with SLE, 
and within 20  years, 50–70% of  these individuals are 
likely to develop APS.72 Patients with SLE can develop 
both arterial and venous mesenteric thrombosis.73 This 
condition can lead to acute intestinal ischemia, necrosis, 
perforation, and hemorrhage. Clinically, it may present 

with acute abdominal pain and vomiting. Laboratory tests 
often reveal elevated WBC count, D-dimer, CRP, and lactic 
acid levels.74 Computed tomography findings may include 
bowel dilatation, bowel wall thickening, mesenteric edema, 
or vascular engorgement. Thrombi are often clearly visu-
alized within mesenteric vessels on imaging.75 However, 
definitive diagnosis often requires exploratory laparotomy. 
Bowel segments affected by transmural infarction must be 
resected, and in some cases, a second-look laparotomy may 
be necessary.76 Current evidence suggests that anticoagu-
lation should be the primary conservative treatment for 
mesenteric vein thrombosis, as it is associated with lower 
mortality, fewer complications, and improved outcomes 
compared to other therapies.77 Mesenteric thrombosis 
is a rare but potentially life-threatening cause of abdominal 
pain, with a mortality rate of up to 50% if left untreated.78

Drugs side effects

Gastrointestinal manifestations are common in patients 
with SLE, but most are related to adverse drug reactions and 
infections (Table 2).13 Glucocorticosteroids possess anti-
inflammatory and immunosuppressive properties, which 
is why they are widely used in the treatment of autoimmune 
diseases such as SLE. Dexamethasone belongs to this group 
and has been associated with the occurrence of AP. Clinical 
cases have been reported in which AP developed after re-
administration of dexamethasone.79 There is an increased 
risk of AP in patients receiving at least 1 of the following 
glucocorticosteroids: cortisol, dexamethasone, or pred-
nisolone.80 Increasing the steroid dose may further elevate 
the risk of AP. Acute pancreatitis usually develops within 
4–14 days after the initial exposure.

The mechanism by which AP occurs during glucocor-
ticosteroid therapy remains unclear. However, it may be 
related to changes in lipid and calcium metabolism result-
ing from the systemic effects of corticosteroids. Another 
mechanism identified in animal studies suggests that cor-
ticosteroids may obstruct small pancreatic ducts, lead-
ing to increased viscosity of pancreatic secretions, which 
in turn causes pancreatic changes such as vacuolization 
of acinar cells, necrosis of peripancreatic fat, and hyper-
plasia of the islets of Langerhans.81

Hydroxychloroquine and, to a lesser extent, chloroquine 
(CQ) are commonly used in rheumatic autoimmune disor-
ders (RADs), such as SLE. The most common side effects 
observed in RAD patients receiving HCQ or CQ are GI 
disturbances.82 These include decreased appetite, nausea, 
vomiting, diarrhea, bloating, and a burning retrosternal 
sensation. The most common adverse effect is GI upset, 
which may be severe enough to cause loss of appetite. 
It occurs more frequently with CQ (20%) than with HCQ 
(10%).83 These manifestations are usually transient and 
resolve over time or after dose reduction.83

Tacrolimus is a calcineurin inhibitor mainly metabolized 
by CYP3A. Ritonavir is a CYP3A and P-gp inhibitor, which 
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may increase the plasma concentration of medications that 
are substrates of the CYP3A and P-gp enzymatic systems. 
Ritonavir is used in the treatment of HIV infection. For 
this reason, significant interactions between tacrolimus 
and nirmatrelvir/ritonavir have been reported. Blood ta-
crolimus concentrations increased above the therapeutic 
threshold in all patients. These patients presented with 
various symptoms, including nausea, vomiting, fatigue, 
weakness, loss of appetite, abdominal pain, slowed speech, 
and peripheral neuropathy, after taking nirmatrelvir/rito-
navir without discontinuing tacrolimus.84

Leflunomide is an oral disease-modifying antirheumatic 
drug with anti-inflammatory and immunomodulatory 
properties.85 Many experimental models and clinical stud-
ies have shown that leflunomide has a beneficial effect 
in SLE.86 Common side effects of leflunomide include GI 
symptoms such as nausea, abdominal pain, and diarrhea, 

occurring in 10–20% of  treated patients. More serious 
adverse effects, such as colitis, have also been reported. 
Leflunomide-induced colitis is a very rare adverse effect, 
with only a few cases described in the literature. The mech-
anism of this condition is not well understood. Diagnosis 
is challenging because symptoms may appear at differ-
ent times, even several years after initiation of treatment. 
The median time to symptom relief following discontinu-
ation of leflunomide was approx. 3 weeks, but ranged from 
3 days to 7 weeks.87

Nonsteroidal anti-inflammatory drugs (NSAIDs) rank 
among the most frequently used medications worldwide. 
Evidence from certain studies indicates that the  use 
of  NSAIDs and aspirin among the  elderly population 
reaches a prevalence of 24.7%.88 NSAIDs are commonly 
administered for the management of pain and discom-
fort associated with chronic rheumatologic conditions.89 

Table 2. Drugs used in the treatment of SLE associated with gastroenterological complications

Drug side 
effects

Prevalence of each 
manifestation Common symptoms Diagnostic markers Imaging findings Standard

treatments

Glucocortico-
steroids

– AP
elevated amylase and 

lipase levels

vacuolation of acinar cells, 
necrosis of peripancreatic 

fat, and hyperplasia 
of the islets of Langerhans

drug withdrawal

HCQ, CQ
CQ (20%), HCQ 

(10%)

decreased appetite, 
nausea, vomiting, 

diarrhea, bloating and 
burning sensation 

in the retrosternal area

– –

these manifestations are 
transient and resolve 

over time or after dose 
reduction 

Tacrolimus –

nausea, vomiting, 
fatigue, weakness, loss 
of appetite, abdominal 

pain, slowed speech, and 
peripheral neuropathy

blood tacrolimus levels 
increased above the toxic 

range

paralytic ileus was 
diagnosed on abdominal 
X-ray imaging, resulting 

from drug–drug 
interaction between 

tacrolimus and 
nirmatrelvir/ritonavir

tacrolimus was 
discontinued and 

nirmatrelvir/ritonavir 
was continued until 

completion of treatment

Leflunomide

10–20%,
colitis – very 

rare, only a few 
cases reported 
in the literature

nausea, abdominal pain, 
diarrhea,

leflunomide-induced 
colitis

diagnosis is challenging 
because symptoms may 
appear at different times, 
even several years after 

treatment initiation

abdominal CT revealed 
colitis

drug withdrawal

 NSAIDs

common, approx. 
25% of patients 
without classical 
risk factors still 

developed ulcers 
during high-dose

NSAID therapy

gastric and duodenal 
ulcers

epigastric pain, 
endoscopic examination

erosive and ulcerative 
lesions commonly 

occurring in the gastric 
antrum, bleeding 
and subepithelial 

hemorrhages
on endoscopic 

examination

drug withdrawal,
proton pump inhibitors, 

H2 blockers

Azathioprine

3.25%; however, 
clinical experience 

suggests that 
the incidence may 

be at least twice 
as high

AP
elevated amylase and 

lipase levels

CT showed evidence 
of AP tests

exclude other common 
causes of pancreatitis

drug withdrawal

CPA –
vomiting, diarrhea, 
nausea, stomatitis

– –
resolution of short-term 

toxicity

Belimumab – AP
elevated amylase and 

lipase levels
CT showed evidence 

of AP
drug withdrawal

SLE – systemic lupus erythematosus; NSAIDs – nonsteroidal anti-inflammatory drugs; HCQ – hydroxychloroquine; CQ – chloroquine; CT – computed 
tomography; CPA – cyclophosphamide..
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According to data from 2 large cohort studies – ESTHER 
(n  =  7,737) and the  UK Biobank (n  =  213,598) –  low-
dose aspirin administration independently contributes 
to an increased risk of developing gastric and duodenal 
ulcers during the early phase of treatment initiation.90 
The  risk ratios (RRs) for the  development of  gastric 
and duodenal ulcers were 1.82 [95% CI: 1.58–2.11] and 
1.66 [1.36–2.04], respectively, in the UK Biobank study, 
and 2.83 [1.40–5.71] and 3.89 [1.46–10.42], respectively, 
in the ESTHER study. According to data from studies 
conducted in Spain, the mortality rate associated with 
NSAID use is 5.6%, corresponding to 15.3 deaths per 
100,000 users.91 In the endoscopic picture, erosive and 
ulcerative lesions commonly occur in the gastric antrum; 
however, the pathological process may affect the entire 
gastroduodenal tract. These lesions may manifest in both 
acute and chronic forms, often presenting with bleeding 
and subepithelial hemorrhages on endoscopic examina-
tion. Ulcers typically heal without the formation of  fi-
brotic scarring or structural deformities.88 Recent studies 
comparing the safety profile of celecoxib at a daily dose 
of 200 mg with other NSAIDs in the context of GI ad-
verse effects have demonstrated that celecoxib exhibits 
a superior GI safety profile relative to other NSAIDs.92 
Similarly, a previously conducted meta-analysis found that 
patients treated with meloxicam (a partially cyclooxygen-
ase-2 (COX-2) selective agent) demonstrated a decreased 
occurrence of GI adverse effects, including dyspepsia, gas-
tric and duodenal ulcers, and perforations. These findings 
suggest that COX-2 selective inhibitors are associated with 
a reduced risk of GI toxicity compared to nonselective 
NSAIDs. However, certain studies have demonstrated 
that GI symptoms during treatment with the nonselective 
NSAID naproxen were not indicative of mucosal injury. 
Although the risk of ulcer development correlates with 
the number of risk factors present, approx. 25% of patients 
without any classical risk factors still developed ulcers 
during high-dose NSAID therapy. These findings suggest 
that reliance solely on risk factor assessment is inadequate 
for determining the need for gastroprotection. A proactive 
preventive strategy is therefore recommended to ensure 
that all patients prescribed NSAIDs receive appropriate 
gastroprotective measures. Studies confirm that gastric 
and duodenal ulcers are common adverse effects associ-
ated with NSAID use, particularly among patients with 
rheumatologic conditions. Although NSAIDs are effective 
in the management of pain and inflammation, their use 
must be approached with caution because of GI risks, and 
appropriate preventive measures are required to reduce 
serious complications.

Azathioprine is a member of the immunosuppressive 
thiopurine group and is used to treat autoimmune dis-
eases such as SLE. Retrospective data suggest that approx. 
3.25% of patients treated with thiopurines experience AP, 
although clinical experience suggests that the incidence 
may be at least twice as high.93 The exact pathogenesis 

of AZA-induced AP is not yet known, but its idiosyncratic 
nature suggests an allergic mechanism. The association 
between AZA and AP appears to be dose-independent 
and does not correlate with myelosuppression, suggesting 
an etiology independent of thiopurine methyltransferase 
activity. A delayed type II or IV allergic reaction or an im-
munological genetic predisposition has been proposed, 
with the former hypothesis supported by the fact that 
rechallenge with AZA causes recurrence of symptoms.94 
Azathioprine was one of 3 drugs in the study for which 
evidence of  causing AP was demonstrated in  RCTs.95 
If  a patient is admitted with a high clinical suspicion 
of drug-induced pancreatitis (DIP), AZA should be dis-
continued immediately while awaiting tests to exclude 
other common causes of pancreatitis.

Cyclophosphamide is widely prescribed for the treat-
ment of autoimmune diseases such as SLE. Treatment 
regimens for patients with SLE often cause short-term 
toxicity manifested by GI symptoms (e.g., vomiting and 
diarrhea).96 Reported GI side effects include dose-related 
nausea, stomatitis, and a single case of hemorrhagic colitis. 
One report described a patient with colitis accompanied 
by fatal small bowel enteritis and pancolitis associated with 
4 weeks of CPA therapy.97

Belimumab is a fully human recombinant IgG monoclo-
nal antibody that targets and inhibits soluble B-lymphocyte 
stimulator (BLyS). Consequently, it induces apoptosis and 
downregulation of circulating B-cell clones. Studies have 
shown that patients with SLE have significantly higher 
BLyS levels than healthy controls. There have been some 
reports of AP associated with belimumab use. These cases 
were reported in women aged 40–49 years who had been 
receiving the drug for 1–2 years.87

Discussion

Systemic lupus erythematosus encompasses a wide array 
of GI manifestations that present significant diagnostic 
and therapeutic challenges. Our scoping review identified 
11 distinct GI presentations, ranging from common, low-
severity conditions such as GERD and oral ulcers to high-
risk acute complications including LE, mesenteric vascu-
litis, and IPO. Although GERD and oral ulcers affect up 
to 1/3 of patients with SLE and are generally managed with 
proton pump inhibitors and antimalarials, delayed recog-
nition of these symptoms as part of the lupus spectrum 
may prolong the time to definitive diagnosis and initiation 
of immunosuppressive therapy. Conversely, LE, mesenteric 
vasculitis, and IPO, while rarer, with prevalence ranging 
from 0.2% to 9.7%, carry risks of ischemia, perforation, and 
acute abdomen that require prompt contrast-enhanced CT 
imaging and aggressive treatment with high-dose intrave-
nous corticosteroids, often supplemented with CPA pulses.

Between these extremes lie intermediate manifestations 
such as LH and pancreatitis, occurring in approx. 3–8% 
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and 0.2–8.2% of patients, respectively. These conditions 
require careful differentiation from autoimmune overlap 
syndromes. Serological markers such as anti-ribosomal 
P antibodies, anti-LKM antibodies, and complement C1q 
deposits, alongside targeted histological evaluation, may 
help clinicians choose between intensified immunosup-
pression and conservative management.

A unifying pathophysiological mechanism underlies 
several of  these GI manifestations: immune complex-
mediated vascular injury. Deposition of antinuclear anti-
body complexes activates complement pathways, damages 
the endothelium, and promotes thrombosis, thereby con-
tributing to mesenteric vasculitis, LE, IPO, and PLE. Rec-
ognition of this shared process emphasizes the importance 
of early and aggressive immunosuppressive intervention.

Despite advances in imaging techniques and treatment 
strategies, significant diagnostic and therapeutic gaps 
persist. Reliance on advanced CT imaging and histo-
logical confirmation limits rapid diagnosis in resource-
constrained settings, and the  absence of  consensus 
diagnostic criteria for rare manifestations such as PLE 
or IPO contributes to underreporting and inconsistent 
management. Moreover, therapeutic protocols for many 
GI manifestations are mainly derived from case series 
and small cohort studies, with no standardized guidelines 
regarding the dosing, duration, or selection of immuno-
suppressive agents.

Adding further complexity, the immunosuppressants 
and supportive medications used to manage SLE carry 
their own GI risks. NSAIDs predispose even low-risk pa-
tients to peptic ulcers, corticosteroids may precipitate AP, 
and AZA poses an idiosyncratic risk of DIP These iatro-
genic complications require vigilant pharmacovigilance, 
patient education, and proactive gastroprotective measures 
as integral components of SLE management.

Looking forward, future research must prioritize pro-
spective, multicenter cohort studies to establish the true 
incidence, risk factors, and outcomes of GI manifesta-
tions of SLE. The development of noninvasive biomarkers, 
such as serum complement fragments or anti-endothelial 
antibodies, could improve early detection and monitor-
ing, while AI-assisted imaging algorithms may enhance 
the identification of subtle vasculitic changes on CT and 
ultrasound. Finally, RCTs comparing specific immunosup-
pressive regimens for GI involvement are urgently needed 
to support the development of evidence-based standard-
ized treatment protocols.

Limitations of the study

The heterogeneous nature of SLE makes it difficult to es-
tablish universal conclusions, since individual patient pre-
sentations can vary widely. Many of the referenced studies 
include small patient cohorts, which limits the generalizability 
of the findings and highlights the need for larger multicenter 
investigations. Additionally, the absence of  standardized 

diagnostic criteria for certain GI manifestations compli-
cates comparisons across studies, while the predominance 
of cross-sectional data leaves long-term disease progression 
and treatment efficacy insufficiently explored. Moreover, 
some treatment recommendations are based on case reports 
or small-scale studies rather than robust RCTs.

Conclusions

Gastrointestinal manifestations in SLE span a spectrum 
from mild, common symptoms to life-threatening acute 
complications. Early recognition of the shared mechanisms 
of immune complex-mediated vascular injury may facili-
tate timely and aggressive therapy. Standardized diagnos-
tic criteria, accessible imaging, and consensus treatment 
protocols remain critical gaps. Addressing these issues 
through multicenter studies, biomarker development, and 
RCTs may improve outcomes and optimize care for pa-
tients with SLE and GI involvement.
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Abstract
Drug-resistant epilepsy (DRE) presents a major clinical and economic challenge, particularly in low- and 
middle-income countries (LMICs), where healthcare resources are limited and treatment gaps remain signifi-
cant. Although epilepsy surgery remains the most effective intervention for eligible DRE patients, outcomes are 
variable, with success rates ranging from 30% to 70%. Emerging evidence suggests that genetic biomarkers 
can inform patient selection, predict surgical outcomes, and guide treatment planning. This review explores 
the potential of integrating genetic testing into presurgical evaluation protocols in LMICs. It examines the role 
of specific gene mutations in pharmacoresistance, seizure localization, and structural brain abnormalities, 
with a focus on improving surgical success rates and reducing unnecessary interventions. Incorporating 
genetic stratification into clinical decision-making could enhance cost-effectiveness, minimize the burden 
on healthcare systems, and support the development of personalized treatment pathways. Advancing genetic 
research and building capacity in precision neurology are essential steps toward improving DRE management 
in resource-constrained settings.

Key words: drug-resistant epilepsy, surgical outcomes, low- and middle-income countries, genetic testing, 
patient selection
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Introduction

Epilepsy is one of the most common neurological disor-
ders, affecting approx. 50 million individuals worldwide.1,2 
The condition manifests as recurrent unprovoked seizures, 
which are diagnosed after 2 unprovoked episodes or fol-
lowing a single seizure with a high risk of recurrence.3 
The  World Health Organization’s Global Action Plan 
2022–20314 emphasizes the  urgent need for improved 
epilepsy management, particularly in low- and middle-
income countries (LMICs), where approx. 80% of people 
with epilepsy reside.5

Drug-resistant epilepsy (DRE) is defined by the failure 
of adequate trials of at least 2 appropriately selected and 
tolerated antiepileptic drugs to achieve sustained seizure 
control and presents significant challenges.6 Drug-resistant 
epilepsy is correlated with increased morbidity, diminished 
quality of life, and elevated healthcare costs.7 Although 
epilepsy surgery is the most effective treatment option for 
selected DRE cases, surgical outcomes vary considerably, 
with seizure freedom rates ranging from 30% to 70%.8,9 
This variability highlights the need for improved patient 
selection methods and enhanced understanding of factors 
influencing surgical success.

Genetic factors are increasingly recognized as  key 
contributors to  epilepsy susceptibility, severity, and 
treatment resistance. Mutations affecting ion channel 
function, synaptic transmission, cortical development, 
and neuroinflammation have been implicated in a broad 
spectrum of epilepsy syndromes.10,11 These findings have 
opened the door to the use of genetic data in clinical 
decision-making, particularly in the context of presur-
gical evaluation.12,13 The  National Society of  Genetic 
Counselors in the USA recommends genetic testing for 
all patients with unexplained epilepsy.14 While testing 
is  commonly prioritized for early-onset, syndromic, 
or developmental epilepsies, its role is expanding in fo-
cal DRE as well. For example, recent studies demonstrate 
that genetic diagnoses can directly influence manage-
ment and outcomes, leading to treatment modifications 
in  up to  45% of  children with severe epilepsy –  with 
around 60% of those receiving gene-directed therapies 

achieving seizure freedom – and informing clinical deci-
sions in adults, where diagnostic yields range from 23% 
to 50%.15,16 Specific findings now inform individualized 
approaches, such as avoiding sodium channel blockers 
in SCN1A-related epilepsy or using the ketogenic diet 
in SLC2A1 cases, while emerging biomarkers like circu-
lating microRNAs and protein profiles help distinguish 
drug-resistant from drug-sensitive epilepsy.17–20 Despite 
growing interest, the incorporation of genetic biomark-
ers into routine epilepsy care remains limited in many 
LMICs because of  infrastructure, cost, and workforce 
constraints.

This review summarizes the current evidence on the role 
of  genetic biomarkers in  DRE management, focusing 
on presurgical evaluation and treatment outcomes. Spe-
cial attention is given to the challenges and opportunities 
in LMICs, where cost-effective, personalized approaches 
to epilepsy care are particularly critical. Through synthesis 
of the current literature, this review provides an overview 
of the genetic influences on DRE and explores how genetic 
testing can complement existing diagnostic strategies.

Objectives

The objective of this review is to explore how genetic 
testing can support presurgical evaluation in DRE, par-
ticularly in LMICs. It addresses the clinical impact, eco-
nomic considerations, and feasibility of applying genetic 
screening to guide treatment decisions in resource-limited 
settings.

Materials and methods

A  literature search was conducted across PubMed, 
Scopus, Web of Science, and Google Scholar. No restric-
tions were placed on publication date. Search terms in-
cluded “drug-resistant epilepsy,” “genetic testing,” “epi-
lepsy surgery,” “presurgical evaluation,” “clinical utility,” 
“diagnostic yield,” “cost-effectiveness,” and “low- and 
middle-income countries.”

Highlights
	• Genetic testing improves presurgical evaluation in drug-resistant epilepsy (DRE), particularly in MRI-negative cases.
	• Genetic screening may support epilepsy surgery decision-making by identifying patients most likely to benefit 
from resection.

	• Early genetic diagnosis in DRE can reduce healthcare costs and influence treatment strategies.
	• Implementation of genetic testing in low- and middle-income countries (LMICs) is  limited by infrastructure, 
funding, and genetic literacy barriers.

	• Targeted genetic testing strategies and international collaboration may improve DRE management and epilepsy 
care in LMICs.
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The  inclusion criteria comprised full-text, peer-re-
viewed articles in English describing the role of genetic 
testing in DRE, particularly in the context of presurgical 
decision-making and treatment planning. Studies involv-
ing both pediatric and adult populations were considered. 
Case reports, cohort studies, reviews, and expert consen-
sus documents were included if they discussed the diag-
nostic yield, clinical utility, or cost-related implications 
of genetic testing. Editorials, commentaries, abstract-only 
records, and studies focusing exclusively on syndromic 
epilepsies without implications for surgical evaluation 
were excluded.

Due to the absence of studies conducted specifically 
in LMICs, this review incorporated findings from high-
income countries (HICs), where most genetic testing proto-
cols and outcome data are currently available. These stud-
ies were selected for their potential applicability to LMIC 
settings, especially regarding implementation strategies, 
diagnostic pathways, and resource prioritization. A sys-
tematic review was not feasible because of the limited num-
ber of regionally relevant studies and the heterogeneity 
of study designs and outcome reporting.

Genetic contributors 
to drug-resistant epilepsy

Genetic variants underlie many cases of severe and focal 
epilepsy. Ion channel variants, particularly in sodium chan-
nels (SCN1A, SCN2A, SCN8A) and potassium channels 
(KCNQ2/3), represent the most extensively studied genetic 
determinants of treatment response. De novo or inherited 
mutations in these genes cause early-onset epileptic en-
cephalopathies and Dravet syndrome, which demonstrate 
inherent pharmacoresistance.21 Recent genome-wide as-
sociation studies have revealed that the SCN1A rs2298771 
polymorphism significantly increases the risk of antiepi-
leptic drugs (AED) resistance, particularly in South Asian 
populations.22

Synaptic genes (STXBP1, PCDH19, CDKL5) and meta-
bolic genes (SLC2A1, ALDH7A1) also drive DRE through 
developmental encephalopathies or neurometabolic syn-
dromes.23–27 Drug transporter genetics have emerged 
as  critical determinants of  treatment response, with 
the ABCB1 gene encoding P-glycoprotein showing poly-
morphisms (particularly C3435T) that significantly af-
fect carbamazepine and lamotrigine transport across 
the blood–brain barrier (BBB).28–30 Additionally, cyto-
chrome P450 variants (CYP2C9, CYP2C19) influence 
AED metabolism and contribute to treatment resistance 
through altered drug clearance.17

Mutations in  the  mTOR pathway genes (TSC1/2, 
DEPDC5, NPRL2/3, PTEN) are linked to focal cortical 
dysplasia and tuberous sclerosis, often yielding localized 
lesions amenable to resection.12,31 For example, DEPDC5 
mutations frequently co-occur with radiologically oc-
cult focal cortical dysplasia and predict the  presence 

of surgically treatable malformations. In contrast, germline 
mutations in channelopathy genes (SCN1A, CNTNAP2, 
STXBP1) typically indicate diffuse network pathology and 
poor surgical outcomes.13 Collectively, pathogenic variants 
in these genes can drive pharmacoresistance and inform 
the identification of epileptogenic zones.

Recent advances have increasingly highlighted the criti-
cal role of epigenetic modifications in the development and 
progression of DRE.29,32 Specifically, DNA methylation pat-
terns exhibit disease-specific alterations in hippocampal 
tissue obtained from patients with drug-resistant temporal 
lobe epilepsy.33 These epigenetic changes influence the ex-
pression of genes encoding ion channels and neurotrans-
mitter receptors, thereby contributing to the dysregula-
tion of neuronal excitability and synaptic transmission 
characteristic of refractory seizures. In parallel, microRNA 
profiling has uncovered a set of circulating small non-
coding RNAs, including miR-134-5p, miR-122-5p, and 
miR-132-3p, that reliably differentiate drug-resistant from 
drug-sensitive epilepsy patients.19 These microRNAs are 
implicated in key neurobiological processes such as syn-
aptic plasticity, neuroinflammation, and neuronal sur-
vival, all of which play pivotal roles in epileptogenesis and 
pharmacoresistance. The identification of these epigenetic 
markers offers promising avenues for developing mini-
mally invasive diagnostic tools and novel therapeutic tar-
gets tailored to overcome drug resistance in epilepsy.

The growth of exome/genome sequencing has expanded 
the list of epilepsy genes; however, practical testing often 
focuses on established candidates. The ClinGen Epilepsy 
Gene Curation panel classifies approx. 30 genes as defini-
tive causes of epilepsy (SCN1A, KCNQ2, TSC1/2, DEPDC5, 
SCN2A, SLC2A1), with many others supported by moder-
ate evidence.34 In pediatric DRE cohorts, diagnostic yields 
of targeted epilepsy gene panels range from around 12% 
to 29%​, rising to 39–50% in  infants with developmen-
tal encephalopathies. Whole-exome sequencing (WES) 
achieves even higher yields – up to 50% in early-onset, 
syndromic cases.35 Notably, yields are higher when testing 
is performed early; 1 study found that testing at epilepsy 
onset halved the cost of the diagnostic workup by avoid-
ing redundant tests.36 Thus, for selected patients (early-
onset, multifocal features, family history), genetic testing 
is highly informative (Table 1).

Genetic testing 
in the presurgical evaluation of DRE

Presurgical evaluation in DRE traditionally relies on clin-
ical assessment, neuroimaging, and electroencephalogra-
phy (EEG) to pinpoint the epileptogenic zone. However, 
even with these tools, surgical outcomes remain subopti-
mal in many patients, with seizures often persisting after 
surgery.21,64,65 The addition of genetic data to this approach 
is an emerging paradigm. A novel approach to improve 
these outcomes is the integration of genetic testing into 
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the presurgical workup (Fig. 1). Growing expert consen-
sus and recent studies suggest that genetic testing should 
be considered in patients with focal epilepsy of unknown 
etiology – particularly those with early-onset seizures, de-
velopmental delay, or magnetic resonance imaging (MRI)-
negative findings – where genetic etiologies may influence 
both surgical decision-making and outcomes.66,67 Large 
studies underscore this shift: in a 5-year single-center 

cohort of 125 pediatric DRE surgical referrals, 69% un-
derwent genetic testing, and 21% had a pathogenic vari-
ant identified.68 The  identified genes included NPRL3, 
TSC2, KCNH1, CHRNA4, SPTAN1, DEPDC5, SCN2A, 
ARX, SCN1A, DLG4, and STXBP1. Notably, in 3 cases, 
the genetic diagnosis directly altered management: those 
patients did not proceed to surgery because the findings 
indicated that a surgical cure was unlikely. The authors 

Table 1. Key genetic biomarkers in drug-resistant epilepsy and their clinical implications

Gene/variant Epilepsy phenotype Testing availability Surgical 
candidacy Targeted treatment References

SCN1A Dravet syndrome
HIC: 95%, LMIC: 

15–25%
poor (diffuse 
pathology)

avoid Na+ blockers, stiripentol, 
clobazam

11,37–41

SCN2A
early infantile epileptic 

encephalopathy
HIC: 90%, LMIC: 

10–20%
variable Na+ blockers (LOF), avoid in GOF 42,43

KCNQ2 benign familial neonatal seizures/EEIE
HIC: 85%, LMIC: 

8–15%
poor to moderate retigabine, phenytoin 34,44

TSC1/2 tuberous sclerosis complex
HIC: 95%, LMIC: 

30–40%
good (focal 

lesions)
mTOR inhibitors, targeted 

resection
13,31,45–47

DEPDC5 focal cortical dysplasia
HIC: 80%, LMIC: 

5–10%
excellent (focal 

lesions)
surgical resection 48–51

NPRL2/3 focal cortical dysplasia
HIC: 70%, 

LMIC: <5%
excellent surgical resection 52,53

STXBP1
early infantile epileptic 

encephalopathy
HIC: 85%, LMIC: 

10–15%
poor (diffuse 
pathology)

supportive care, avoid surgery 54,55

PCDH19 PCDH19-related epilepsy
HIC: 60%, 

LMIC: <5%
poor to moderate hormone-based considerations 56

SLC2A1 GLUT1 deficiency
HIC: 90%, LMIC: 

15–25%
variable ketogenic diet 57–60

ALDH7A1 pyridoxine-dependent epilepsy
HIC: 85%, LMIC: 

20–30%
variable pyridoxine/pyridoxal phosphate 25,61–63

HIC – high-income countries; LMIC – low- and middle-income countries; LOF – loss of function; GOF – gain of function; EEIE – early epileptic and infantile 
encephalopathy; ID – intellectual disability.

Fig. 1. Flowchart for integrating genetic testing into presurgical evaluation of drug-resistant epilepsy (DRE)

MRI – magnetic resonance imaging.
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emphasized that obtaining a molecular diagnosis can sig-
nificantly impact treatment decisions and suggested that 
genetic testing should be integrated into the routine as-
sessment process for pediatric patients with DRE during 
presurgical evaluation.

Other centers have reported similar findings. In 1 co-
hort, routine WES and microarray analysis of 49 children 
undergoing epilepsy surgery identified variants in 45% 
(21 of 49)​ of the children.13 TSC1/2, DEPDC5, MECP2, and 
KCNQ2, among others, were identified by both exome and 
chromosomal microarray analyses. Although the genetic 
findings did not change whether surgery was performed, 
they guided postoperative management: patients with mu-
tations were counseled more conservatively, retaining anti-
seizure medications for longer. Notably, among the few pa-
tients with poor surgical outcomes (International League 
Against Epilepsy (ILAE) class IV–V), a majority had under-
lying genetic variants or multifocal syndromes. This sug-
gests that detecting a genetic cause can inform prognosis, 
guide patient counseling, and aid postoperative planning, 
even if it does not alter the immediate surgical plan.

Further evidence comes from smaller series. In a focused 
study of 9 children evaluated for focal epilepsy surgery, tar-
geted epilepsy gene testing led to a major change in man-
agement in most cases: 7 of the 9 patients had their surgical 
workups halted entirely. All 7 had early-onset seizures 
with developmental delay, and each harbored a pathogenic 
germline variant in a known epilepsy gene.67 The investiga-
tors recommend that genetic assessment should be incor-
porated as a mandatory component of presurgical evalu-
ation, particularly in patients with negative MRI findings 
or ambiguous lesions. This recommendation aligns with 
the perspective that genetic diagnoses may contraindicate 
invasive monitoring or resection procedures, as these con-
ditions typically represent diffuse neurological disease not 
amenable to focal surgical cure.69

Genetic stratification can improve presurgical decision-
making in several ways. First, it complements imaging 
and EEG by revealing the underlying mechanism of epi-
lepsy. For example, discovering an mTOR pathway muta-
tion (DEPDC5, TSC1/2) in an MRI-negative patient may 
prompt the use of  invasive EEG (stereo-EEG) to detect 
subtle focal cortical dysplasia.31 Conversely, identifying 
a “generalized” genetic epilepsy (e.g., SCN1A, STXBP1) 
suggests poor localization, leading clinicians to consider 
medical or neuromodulation therapies instead of surgery.69 
Second, genetic findings can directly affect pharmacologi-
cal management. A well-known example is that SCN1A 
mutations contraindicate sodium-channel blockers,37 
whereas SCN2A/SCN8A mutation (when loss-of-function) 
may benefit from them.42,43 Similarly, detecting SLC2A1 
(GLUT1 deficiency) guides dietary therapy (ketogenic 
diet),57 and ALDH7A1 identifies patients treatable with 
pyridoxine.61 Awareness of such gene-specific therapies 
can improve seizure control before and after surgery. Fi-
nally, knowledge of genetic drug transport or metabolism 

variants (ABCB1 transporter polymorphisms) may explain 
resistance and indicate alternative drug choices.70

Mounting clinical evidence reinforces the value of these 
approaches. Multiple studies have found that obtaining 
a genetic diagnosis leads to changes in medical manage-
ment in  nearly half of  DRE patients and can improve 
seizure outcomes in a substantial proportion of cases.71 
Moreover, certain genetic findings correlate with surgi-
cal prognosis: e.g., genetic disorders that cause localized 
structural abnormalities (such as mTOR-pathway focal 
cortical dysplasias or mesial temporal sclerosis) are associ-
ated with more favorable post-surgical outcomes, whereas 
patients with genetic generalized epilepsies tend to have 
poorer seizure control after resection. Taken together, this 
evidence strongly supports the routine incorporation of ge-
netic testing into presurgical evaluation for DRE – par-
ticularly in pediatric patients and those without evident 
lesions on MRI – to ensure that each patient’s treatment 
plan is informed by the underlying cause of their epilepsy.

Integrating genetic testing 
into clinical pathways

Given the  benefits genetic information can provide, 
many epilepsy centers are now integrating genetic test-
ing into their standard clinical pathways for DRE evalu-
ations. In current practice – especially for pediatric DRE 
cases – a streamlined presurgical workflow has emerged 
that incorporates genetic testing early in the diagnostic 
process.36 Following standard clinical, neuroimaging, 
and electrophysiological assessments, genetic screening 
is increasingly utilized early in the diagnostic process for 
individuals meeting high-priority criteria, such as seizure 
onset before the age of 2, positive family history, failure 
of 2 or more anti-seizure medications, or normal MRI 
findings. In many centers, targeted epilepsy gene panels 
or WES are ordered concurrently with traditional diag-
nostic evaluations.68,72 Pathogenic variants identified using 
these methods may redirect clinical management by pre-
cluding invasive monitoring or surgery in cases of diffuse 
genetic epilepsy or by supporting surgical candidacy in pa-
tients with focal lesions. Even when the results are negative 
or of uncertain significance, they may guide the consid-
eration of additional testing modalities, including assess-
ments for copy number variants or mosaicism. Genetic 
findings are interpreted in conjunction with neuroimaging 
and EEG data within multidisciplinary epilepsy teams, 
which increasingly include expertise in clinical genetics 
to support integrated decision-making.73

Early experiences with this integrated approach have 
shown clear advantages. Recent case series highlight 
that performing genetic testing sooner rather than later 
in  the evaluation can streamline care and reduce un-
necessary procedures. For example, 1 study found that 
when genetic testing was conducted within the 1st year 
of a child’s epilepsy (early in the disease course), patients 
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required significantly fewer metabolic tests and invasive 
investigations to reach a diagnosis, compared to those 
who were tested only after multiple years of  DRE.36 
In that 5-year series, the overall diagnostic yield of ge-
netic testing was about 12% (28 of 226 patients received 
a genetic diagnosis). Notably, the subgroup of patients 
who had early genetic testing accounted for 8 of those 
diagnoses and avoided numerous additional tests, re-
sulting in lower overall healthcare costs. This suggests 
that even with a moderate diagnostic yield, early genetic 
testing can act as a cost-effective triage tool – streamlin-
ing the workup by ruling in or out certain etiologies and 
thereby preventing more costly or  invasive diagnostic 
procedures. As the cost of sequencing continues to fall 
(WES can now often be performed for under $1,000) and 
bioinformatics pipelines improve, incorporating genetics 
early has become increasingly feasible in routine prac-
tice.74 Furthermore, economic models from other areas 
of medicine have shown that first-tier genomic testing 
can be cost-effective under standard willingness-to-pay 
thresholds, supporting its use as an upfront diagnostic 
strategy in appropriate cases.75

In resource-limited environments, the cost-effectiveness 
of genetic screening must account for local factors. The up-
front cost of a gene panel or WES may appear high, but 
it must be weighed against the costs of failed surgeries, pro-
longed hospital evaluations, and serial medication trials. 
For example, epilepsy surgery costs in LMICs range from 
$500 to $8,000 depending on the country, yet these figures 
often reflect direct costs without accounting for presurgi-
cal evaluations, hospital stays, or postoperative care. Ad-
ditionally, many clinicians in LMICs are hesitant to refer 
patients for epilepsy surgery due to limited training and 
uncertainty about outcomes, which means resources for 
surgical evaluation may already be underutilized.76 A ge-
netic diagnosis that prevents an unsuccessful surgery can 
save much more than the test itself. One health economic 

analyses in pediatric epilepsy (largely from high-income 
settings) indicated that identifying genetic causes early 
reduces the diagnostic odyssey and improves long-term 
outcomes, yielding overall cost.77 Such conclusions likely 
hold in LMICs, where inefficiencies carry even greater 
relative burdens.

Overall, the  inclusion of genetic testing in  standard 
clinical pathways for DRE allows clinicians to make more 
informed decisions earlier. This leads to more efficient use 
of diagnostic resources, prevents patients from undergoing 
unnecessary invasive procedures or ineffective surgeries, 
and ensures that each patient’s care plan (medical or surgi-
cal) is optimized based on genetic findings.

Challenges and opportunities 
in LMIC implementation

Despite the promising benefits of genetic testing, im-
plementing these advances in LMICs (Fig. 2) presents 
unique challenges. Healthcare systems in LMICs often 
face resource constraints that can hinder the adoption 
of routine genetic testing in epilepsy care. Infrastructure 
limitations are a major hurdle: advanced neuroimaging 
(high-resolution MRI) and long-term EEG monitoring 
are scarce in many regions, and local molecular genet-
ics laboratories are often lacking. A recent global survey 
of 1,568 providers across 127 countries illustrates the ex-
tent of the gap. It found that advanced genetic testing (such 
as WES or whole-genome sequencing (WGS)) was avail-
able to 90.4% of epilepsy care providers in HICs, but only 
16.3% of providers in LMICs had access to these technolo-
gies.78 In Africa, only 12% reported access to gene panels, 
whereas in Latin America, the figure was 26% (compared 
to 63% in Europe). Even where tests exist, most LMICs 
lack public funding; 37.5% of providers in low-income set-
tings reported that patients must self-fund genetic tests, 
compared to only 8.6% in high-income settings.78 The high 

Fig. 2. Low- and middle-income countries (LMICs)
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cost of sequencing and limited laboratory infrastructure 
are clearly key drivers of these disparities.

Another challenge is that genetic data interpretation 
can be more difficult in LMIC populations. Global ref-
erence databases for genetic variants are heavily skewed 
toward individuals of European ancestry, which means 
that variants found in patients from other ethnic back-
grounds (common in Africa, Asia, and Latin America) 
are often classified as “variants of uncertain significance” 
due to a lack of comparative data.79 This uncertainty can 
limit the clinical actionability of genetic results in non-
European populations. Additionally, awareness and train-
ing in epilepsy genetics are limited among healthcare pro-
viders in many LMICs. Clinicians may not be familiar 
with when or how to order genetic tests, and there may 
be cultural or social stigma around genetic disorders that 
makes families hesitant to pursue testing.80–82 These fac-
tors all contribute to a slower uptake of genetic testing 
in routine practice.

Despite these barriers, there are still promising develop-
ments. International collaborations (ILAE task forces and 
non-governmental organizations (NGOs)) have established 
centers of excellence for epilepsy genetics in Africa, Asia, 
and Latin America (https://www.ilae.org). Telemedicine 
and cloud-based analysis can compensate for shortages 
in local expertise.83 Some countries are piloting targeted 
epilepsy panels using portable sequencers or in partner-
ships with foreign laboratories.84 Moreover, LMICs can 
adopt a phased, high-impact approach and prioritize ge-
netic testing for high-yield cases. For example, testing could 
be reserved for early-onset DRE, patients with a suggestive 
family history, and cases in which surgery is being consid-
ered. In such targeted cohorts, diagnostic yields of genetic 
testing are often in the 20–40% range, which makes test-
ing cost-effective given the potential to change manage-
ment. For example, a recent study in Nigeria performed 
exome sequencing on 22 children with unexplained DRE 
and achieved a 27% diagnostic rate.85 These 6 diagnoses 
(genes BPTF, NAA15, SCN1A, TUBA1A, CACNA1A) not 
only explain epilepsy but also open potential therapeutic 
avenues (e.g., channel blockers for CACNA1A-related sei-
zures). This kind of focused testing demonstrates that even 
in LMIC settings, genetic diagnostics can yield clinically 
meaningful results when applied to high-yield scenarios.

The economic rationale for genetics in LMICs is compel-
ling. Identifying a mutation that predicts surgical failure 
prevents unnecessary expenditure on invasive evaluations 
and surgeries for that patient, thereby conserving lim-
ited resources. Conversely, identifying resectable genetic 
epilepsy can help prioritize patients requiring limited 
surgery slots. As sequencing becomes increasingly acces-
sible, LMICs will benefit from precision methodologies. 
Key requirements for success in LMICs include capacity-
building (training neurologists and geneticists, and edu-
cating general clinicians about genetics), securing funding 
support (through government programs or international 

donors) to subsidize testing costs, and adapting clinical 
guidelines to local realities (e.g., creating simplified genetic 
testing protocols that can be followed in low-resource hos-
pitals). Notably, the WHO’s Global Action Plan on epilepsy 
(2022–2031) explicitly calls for timely diagnosis and care 
across all regions,4 implying that access to genetic tools 
should be part of this global strategy.

Future directions

Looking ahead, the role of genetic testing in managing 
DRE is set to expand, and several important directions for 
future development are evident. One critical need is for 
large multicenter studies that can validate specific genetic 
biomarkers as predictors of surgical outcomes and inform 
evidence-based guidelines. Thus far, most studies linking 
genetics to epilepsy surgery outcomes have been relatively 
small, focused primarily on pediatric cases, and often sin-
gle-center. To generalize these findings, future research 
should include more diverse patient populations (including 
adults and various ethnic groups) and incorporate data 
from LMICs, where genetic contributions to epilepsy might 
differ. These larger studies would enable the development 
of standardized screening algorithms – tools that help 
clinicians decide which DRE patients should undergo ge-
netic testing and how to interpret the results in the context 
of surgical decision-making. Additionally, further cost-
effectiveness analyses are needed, especially those tailored 
to low-resource healthcare systems, to guide policymakers 
on how to implement genetic testing in a sustainable way.

Emerging technologies will likely accelerate progress 
in this field. Portable and point-of-care genetic sequenc-
ing devices are being developed, which could allow clinics 
(even in remote areas) to perform genetic tests without 
relying on distant laboratories. Similarly, advances in bio-
informatics and artificial intelligence (AI)-driven variant 
interpretation are expected to make it faster and easier 
to distinguish pathogenic mutations from benign vari-
ants, addressing one of the current bottlenecks in genomic 
medicine. As these tools become more affordable and user-
friendly, they will help bring genetic diagnostics into main-
stream clinical use. At the same time, it will be important 
to address ethical, cultural, and privacy considerations 
surrounding genetic testing. Engaging communities to im-
prove understanding of epilepsy genetics, tackling stigma 
associated with genetic conditions, ensuring informed 
consent, and establishing clear guidelines for data privacy 
and sharing are all essential steps as broader implementa-
tion of genomic medicine in epilepsy progresses.

While we anticipate these future developments, there 
are steps that epilepsy programs can take now to begin 
harnessing genetics. We recommend that multidisciplinary 
epilepsy centers develop and adopt protocols for selective 
genetic screening as part of the DRE evaluation. One model 
is reflexive testing: for instance, automatically sending 
a blood sample for WES as soon as a patient is diagnosed 

https://www.ilae.org
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with DRE (after failing 2 appropriate medications), rather 
than waiting for multiple failed treatments or inconclu-
sive tests. Another approach is to use targeted gene pan-
els for specific clinical scenarios (e.g., a panel of known 
infantile epilepsy genes for a child with seizures starting 
in the 1st year of life).

Moreover, increasing collaboration between hospitals 
in LMICs and international research consortia can provide 
interim solutions. Initiatives such as H3Africa (https://
h3africa.org) and Central Asian & Transcaucasian Genom-
ics (https://www.cat-genomics.com) are already connect-
ing clinicians in developing regions with resources and 
expertise in genomics. By partnering with such consortia, 
a center in a low-resource setting can access genetic se-
quencing and interpretation services for its patients, even 
as it works on building local capacity. Importantly, when-
ever a genetic diagnosis is made, it must be accompanied 
by appropriate genetic counseling and integrated clinical 
follow-up. The ultimate goal is not just to identify genes 
for the sake of knowledge, but to translate that knowledge 
into better patient care – whether it means altering medi-
cations, recommending dietary therapy, advising against 
unnecessary surgery, or screening family members at risk.

Limitations of the study

This review has several limitations. First, the synthesis 
is based primarily on studies conducted in high-income 
settings, which may not be generalizable to LMIC con-
texts due to differences in healthcare infrastructure, ge-
netic ancestry, and treatment availability. The scarcity 
of  large, population-based studies from LMICs limited 
our ability to draw region-specific conclusions or as-
sess implementation feasibility in these settings. Many 
of the included reports were case series or single-center 
studies with small sample sizes, introducing potential 
selection and publication biases. Cost-effectiveness data 
were extrapolated from HICs and may not reflect local 
economic conditions or healthcare priorities in LMICs. 
Furthermore, the review did not include a systematic as-
sessment of study quality or risk of bias due to the het-
erogeneity and limited number of eligible studies. The ab-
sence of standardized outcome measures and inconsistent 
reporting of genetic variants also hindered comparisons 
across studies. Finally, ethical and sociocultural consid-
erations – such as stigma, informed consent, and data 
sharing – remain underexplored in the existing literature, 
particularly in LMIC contexts, and merit dedicated in-
vestigation in future research.

Conclusions

Genetic biomarker screening holds significant poten-
tial to improve the management of DRE, especially when 
integrated into presurgical evaluation. The  evidence 

synthesized in this review indicates that incorporating 
genetic testing into standard workups can refine patient 
selection for epilepsy surgery and guide more personal-
ized treatment strategies. By identifying underlying ge-
netic etiologies, clinicians are better able to predict which 
patients are likely to benefit from surgical intervention 
and which may require alternative approaches, thereby 
avoiding futile surgeries and optimizing the use of lim-
ited resources. This approach is particularly impactful 
in LMICs, where healthcare resources are constrained 
and the consequences of unsuccessful interventions are 
considerable. As genetic testing becomes more accessible 
and cost-effective, its adoption in presurgical protocols 
across diverse settings could help close the epilepsy treat-
ment gap. Integrating genetics into routine DRE care paves 
the way for precision medicine approaches that improve 
patient outcomes, reduce the burden of uncontrolled sei-
zures, and ultimately enhance the quality of life for indi-
viduals with DRE worldwide.
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Abstract
This review systematically analyzes the relationship between the immune microenvironment characteristics 
of microsatellite instability-high (MSI-H) or deficient mismatch repair (dMMR) colorectal cancer (CRC) and 
the efficacy of immune checkpoint inhibitors (ICIs). The article emphasizes that this tumor subtype has a high 
mutation burden, abundant neoantigens, and significant immune cell infiltration, explaining its high sensitivity 
to immunotherapy, while also pointing out that some patients exhibit primary non-response or subsequent 
resistance. Based on single-cell and spatial omics, as well as multi-omics integration analyses, the authors 
reveal the complexity and heterogeneity of key immune cell subpopulations, spatial distribution, and resistance 
mechanisms (such as abnormal Janus kinase/signal transducer and activator of transcription (JAK/STAT) 
pathways, human leukocyte antigen (HLA) loss, and metabolic reprogramming, and propose the necessity 
of multi-time-point dynamic monitoring and multimodal combination therapy. The study underscores that, 
in the future, standardized data integration and the establishment of artificial intelligence (AI) prediction 
models will be required to facilitate the implementation of precise, individualized immunotherapy strategies, 
thereby further improving clinical efficacy.

Key words: immune checkpoint inhibitors, tumor immune microenvironment, MSI-H/dMMR, single-cell 
and spatial transcriptomics
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Introduction

Colorectal cancer (CRC) is one of the most common ma-
lignant tumors worldwide and a leading cause of cancer-
related death. In 2020, it was estimated that there were 
approx. 1.9 million new CRC cases and 930,000 deaths 
globally.1 With population aging and the increasing preva-
lence of unhealthy lifestyles, the incidence of CRC in low- 
and middle-income countries has been rising rapidly. Al-
though screening and treatment have made significant 
progress, the prognosis for advanced CRC remains poor; 
the 5-year survival rate for stage IV disease is only about 
14%. Particularly in metastatic CRC, conventional treat-
ments (surgery, chemotherapy, and biologically targeted 
therapies) often fail to achieve durable responses, high-
lighting the urgent need for new therapeutic strategies.2

Microsatellite instability-high (MSI-H) or deficient mis-
match repair (dMMR) CRC accounts for about 15% of all 
CRC cases. Due to defects in the DNA mismatch repair 
pathway, these tumors accumulate a large number of mu-
tations, thereby generating abundant neoantigens and re-
sulting in a high tumor mutation burden (TMB).3 MSI-H/
dMMR CRC is usually characterized by rich immune cell 
infiltration (a “hot” tumor) and displays strong immuno-
genicity. In contrast, microsatellite-stable (MSS) or mis-
match repair-proficient (pMMR) CRC exhibits relatively 
low immune infiltration and is considered an immune-
tolerant “cold” tumor.4 This difference in  the  immune 
microenvironment partly explains the marked sensitivity 
of MSI-H/dMMR CRC to immune checkpoint inhibitors 
(ICIs).

Since 2017, ICIs have been approved for the treatment 
of MSI-H/dMMR metastatic CRC. Phase III clinical trials, 
such as KEYNOTE-177, have shown that PD-1 inhibitors 
(e.g., pembrolizumab) can significantly prolong progres-
sion-free survival (PFS) in patients with MSI-H mCRC 
compared with chemotherapy.5 However, approx. 40–60% 
of MSI-H/dMMR CRC patients still exhibit primary non-
response or  subsequently develop acquired resistance 

to ICIs. In some cases, immune therapy-related hyperpro-
gression (HPD), characterized by unexpectedly accelerated 
tumor growth, has been observed.6 Therefore, an in-depth 
analysis of the unique immune microenvironment char-
acteristics of MSI-H/dMMR CRC and their relationship 
to therapeutic efficacy is of great significance for improv-
ing immunotherapy outcomes.

Objectives

This review aims to systematically summarize research 
progress on the tumor immune microenvironment (TME) 
of MSI-H/dMMR CRC since 2018, focusing on: 1) the roles 
of various TME components (such as TMB, neoantigens, 
immune cells, fibroblasts, and stroma); 2) the heterogene-
ity of key immune cell subpopulations and their responses 
to treatment; 3) potential mechanisms of immunotherapy 
resistance and HPD; 4) the application of new technologies, 
such as single-cell sequencing and spatial transcriptomics; 
5) novel biomarkers identified through multi-omics inte-
gration; and 6) current challenges and future trends. By re-
viewing these cutting-edge advances, we aim to provide 
a reference for developing individualized immunotherapy 
strategies and to emphasize the importance of large-scale 
multi-omics research and multidisciplinary collaboration.

Materials and methods

Databases including PubMed, Web of Science, Embase, 
and Scopus were searched up to March 2025, primarily 
using the following terms and their combinations: “MSI-
H,” “dMMR,” “colorectal cancer,” “immune microenviron-
ment,” “immune checkpoint inhibitors,” “immunotherapy,” 
“tumor mutational burden,” “single-cell sequencing,” and 
“spatial transcriptomics,” among others. To ensure com-
prehensiveness, we also performed a “snowball” tracing 
search of the reference lists of the included studies. After 

Highlights
	• Microsatellite instability-high (MSI-H)/deficient mismatch repair (dMMR) colorectal cancer (CRC) exhibits high 
tumor mutational burden (TMB), neoantigen load, and immune infiltration, explaining its strong response to im-
mune checkpoint inhibitors (ICIs).

	• A subset of MSI-H/dMMR CRC patients develops primary or acquired immunotherapy resistance driven by im-
mune escape mechanisms.

	• Single-cell and multi-omics analyses reveal immune heterogeneity, spatial complexity, and resistance pathways 
in CRC.

	• Resistance mechanisms include Janus kinase/signal transducer and activator of transcription (JAK/STAT) pathway 
alterations, human leukocyte antigen (HLA) loss, and tumor metabolic reprogramming.

	• Precision immunotherapy strategies require dynamic monitoring, combination regimens, AI-based prediction 
models, and standardized multi-omics integration.
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exporting the literature, duplicate records were first re-
moved using EndNote 20 (Clarivate, London, UK). Sub-
sequently, 2 researchers (Y.Z. and L.L.) independently 
conducted a preliminary screening of titles and abstracts. 
Any discrepancies were resolved through discussion with 
a 3rd researcher (B.Z.). inclusion criteria were as follows: 
1) studies relevant to immune microenvironment charac-
teristics or immunotherapy in MSI-H/dMMR colorectal 
cancer; 2) study types including original research (basic 
or clinical), retrospective or prospective cohort studies, 
or high-quality reviews; and 3) complete experimental 
or clinical data supporting the research objectives. The ex-
clusion criteria were as follows: 1) irrelevance to the topic 
of this review; 2) non-peer-reviewed literature or confer-
ence abstracts with insufficient information; and 3) du-
plicate publications or  redundant data. Uniform data 
extraction was performed for the final included litera-
ture, encompassing: 1) study population and sample size; 
2) MSI-H/dMMR classification and detection methods; 
3) methods for immune microenvironment analysis (such 
as immunohistochemistry (IHC), single-cell RNA sequenc-
ing (scRNA-seq), spatial transcriptomics, etc.); and 4) main 
findings and clinical significance. Considering the level 
of evidence of the included literature, we comprehensively 
evaluated the reliability and applicability of the findings. 
The Preferred Reporting Items for Systematic Reviews and 
Meta-Analyses (PRISMA) flowchart outlines the process 
from the initial retrieval to the final inclusion of the lit-
erature (Fig. 1).

The core role of the tumor immune 
microenvironment in MSI-H/dMMR 
colorectal cancer
High tumor mutation burden 
and neoantigen generation

Due to defects in DNA mismatch repair, MSI-H/dMMR 
CRC produces frameshift and insertion/deletion muta-
tions scattered throughout the genome, generating a large 
number of neoantigens and resulting in an extremely high 
TMB, often several times higher than that of MSS tumors.7 
A high TMB increases the opportunities for antigen pre-
sentation by MHC class I molecules, thereby stimulating 
the clonal expansion of effector T cells. Studies have shown 
a positive correlation between the abundance of neoan-
tigens and the  level of  tumor-infiltrating lymphocytes 
(TILs) in MSI-H/dMMR tumors, and this “antigen flood” 
phenomenon can activate the immune system. In addi-
tion, a high TMB is often accompanied by the upregulation 
of MHC class II molecules, which is conducive to CD4+ 
T cell-mediated antitumor immunity.8 Therefore, TMB 
and neoantigen burden are regarded as key markers for 
predicting the efficacy of ICIs in MSI-H/dMMR CRC.9 
However, TMB is not absolutely reliable; a small number 
of MSS CRC cases can also exhibit TMB levels similar 
to those of MSI-H tumors,10 indicating the need for com-
prehensive evaluation in conjunction with other microen-
vironmental factors.

Microenvironment constituent elements 
and synergistic effects

The TME of MSI-H/dMMR CRC is composed of mul-
tiple cell types and factors that influence the intensity 
of the immune response and therapeutic outcomes. Im-
mune cells are the core component: MSI-H/dMMR tu-
mors are enriched with large numbers of CD8+ cytotoxic 
T cells and Th1-type CD4+ T cells, accompanied by high 
expression of cytokines such as interferon gamma (IFN-γ), 
thereby presenting an “inflammatory” state.11 The propor-
tion of regulatory T cells (Tregs) is relatively decreased, 
promoting antitumor immunity.12 Natural killer (NK) cells 
and γδ T cells also play important roles; MSI-H CRC lack-
ing human leukocyte antigen class I (HLA-I) can mediate 
ICI sensitivity through γδ T cells.13

Tumor-associated macrophages (TAMs) and myeloid-
derived suppressor cells (MDSCs) have a double-edged 
effect: M1 macrophages secrete interleukin (IL)-12 and 
other factors to enhance anticancer immunity,14 whereas 
M2 macrophages enriched in some MSI-H CRCs express 
PD-L1, thereby inhibiting T cell function. Cancer-asso-
ciated fibroblasts (CAFs) and endothelial cells constitute 
the tumor stroma and vascular network; CAFs can thicken 
the stroma and obstruct T cell infiltration via pathways 

Fig. 1. Preferred Reporting Items for Systematic reviews and Meta-
Analyses (PRISMA) flowchart

Total number of articles
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(n = 256)

256 – 31 = 225

225 – 104 = 121

121 – 39 = 82

Number of duplicate articles removed
(n = 31)

Number of articles excluded after
screening titles and abstracts

(n = 104)

Number of articles excluded after
full-text assessment

(n = 39)

Final number of articles included
(n = 82)
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such as transforming growth factor beta (TGF-β), while 
high endothelial microvasculature facilitates lymphocyte 
entry into the tumor bed.15 Immunosuppressive molecules 
(such as  IL-10 and vascular endothelial growth factor 
(VEGF)) and metabolic factors (such as lactate) also con-
tinuously shape the immune landscape.

Clinical significance

The  immune microenvironment features of  MSI-H/
dMMR CRC determine its high sensitivity to ICI treat-
ment: A large number of CD8+ TILs and high PD-1/PD-
L1 expression constitute the basis of  immunotherapy.16 
In a study involving more than 450 CRC cases, the TIL 
density in the MSI-H subgroup was significantly higher 
than that in the MSS subgroup, and high TIL density was 
associated with longer survival.17 For MSI-H/dMMR CRC 
patients not receiving immunotherapy, abundant immune 
infiltration is associated with a slightly better prognosis than 
in MSS CRC, with a lower recurrence risk in stages I–II.18

Multiple studies have also indicated better clinical 
outcomes in MSI-H/dMMR CRC patients in  stages I–
III, including significantly reduced recurrence risk and 
prolonged disease-free survival (DFS) and overall sur-
vival (OS),19 which are closely associated with high levels 
of CD8+ T cell infiltration, Th1-type immune responses, 
and strong neoantigen-induced immune effects within 
the TME. At the metastatic stage, only about 5% of mCRC 
cases remain MSI-H, and this advantage disappears; how-
ever, the enriched immune microenvironment still allows 
some patients to significantly benefit from immune check-
point inhibitor treatment.20

Timely identification of MSI-H/dMMR status is crucial 
for clinical decision-making, and MSI testing has become 
routine in the molecular diagnosis of CRC, not only for 
Lynch syndrome screening but also as a companion diag-
nostic for immunotherapy.21 These studies further support 
the close association between the unique immune micro-
environment of MSI-H/dMMR CRC and patient prognosis, 
providing a reference for the clinical identification of po-
tential beneficiaries.

Key immune cell subpopulations 
and the heterogeneity 
of treatment response

CD8+ cytotoxic T cells are the main antitumor force 
in  MSI-H/dMMR CRC, and the  intratumoral density 
of CD8+ T cells is positively correlated with ICI efficacy 
and survival.22 PD-1 inhibitors can restore the killing func-
tion of exhausted CD8+ T cells. Postoperative analyses 
indicate that CD8A gene (a T cell cytotoxic molecule) 
expression is significantly higher in ICI responders than 
in non-responders. Th1-type CD4+ T helper cells promote 

the proliferation and activation of CD8+ T cells by secret-
ing IL-2 and IFN-γ, which are also crucial in the MSI-H 
microenvironment.23

In contrast, Tregs (FoxP3+) infiltrate at relatively lower 
levels in MSI-H CRC, which benefits immune efficacy.24 
It should be noted that there is heterogeneity in T cell sub-
population composition among different patients; some 
MSI-H tumors are “indifferent,” exhibiting few CD8+ 
T cells and a higher proportion of Tregs, resulting in no 
initial response to ICIs.25

Atypical T cells: The role of γδ T cells

The γδ T cells combine both innate and adaptive im-
mune features and possess MHC-nonrestricted cytotoxic 
activity. In CRC, γδ T cells are mainly of the Vδ1+ pheno-
type, and their degree of infiltration is often associated 
with an improved prognosis.26 In MSI-H CRC with HLA-I 
deficiency, γδ T cells may replace CD8+ T cells in perform-
ing immune surveillance.

Yu et al. reported that the response of HLA-I-negative 
dMMR CRC to ICIs depends on the function of tumor-
infiltrating γδ T cells, suggesting that they serve as a “re-
placement” cell type in the immune response of MSI-H 
CRC, especially in immune escape phenotypes.27

Myeloid cells: The heterogeneity driven 
by MDSCs and macrophages

MDSCs and TAMs often exert immunosuppressive ef-
fects. The number of MDSCs in the peripheral blood and 
tumor tissue of MSI-H CRC patients is positively correlated 
with resistance to ICI treatment.28 Tumor-associated mac-
rophages have 2 polarized states: M1 and M2. M1 macro-
phages are pro-inflammatory and antitumor, whereas M2 
macrophages secrete IL-10, TGF-β, and other factors that 
inhibit immune responses.29 Compared with MSS CRC, 
MSI-H CRC has more M1 macrophages and fewer M2 mac-
rophages at the invasive margin,30 which may explain its 
greater sensitivity to immunotherapy. However, in MSI-H 
patients with ICI resistance, TAMs can repolarize toward 
the M2 phenotype and upregulate immunosuppressive 
molecules such as PD-L1 and indoleamine 2,3-dioxygenase 
(IDO).31 Therefore, combined strategies targeting MDSCs 
and M2 TAMs (e.g., CSF-1R or IDO inhibitors plus PD-1 
antibodies) are being explored to improve efficacy in re-
fractory MSI-H CRC patients.32

Spatial distribution characteristics: 
Differences in immune cell location 
within the tumor

In addition to quantity, the spatial distribution of immune 
cells in the TME also determines their function. In MSI-H/
dMMR CRC, TILs often penetrate deep into the tumor cen-
ter to form an “immune-hot” zone, whereas in MSS CRC, 
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TILs are mostly confined to the invasive margin, present-
ing an “immune exclusion” state.33 High-resolution spatial 
omics comparing the tumor–stroma boundary in dMMR 
and pMMR CRC reveal that the boundary in dMMR CRC 
is enriched with LAMP3+ dendritic cells and CXCL13+ 
T cell clusters, facilitating the formation of effective im-
munological synapses, whereas in pMMR CRC, CAFs and 
collagen deposition at the boundary hinder T cell infiltra-
tion.34 Pelka et al. reported that MSI-H tumors contain 
a multicellular immune hub composed of densely packed 
antigen-presenting cells and effector T cells adjacent to sur-
rounding tumor cells, which is conducive to immune attack, 
whereas MSS tumors often lack this structure.35

Mechanisms of resistance and 
hyperprogression

Regulation of immune checkpoints and 
signaling pathways

Although MSI-H/dMMR CRC is  generally sensitive 
to ICIs, some patients exhibit primary or acquired resis-
tance, with various underlying mechanisms. Abnormalities 
in the PD-1/PD-L1 axis are common factors; Chen et al. found 
that in MSI-H CRC, PD-L1 is primarily expressed by macro-
phages rather than by tumor cells, which may reduce the ef-
ficacy of ICIs.36 The classic JAK/STAT pathway is crucial for 
antitumor immunity, and loss-of-function mutations in JAK1 
or JAK2 render tumors unresponsive to IFN-γ, allowing them 
to escape immune surveillance. Although their incidence 
is only about 4–7% in MSI-H CRC,37 once they occur, they 
are often directly related to ICI resistance.38

Hyperactivation of the Wnt/β-catenin pathway can also 
drive immune evasion; excessive Wnt signaling suppresses 
chemokine production and hinders the recruitment of den-
dritic cells and T cells.39 In MSS CRC, Wnt signaling pro-
motes CAFs to secrete more TGF-β and exclude T cells. 
If MSI-H CRC also develops secondary Wnt abnormalities, 
it may transform into an immune-indifferent phenotype, 
leading to resistance.40 Therefore, combination therapies 
targeting key signaling nodes such as JAK or Wnt may 
overcome some forms of resistance.

Definition of hyperprogression and 
exploration of mechanisms

Hyperprogression refers to the rare but abnormally accel-
erated disease progression following ICI treatment. There 
is no unified standard, but it is generally defined by a sig-
nificant increase in tumor growth rate on imaging or rapid 
clinical deterioration.41 Although HPD is rare in MSI-H/
dMMR tumors, it is not nonexistent. Zhou et al. reported 
a case of dMMR small intestinal cancer exhibiting HPD 
after treatment with a PD-1 antibody, suggesting that high 

lactate dehydrogenase levels, extremely low TMB and TIL 
infiltration, and abnormally activated TGF-β signaling 
might be related.42 In other cancers, MDM2/MDM4 ampli-
fication and epidermal growth factor receptor (EGFR) mu-
tations have been associated with an increased risk of HPD, 
presumably by promoting cell-cycle progression and in-
hibiting apoptosis, thereby accelerating tumor growth 
in an immunosuppressive environment. The mechanism 
of HPD in MSI-H CRC is not yet clear; however, given that 
some CRC cases harbor MDM2 amplification and EGFR 
mutations,43 clinicians should remain vigilant. For cases 
with rapid progression, it may be prudent to test for these 
genes and adjust treatment accordingly.

Antigen presentation defects and HLA loss

Although MSI-H CRC is rich in neoantigens, if the an-
tigen presentation pathway is compromised, the immune 
system may still “turn a blind eye.” β2-microglobulin (B2M) 
is an essential component of MHC-I molecules, and its 
gene mutations account for approx. 24% of MSI-H CRC 
cases, resulting in almost no HLA-I antigen presentation 
in tumor cells, thus evading cytotoxic T lymphocyte (CTL) 
recognition. In addition, mutations in HLA-A/B/C and 
their transcriptional activator NLRC5 are also common. 
A study by Kloor et al. showed that 72% of MSI-H CRC 
harbor at least 1 genetic alteration in the HLA-I antigen 
presentation pathway, with more than half being loss-of-
function mutations.44

This indicates that most MSI-H CRC tumors undergo 
immune selection pressure during evolution, tending 
to “shut down” antigen presentation to escape immune sur-
veillance. For such tumors, PD-1 monotherapy is limited, 
necessitating combination therapy with CTLA-4 inhibitors 
or other immune strategies to activate NK or γδ T cells and 
other nonconventional immune pathways. Current stud-
ies such as COSMIC-312 are evaluating dual checkpoint 
blockade (PD-1 + CTLA-4) in MSI-H CRC, which is ex-
pected to partially overcome resistance caused by antigen 
presentation defects.45

Metabolic reprogramming-mediated 
immunosuppression

Tumor metabolism and the immune microenvironment 
influence each other, and metabolic reprogramming can 
promote immune evasion. Tryptophan (Trp) metabolism 
is a typical example: tumor cells and MDSCs overexpress 
IDO1, breaking down large amounts of Trp into kynuren-
ine (Kyn), leading to Trp depletion and Kyn accumulation, 
which in turn block the T-cell cycle and induce Treg expan-
sion.46 Research has shown that high IDO1 expression is as-
sociated with primary resistance of MSI-H CRC to PD-1 
inhibitors.47 Clinical phase I/II trials have attempted 
to combine the  IDO inhibitor BMS-986205 with PD-1 
antibodies for the treatment of MSS CRC, and although 
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they did not meet the primary endpoint, subgroup analyses 
showed some efficacy,48 indicating the value of further ex-
ploration of metabolic targets. Lactate is also an important 
metabolic factor: MSI-H/dMMR CRC undergoes high gly-
colysis, producing large amounts of lactate, which reduces 
the local pH, inhibits T- and NK-cell activity, and recruits 
M2-type macrophages. Sun et al. noted that lactate induces 
dendritic cell tolerance, reduces IL-12 secretion, and weak-
ens CTL function. Higher lactate dehydrogenase A (LDHA) 
expression in pMMR CRC than in dMMR CRC is consid-
ered a marker of an immunosuppressive environment.49 
Therefore, inhibitors targeting IDO1 or LDHA may im-
prove the TME and enhance the efficacy of ICIs. Preclini-
cal models have shown that inhibiting LDHA can restore 
T cell activity and enhance the effect of PD-1 antibodies.50

Advances in single-cell sequencing 
and spatial transcriptomics

Single-cell RNA sequencing 
for heterogeneity analysis

Traditional bulk tissue sequencing often masks differ-
ences among microenvironmental cells, whereas scRNA-
seq can delineate gene expression profiles of different cell 
types at the single-cell level. In recent years, multiple studies 
have applied scRNA-seq to CRC, revealing subtle differ-
ences in immune microenvironment composition between 
MSI-H and MSS tumors. Wu et al. performed scRNA-seq 
on 6 cases of MSI-H mCRC (3 resistant to ICIs and 3 sen-
sitive), analyzing over 56,000 cells.51 The results showed 
that the greatest differences between the responsive and 
resistant groups lay in the proportions of CD8+ T cells and 
monocytes: Patients in the responsive group had higher 
CD8+ T cell infiltration, whereas resistant patients exhibited 
increased proportions of immunosuppressive monocytes, 
implying that myeloid immunity interferes with ICI efficacy. 
The scRNA-seq can also uncover novel cell subpopulations 
that are not distinguishable using traditional markers. They 
have identified a cluster of CD8+ T cells highly express-
ing LAG3 and PDCD1 that were enriched in the resistant 
group, indicating the potential for combination therapy 
with LAG-3 inhibitors. Another study incorporating T cell 
receptor sequencing found that some MSS CRCs still pos-
sess numerous memory CD8+ T cell clones that, if activated, 
could potentially yield a response to immunotherapy.52

Spatial transcriptomics for visualizing 
spatial structure

Although scRNA-seq reveals cellular diversity, it loses 
spatial information. Spatial transcriptomics (10× Visium, 
Slide-seq, Stereo-seq, etc.) can measure location-spe-
cific gene expression in tissue sections. Feng et al. used 

Stereo-seq to analyze 5 untreated pMMR and 5 post-PD-1-
treated dMMR CRC samples,53 constructing a digital tumor 
atlas and identifying an “immune-activated” spatial subtype 
enriched with LAMP3+ dendritic cells and CXCL13+ T cells 
at the tumor–stroma interface in dMMR CRC, which was 
positively correlated with ICI response. In contrast, pMMR 
tumors presented more tumor cell–fibroblast hybrid clus-
ters that isolated immune cells. Another study employed 
Visium to compare mCRC tissues before and after neoad-
juvant immunotherapy,54 showing that PD-1 antibodies 
facilitated deeper T-cell infiltration at the tumor boundary 
in dMMR CRC and reduced CAF activity, transforming 
it into an “immune-hot” central state.55 The “immune hub” 
reported by Pelka et al.35 was also identified through spatial 
analysis of immune aggregates within the tumor.

Advantages and challenges 
of new techniques

Single-cell and spatial omics provide unprecedented 
high resolution, detecting rare cell subpopulations with-
out preset markers and enabling dynamic monitoring 
of multiple time point samples to track immune micro-
environment remodeling. Challenges include high data 
complexity, requiring robust bioinformatics and rigorous 
statistical methods to avoid false positives or over-inter-
pretation; elevated costs and a need for fresh tissue, posing 
a higher threshold for most hospitals; and limited sample 
sizes that may lack representativeness, leaving the question 
of broader applicability to further validation.

Multi-omics integration 
and novel biomarkers

Colorectal cancer involves multi-level changes in the ge-
nome, transcriptome, proteome, metabolome, and microbi-
ome. A single-dimensional biomarker is often insufficient 
to comprehensively predict treatment outcomes, so multi-
omics integration has garnered increasing attention.56 
For MSI-H/dMMR CRC, combining genomic mutations 
(TMB, HLA mutations), transcriptomic data (immune gene 
expression), proteomic data (immune infiltration scores), 
and microbiome data can provide a more complete picture 
of the tumor immune landscape.57 Cheng et al. conducted 
a multi-omics study on MSI-H/dMMR advanced gastro-
intestinal tumors, collecting 16S microbiome sequencing 
data, blood metabolomics, and cytokine profiles, together 
with tumor molecular analyses. They found that respond-
ers were enriched in short-chain fatty acid-producing bac-
teria (e.g., Akkermansia muciniphila) and had higher levels 
of Trp and other metabolites in the blood, suggesting that 
integrating microbiome–metabolism–immune signals can 
form a comprehensive predictive model.58 An immune 
gene expression profile (GEP) score, which weights and 
sums the expression of multiple immune-related genes, 



Adv Clin Exp Med. 2026;35(5):929–938 935

can effectively predict PD-1 antibody efficacy59; in MSI-H 
CRC patients, a high GEP score is often associated with 
a  durable response. The  Immunoscore, which quanti-
tatively assesses CD3+ and CD8+ T cell density in both 
the tumor center and the invasive margin via immuno-
histochemistry, outperforms TNM staging in predicting 
the prognosis of  localized CRC.60 In the context of im-
munotherapy, MSI-H mCRC with a high Immunoscore 
is more likely to benefit from ICIs. The serum kynurenine/
tryptophan ratio (Kyn/Trp) reflects IDO activity; Cheng 
et al. found that a high Kyn/Trp ratio was significantly 
associated with early progression on immunotherapy and 
may be used to identify patients with primary resistance. 
The composition of the gut microbiome affects ICI effi-
cacy61; for instance, increased abundance of A. muciniphila 
and Bifidobacterium is linked to ICI response in multiple 
tumor types.62 In CRC, some researchers have constructed 
a “probiotic index” to assess the abundance of beneficial 
bacteria, finding that MSI-H CRC patients with a higher 
index respond better to PD-1 antibodies. The NICHE-2 
trial applied neoadjuvant nivolumab plus ipilimumab 
in locally advanced (stage III) dMMR CRC and collected 
tumor samples before and after treatment for multi-omics 
analysis, showing that most patients achieved a patho-
logical complete response. Subsequent transcriptome and 
T-cell receptor omics analyses will further elucidate mo-
lecular features related to efficacy.63 The DURVA-TREM 
trial is evaluating the efficacy of durvalumab (anti–PD-L1) 
combined with tremelimumab (anti-CTLA-4) in MSI-H 
mCRC, using ctDNA and peripheral immune profiling 
to identify predictive factors.64

Gut microbiome interventions are also under explora-
tion, where probiotics or  fecal microbiota transplanta-
tion combinfed with ICIs are being used in MSS CRC 
to potentially convert it into a “hot” tumor.65 In a study 
of 20 MSS CRC patients, anti-PD-1 therapy plus fecal mi-
crobiota transplantation was accompanied by pre- and 
post-treatment transcriptomic and microbiome analysis. 
Some previously “cold” tumors showed upregulated IFN-γ 
signaling and increased TILs.66 Proteomics can capture 
post-translational modifications and protein interaction 
networks, thereby identifying key regulatory proteins as-
sociated with immune escape or therapeutic resistance. 
Metabolomics helps to elucidate the roles of lactate, Kyn, 
and other metabolites in immune suppression or immune 
activation processes. Existing studies have utilized pro-
teomics to identify differentially expressed or modified 
signaling molecules, such as phosphorylated JAK/STAT 
proteins and critical immune checkpoint proteins, provid-
ing more precise evidence for multi-pathway combination 
therapies and the discovery of new therapeutic targets67; 
researchers have also used metabolomics approaches to re-
veal the close association between the Kyn–Trp pathway, 
T-cell exhaustion, and immunosuppressive TME.68 In com-
bination with genomic, transcriptomic, and microbiomic 
data, proteomics and metabolomics analyses can further 

refine the comprehensive landscape of the TME, facilitat-
ing the identification of biomarkers with greater clinical 
utility and guiding personalized immunotherapy strategies.

Unresolved key issues 
and future perspectives

Dynamic monitoring and 
multi-time point sampling

The TME continually evolves during disease progression 
and treatment. Most studies based on single-time point 
analyses have difficulty capturing its dynamic changes. 
Larger-scale prospective studies need to collect tissues from 
the same patient at multiple time points before, during, and 
after treatment through longitudinal cohorts, combined with 
dynamic indicators such as peripheral T cell subsets and 
ctDNA to monitor shifts in the immune landscape through-
out the course of ICIs.69 Neoadjuvant immunotherapy can 
perform multi-omics analyses before, during, and after treat-
ment to track changes in immune infiltration from baseline 
to pathological remission; minimally invasive liquid biopsies 
can capture the real-time status of peripheral blood immune 
cells.70 Although multi-time point sampling has ethical and 
feasibility concerns, patient-derived xenograft (PDX) mouse 
models with humanized immune systems can only partially 
simulate tumor evolution.71

Exploration of combination 
therapy strategies

Although single checkpoint blockade in MSI-H/dMMR 
CRC shows significant effectiveness, improvements are 
still needed for resistant and MSS populations. Multimodal 
combination strategies remain under continuous explora-
tion. For instance, PD-1 + CTLA-4 can increase response 
rates in metastatic MSI-H CRC,72 and other studies in-
corporate LAG-3 or TIGIT antibodies to further activate 
exhausted T cells. Radio-chemotherapy (e.g., oxaliplatin) 
can induce immunogenic cell death and enhance immune 
stimulation in the TME73; small-molecule targeting (JAK/
STAT agonists or Wnt inhibitors) can also alleviate im-
munosuppression.74 Personalized neoantigen vaccines have 
shown promise in melanoma,75 though their clinical ap-
plication in MSI-H CRC still lacks sufficient evidence; TIL 
or TCR-T cell therapies for MSI-H CRC are under clinical 
investigation (NCT03412877), and their actual clinical 
benefits require further evidence support.

Data standardization 
and multidisciplinary integration

Multi-omics and high-throughput technologies gener-
ate massive multidimensional data, urgently requiring 
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unified data processing standards and multidisciplinary 
collaboration.76 Employing uniform formats and metadata 
descriptions (e.g., clinical information, sequencing pa-
rameters) facilitates subsequent meta-analyses. Artificial 
intelligence (AI) can extract patterns from multi-level 
data to predict individual treatment responses,77 but close 
cooperation with tumor biologists and clinical experts 
is needed to ensure practicality. Some studies have at-
tempted to integrate radiomics, pathological images, and 
gene expression with deep learning models to predict 
MSI status,78 with feasibility and accuracy still needing 
further validation.

Controversial issues and future 
research directions

The value of anti-EGFR therapy in the MSI-H setting 
remains controversial. Conventional wisdom holds that 
RAS/BRAF wild-type CRC is  limited to left-sided MSS 
cases for use, but recent reports show significant tumor 
shrinkage with cetuximab in patients who are MSI-H and 
RAS/BRAF wild-type,79,80 though the applicable popula-
tion still requires more sufficient multicenter validation. 
Other studies suggest that MSI-H/dMMR tumors under 
high mutation and strong immune pressure may more 
easily develop immune evasion, with some patients expe-
riencing relapse after immunotherapy and loss of dMMR 
features,81 potentially related to immune clonal selection 
or inadequate treatment. Additionally, the impact of the tu-
mor microbiome (e.g., Fusobacterium spp.) on the TEM 
and mechanisms maintaining immune memory exhibit 
variations, and specific intervention strategies and clini-
cal benefits currently lack large-sample evidence.82 Fur-
ther in-depth prospective studies and multi-dimensional 
validations may advance the refinement of personalized 
therapeutic strategies.

Limitations of the study

This review still has limitations in both data collection 
and scope. It relies primarily on published literature with-
out conducting a meta-analysis, and may be influenced 
by study biases (such as differences in study populations 
and technical platforms). Some mechanisms (e.g., the po-
tential mechanisms of HPD and the value of new biomark-
ers) are based on limited evidence and require further ex-
perimental validation. Since MSI-H/dMMR CRC accounts 
for a relatively small proportion of cases and single-cell and 
spatial omics studies have limited sample sizes, caution 
is needed when applying these conclusions to larger popu-
lations. Due to space constraints, an in-depth discussion 
of neoadjuvant immunotherapy and insights from other 
MSI-H solid tumors was not possible. Readers should criti-
cally integrate the latest developments with each patient’s 
specific circumstances.

Conclusions

MSI-H/dMMR CRC is characterized by a high muta-
tion burden and abundant immune infiltration, conferring 
a relatively favorable prognosis and providing ideal condi-
tions for immune checkpoint inhibitor therapy. In recent 
years, PD-1 monoclonal antibodies have shown advan-
tages in first-line treatment, and dual blockade of PD-1/
CTLA-4 has further enhanced clinical benefits. However, 
some patients still exhibit no response or develop resis-
tance. This paper has outlined the immune microenviron-
ment characteristics of MSI-H/dMMR CRC, including 
the strong immune response driven by a high TMB and 
neoantigen burden, as well as the mechanisms of immune 
escape caused by HLA mutations, JAK pathway abnor-
malities, immunosuppressive cell infiltration, and meta-
bolic reprogramming. Single-cell and spatial multi-omics 
technologies are helping us more accurately characterize 
immune cell types and distributions, clarifying individual 
differences in treatment outcomes.

Use of AI and AI-assisted technologies

Not applicable.
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Abstract
Background. Plasma ceramides are recognized biomarkers of cardiovascular risk; however, racial and 
ethnic differences in their levels, as well as their association with cardiovascular health (CVH) among African-
American populations, remain insufficiently studied. 

Objectives. This study aimed to assess the association between ceramide scores and CVH, as well as ath-
erosclerotic cardiovascular disease (ASCVD) risk, among African-American adults, and to compare ceramide 
scores between African-American and White adults.

Materials and methods. We conducted a secondary analysis of 2 U.S. studies including African-American 
and White adults. Collected data encompassed demographics, behavioral factors (e.g., diet) and clinical 
measures (e.g., plasma ceramide levels). Atherosclerotic cardiovascular disease risk was assessed using 
the American College of Cardiology/American Heart Association (ACC/AHA) 10-year pooled cohort equations, 
while CVH was evaluated using the American Heart Association (AHA) Life’s Essential 8 (LE8) scoring system. 

Results. Fifty-eight African-American adults (mean age: 54.6 years; 67.2% women) and 1,103 White adults 
(mean age: 64.5 years; 52.1% women) were included. Compared with White participants, African-Americans 
had significantly higher prevalence of obesity, hypertension, diabetes, and hyperlipidemia, but similar ASCVD 
risk (12.8% vs 12.6%; p = 0.65). No significant associations were observed between ceramide scores and either 
LE8 or ASCVD risk in African-Americans. Ceramide levels differed by race/ethnicity, with African-Americans 
showing lower concentrations of 18:0 (0.08 vs 0.10 μmol/L) and 24:1 (0.91 vs 1.17 μmol/L) species compared 
with White adults (both p < 0.001).

Conclusions. No association was observed between ceramide scores and CVH or ASCVD risk in African-
American adults. Despite having a less favorable cardiometabolic profile, African-Americans exhibited lower 
ceramide levels than White adults. These findings suggest that ceramide scores may not accurately reflect 
cardiovascular risk in African-American populations.

Key words: African-American, biomarkers, cardiovascular disease, ceramides, cardiovascular risk assessment
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Background

Although cardiovascular care has advanced, African-
American adults continue to  experience suboptimal 
cardiovascular disease outcomes compared to  White 
adults.1 Furthermore, while African-American adults typi-
cally exhibit higher levels of established biomarkers such 
as lipoprotein(a) (Lp(a)) than White adults, the strength 
of the association between Lp(a) and atherosclerotic car-
diovascular disease (ASCVD) appears to be comparable 
across both groups.2

This evidence underscores the need to explore novel 
biomarkers that may enhance cardiovascular disease 
(CVD) risk assessment among African-American adults. 
Ceramides are phospholipids that play key roles in cellular 
functions, and some ceramide species have been associ-
ated with atherosclerotic plaque instability and adverse 
cardiovascular events.3,4

Research has demonstrated that elevated plasma 
ceramide species, including ceramide (d18:1/16:0), 
(d18:1/18:0), (d18:1/20:0), and (d18:1/24:1), are indepen-
dent predictors of CVD risk.5 These findings underscore 
the utility of ceramides in CVD risk assessment, even 
among individuals with normal lipid profiles or  low-
density lipoprotein cholesterol (LDL-C) concentrations 
below conventional treatment thresholds.4,5 Importantly, 
ceramide-based risk scores have been developed for 
clinical application, providing efficient tools for CVD 
risk stratification and prevention.4,6 However, racial and 
ethnic variations in ceramide concentrations, as well 
as  their relationship to cardiovascular health (CVH) 
in African-American populations, remain insufficiently 
explored.

Objectives

This study aimed to examine the association between 
ceramide scores and both CVH and ASCVD risk among 
African-American adults, and to assess differences in ce-
ramide profiles between African-American and White 
adults.

Materials and methods

A secondary analysis was performed using data from 2 U.S. 
studies in Minnesota: The Fostering African-American Im-
provement in Total Health! (FAITH!) Heart Health+7 study, 
a community-based study of Black/African-American adults, 
and the Prevalence of Asymptomatic Left Ventricular Dysfunc-
tion (PAVD) study,6 a community population-based cohort 
of predominantly White adults. Ethical approval for both stud-
ies was granted by the Mayo Clinic Institutional Review Board 
(IRB No. 21-011103 (Heart Health+) and 15-005100 (PAVD)). 
All participants provided informed consent before enrollment. 
Data included demographic characteristics, behavioral factors 
(e.g., dietary patterns) and clinical measures (e.g., ceramide 
16:0, 18:0, 24:0, and 24:1 levels). Ceramide ratios 16:0/24:0, 
18:0/24:0 and 24:1/24:0 were obtained. Ceramide scores were 
calculated on a 12-point scale and categorized into risk levels: 
low (0–2), intermediate (3–6), moderate (7–9), and high (10–
12). The ASCVD risk was assessed using the American Col-
lege of Cardiology/American Heart Association (ACC/AHA) 
10-year pooled cohort risk scores, while CVH was calculated 
using AHA Life’s Essential 8 (LE8) scores.

Continuous variables, including age and mean ASCVD 
risk scores, were compared between the 2 study cohorts 

Highlights
	• Plasma ceramide levels were lower in African-American adults compared to White adults, despite African-Amer-
icans showing higher prevalence of obesity, hypertension, diabetes, and hyperlipidemia.

	• No significant association was observed between ceramide scores and ASCVD risk or cardiovascular health (Life’s 
Essential 8) in African-American participants.

	• Key ceramides, including 18:0 and 24:1, were significantly lower in African-Americans compared with White adults, 
suggesting racial/ethnic differences in lipid biomarkers.

	• Ceramide scores may underestimate cardiovascular risk in African-Americans, highlighting the need for race-
specific biomarkers or ceramide score cutoffs to improve CVD risk prediction.

Funding sources
This research was supported by multiple grants: the National Institutes of Health (NIH)/National Institute on Minority Health and Health Disparities (NIMHD) 
(grant No. 1R21 MD013490–01); the Clinical and Translational Science Awards (CTSA) program (grant No. UL1 TR000135) from the National Center for Advancing 
Translational Sciences (NCATS) to Mayo Clinic; the Mayo Clinic Center for Health Equity and Community Engagement in Research; and the Mayo Clinic Chief 
Executive Office. LaPrincess C. Brewer received additional support from the American Heart Association–Amos Medical Faculty Development Program 
(grant No. 19AMFDP35040005), the American Heart Association Second Century Implementation Science Award (grant No. 23SCISA1144689), NCATS (CTSA grant 
No. KL2 TR002379), the Bristol Myers Squibb Foundation, the Centers for Disease Control and Prevention (CDC, grant No. CDC-DP18-1817), and the NIH/NIMHD 
P50 Center for Chronic Disease Reduction and Equity Promotion Across Minnesota (C2DREAM) Program (grant No. P50MD017342) during the course of this 
work. Mathias Lalika received funding from the American Heart Association through the Research Supplement to Promote Diversity in Science (grant 
No. 23DIVSUP1067167). The funders had no role in study design, data collection and analysis, decision to publish, or manuscript preparation.



Adv Clin Exp Med. 2026;35(5):939–944 941

using the Kruskal–Wallis test. Pearson’s χ2 goodness of fit 
test was used to compare categorical variables, including 
categorized ASCVD risk score, sex and the prevalence 
of cardiovascular risk factors. Within the African-Amer-
ican cohort, Pearson’s correlation was used to assess asso-
ciations between ceramide levels and both LE8 scores and 
ASCVD risk. Ceramide scores were compared between 
study groups using multivariable linear regression with 
robust standard errors (SEs), adjusting for age, sex and 
cardiovascular risk factors (e.g., hypertension, diabetes, hy-
perlipidemia, obesity, and tobacco use/cigarette smoking).

All statistical test assumptions were assessed. Continuous 
variables were assessed for normality using histograms when 
comparing mean values between White and African-Amer-
ican cohorts. Linearity between variables was examined for 
correlation analyses. The linear regression model was assessed 
for linearity, multicollinearity, homoscedasticity, and normal-
ity of residuals (see Supplementary data). Robust SEs were 
used in the model to provide robust estimates of the mean 
difference in ceramide scores between cohorts in the context 
of potential heteroscedasticity and non-normality of error 
residuals. Statistical significance was defined as a p < 0.05. 
All analyses were conducted using R v. 4.2.2 (R Foundation 
for Statistical Computing, Vienna, Austria).

Results

Fifty-eight African-American adults (mean age (stan-
dard deviation (SD): 54.6 (11.9) years, 67.2% women) and 
1,103 White adults (mean age (SD): 64.5 (11.9) years, 52.1% 
women) were included (Table 1). The prevalence of car-
diometabolic risk factors was significantly higher among 
African-American adults than White participants: obesity 
(67.9% vs 31.9%; p < 0.001), hypertension (69.6% vs 41.2%; 
p < 0.001), diabetes (30.4% vs 11.1%; p < 0.001), and hyper-
lipidemia (42.9% vs 29.3%; p = 0.03). The mean ASCVD 
risk scores were comparable between African-American 
(12.8% (SD = 10.4)) and White individuals (12.6% (SD = 11.1)) 
(p = 0.65). White individuals had higher ceramide levels 
for 18:0 (0.10 (0.04) vs 0.08 (0.03) μmol/L) and 24:1 (1.17 
(0.33) vs 0.91 (0.31) μmol/L) than African-American adults 
(p < 0.001). In the African-American study group, ceramide 
scores had a weak, nonsignificant association with LE8 scores 
(r = −0.29, p = 0.071) and ASCVD risk scores (r = −0.10, 
p = 0.503). White individuals showed higher ceramide scores 
than African-American adults (mean (SD): 3.48 (2.88) vs 1.90 
(1.97), p = 0.001) in the adjusted model (Table 2).

Discussion

This study found no significant associations between ce-
ramide profiles and CVH or ASCVD risk among African-
Americans. Surprisingly, African-American adults had 
lower ceramide scores than White adults, despite having 

more adverse cardiometabolic risk factors. This finding 
aligns with the limited existing literature. The Baltimore 
Longitudinal Study of Aging found that African-American 
adults had lower plasma concentrations of most ceramide 
and dihydroceramide species compared to White adults.8 
Similarly, Buie et al. reported that African-American in-
dividuals with metabolic disease had lower levels of ce-
ramides C16 and C20 compared to White individuals.3 
Additionally, total ceramide levels were higher in African-
Americans without metabolic disease relative to those with 
metabolic disease. These findings suggest distinct expres-
sion of sphingolipids in African-Americans.

Clinical validation of ceramide scores has been con-
ducted in White populations in the USA and Europe5,6; 
thus, these findings may not be generalizable to African-
Americans due to potential differences in genetic and 
lifestyle factors between these groups. Notably, African-
Americans in this study exhibited lower LE8 scores for 
diet and body mass index (BMI), which, based on ex-
isting evidence on the association between adherence 
to a healthy diet and circulating ceramide levels, should 
have resulted in higher ceramide levels.9,10 One explana-
tion could be that ceramide levels are expressed differ-
ently in African-Americans than in White individuals. 
The postulation of genetic differences in sphingolipid 
expression and blood levels is  supported by evidence 
of higher occurrences of mutations that lower other lip-
ids such as  LDL-C among African-Americans.11 Fur-
ther genetic studies are warranted to determine whether 
African-Americans express ceramides differently.

These findings indicate that ceramide scores may have 
limited utility in assessing cardiovascular risk in African-
American adults, potentially leading to suboptimal patient 
management and exacerbation of existing CVD disparities 
in this population. Thus, alternative sphingolipid biomark-
ers or ceramide score cutoffs should be explored. Buie et al.3 
found that sphingosine-1-phosphate (Sph-1P) levels were 
notably higher in African-Americans than in White and 
African-American adults without metabolic disease. Given 
the observed inverse relationship between ceramide levels 
and cardiometabolic profiles in African-Americans, fu-
ture research should investigate whether Sph-1P may serve 
as a more accurate biomarker of CVD risk in this popula-
tion. Notably, Mielke et al. found that age-related elevations 
in ceramides were less pronounced among African-Ameri-
cans. The observation that African-American adults in our 
study exhibited ASCVD risk levels comparable to those 
of the White cohort, despite being younger, underscores 
the need for further validation and investigation of cerami-
des as CVD biomarkers in African-American populations.

Limitations of the study

While statistically significant differences in ceramide 
scores were observed between African-American and 
White participants, a notable limitation is the relatively 
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Table 1. Cardiovascular risk factors, cardiovascular health and ceramide levels in African-American and White participants

Variable African-American
(n = 58)

White
(n = 1,103) Test, df, p-value

Female sex, n (%) 39 (67.2) 575 (52.1)
χ2 = 5.05, df = 1,

p = 0.025$

Age, mean (SD) [years] 54.6 (11.9) 64.5 (9.5) H (1, n = 1159) = 34.40, p < 0.001@

Cardiovascular risk factors, n (%)

Obesity 38 (67.9) 352 (31.9)
χ2 = 30.84, df = 1,

p < 0.001$

Tobacco use/cigarette smoking 17 (30.9) 510 (48.5)
χ2 = 8.13, df = 2,

p = 0.017$

Hypertension 39 (69.6) 454 (41.2)
χ2 = 17.69, df = 1,

p < 0.001$

Type 2 diabetes 17 (30.4) 106 (11.1)
χ2 = 18.32, df = 1,

p < 0.001$

Hyperlipidemia 24 (42.9) 305 (29.3)
χ2 = 4.68, df = 1,

p = 0.031$

ASCVD risk, mean (SD)

Overall ASCVD risk score 12.8% (10.4) 12.6% (11.1) H (1, n = 886) = 0.211, p = 0.646$

ASCVD category*, n (%)
χ2 = 1.99, df = 3,

p = 0.575$

Low 12 (23.5) 248 (29.7)

–
Borderline 10 (19.6) 112 (13.4)

Intermediate 18 (35.3) 302 (36.2)

High 11 (21.6) 173 (20.7)

Cardiovascular health#, mean (SD)

Total LE8 score 57.4 (11.5) – –

LE8 components scores

Diet 30.3 (12.4) – –

Physical activity 50.2 (38.6) – –

Tobacco or nicotine exposure 84.1 (24.2) – –

Sleep health 73.7 (29.0) – –

Body mass index (BMI) 36.4 (30.4) – –

Blood lipids (non-HDL-C) 64.6 (29.5) – –

Blood glucose 77.1 (29.8) – –

Blood pressure 39.1 (32.2) – –

Ceramides, mean (SD)

Ceramide (16:0) [μmol/L] 0.28 (0.06) 0.27 (0.06) H (1, n = 1150) = 0.36, p = 0.547@

Ceramide (18:0) [μmol/L] 0.08 (0.03) 0.10 (0.04) H (1, n = 1137) = 24.31, p < 0.001@

Ceramide (24:1) [μmol/L] 0.91 (0.31) 1.17 (0.33) H (1, n = 1146) = 33.68, p < 0.001@

Ceramide ratio (16:0)/(24:0) 0.08 (0.01) 0.08 (0.02) H (1, n = 1150) = 0.02, p = 0.889@

Ceramide ratio (18:0)/(24:0) 0.02 (0.01) 0.03 (0.01)  H (1, n = 1137) = 21.21, p < 0.001@

Ceramide ratio (24:1)/(24:0) 0.25 (0.06) 0.33 (0.11) H (1, n = 1145) = 44.51, p < 0.001@

Ceramide score (0–12)& 1.90 (1.97) 3.48 (2.88) p = 0.001

Ceramide score category, n (%)
X2 = 21.38, df = 3,

p < 0.001$

0–2 38 (76.0) 475 (43.2)

–
3–6 10 (20.0) 441 (40.1)

7–9 2 (4.0) 150 (13.6)

10–12 0 (0.0) 34 (3.1)

*Risk categories: low (<5%), borderline (5%–7.5%), intermediate (7.5–20%), high (≥20%); #Score range: 0–100; categories: low (<50), moderate 
(50–79), high (≥80); &Adjusted for age, sex, hypertension, diabetes, hyperlipidemia, obesity, and smoking status (see Table 2 for full model results); 
ASCVD – atherosclerotic cardiovascular disease; LE8 – Life’s Essential 8; @H: Kruskal–Wallis test; df – degrees of freedom; SD – standard deviation; 
HDL-C – high-density lipoprotein cholesterol; BMI – body mass index.



Adv Clin Exp Med. 2026;35(5):939–944 943

small sample of African-American participants. This may 
have limited the ability to detect associations between 
ceramide profiles and CVH or ASCVD risk within this 
group, raising the possibility of type II error and the po-
tential for missed meaningful associations. Larger, ad-
equately powered studies are warranted to validate ce-
ramide scores as  CVD risk biomarkers or  to  identify 
alternative sphingolipid biomarkers to assess CVD risk 
among African-Americans. Additionally, due to differ-
ences in study design, behavioral metrics (diet, physical 
activity and sleep health) were not collected in the PAVD 
study,6 precluding an assessment of LE8 scores among 
White participants. Given these limitations, this hetero-
geneity should be considered when interpreting the com-
parative findings, and our results should be interpreted 
cautiously as exploratory.

Conclusions

While ceramide profiles are beneficial in predicting 
CVD risk in White populations, our study findings suggest 
that their utility in assessing risk among African-American 
adults appears limited. Identifying accurate population-
specific biomarkers or ceramide score cutoffs is crucial for 
preventing CVD and improving health outcomes in high-
risk populations such as African-Americans.

Supplementary data

The supplementary materials are available at https://
doi.org/10.5281/zenodo.15756695. The package contains 
the following files:

Supplementary Fig. 1. Scatterplot to assess linear rela-
tionship between LE8 score and ceramide score in the co-
hort of African-American adults.

Supplementary Fig. 2. Scatterplot to assess linear re-
lationship between ASCVD score and ceramide score 
in the cohort of African-Americans adults.

Supplementary Fig. 3. Histogram to check normality 
assumption for age in the cohorts of African-American 
and White adults.

Supplementary Fig. 4. Histogram to check normality as-
sumption for ASCVD risk score in the cohorts of African-
American and White adults.

Supplementary Fig. 5. Histogram to check normality 
assumption for ceramide 16_0 in the cohorts of African-
American and White adults.

Supplementary Fig. 6. Histogram to check normality 
assumption for ceramide 18_0 in the cohorts of African-
American and White adults.

Supplementary Fig. 7. Histogram to check normality 
assumption for ceramide 24_1 in the cohorts of African-
American and White adults.

Supplementary Fig. 8. Histogram to check normality as-
sumption for ceramide ratio (16_0)_(24_0) in the cohorts 
of African-American and White adults.

Supplementary Fig. 9. Histogram to check normality as-
sumption for ceramide ratio (18_0)_(24_0) in the cohorts 
of African-American and White adults.

Supplementary Fig. 10. Histogram to check normality 
assumption for ceramide ratio (24_1)_(24_0) in the cohorts 
of African-American and White adults.

Supplementary Fig. 11. Scatterplot to assess the linear 
relationship between age and ceramide score in the co-
horts of African-American and White adults.

Supplementary Fig. 12. Plot of model residuals compared 
to fitted values to assess the validity of the linear regression 
model in the cohorts of African-American and White adults.

Supplementary Fig. 13. Scale-location plot to assess ho-
moscedasticity in the linear regression model in the co-
horts of African-American and White adults.

Supplementary Fig. 14. Q-Q plot to assess normality 
of residuals in the linear regression model in the cohorts 
of African-American and White adults.

Supplementary Table 1. Table of generalized variance 
inflation factor values to assess for multicollinearity in 
the cohorts of African-American and White adults.

Table 2. Multivariable linear regression analysis of ceramide risk score with robust SEs

Variable Estimate SE T value p-value

Intercept –0.866 0.663 –1.307 0.192

Race (African-American) –1.189 0.354 –3.361 0.001#

Age 0.056 0.010 5.439 <0.001

Sex (female) 0.608 0.191 3.190 0.001

Hypertension (yes) 0.456 0.197 2.309 0.021

Diabetes (yes) –0.135 0.289 –0.468 0.640

Hyperlipidemia (yes) –0.642 0.201 –3.190 0.001

Obesity (yes) 0.785 0.205 3.823 <0.001

Smoker (former) 0.073 0.196 0.374 0.708

Smoker (current) 0.579 0.385 1.502 0.133

*Model adjusted for age, sex, hypertension, diabetes, hyperlipidemia, obesity, and tobacco use/cigarette smoking status; #The p-value for the ceramide 
score comparison reported in Table 1. SE – standard error.

https://doi.org/10.5281/zenodo.15756695
https://doi.org/10.5281/zenodo.15756695
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