Advances

in Clinical and Experimental
Medicine
MONTHLY ISSN 1899-5276 (PRINT) ISSN 2451-2680 (ONLINE)

2022, Vol. 31, No. 8 (August)

Impact Factor (IF) – 1.736
Ministry of Science and Higher Education – 70 pts
Index Copernicus (ICV) – 166.39 pts

www.advances.umw.edu.pl

Advances in Clinical and Experimental Medicine

2022, Vol. 31, No. 8 (August)

in Clinical and Experimental
Medicine

Advances

Advances

in Clinical and Experimental Medicine
ISSN 1899-5276 (PRINT)

ISSN 2451-2680 (ONLINE)

MONTHLY 2022
Vol. 31, No. 8
(August)

Advances in Clinical and Experimental Medicine (Adv Clin Exp Med) publishes high-quality
original articles, research-in-progress, research letters and systematic reviews and metaanalyses of recognized scientists that deal with all clinical and experimental medicine.

Editorial Office
ul. Marcinkowskiego 2–6
50-368 Wrocław, Poland
Tel.: +48 71 784 12 05
E-mail: redakcja@umw.edu.pl

Editor-in-Chief
Prof. Donata Kurpas

Publisher
Wroclaw Medical University
Wybrzeże L. Pasteura 1
50-367 Wrocław, Poland
Online edition is the original version
of the journal

Deputy Editor
Prof. Wojciech Kosmala
Managing Editor
Marek Misiak, MA

www.advances.umw.edu.pl

Statistical Editors
Wojciech Bombała, MSc
Katarzyna Giniewicz, MSc Eng.
Anna Kopszak, MSc
Dr. Krzysztof Kujawa
Manuscript editing
Marek Misiak, MA, Jolanta Krzyżak, MA

Scientific Committee
Prof. Sabine Bährer-Kohler
Prof. Antonio Cano
Prof. Breno Diniz
Prof. Erwan Donal
Prof. Chris Fox
Prof. Naomi Hachiya
Prof. Carol Holland
Prof. Markku Kurkinen
Prof. Christos Lionis

Prof. Raimundo Mateos
Prof. Zbigniew W. Ras
Prof. Jerzy W. Rozenblit
Prof. Silvina Santana
Prof. James Sharman
Prof. Jamil Shibli
Prof. Michal Toborek
Prof. László Vécsei
Prof. Cristiana Vitale

Section Editors

Dermatology

Anesthesiology

Prof. Jacek Szepietowski

Prof. Marzena Zielińska

Emergency Medicine,
Innovative Technologies

Basic Sciences

Prof. Iwona Bil-Lula
Prof. Bartosz Kempisty
Dr. Anna Lebedeva
Dr. Mateusz Olbromski
Dr. Maciej Sobczyński
Clinical Anatomy, Legal Medicine,
Innovative Technologies

Prof. Rafael Boscolo-Berto
Dentistry

Prof. Marzena Dominiak
Prof. Tomasz Gedrange
Prof. Jamil Shibli

Prof. Jacek Smereka
Gynecology and Obstetrics

Prof. Olimpia Sipak-Szmigiel
Histology and Embryology

Prof. Marzenna Podhorska-Okołów
Internal Medicine
Angiology

Dr. Angelika Chachaj
Cardiology

Prof. Wojciech Kosmala
Dr. Daniel Morris

Endocrinology

Neuroscience

Pharmaceutical Sciences

Prof. Marek Bolanowski

Dr. Simone Battaglia

Gastroenterology

Oncology

Assoc. Prof. Marta Kepinska
Prof. Adam Matkowski

Assoc. Prof. Katarzyna Neubauer
Hematology

Prof. Andrzej Deptała
Prof. Dariusz Wołowiec
Nephrology and Transplantology

Assoc. Prof. Dorota Kamińska
Assoc. Prof. Krzysztof Letachowicz
Pulmonology

Prof. Anna Brzecka
Microbiology

Prof. Marzenna Bartoszewicz
Assoc. Prof. Adam Junka
Molecular Biology

Dr. Monika Bielecka
Prof. Jolanta Saczko
Neurology

Assoc. Prof. Magdalena Koszewicz
Assoc. Prof. Anna Pokryszko-Dragan
Dr. Masaru Tanaka

Prof. Andrzej Deptała
Dr. Marcin Jędryka
Gynecological Oncology

Dr. Marcin Jędryka
Ophthalmology

Dr. Agnieszka Rafalska

Pharmacoeconomics, Rheumatology

Dr. Sylwia Szafraniec-Buryło
Psychiatry

Prof. Jerzy Leszek
Public Health

Orthopedics

Prof. Monika Sawhney
Prof. Izabella Uchmanowicz

Prof. Paweł Reichert

Qualitative Studies, Quality of Care

Otolaryngology

Prof. Ludmiła Marcinowicz

Assoc. Prof. Tomasz Zatoński

Radiology

Pediatrics
Pediatrics, Metabolic Pediatrics, Clinical
Genetics, Neonatology, Rare Disorders

Prof. Marek Sąsiadek
Rehabilitation

Prof. Jakub Taradaj

Prof. Robert Śmigiel

Surgery

Pediatric Nephrology

Prof. Katarzyna Kiliś-Pstrusińska

Assoc. Prof. Mariusz Chabowski
Prof. Renata Taboła

Pediatric Oncology and Hematology

Telemedicine, Geriatrics, Multimorbidity

Assoc. Prof. Marek Ussowicz

Assoc. Prof. Maria Magdalena
Bujnowska-Fedak

Editorial Policy
Advances in Clinical and Experimental Medicine (Adv Clin Exp Med) is an independent multidisciplinary forum for exchange of scientific and clinical information, publishing
original research and news encompassing all aspects of medicine, including molecular biology, biochemistry, genetics, biotechnology and other areas. During the review process, the Editorial Board conforms to the “Uniform Requirements for Manuscripts Submitted to Biomedical Journals: Writing and Editing for Biomedical Publication” approved
by the International Committee of Medical Journal Editors (www.ICMJE.org). The journal publishes (in English only) original papers and reviews. Short works considered original, novel and significant are given priority. Experimental studies must include a statement that the experimental protocol and informed consent procedure were in compliance
with the Helsinki Convention and were approved by an ethics committee.
For all subscription-related queries please contact our Editorial Office:
redakcja@umw.edu.pl
For more information visit the journal’s website:
www.advances.umw.edu.pl
Pursuant to the ordinance No. 134/XV R/2017 of the Rector of Wroclaw Medical University (as of December 28, 2017) from January 1, 2018 authors are required to pay
a fee amounting to 700 euros for each manuscript accepted for publication in the journal Advances in Clinical and Experimental Medicine.
Indexed in: MEDLINE, Science Citation Index Expanded, Journal Citation Reports/Science Edition, Scopus,
EMBASE/Excerpta Medica, Ulrich’sTM International Periodicals Directory, Index Copernicus
Typographic design: Piotr Gil, Monika Kolęda
DTP: Wydawnictwo UMW
Cover: Monika Kolęda
Printing and binding: Drukarnia I-BiS Bierońscy Sp.k.

Advances

in Clinical and Experimental Medicine
MONTHLY 2022, Vol. 31, No. 8 (August)

ISSN 1899-5276 (PRINT)
ISSN 2451-2680 (ONLINE)
www.advances.umw.edu.pl

Contents
Editorials
821

Piril Hepsomali, Christle Coxon
Inflammation and diet: Focus on mental and cognitive health

Meta-analysis
827

Xiuli Nie, Jie Zhou, Jingyu Zeng, Jing Sun, Weiwei Chen, Jurong Niu
Does PET scan have any role in the diagnosis of perineural spread associated with the head and neck tumors?

Original papers
837

Junwu Yang, Maolin Chu, Yuzhuo Qi, Haifeng Zhang, Tan Yuan, Li Zhou, Wei Cao, Chunying Zhang
Correlation between age and curative effects of selective dorsal neurectomy for primary premature ejaculation

847

Lixiu Chen, Ying Cheng, Liang Zhou, Lei Zhang, Xueyan Deng
Quantitative shear wave elastography compared to standard ultrasound (qualitative B-mode
grayscale sonography and quantitative power Doppler) for evaluation of achillotendinopathy
in treatment-naïve individuals: A cross-sectional study

855

Mabel Aoun, Reine-Marie Kahwaji, Ghassan Sleilaty, Celine Boueri, Jenny Hawi, Christelle Bou Khalil, Valerie Hage
Factors predictive of anti-spike antibody titers after COVID-19 vaccination in hemodialysis patients

863

Paweł Rogalski, Marta Zaborowska, Maria Mazur, Żaneta Jankowska,
Alicja Piszczyk, Edyta Mermer, Andrzej Dąbrowski, Jarosław Daniluk
Gastrointestinal hemorrhage as an acute-on-chronic liver failure trigger in cirrhotic patients

873

Bożena Karolko, Adam Serafin, Monika Przewłocka-Kosmala
Impact of moderately reduced renal function on the diagnostic and prognostic value of galectin-3
in patients with exertional dyspnea

881

Wei Kou, Haibin Huang, Shuangwu Dai, Xinmei Tan, Qi Chen, Renwei Huang, Hequn Zou
mGluR5 promotes the progression of multiple myeloma in vitro via Ras–MAPK signaling pathway

889

Jing Wan, Juan Lv, Chun Wang, Li Zhang
RPS27 selectively regulates the expression and alternative splicing of inflammatory
and immune response genes in thyroid cancer cells

903

Chunmou Li, Chuchu Feng, Yantao Chen, Pingping Wu, Peng Li, Xilin Xiong, Xiaomin Peng, Zhixuan Wang, Yang Li
Arsenic trioxide induces the differentiation of retinoic acid-resistant neuroblastoma cells
via upregulation of HoxC9

Reviews
913

Radosław Andrzej Konieczny, Wiktor Kuliczkowski
Trimethylamine N-oxide in cardiovascular disease

Editorials

Inflammation and diet: Focus on mental and cognitive health
Piril HepsomaliA–F, Christle CoxonA–F
School of Psychology, University of Roehampton, London, United Kingdom
A – research concept and design; B – collection and/or assembly of data; C – data analysis and interpretation;
D – writing the article; E – critical revision of the article; F – final approval of the article

Advances in Clinical and Experimental Medicine, ISSN 1899–5276 (print), ISSN 2451–2680 (online)

Address for correspondence

Piril Hepsomali
E-mail: P.Hepsomali@roehampton.ac.uk

Funding sources
None declared

Conflict of interest
None declared

Received on June 24, 2022
Reviewed on July 21, 2022
Accepted on July 25, 2022
Published online on August 11, 2022

Cite as

Hepsomali P, Coxon C. Inflammation and diet: Focus
on mental and cognitive health. Adv Clin Exp Med.
2022;31(8):821–825. doi:10.17219/acem/152350

DOI

10.17219/acem/152350

Copyright

Copyright by Author(s)
This is an article distributed under the terms of the
Creative Commons Attribution 3.0 Unported (CC BY 3.0)
(https://creativecommons.org/licenses/by/3.0/)

Adv Clin Exp Med. 2022;31(8):821–825

Abstract
It has been well established that chronic low-grade inflammation is implicated in both physical and mental
noncommunicable diseases. Diet, a leading risk factor for non-communicable diseases, has been repeatedly
shown to be related to inflammation, as well as various health outcomes, including mental and cognitive health. In the current editorial paper, we briefly summarize the current state of evidence and discuss
the potential mediating role of inflammation between diet and mental/cognitive health. We also outline
our perspective on challenges and future research directions in the domain of inflammation and diet, with
a specific focus on mental and cognitive health.
Key words: inflammation, diet, nutrition, mental health, cognitive health
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Systemic chronic inflammation,
diet and health
Chronic low-grade inflammation is implicated in the etiology of various noncommunicable diseases, including
diabetes,1 obesity,2 cancer, 3 and cardiovascular diseases,4
and even increased mortality.5,6 Additionally, inflammation is also implicated in numerous mental disorders.
For instance, meta-analytic and systematic reviews that
focused on observational evidence have shown that a range
of blood and cerebrospinal fluid pro-inflammatory markers such as interleukin-6 (IL-6), interleukin-8 (IL-8), tumor necrosis factor alpha (TNF-α), and C-reactive protein (CRP) were increased in a range of mental illnesses
including depression, anxiety, schizophrenia, and bipolar
disorder.7–11 Large cohort studies have also shown elevated
CRP levels and white blood cell counts in depressive and
anxiety disorders.12–16
In terms of cognitive health, evidence from cross-sectional and prospective studies indicate that peripheral
inflammatory markers, such as IL-6 and CRP, are associated with the global cognitive decline,17–20 and a decline
in specific cognitive domains, particularly short-term
memory,21–23 processing speed,24 verbal fluency, and executive function.25–27 For neurodegenerative conditions,
meta-analyses of prospective studies have reported that
higher levels of CRP and IL-6 are associated with a higher
risk of all-cause dementia.28–30 While inflammation was
not associated with an increased risk of Alzheimer’s disease (AD), evidence from cross-sectional studies indicates
that peripheral markers of inflammation such as CRP,
IL-1β, IL-6, and IL-8 are significantly higher in AD patients compared to controls. 31–33 Elevated peripheral inflammatory markers such as monocyte chemoattractant
protein-1 (MCP-1), IL-6 and IL-8 have been reported
in mild cognitive impairment, 33 but this finding is not
consistent, 31,34 and it may be that systemic inflammation is similar to that of healthy individuals and occurs
at a later stage in the progression of AD.35 Additionally,
due to kynurenine pathway enzymes directly influencing
inflammation and the immune system, kynurenic acid was
shown to be lower in individuals with neurodegenerative
conditions.36,37
The aforementioned adverse physical, mental and cognitive health outcomes are also known to be associated
with poor diet quality.38–40 Diet, a leading risk factor for
noncommunicable diseases, affects disease risk via modulation of various mechanisms including, but not limited to,
oxidative stress, plasticity, microbiota–gut–brain axis, and,
most importantly, inflammatory responses.41,42 Negative
associations between adherence to a Mediterranean style
diet (MED) and food groups that are abundant in these
diets, such as fruits, vegetables, oily and non-oily fish,
and inflammatory markers such as platelet and leukocyte counts, neutrophil to lymphocyte ratios (NLRs), and
CRP43–47 levels have been observed. Intervention studies
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have also shown a similar pattern of results. For instance,
results from meta-analyses of randomized controlled trials
(RCTs) have provided evidence that a MED decreases inflammation, specifically CRP, IL-6 and IL-1β.48,49
Based on the evidence discussed above, inflammation
may mediate the association between anti-inflammatory
diets, such as the MED, and health outcomes. In fact, a recent cross-sectional study found a role for various inflammatory biomarkers in the relationship between diet and
sleep quality,45 though the role of inflammation on the relationship between diet and mental and cognitive health has
not yet been examined. However, there is a considerable
amount of cross-sectional evidence showing that the adherence to a MED or healthy dietary patterns, including
higher intakes of fruit, vegetables, fish, and wholegrains,
were associated with a reduced risk of depression (but not
anxiety), age-related cognitive decline, pathological neurodegeneration, and better general mental well-being.50–55
Additionally, the consumption of various nutrients (B vitamins, vitamin D, polyphenols, n-3 fatty acids, fiber) and
certain food groups (fish/seafood, vegetables, fruits) were
also shown to be associated with better mental and cognitive outcomes.51,54,56–61 Similarly, based on recent reviews,
a low number of heterogeneous dietary intervention studies have shown beneficial effects of the MED on symptoms
of depression (but not anxiety) and cognitive decline.62–64
Though, to the best of our knowledge, none of these studies have tested the extent to which these benefits are due
to changes in inflammation.

Challenges and future directions
The research briefly presented above, unfortunately,
is not free from challenges. First and foremost, many
of the studies are observational, and either cross-sectional
or prospective in design, which limits our ability to infer
a causal relationship between diet, inflammation, and
physical, cognitive and mental health. Secondly, although
various RCTs have been conducted in this area, they recruited small numbers of participants, and the heterogeneity of research methodology cannot be underestimated.
Specifically, there is considerable variation in assessment
of mental and cognitive health and dietary outcomes,
and not all of the studies utilized consistent, validated
and sensitive measures. Of specific importance, dietary
intake measures are known to rely on the ability of participants to recall and report, and are prone to under
reporting. 65 Furthermore, the definition of a specific
dietary pattern differs across distinct geographical and
cultural contexts.48 Third, the majority of the evidence
in the area relies mainly on clinical samples and specific
disorders (such as depression); however, research in subclinical samples and across a variety of psychopathological conditions is warranted. Fourth, most of the studies
examined only a small subset of single measurements
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of inflammation biomarkers, and time of the blood draw
was not taken into consideration. Indeed, while single
measurements of various inflammatory biomarkers have
been shown to predict a range of health outcomes,12,66
it is also important to note that intraindividual variability
in inflammatory biomarkers has been observed before,67
and some biomarkers show circadian rhythms.68 Fifth,
one of the biggest challenges to the field is conducting
interdisciplinary research to address the interactions between peripheral and brain alterations. Therefore, future
research studies would benefit from combining multiple
techniques and linking inflammation to the structure,
function and connectivity of the brain, as well as to other
biomarkers, such as neurometabolites, amyloid, tau, and
α-synuclein, that are known to be sensitive to mental and
cognitive health alterations. Moreover, there is no current
consensus regarding the best diet that has anti-inflammatory potential, and, to the best of our knowledge, no
trials have compared the efficacy of dietary interventions
on mental and cognitive health outcomes to pharmacological and/or other nonpharmacological interventions.
Finally, it is important to note that interpopulation differences in dietary patterns may result in markedly different
inflammatory potential, as energy, nutrient intake and
density differ greatly across populations.69
Based on the challenges and limitations discussed
above, we invite researchers to conduct longitudinal studies that aim to clarify the temporal relationships between
mental/cognitive health, inflammation and nutritional
domains, in order to ascertain whether immune dysregulation is a precursor or the result of mental and cognitive health outcomes, or if it is a bidirectional pathway.
We would also like to encourage researchers to conduct
large RCTs: 1) by using consistent, validated, sensitive
(and ideally objective) diet, mental and cognitive health
measures; 2) in clinical and subclinical samples, across
various psychopathological conditions; 3) by using wide
range of inflammation biomarkers (measured at multiple
time points to control for intraindividual variations); and
4) ideally by also utilising brain imaging and cerebrospinal fluid biomarkers, to identify the best anti-inflammatory diets, test the efficacy of these on mental and
cognitive health outcomes, and test the efficacy of these
in comparison to pharmacological and other nonpharmacological interventions. These interventions should,
of course, control for various participant (such as sex,70
severity of health issues, body mass index (BMI), smoking,
exercise, medical comorbidities,71 genetic heterogeneity,
etc.) and sample (collection/processing/storage practices,
time of the sample collection, etc.) characteristics. Filling
the knowledge gaps discussed in this editorial will not
only advance theoretical frameworks that characterize
interactions between the gut and the brain, but also move
fundamental research towards translational applications
that could be used for disorders where inflammation
is implicated.
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Objectives. The purpose of the current study was to investigate the diagnostic performance of 18F-FDG PET
in detecting perineural spread among patients with head and neck tumors through a meta-analysis.
Materials and methods. Relevant articles were searched using appropriate keywords from PubMed,
MEDLINE and PubMed Central (PMC) databases. Retrospective and prospective studies were included as per
the predefined PICOS criteria. Demographic summary and event data for diagnostic accuracy of 18F-FDG PET
were determined, and odds ratio (OR), sensitivity, specificity, likelihood ratios, and predictive values were
calculated using RevMan software. The bias risk was analyzed with Egger’s and Begg’s tests using MedCalc
software.
Results. Fourteen clinical trials performed between 2000 and 2021, with 977 head and neck cancer patients
with perineural spread, were included according to the inclusion criteria. Included studies used 18F-FDG PET
imaging of tumors and reported its high sensitivity. In the current study, we obtained the pooled OR = 3.088
(95% confidence interval (95% CI): [1.486; 6.419]), pooled sensitivity of 91.7%, pooled specificity of 92.35%,
positive predictive value (PPV) of 92.27%, negative predictive value (NPV) of 91.13%, positive likelihood
ratio of 7.45, negative likelihood ratio of 0.28, disease prevalence of 95.8%, and accuracy of 91.5%. Data was
heterogeneous, with Q value of 33.8%, degrees of freedom (df) value of 13, I2 value of 61.5% (31.23–78.5),
and p-value = 0.0013. The risk of publication bias was low, with a p = 0.7490 (Egger’s test) and p = 0.7843
(Begg’s test).
Conclusions. The present meta-analysis highly recommends 18F-FDG PET as an effective imaging method
for patients with head and neck tumors with perineural spread.
Key words: MRI, head and neck tumors, perineural spread, perineural invasion, FDG PET scan
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Background
The concept of ‘head and neck cancer’ refers to a diverse
class of cancers that affect the oral cavity, pharynx, larynx, nasal cavity, paranasal sinuses, and salivary glands.
Head and neck cancer has several histologic subtypes due
to the large array of structures and cell types.1
Head and neck tumors can spread through several processes, including direct extension, hematogenous dissemination and lymphatic dissemination. Furthermore,
a phenomenon known as perineural spread allows some
cancers to exploit peripheral nerves as a direct conduit
for tumor development, away from the initial location.
Perineural spread is important in clinical practice because
it indicates a poor prognosis, even asymptomatic. Furthermore, it is frequently overlooked during surgery and can
develop without hematogenous or lymphatic metastases.2
In the literature, the words ‘perineural invasion’ and
‘perineural spread’ are frequently used interchangeably;
thus, it is vital to distinguish between them.
Perineural spread can affect any cranial nerve and its
branches. However, the trigeminal nerve (cranial nerve
V) and the facial nerve (cranial nerve VII) are the most
afflicted, owing to their extensive innervation of the head
and neck tissues. In addition, the perineural spread is more
likely in tumors that are located in the midface, in men,
in larger tumors, in recurrence after therapy, and in tumors
with poor histologic distinction.3
Perineural invasion is a histologic diagnosis that is difficult
to establish with macroscopic imaging modalities. However,
the perineural spread spreads tumor cells along a nerve and
such infiltration may be seen with imaging tools. Therefore,
the radiologist must determine whether a tumor that is directly next to a nerve is considered a perineural spread or not.
The perineural spread has an adverse impact on the treatment outcome with a poor prognosis. The long-term survival is jeopardized. Previous studies have reported that
unrecognized perineural tumor invasion leads to treatment failure. Henceforth, it is necessary to detect and accurately diagnose such spread.4,5
Imaging is widely known to have an essential role in diagnosis and treatment of head and neck cancers. The frequently
used imaging methods for detecting perineural spread are
magnetic resonance imaging (MRI), computed tomography
(CT) and positron emission tomography (PET) scan, among
others. Among these, the use of 18F-FDG PET (PET with
2-[fluorine-18]fluoro-2-deoxy-d-glucose (FDG)) is highly
recommended in various studies due to its high sensitivity
for detecting perineural spread and recurrent metastatic
tumors.6–20 For example, Schroeder et al. reported that MRI
and 18F-FDG PET have identical detection rates of recurrent metastatic tumors.16 Similarly, Lee et al. reported that
the application of 18F-FDG PET in clinical diagnosis could
enhance the tumor detection rate in head and neck cancers.20
In contrast to these studies, Hanna et al. concluded that
MRI has higher sensitivity and specificity for perineural

spread and malignant tumor detection.21 These contrasting reports limited the use of 18F-FDG PET as an effective diagnostic tool. Therefore, the current meta-analysis
aimed to statistically analyze the available literature related to 18F-FDG PET and predict its diagnostic accuracy.

Objective
This study aims to investigate the diagnostic performance of 18F-FDG PET in determining perineural spread
in patients with head and neck tumors.

Materials and methods
We followed the Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) normative
recommendations in this study with the PROSPERO registration No. CRD42021244688. All procedures performed
in the study were in accordance with the institutional and/
or national research standards set by the Ethics Committee of the Shandong University (Jinan, China), and with
the 1964 Helsinki Declaration and its later amendments,
or comparable ethical standards.

Search strategy
This meta-analysis is based on an extensive search conducted in databases of MEDLINE (through PubMed),
Cinahl (through EBSCO), Scopus, and Web of Sciences.
The following keywords were used for searching the relevant studies: [18F-FDG PET], [perineural spread], [head
and neck cancer], [CT scan], and [MRI]. All the included articles were selected as per the predefined PICOS criteria and
PRISMA guidelines, and studies were selected randomly,
irrespective of the language, publication status or type
of study (prospective, retrospective, clinical trial). Demographic summary of the patients and event data of the included studies are summarized in Table 1.6–19 Two authors
(XN and JZ) scanned the relevant sources for related studies separately. Mainly, the full-texts articles of the sources
were collected, and abstracts were used to obtain sufficient
information for the meta-analysis. Obsolete references were
excluded, and valuable studies were included as per the inclusion criteria. Then, event data with useful variables were
collected by 2 researchers (ZJ and JS) independently.

Inclusion and exclusion criteria
The studies included in the meta-analysis reported the use
of 18F-FDG PET as an effective imaging method for diagnosing patients with head and neck tumors with perineural
spread, and were published between 2000 and 2021. Only
the full-text data were included in the current study, while
studies with insufficient data, studies reporting the use
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Table 1. Demographic summary of the studies
Study and year
Ng et al. 20056
Schöder et al.
20067
Kim et al. 20078
Gu et al. 2010

9

Total
samples
studied

Type of study

Age
of patients
[years]

Duration

Gender
(M/F)

151

prospective

26–82

2 weeks

121 M/3 F

PET system (ECAT EXACT HR; Siemens/CTI, Knoxville, USA)

21 M/10 F

Integrated PET/CT scanner: Biograph (Siemens) or Discovery
LS (GE Healthcare, Milwaukee, USA)

Instrument detail

142

prospective

37–84

2 years
2 months

64

retrospective

60

1 year

267 M/82 F

Biograph Sensation16 scanner (Siemens/CTI)

46

retrospective

39–89

2 weeks

39 M/7 F

Discovery STE Whole Body PET/CT System (GE Healthcare)

51 M/12 F

Discovery STE 16 (GE Healthcare)

El-Khodary et al.
201110

38

retrospective

58

3 years
2 months

Pereira et al.
201211

49

retrospective

36–81

4 years

44 M/5 F

Siemens Biograph Integrated PET/CT scanner (Siemens/CTI)

Karapolat and
Kumanlıoğlu
201212

20

retrospective

20–76

3 years
2 months

19 M/1 F

Siemens HI-REZ Biograph 6 (Siemens/CTI)

Gődény et al.
201613

38

retrospective

24–78

4 years

24 M/14 F

3T wide-bore MR scanner (General Electric Discovery 750w;
GE Healthcare)

Ceylan et al.
201814

22

retrospective

18–89

1 year
10 months

49 M/16 F

Siemens Biograph 16 TruePoint PET/CT scanner (Siemens/CTI)

Sherif et al.
201815

50

retrospective

17–74

1 year

34 M/16 F

PET/CT scanner (Gemini TF; Philips, Andover, USA)
with multislice-16 scanner

Schroeder et al.
202016

25

retrospective

49–79

4 years

17 M/8 F

Integrated PET/CT system (Biograph mCT 128 True V;
Siemens/CTI)

Park et al. 202017

134

retrospective

47–83

9 months

48 M/25 F

PET/MRI system (Biograph mMR; Siemens Healthcare,
Erlangen, Germany)

Sarma et al.
202118

63

retrospective

32–83

8 years

55 M/8 F

General Electric Discovery PET 8 slice CT scanner
(GE Healthcare)

Linz et al. 202119

135

prospective

23–88

2 years
6 months

74 M/61 F

PET/CT scanner (Siemens Biograph mCT 64; Siemens
Healthcare)

M – male; F – female; PET/CT – particle emission tomography/computed tomography.

of other imaging methods, and all studies published before
2000 were excluded, as shown in Fig. 1.

Evaluation of the analytical standard
and source of heterogeneity
Two reviewers (XN and JZ) separately evaluated
the methodological validity of the included studies and
calculated the heterogeneity in the included experiments.
At the same time, one author (WC) was responsible for resolving disagreements between authors (XN and JZ). In order to investigate the heterogeneity, Cochran’s Q statistic
and I2 index in the random bivariate model were calculated
with the help of RevMan software v. 5 (The Cochrane Collaboration, The Nordic Cochrane Center, Copenhagen,
Denmark). The investigated heterogeneity sources were
the use of full-text publication compared to abstracts,
prospective compared to retrospective studies, different
numbers of patients with diverse types of head and neck
cancers, and different imaging instruments.

Statistical analyses
The DerSimonian–Laird technique calculated the diagnostic odds ratio (OR) for statistical analysis. A 2 × 2 table was

made using the event data, and meta-analysis was performed
using RevMan and MedCalc v. 20.100 (MedCalc Software,
Ostend, Belgium) software. Pooled diagnostic OR with 95%
confidence intervals (95% CIs), respective forest plot, heterogeneity of studies (in terms of Q value, degrees of freedom
(df) value, I2 value, and p-value), pooled sensitivity, specificity,
likelihood ratios, predictive values, disease prevalence, accuracy, and receiver operating characteristic (ROC) analysis
were performed with the help of MedCalc software. In addition, Deeks’ funnel plot for publication bias, Youden plot
to assess investigation error, and hierarchical summary receiver operating characteristic (HSROC) curve were created
using MedCalc software, while forest plot of sensitivity and
specificity was plotted using RevMan software.

Results
Literature search results
We found a total of 1246 studies in different databases,
and excluded 227 studies after reading their titles and
abstracts; as a result, 1019 records were screened. Further, due to invalid references and duplicity, we excluded
784 studies and included only 235 studies for the final
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Fig. 1. Preferred Reporting Items for
Systematic Reviews and Meta-Analyses
(PRISMA) flow diagram of the study
group

screening. Out of these 235 studies, 194 studies were
excluded based on the inclusion criteria, and eligibility
of the remaining 41 studies was assessed further. The critical reasons for omission were inadequate evidence and
inappropriate comparison criteria to create 2 × 2 tables
for review. Finally, 14 studies from 2000–2021 which fulfilled the inclusion criteria, i.e., 18F-FDG-PET for detection
of perineural spread in head and neck tumor patients, were
subject to meta-analysis, as shown in Fig. 1. Those 14 studies included a total of 977 head and neck tumor patients
of different age groups, chosen randomly and scanned
with 18F-FDG PET and CT or MRI. The demographic
details of the studies included in this meta-analysis are
shown in Table 1 – the author of the study, publishing
year, duration of the study, type of study, total sample size,
age of patients, gender of patients, and type of instrument
used. In addition, event data of these studies (including
the number of total samples studied, a true positive result,
true negative result, false negative result, and false positive
results) were collected.

plot. The current meta-analysis has a low risk of publication bias, as apparent from the funnel plot (Fig. 2), since pvalues of both tests are greater than 0.05 (p-value of Egger’s
test = 0.7490 and p-value of Begg’s test = 0.7843).

Meta-analysis results
The risk of bias for included studies was assessed
as shown in Table 2, and publication bias was measured
with the help of Egger’s test, Begg’s test and Deeks’ funnel

Fig. 2. Funnel plot for publication bias
95% CI – 95% confidence interval.
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Table 2. Risk assessment for included studies

Type of study

P

P

R

R

R

R

R

R

R

R

R

R

R

P

Was a consecutive or random sample of patients
enrolled?

Y

Y

Y

Y

Y

Y

Y

Y

Y

Y

Y

Y

Y

Y

Variable

Did the study avoid inappropriate exclusions?

Y

Y

Y

Y

Y

Y

Y

Y

Y

Y

Y

Y

Y

Y

Were all patients included in the analysis?

N

N

N

N

N

N

N

N

N

N

N

N

N

N

Was the target population having patients
of different age groups and included both
genders?

Y

Y

Y

Y

Y

Y

Y

Y

Y

Y

Y

Y

Y

Y

Were study participants sampled
in an appropriate way?

Y

Y

Y

Y

Y

Y

Y

Y

Y

Y

Y

Y

Y

Y

Were the study subjects and the setting described
in detail?

Y

Y

Y

Y

Y

Y

Y

Y

Y

Y

Y

Y

Y

Y

Were valid methods used for the identification
of the condition?

Y

Y

Y

Y

Y

Y

Y

Y

Y

Y

Y

Y

Y

Y

Was the condition measured in a standard,
reliable way for all participants?

Y

Y

Y

Y

Y

Y

Y

Y

Y

Y

Y

Y

Y

Y

Was there appropriate statistical analysis
conducted?

Y

Y

Y

Y

Y

Y

Y

Y

Y

Y

Y

Y

Y

Y

P – prospective; R – retrospective; Y – yes; N – no.

The OR of the included studies was calculated using
MedCalc software, and the respective forest plot was created (Fig. 3). We obtained the pooled OR value of 3.088

Fig. 3. Forest plot for diagnostic odds ratio
95% CI – 95% confidence interval; df – degrees of freedom.

with 95% CI of [1.486; 6.419]. Data used for this analysis were heterogeneous, and we achieved the Q value
of 33.8%, df value of 13, I2 value of 61.5% (31.23–78.5),
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Fig. 4. Forest plot for sensitivity and specificity
95% CI – 95% confidence interval; TP – true positive; FP – false positive; FN – false negative; TN – true negative.

Fig. 5. Forest plot area under receiver operating characteristic (ROC) curve (area under the curve (AUC)
95% CI – 95% confidence interval; df – degrees of freedom.

and p-value of 0.0013. We obtained the pooled sensitivity
of 91.7%, pooled specificity of 92.35%, positive predictive
value (PPV) of 92.27%, negative predictive value (NPV)
of 91.13%, the positive likelihood ratio of 7.45, negative
likelihood ratio of 0.28, disease prevalence of 95.8%, and
accuracy of 91.5%, as reported in Table 3. All of these results are statistically significant. The forest plot of sensitivity and specificity was designed using RevMan software,
as shown in Fig. 4.
The ROC analysis was performed using MedCalc
software, a forest plot was designed as shown in Fig. 5
and heterogeneity was assessed. The included data were

heterogeneous, as we obtained the Q value of 68.9%,
df value of 13, I 2 consistency of 81.15% with 95% CI
of [69.39; 88.40], and significance level (p-value) of 0.0001.
In order to assess the study errors, the Youden curve was
plotted between PPV and NPV (Fig. 6), and we found that
the included studies have minimum investigations error.
The HSROC curve was also plotted between the sensitivity
and specificity of included studies (Fig. 7). All these curves
and results are statistically significant and reflect the high
sensitivity and specificity of 18F-FDG PET, as an effective
imaging method for detecting perineural spread in patients
of head and neck tumors.
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Table 3. Statistical summary of the included studies: 95% CI – 95% confidence interval.
Study ID

Sensitivity [%]
[95% CI]

Specificity [%]
[95% CI]

PLR
[95% CI]

NLR
[95% CI]

Disease
prevalence [%]
[95% CI]

PPV
[95% CI]

NPV
[95% CI]

Accuracy [%]
[95% CI]

Ng et al. 20056

80
[66.28; 89.97]

90.09
[82.54; 95.15]

8.08
[4.41; 14.79]

0.22
[0.13; 0.39]

33.11
[25.68; 41.23]

80
[68.61; 87.98]

90.10
[83.89; 94.08]

86.75
[80.29; 91.72]

Schöder et al.
20067

66.7
[29.93; 92.51]

95.48
[90.44; 98.33]

14.77
[5.96; 36.65]

0.34
[0.14; 0.88]

6.34
[2.94; 11.69]

50
[28.74; 71.26]

97.69
[94.38; 99.07]

93.66
[88.31; 97.06]

Kim et al.
20078

97.5
[86.84; 99.94]

95.83
[78.88; 99.89]

23.4
[3.43; 159.51]

0.02
[0.00; 0.18]

62.50
[49.51; 74.30]

97.5
[85.12; 99.63]

95.83
[76.82; 99.38]

96.87
[89.16; 99.62]

Gu et al. 20109

58.3
[27.67; 84.83]

97.05
[84.67; 99.93]

19.83
[2.71; 144.99]

0.42
[0.22; 0.84]

26.09
[14.27; 41.13]

87.5
[77.12; 92.82]

86.84
[77.12; 92.82]

86.95
[73.74; 95.06]

El-Khodary
et al. 201110

86.9
[66.41; 97.22]

46.66
[21.27; 73.41]

1.63
[0.99; 2.69]

0.27
[0.09; 0.91]

60.53
[43.39; 75.96]

71.43
[60.28; 80.46]

70.00
[41.62; 88.42]

71.05
[54.10; 84.58]

Pereira et al.
201211

60.86
[38.54; 80.29]

80.76
[60.65; 93.45]

3.16
[1.35; 7.43]

0.48
[0.28; 0.83]

46.94
[32.53; 61.73]

73.68
[54.4; 86.79]

70.00
[57.55; 80.07]

71.42
[56.74; 83.42]

Karapolat and
Kumanlıoğlu
et al. 201212

87.5
[47.35; 99.68]

83.33
[51.59; 97.91]

5.25
[1.44; 19.11]

0.15
[0.02; 0.95]

40.00
[19.12; 63.95]

77.78
[49.02; 92.72]

90.91
[61.11; 98.45]

85
[62.11; 96.79]

Gődény et al.
201613

94.44
[72.71; 99.86]

65
[40.78; 84.61]

2.69
[1.47; 4.95]

0.08
[0.01; 0.59]

47.37
[30.98; 64.18]

70.83
[56.95; 81.68]

92.86
[65.32; 98.90]

78.94
[62.68; 90.45]

Ceylan et al.
201814

76.92
[46.19; 94.96]

66.66
[29.93; 92.51]

2.30
[0.87; 6.09]

0.34
[0.12; 1.03]

59.09
[36.35; 79.29]

76.92
[55.80; 89.80]

66.67
[40.09; 85.67]

72.7
[49.78; 89.27]

Sherif et al.
201815

83.33
[51.59; 97.91]

89.47
[75.20; 97.06]

7.91
[3.03; 20.69]

0.18
[0.05; 0.66]

24.00
[13.06; 38.17]

71.43
[48.88; 86.73]

94.44
[82.68; 98.37]

88
[75.69; 95.47]

Schroeder
et al. 202016

75
[42.81; 94.51]

76.92
[46.19; 94.96]

3.25
[1.14; 9.24]

0.32
[0.12; 0.91]

48.00
[27.80; 68.69]

75
[51.34; 89.51]

76.92
[54.48; 90.28]

76
[54.87; 90.64]

Park et al.
202017

74.19
[61.50; 84.47]

44.44
[32.72; 56.64]

1.33
[1.04; 1.72]

0.58
[0.35; 0.95]

46.27
[37.62; 55.08]

53.49
[47.16; 59.71]

66.67
[54.94; 76.64]

58.2
[49.38; 66.67]

Sarma et al.
202118

78.26
[56.30; 92.54]

85
[70.16; 94.29]

5.21
[2.42; 11.25]

0.25
[0.12; 0.56]

36.51
[24.73; 49.60]

75
[58.18; 86.61]

87.18
[75.60; 93.72]

82.53
[70.90; 90.95]

Linz et al.
202119

83.33
[67.19; 93.63]

84.84
[76.24; 91.26]

5.5
[3.37; 8.96]

0.19
[0.09; 0.41]

26.67
[19.43; 34.96]

66.67
[55.10; 76.52]

93.33
[87.03; 96.69]

84.44
[77.21; 90.11]

PLR – positive likelihood ratio; NLR – negative likelihood ratio; PPV – positive predictive value; NPV – negative predictive value.

Discussion
Head and neck tumors are different types of oral cavity
malignancies, including pharynx, larynx, nasal cavity, paranasal sinuses, and salivary glands. They can spread through
several processes, including direct extension, hematogenous dissemination, perineural spread, and others. Perineural spread is the most dangerous of the above, as it allows
metastasis of tumors through peripheral nerves, so its early
detection is crucial to the patient’s well-being and survival.
The perineural spread can be seen with imaging tools.
The preferred methods for detecting perineural spread
among head and neck tumors are MRI, CT, PET scan,
among others. However, because of the high sensitivity
and specificity of 18F-FDG PET for cellular change and tumors, its use is highly recommended in various studies due
to its high sensitivity in detecting perineural spread and
recurrent metastatic tumors.6–20 For example, Linz et al.
reported the sensitivity of 18F-FDG PET as 78.6% and specificity as 83.1%.19 Similarly, Sherif et al. reported a high sensitivity of 83.33% and specificity of 89.47%.15 Pyatigorskaya
et al. reported a sensitivity of 90% and specificity of 98%.22

Similar to the studies mentioned above, we achieved a high
sensitivity of 91.7% and high specificity of 92.35%.
Apart from high sensitivity of 18F-FDG PET, various studies reported its high accuracy; for example, in the study conducted by Tantiwongkosi, PET scanning has been deemed
an accurate method and crucial initial step in identification
and treatment planning of head and neck tumor.23 Furthermore, Ng et al. reported its high accuracy of 98.4%, while
Sherif et al. reported its accuracy of 88%.6,15 Similarily, we
obtained the accuracy of 91.5%. Based on these statistically
significant results and high sensitivity, specificity and high
diagnostic accuracy, this meta-analysis highly recommends
using 18F-FDG PET in predicting the perineural spread and
in an accurate diagnosis of head and neck tumors.

Limitations
The limitation of the present study is the variability
of PET instruments used and tests performed by different radiographers, which influences the risk of false negative results. Many studies reported comparable diagnosis
of PNS with MRI, however,it’s comparability with PET scan
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perineural spread and early tumor detection rate. Furthermore, it is highly recommended since early detection can
prevent metastasis and increase the chances of survival.
In the current study, we analyzed the available related literature, and based on our statistically significant results,
we highly recommend the use of 18F-FDG PET to detect perineural spread among patients with head and neck tumors.
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Abstract
Background. The use of selective dorsal neurectomy (SDN) as a surgical treatment of premature ejaculation
(PE) has increased for many years in Asian countries.
Objectives. To investigate the correlation between age and curative effects of SDN in primary premature
ejaculation (PPE) in mainland China.
Materials and methods. From September 2016 to September 2020, 65 patients with PPE treated with SDN
were selected for study. All of the patients were followed up from 12 to 56 (30.07 ±13.48) months. They were
divided into 3 groups according to age: group A (22–30 years, n = 23), group B (31–37 years, n = 20) and
group C (38–45 years, n = 22). The 5-item version of the International Index of Erectile Function (IIEF-5) and
Premature Ejaculation Diagnostic Tool (PEDT) results, erectile rigidity grade, intravaginal ejaculation latency
time (IELT), ejaculation control abilities (ECA) scores, and sexual intercourse satisfaction (SIS) scores were
assessed in the 3 groups before and after operation to evaluate the clinical efficacy of surgery.
Results. Fifty-nine patients were finally followed up. The IIEF-5 scores and erectile rigidity grade of group A
was significantly higher than that of groups B and C, both before and after surgery. The change of PEDT
scores in group A was significantly higher than in groups B and C; the difference was statistically significant
(p < 0.05). The IELT, ECA and SIS scores in group A were significantly higher than in groups B and C (p < 0.05).
Operational efficiency ratio in groups B and C (65%, 70%) was significantly lower than in group A (95.24%).
Conclusions. The SDN as a treatment of PPE in different age groups allowed to achieve certain results.
The highest surgical efficiency (95.24%) was observed in the 22–30 years age group and the lowest (65%)
in the 38–45 years age group. Therefore, we believe that the best time for surgery is between 22 and
30 years of age.
Key words: curative effect, age, primary premature ejaculation, selective dorsal neurectomy
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Background
Premature ejaculation (PE) is among the most common
sexual disorders in adult males, affecting approx. 8–30%
of adult males worldwide.1 It is generally accepted that
PE is divided into primary premature ejaculation (PPE)
and acquired premature ejaculation (APE).2 According
to the International Society for Sexual Medicine (ISSM)
definition, PE has the following characteristics: 1) ejaculation that always or nearly always occurs before or within
1 min of vaginal penetration (primary PE), or a clinically
significant and bothersome reduction in latency time,
often to about 3 min or less (acquired PE); 2) the inability
to delay ejaculation in all or nearly all vaginal penetrations; 3) negative personal consequences, such as distress,
bother, frustration, and/or the avoidance of sexual intimacy. 3 Premature ejaculation treatment methods include
psychological, behavioral, medication,4–6 surgical and
Chinese medicine treatment, among others.7 The abovementioned therapies can be used alone or in combination, and the relevant literature reports specific clinical curative effects. However, there are still problems
such as high recurrence rate, side effects and uncertain
long-term efficacy.8,9 In the course of our clinical work,
we found that an increasing number of patients with PPE
still cannot be treated with conservative therapies, and
some patients even voluntarily give up nonsurgical therapies and seek surgical treatment. A representative surgical
procedure for PE is selective dorsal neurectomy (SDN),
and the clinical application of SDN has opened up new
avenues for the treatment of PPE. Although ISSM guidelines disregard surgical treatment of PE arguing that SDN
may lead to permanent loss of sexual function, no literature supports its view.10 On the contrary, over the years,
in Asian countries, an increasing number of studies have
found significant curative effects of the procedure. Still,
varying levels of efficiency in different studies may be
related to the inclusion criteria of surgical cases, selection of surgical modalities and standards of efficacy assessment. Also, in our regular follow-up, we found that
the improvement in intravaginal ejaculatory latency time
(IELT), ejaculation control abilities (ECA) score and sexual
intercourse satisfaction (SIS) score was more pronounced
in younger patients (22–30 years) after the procedure.
We conducted a controlled study to investigate the correlation between SDN curative effects and age. This study
encompassed 65 patients with PPE treated with SDN
in our hospital from September 2016 to September 2020,
in order to compare the postoperative efficacy of SDN
in PPE patients of different ages, and investigate the correlation between age and curative effects of SDN.
The study followed the ethical principles for clinical research based on the Declaration of Helsinki. Patients in the study agreed and volunteered to participate
in the study, and all patients received informed consent
and the confidentiality of their personal data was has been
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ensured. The Ethics Committee of our hospital – an independent body composed of medical and nonmedical staff
– approved the study (approval No. KY2021-340).

Objectives
To investigate the correlation between age and curative
effects of SDN in PPE in mainland China.

Materials and methods
General information
Sixty-five patients were included in this study and divided
into 3 groups according to age: 23 in group A (22–30 years);
20 in group B (31–37 years); and 22 in group C (38–45 years).
All patients had normal erectile function (IIEF-5 ≥ 22) and
varying degrees of symptoms of premature ejaculation
(PEDT ≥ 11). The development of external genitalia was
normal, and there were no abnormalities in the testes,
epididymis and spermatic cord examination. The measurement of blood glucose, blood pressure and thyroid
hormone (T3 and T4) tests were not abnormal.

Selection criteria
The inclusion criteria were as follows: 1) good psychological state; 2) normal erectile hardness during sexual
intercourse; 3) sensitive penile glans; 4) quality of sex
life seriously affecting the relationship between couples;
5) strong desire for surgery; 6) voluntary abandonment
of nonsurgical treatments. Based on Clinical Characteristics Consistent with Primary Premature Ejaculation,11 patients who had a regular sexual partner and had regular
sex for at least 6 months and met the above criteria were
enrolled in this study.
The exclusion criteria were as follows: 1) patients
younger than 22 and older than 45 years; 2) patients with
poor psychological status; 3) patients with concomitant
prostatitis; 4) patients with hyperthyroidism; 5) patients
addicted to drugs; 6) patients with insertion disorders;
7) patients with APE, etc.

Surgical method
Following proper anesthesia, the surgeon made a circular
incision at 0.6–0.8 cm from the coronal sulcus (circumcision first if the foreskin is redundant; if circumcision has
been done, the cut ran along the original incision; Fig. 1A).
Then, the surgeon cut the skin and subcutaneous tissue
layer by layer, and separated the penile fascia tissue at a distance of about 0.8–1.5 cm from the coronal sulcus. After
separating about 3–4 layers of penile fascial tissue, the dorsal penile nerve could be seen above the anatomical level
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Fig. 1. A. Incision of the skin;
B. Exposed dorsal nerves;
C. Preserved dorsal nerves;
D. Closed incision

of the deep dorsal penile vein and dorsal penile artery.
It is yellowish, elastic and rich in trophoblastic vessels,
with about 0.2–1.5 mm transverse diameter. Centering
on the 12 o’clock in the middle of the dorsal side of the penis, the surgeon used fine tip forceps and microscopic
mosquito-type separator forceps to reveal the dorsal penile nerve by separating both sides, reached the urethral
corpus cavernosum ventrally to the penis, and used silk
thread to gently lift and mark the separated dorsal penile
nerve (Fig. 1B). Depending on the patient’s specific condition, one nerve at each of the 3, 9 and 12 o’clock of the penile head was preserved. In principle, approx. 3–4 dorsal
penile nerves were preserved, and the rest of the dorsal
penile nerves were severed and a length of 3–4 cm was
removed (Fig. 1C). If the retained dorsal penile nerve
was >1.5 mm in transverse diameter, the surgeon continued

to separate dorsal penile nerves distally until approaching
the head of the penis, and then the operative area was sutured in 2 layers (Fig. 1D). We performed the indwelling
of the catheter at the end of the procedure.

Observation items and method
Observation items
The following measurement tools were used: 5-item
version of the International Index of Erectile Function
(IIEF-5) score, erectile hardness grade, Premature Ejaculation Diagnostic Tool (PEDT) score, IELT, ECA score,
and SIS scores for patients and partners. The efficiency
of surgery and the incidence of adverse reactions were
also recorded.
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Survey data

of surgery and incidence of adverse reactions; the Cochran–Armitage χ2 test15 was used to determine the relationship between age and efficiency of surgery. A value
of p < 0.05 was considered statistically significant.

The patients resumed normal sexual life 1 month after surgery.12 All patiens were requested to measure and
recorde IELT (in seconds) for each sexual intercourse
with a stopwatch, for 4 occurrences of sexual intercourse
over 2 weeks. The geometric mean IELT calculated for
each patient.13 The following items were calvulated from
the data and statistics prepared by the physicians: ECA
scores (PEDT 1, 2, 3 items), SIS scores of patients (IIEF6, 7
and 8 items), SIS scores of partners (IIEF 10, 13, 14 items),
and the occurrence of postoperative adverse effects.

Results
Clinical data
Two patients in the group A and 1 patient in group C
refused to be followed up, while 1 patient in group C was
lost to follow-up due to a change of personal information; the remaining 61 patients completed the follow-up
(Table 2). There was no statistically significant difference
regarding the IIEF-5 score between the 3 groups before
and after surgery; we observed a statistically significant
difference between groups A and C and groups A and B
(p < 0.05), and no statistically significant difference between groups B and C (Fig. 2). No statistically significant
difference regarding PEDT between the 3 groups before and
after surgery was observed; a statistically significant difference between groups A and C and groups B and C (p < 0.05)
could be seen, while no statistically significant difference
between groups A and B (Fig. 3) was visible. There was no
statistically significant difference regarding erectile rigidity grade between the 3 groups before and after surgery.
Before the surgery, the difference between groups A and B
(Z = −1.763, p = 0.078) was not statistically significant,
while the difference between groups A and C (Z = –2.949,
p = 0.003) was statistically significant, and the difference
between groups B and C (Z = −1.255, p = 0.209) was not
statistically significant (Fig. 4). After the surgery, the difference between groups A and B (Z = −2.063, p = 0.039) was
statistically significant, the difference between groups A
and C (Z = −2.654, p = 0.008) was statistically significant,
and the difference between groups B and C (Z = −0.628,
p = 0.53) was not statistically significant (Fig. 5).
There were statistically significant differences in IELT,
ECA scores, SIS scores of patients, and SIS scores of partners for intragroup comparisons before and after surgery

Evaluation of the curative effect
According to the expert consensus on SDN in China,
patients in whom surgery was judged to be effective had
the following characteristics: 1) IELT ≥ 2 min after surgery;
2) increased ejaculatory control; 3) improved sexual satisfaction of patients and spouses. These 3 items are essential
indicators for assessing the treatment effect of PE after
surgery, and meeting any of them is considered adequate.14

Statistical analyses
The IBM SPSS v. 26.0 (IBM Corp., Armonk, USA)
and GraphPad Prism v. 8.3.0 (GraphPad Software, San
Diego, USA) software were used for statistical analysis
and graphical plotting. All the data were analyzed with
the Shapiro–Wilk test for normal distribution (Table 1).
The variables not distributed normally (age, duration of PE,
number of DN, follow-up time, IELT, ECA, SIS, IIEF-5, and
PEDT) were described using median and quartiles (M (Q1,
Q3)), the comparison between groups (IELT, ECA, SIS,
IIEF-5, and PEDT) was performed with the Kruskal–Wallis test and the intra-group comparisons (IELT, ECA, SIS,
IIEF-5, and PEDT) was performed with the Friedman’s
test. Numeric data (marital status) were expressed as n (%);
the erectile hardness grade of the penis was compared using nonparametric rank-sum test; the exact Fisher’s test
was used for comparison between groups, for efficiency

Table 1. The p-values of Shapiro–Wilk test for variables between the study groups
Variable
IELT

p-value
pre-A

pre-B

pre-C

post-A

post-B

post-C

0.056

0.067

0.131

0.012*

0.195

0.086

ECA

0.009*

0.018*

0.024*

0.003*

0.086

0.192

SIS

0.000*

0.006*

0.003*

0.182

0.705

0.015*

SIS∆

0.005*

0.002*

0.000*

0.327

0.372

0.011*

IIEF-5

0.000*

0.019*

0.001*

0.000*

0.000*

0.012*

PEDT

0.010*

0.086

0.011*

0.000*

0.002*

0.111

IELT – intravaginal ejaculatory latency time; ECA – ejaculation control abilities; SIS – sexual intercourse satisfaction; ∆ – partners; IIEF-5 – 5-item version
of the International Index of Erectile Function; PEDT – Premature Ejaculation Diagnostic Tool; post- – post-operation; pre- – pre-operation; * – statistically
significant. Kruskal–Wallis test and Friedman’s test were used.

Adv Clin Exp Med. 2022;31(8):837–845

841

Table 2. Baseline characteristics
Variable
Age [years]
Duration of PE [years]

Group A (n = 21)

Group B (n = 20)

Group C (n = 20)

p-value

27.00 (23.50, 28.00)

32.00 (30.00, 33.75)

38.50 (38.00, 40.75)

p < 0.05

10.00 (10.00, 13.50)

15.00 (11.50, 18.00)

p < 0.05

5.00 (3.50, 7.00)

Marital status, n (%)
Married

13 (61.90)

15 (75.00)

14 (70.00)

p < 0.05

Single

8 (38.10)

5 (25.00)

6 (30.00)

p < 0.05

Total

9.00 (9.00, 10.00)

9.50 (9.00, 11.00)

p < 0.05

Number of DN
Resected
Follow-up [months]

9.50 (9.00, 11.00)

5.00 (5.00, 6.00)

5.50 (5.00, 7.00)

5.50 (5.00, 7.00)

p < 0.05

33.00 (24.50, 42.00)

24.00 (13.00, 38.25)

26.00 (24.00, 42.00)

p < 0.05

PE – premature ejaculation; DN – dorsal nerves. Values are expressed as number, median and quartiles (M (Q1, Q3)) and percentages. For variables not
distributed normally, non-parametric tests were used.

Fig. 2. Presentation of 5-item version of the International Index of Erectile
Function (IIEF-5) results alteration before and after operation. Values
are presented as median and quartiles (M (Q1, Q3)). Boxplots show
the minimum value, 1st quartile (Q1), median, 3rd quartile (Q3), and
maximum value. The M (Q1, Q3) of postoperative IIEF-5 in groups A, B
and C were 25.00 (25.00, 25.00), 23.00 (22.25, 24.00) and 23.00 (22.00,
22.75), respectively; p.adj < 0.05 for post-a compared to post-b and post-c

Fig. 3. Presentation of Premature Ejaculation Diagnostic Tool (PEDT)
results alteration before and after operation. Values are presented
as median and quartiles (M (Q1, Q3)). Boxplots show the minimum value,
1st quartile (Q1), median, 3rd quartile (Q3), and maximum value. The M (Q1,
Q3) of postoperative PEDT in groups A, B and C were 6.00 (5.00, 7.50),
8.00 (6.00, 12.00) and 8.00 (7.00, 11.00), respectively; p.adj < 0.05 for post-a
compared to post-c

pre- – pre-operation; post- – post-operation; p.adj – p-value corrected
with Bonferroni’s correction.

pre- – pre-operation; post- – post-operation; p.adj – p-value corrected
with Bonferroni’s correction.

in the 3 groups (p < 0.05). Before the surgery, there were
no statistically significant differences in IELT, ECA scores,
SIS scores of patients, and SIS scores of partners between
the 3 groups (p > 0.05). After the surgery, there were statistically significant differences between groups A and C
and A and B in IELT and ECA scores (p < 0.05). While
we observed statistically significant differences between
groups A and C in SIS scores of patients and SIS scores
of partners (p < 0.05), the remaining groups showed no
statistically significant differences between them regarding these scores (Table 3).

group C (n = 20): 13 cases of valid and 7 instances of invalid. The effective rate of patients in group A (95.24%) was
significantly higher than those in groups B and C (70% and
65%, respectively); the difference was statistically significant (p < 0.05) and the gradual decrease in curative effect
rate with age was also statistically significant (Fig. 5).

Clinical efficacy
The results of postoperative efficacy assessment were
as follows: (n = 21): 20 cases of valid and 1 case of invalid;
group B (n = 20): 14 cases of good and 6 instances of invalid;

Adverse reactions
In group A, 1 case of local pain and 1 case of tethered
edema was observed, while in group B, 2 cases of local
pain, 2 cases of tethered edema and 1 case of subcutaneous hard nodes were recorded. As for group C, 1 case
of tethered edema and 1 case of poor appearance occurred,
with no statistically significant difference (p > 0.05). None
of the patients in the 3 groups had any complications such
as abnormal penile erection or erectile dysfunction.
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Table 3. Comparison of IELT, ECA score, SIS score for patients, and SIS score for partners in groups A, B and C before and after the operation
Subjects

M (QL, QU)
group A

group B

Pre-

0.80 (0.45, 1.40)

0.75 (0.40, 1.18)

Post-

5.10 (4.45, 6.00)

4.00 (2.00, 5.15)

H

p-value

1.10 (0.40, 1.18)

0.48

0.79

2.85 (1.83, 3.58)

14.62

0*

group C

IELT

ECA
Pre-

11.00 (10.00, 12.00)

11.00 (10.00, 11.75)

10.00 (10.00, 11.00)

0.58

0.75

Post-

4.00 (3.00, 6.00)

7.00 (4.25, 10.00)

7.00 (6.00, 9.75)

14.41

0&

Pre-

2.00 (1.00, 3.00)

2.00 (1.00, 3.00)

2.00 (1.25, 3.00)

0.19

0.91

Post-

8.00 (6.50, 10.00)

6.50 (3.25, 8.00)

5.00 (3.00, 6.00)

10.66

0µ

SIS

SIS∆
Pre-

2.00 (1.50, 3.00)

2.00 (2.00, 3.00)

1.50 (1.00, 3.00)

0.93

0.63

Post-

9.00 (7.00, 10.50)

7.00 (4.00, 8.75)

5.00 (2.50, 5.75)

12.19

0γ

M (QL, QU) – median (lower quartile, upper quartile); pre- – pre-operation; post- – post-operation; IELT – intravaginal ejaculation latency time;
ECA – ejaculation control abilities; SIS – sexual intercourse satisfaction; ∆ – partners.
*Kruskal–Wallis test results are as follows: H = 14.62, p < 0.001. According to the test standard α = 0.05, if null hypothesis (H0) is rejected, IELT differences can
be considered statistically significant in groups A, B and C after operation.
&
– Kruskal–Wallis test results are as follows: H = 14.62, p < 0.001. According to the test standard α = 0.05, if H0 is rejected, ECA score differences can be
considered statistically significant in groups A, B and C after operation.
µ
– Kruskal–Wallis test results are as follows: H = 14.62, p < 0.001. According to the test standard α = 0.05, if H0 is rejected, SIS score (patients) differences can
be considered statistically significant in groups A, B and C after operation.
γ
– Kruskal–Wallis test results are as follows: H = 14.62, p < 0.001. According to the test standard α = 0.05, if H0 is rejected, SIS score (partners) differences can
be considered statistically significant in groups A, B and C after operation.

Fig. 4. Presentation of rigidity grade alteration before and after operation.
The preoperative rate for grade IV in groups A, B and C were 81%, 65% and
35%, respectively. The postoperative rate for grade IV in groups A, B and C
were 81%, 50% and 40%, respectively; p.adj < 0.05 for pre-a compared
to pre-c; p.adj < 0.05 for post-a compared to post-b and post-c.

Fig. 5. Presentation of curative effect rate alteration after the operation.
The curative effect rate in groups A, B and C was 95.24%, 70% and 65%,
respectively. The p-value for trend indicates that the gradual decrease
in curative effect rate with age was statistically significant; p.adj < 0.05 for
post-a compared to post-b and post-c

p.adj – p-value corrected with Bonferroni’s correction; pre- – pre-operation;
post- – post-operation,

p.adj – p-value corrected with Bonferroni’s correction; pre- – pre-operation;
post- – post-operation.

Discussion
The causes and mechanisms of PE are not fully understood. It is currently believed that PPE is a sexual dysfunction caused by psychological,16 behavioral and neurobiological factors. The neurobiological causes include

penile sensory hypersensitivity,17–19 ejaculatory reflex
hyperactivity, enhanced sexual arousal, possible endocrine diseases, genetic susceptibility, and central 5-HT
receptor dysfunction.20,21 Factors such as penile sensory
hypersensitivity or increased penile sensory nerve excitability play an essential role in PPE.22 Zhang et al.
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found that patients with PPE have more dorsal penile
nerves compared to normal subjects, which may be one
of the reasons for their penile sensory hypersensitivity
or increased penile sensory excitability.23 Rosen et al.
suggested that the cause of PE may be closely related
to a decrease in penile sensory threshold and increased
neural excitability.24 However, the current view is that
penile head hypersensitivity and ejaculatory reflex hyperactivity are the leading causes of PE. The main idea
of clinical surgery for PPE includes selectively removing the dorsal penile nerve endings, which can reduce
nerve impulse transmission, thus reducing the sensitivity of the penile head and prolonging the ejaculatory
latency.14 Some studies have shown that SDN is effective in delaying ejaculation and does not affect erectile
function. Zhang et al. found that at a 6-month follow-up
the efficacy rate in 128 patients was 87.5%, with satisfactory clinical outcomes and no severe complications
such as erectile dysfunction.25 Zhang et al. conducted
a randomized controlled clinical study on 78 patients
with a 2-year postoperative follow-up, and the patients
showed significant improvement in IELT and ejaculatory control compared with the preoperative period,
as well as no complications such as erectile and ejaculatory dysfunction.26 In a nationwide study of 286 patients
with PE treated with SDN in Korea, Yang et al. found
that 96.6% of the patients felt that the symptoms of PE
had subsided and only 0.4% of the patients had erectile dysfunction.27 Zhou et al. treated 78 cases of PPE
with microscopic SDN. They showed significant improvement in IELT and patient and partner SIS scores
at 3-month postoperative follow-up compared with
the pre-treatment period, as well as no complications
such as penile head numbness, abnormal penile erection
and erectile dysfunction (ED).28
Liu et al. found that patients in the surgical treatment
group presented significant improvements in IELT and
ejaculatory control compared with the sham-operated
group at 6-month follow-up. There were no severe
complications such as ED.29 Genov et al. reported a patient with PPE in whom the conservative treatment
had failed, who underwent microscopic SDN and who
were followed up for 12 months after surgery – and
found a 6-fold increase in IELT compared to preoperative measurements. The patient was free of symptoms
of PE at the last follow-up, with no severe complications.30 Alyaev and Akhvlediani observed that the efficiency of the surgical group was 88% higher than that
of the sham-operated group (10.2%), and no erectile dysfunction occurred after surgery.31 It is important to note
that pharmacological treatment as the first-line treatment for PE is still widely accepted worldwide, and SDN
is not mainstream treatment for PE, but a complementary rather than a substitute for non-surgical treatment.
This study showed that most patients treated with
SDN showed significant improvement compared with
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those before treatment. However, the curative effects
of some patients have not yet reached the clinical ideal.
According to the efficacy assessment criteria, the curative effect in group A was significantly higher than
in groups B and C. There was a correlation between curative effect and age. According to the IIEF-5 score and
nocturnal penile tumescence test (NPT), the erectile
function and erectile hardness in patients in the group A
were significantly better than in the other 2 groups before and after surgery. In addition, the PEDT scores
of patients in group A were significantly higher than
in groups B and C before surgery.
In contrast, the PEDT scores of patients in group A
were substantially lower than in groups B and C after
surgery. The patients in group A had a better erectile
function and erectile rigidity, and more significant improvement in PEDT scores before and after surgery.
At the same time, it has been pointed out that there
is a tendency for the values of each point of the penile
biosensor threshold test to increase gradually with age
in patients with PPE, and the sensitivity of the penile
head was reduced to varying degrees.32,33 It can be seen
that PPE treatment with SDN should be performed
as early as possible – optimally at the age of 22–30.
It may be due to the patients’ higher penile sensitivity
and better erectile function that the degree of postoperative improvement is relatively more apparent and
the efficacy tends to be better. Postoperative complications were also analyzed, and the incidence of local
pain, tethered edema, subcutaneous sclerosis, or poor
appearance of penile foreskin in the 3 groups was not
statistically significant. No complications such as abnormal penile erection or erectile dysfunction occurred
in any patient, indicating that increasing age does not
affect treatment safety. Thus, it can be seen that the efficacy of SDN in the treatment of PPE is remarkable,
with few adverse effects. Moreover, the effectiveness
of patients is closely related to their age, and the clinic
should clarify the diagnosis early.

Limitations
There are several limitations to this study. First,
the minimum age to be enrolled in the study was 22,
since the legal age of marriage for men in China is 22,
but in fact, most of the patients presented PE symptoms before they reached such age. At the same time,
the number of patients over 45 years attending our clinic
is low. In the future, we can further expand the age span
in the study group in order to study the relationship
between efficacy and age. Second, there is no uniform
standard for the assessment of ejaculatory control, and
the 3 questions we used (PEDT items 1, 2 and 3) for review may cause some inaccuracies. Third, the number
of cases included in this study is limited, and the results
of multicenter studies are lacking; further expansion
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of the sample size is needed in the future to reduce errors. Fourth, there is no unified surgical efficacy assessment standard. The Chinese guidelines for diagnosing
and treating PE and the expert consensus criteria may
be appropriate only for the Asian population. Future
multi-geographic and multi-institutional studies are
needed to clarify them further. Fifth, our patients did
not have complications such as glans numbness, probably due to the appropriate number of dorsal penile
nerves preserved during the procedure. Still, we did
not determine how many dorsal nerves should be selectively resected in each patient to achieve optimal
IELT prolongation.

8.
9.
10.

11.

12.

13.

Conclusions
14.

The SDN as surgical treatment of PPE in different age
groups has achieved certain results. The highest surgical
efficiency (95.24%) was achieved in the 22–30 age group
and the lowest (65%) in the 38–45 age group. Therefore,
we believe that the best time for a such surgery is between
22 and 30 years of age.
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Background. Achillotendinopathy is reported as an overuse disorder and/or degeneration change of the tendon. The diagnosis of tendinopathy is not always easy through imaging modalities. The B-mode grayscale
sonography and power Doppler are well-established methods aimed at visualising tendon structure, but
have limited sensitivity and lack conventional sonographic characteristics in symptomatic patients. Shear
wave ultrasound elastography quantitatively assesses tissue stiffness.
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Objectives. To compare the diagnostic accuracy of shear wave ultrasound elastography to that of standard
ultrasound (combined B-mode grayscale sonography and power Doppler) for diagnosis of achillotendinopathy,
considering clinical symptoms as the reference standard.
Materials and methods. Standard questionnaires regarding medical history and the Chinese version
of a Victorian Institute of Sports Assessment – Achilles Questionnaires (VISA-AC) score were evaluated for
a total of 14 treatment-naïve patients with complaints of localized swelling, and reduced force and/or flexibility
of the Achilles tendon(s). The irregular thickening around the Achilles tendon, heterogeneity of echotexture
of the tendon and calcification of the calcaneal attachment were considered incidences of tendinopathy
in B-mode grayscale sonography. Tendinopathies were considered if tendons were >0.60 cm thick in power
Doppler. Shear wave elasticity <350 kpa (10 m/s) was considered tendinopathy.
Results. A total of 28 conditions of both sides were evaluated through standard ultrasound examinations.
Eighty-four tendons were assessed using shear wave ultrasound elastography. Asymptomatic tendons were
visible as red and symptomatic (VISA-AC score <80) tendons were visible as blue or turquoise in the images.
The rigidity of symptomatic tendons was lower than that of asymptomatic tendons (p < 0.0001). Sensitivity
and accuracy for standard ultrasound were increased by the addition of shear wave ultrasound elastography for
both symptomatic and asymptomatic tendons. The VISA-AC score was strongly correlated with the elasticity
values (p = 0.000, Kendall’s tau-beta (τβ) = 0.71) of Achilles tendons.
Conclusions. Shear wave ultrasound elastography augments diagnostic confidence of standard ultrasound
for the treatment of tendinopathies of Achilles tendons.
Key words: power Doppler, Achilles tendon, B-mode grayscale sonography, shear wave ultrasound elastography, tendinopathies
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Background
Achilles tendinopathy (achillotendinopathy) is an orthopedic injury reported due to overuse of lower extremity,
especially among athletes (overuse disorder) and elderly
people (degeneration change of the tendon).1 Achilles tendinopathy leads to chronic tendon pain, chronic tendon
injury and/or accumulation of subclinical microdamage.2
To overcome rupture of a tendon, chronic pain and severe
injuries of a tendon, and to provide effective treatment,
early diagnosis of tendinopathy is necessary.3 Etiology and
pathology of Achilles tendinopathy are not fully understood.4 Therefore, it is difficult to choose an appriopriate
treatment.
Achillotendinopathy is a huge clinical problem and
better diagnostic tools would be beneficial for the followup of patients with Achilles tendinopathy. The diagnosis
of tendinopathy is not always easy using imaging modalities5 because 3 different muscles contribute to the Achilles
tendons.6 The B-mode grayscale sonography and power
Doppler are well-established ultrasound techniques, and
magnetic resonance imaging (MRI) is used to visualize
tendon structure7 because heterogeneous echogenicity
or hypoechogenicity and increased tendon thickness correlates with tendon functions.8 However, their utilization
in Achilles tendinopathy diagnosis is controversial9 because their sensitivity is limited and Achilles tendinopathy
lacks conventional sonographic characters in symptomatic
patients.10
Shear wave ultrasound elastography allows to quantitatively assess tissue stiffness, but is used less often in tendinopathy diagnostics. It is well-established for visualization
of stiffness of liver,11 breast,12 prostate,13 thyroid,14 shoulder
tendons,15 and tongue muscle16 lesions. It is also regarded
as a promising tool for the diagnosis of Achilles tendinopathy and patellar tendons in routine clinical practice.17

Objectives
The objectives of the retrospective analysis of a crosssectional study were to compare the diagnostic accuracy
of quantitative shear wave ultrasound elastography to that
of a standard ultrasound (combined qualitative B-mode
grayscale sonography and quantitative power Doppler)
for diagnosis of Achilles tendinopathy in treatment-naïve
patients, considering clinical symptoms as the reference
standard.

Materials and methods
The designed protocol of the study was approved
by the ethics committee of the Chongqing Jiulongpo District Second People’s Hospital (approval No. CJSPH2123
dated April 20, 2020). The study protocol adheres
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to Chinese law and the 2008 Declaration of Helsinki. All
studied patients have signed during hospitalization an informed consent form regarding radiological examinations,
biochemical tests and publication of anonymized information in the form of a scientific article (1 or more).
The inclusion criteria were as follows: patients from a diabetes clinic with complaints of pain in the Achilles unilateral or bilateral tendon(s), diffuse or localized swelling,
reduced force, and/or reduced flexibility of the unilateral
or bilateral tendon(s) in the last 6 months.
Patients who had undergone treatment for their clinical symptoms, like physical therapy or medication (systemic, and/or topical) with nonsteroidal anti-inflammatory
drugs, were excluded from analysis because symptoms
should persist at the time of ultrasound examinations.
Patients with tendon rupture or surgery were also excluded
from analysis.

Clinical assessment
Standard questionnaires regarding medical history,
sports activity and tendon pain (in rest, movement and
pressure) were evaluated for all studied patients before
ultrasound examinations were performed by orthopedic
surgeons. The Chinese version of a Victorian Institute
of Sports Assessment – Achilles Questionnaires (VISAAC) score was used for the evaluation of pain in tendons.18
The score ranges from 100 to 0, in which 100 means no
pain or no impairment in physical activity and 0 means
maximum pain or maximum impairment in physical activity. Glycated hemoglobin (%HbA1C), cholesterol, serum
triglycerides, fasting blood glucose, and urine albumin
levels were evaluated through pathological examinations.
Tendons with a VISA-AC score less than 80 were considered symptomatic.3

Ultrasound examinations
All studied patients underwent a bilateral multimodal
ultrasound that included B-mode grayscale sonography,
power Doppler ultrasound and shear wave ultrasound
elastography. Aixplorer (SuperSonic Imagine, Aix-enProvence, France) ultrasound equipment with 15 MHz
linear transducer (SuperLinear SL15-4; SuperSonic Imagine) and 256 bandwidths from a 5–14 MHz range were
used. Wall filter, alias threshold and other standardized
setting parameters were the same in all studied patients.
A gel (Sonogel®; Sonogel Vertriebs GmbH, Bad Camberg,
Germany), a cushion delay block (length: 100 × 100 mm)
and a 20 mm delay distance between transducer and skin
were used to improve docking. All ultrasound examinations were performed by radiologists (blinded to the patients’ symptoms) with minimum 5 years of experience.
The Achilles tendons were examined in a relaxed state,
in prone position, with foot hanging freely beyond the examination couch.
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Standard ultrasound examination
B-mode grayscale sonography in the longitudinal and
axial planes was performed. Conditions of the area around
the left and right Achilles tendons were evaluated. The irregular thickening around the Achilles tendon, heterogeneity of echotexture of the tendon and calcification
of the calcaneal attachment were considered incidences
of tendinopathy.3 Then, power Doppler of the whole tendons was performed, and the thickness of the left and right
Achilles tendons was evaluated. Achilles tendinopathy
was considered if tendons were more than 0.60 cm thick.19
The representative image for power Doppler of the tendon
is presented in Fig. 1.

849

tendon. It was performed for the most suspicious area
detected with the B-mode grayscale sonography. The results were analyzed based on color images (semi-quantitatively) and by rigidity of tissue in the region of interest
(ROI; quantitatively). The meaning of the colors is: blue
– low rigidity, turquoise – intermediate rigidity, yellow
to red – high rigidity. The Young’s modulus was used for
a quantitative assessment of shear wave ultrasound elastography. The maximum speed of the shear wave was 500
kPa/13 m/s with 2 cm depth. In the ROI, mean and maximum rigidity and shear wave speed were evaluated. A total
of 2 mm was the standard diameter of the ROI. 3 The representative images for B-mode grayscale sonography and
shear wave ultrasound elastography are presented in Fig. 2.
The characteristics of the most auspicious area in the Bmode grayscale sonography were: the irregular thickening
around the Achilles tendon, heterogeneity of echotexture
of the tendon and calcification of the calcaneal attachment. Shear wave elasticity less than 350 kpa (10 m/s) was
considered tendinopathy.

Beneficial score analysis
Working area for treatment of tendinopathy was decided
based on Equation 120:

Beneficial score analysis =
Fig. 1. The power Doppler image of a tendon. The thickness of the left
Achilles tendon was 0.57 cm
LT – left tendon.

Shear wave ultrasound elastography
Shear wave ultrasound elastography was performed for
the upper left Achilles tendon, middle left Achilles tendon,
lower left Achilles tendon, upper right Achilles tendon,
middle right Achilles tendon, and lower right Achilles

true positive tendinopathy detected
–
total number of tendons evaluated
false negative tendinopathy detected
×
total number of tendons evaluated

(1)

level of diagnostic confidence above which
treatment for tendinopathy can be
initiated or continued
×
1 – level of diagnostic confidence above
which treatment for tendinopathy can be
initiated or continued

Fig. 2. B-mode grayscale sonography and shear wave ultrasound elastography images of tendons (RT – right tendon). A. Irregular thickening
around the Achilles tendon in the B-mode grayscale sonography (blue color image in the shear wave ultrasound elastography signifies low rigidity);
B. Heterogeneity of echotexture of the tendon in the B-mode grayscale sonography (turquoise color image in the shear wave ultrasound elastography
signifies intermediate rigidity); C. Calcification of the calcaneal attachment in the B-mode grayscale sonography (yellow to the red color image in the shear
wave ultrasound elastography signifies high rigidity). A circle in the B-mode grayscale sonography represents the region of interest: 2-mm diameter
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Results

Diagnostic parameters
Sensitivity and accuracy were evaluated as in Equation 2,3:
sensitivity =

true positive tendinopathy
true positive tendinopathy +
+ false negative tendinopathy

true positive tendinopathy +
+ true negative tendinopathy
accuracy =
total number of tendons evaluated

(2)

(3)

Statistical analyses
The IBM SPSS v. 26.0 software (IBM Corp., Armonk,
USA) was used for statistical analyses. The Mann–Whitney test was performed for continuous data. The Fisher’s
exact test was used for categorical data. The Kendall’s taubeta correlation was developed between VISA-AC score
and the ultrasound characteristics of Achilles tendons
at 95% confidence interval (95% CI). The Kendall’s tau-beta
correlation coefficient (τβ) was interpreted as: 0 – no correlation, 0.1–0.39 – weak correlation, 0.4–0.69 – moderate
correlation, 0.7–0.89 – strong correlation, and ≥0.9 – perfect correlation.21 All results were considered significant
if the p-value was less than 0.05.

Study population
From April 21, 2020 to May 1, 2021, 32 individuals
with complaints of pain, diffuse or localized swelling,
reduced force, and/or reduced flexibility of the Achilles
tendon(s) were enrolled at the Department of Orthopedics of the Chongqing Jiulongpo District Second People’s
Hospital, Chongqing, China, and the Chongqing Red Cross
Hospital, People´s Hospital of Jiangbei District, Chongqing,
China. Among them, 14 patients had undergone treatment
for their clinical symptoms, 3 patients had tendon rupture and 1 patient had undergone surgery. Therefore, data
of these patients (n = 18) were not included in the analysis.
Data on clinical symptoms, pathological examinations, Bmode grayscale sonography, power Doppler ultrasound, and
shear wave ultrasound elastography of 14 patients were retrospectively included in the analysis after obtaining written
approval from the respective institutions, as it was a retrospective study. The flow diagram of retrospective analysis
of the study is presented in Fig. 3.

Clinical symptoms
Clinical symptoms of 14 patients were analyzed. The details of their clinical symptoms are presented in Table 1.

Individuals with complains of pain of the Achilles tendon, patellar, and/or humeral epicondylar,
or diffuse or localized swelling, reduced force, and/or reduced flexibility tendon(s) (32 individuals)
excluded (18 individuals)
• treatment for clinical symptoms (14 individuals)
• tendon rupture (3 individuals)
• surgery (1 individual)
data included in the analysis (14 individuals)

Index test

clinical symptoms and pathological
examinations (14 individuals)

B-mode grayscale sonography + power
Doppler ultrasound (14 individuals)

shear wave ultrasound elastography
(14 individuals)

28 left and right Achilles tendons
• conditions around 28 Achilles tendons
• thickness of 28 Achilles tendons

upper left, middle left, lower left, upper right, middle
right, and lower right (n = 84 Achilles tendons)
• elasticity
• color image

Analyses
• demographic characteristics
• VISA-AC
• pathological data

Fig. 3. The flow diagram of retrospective analyses
VISA-AC – Chinese version of a Victorian Institute of Sports Assessment – Achilles Questionnaires.
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Standard ultrasound examination

Table 1. Clinical symptoms of the study group
Parameters

Value

Numbers of individuals included in the study

14

male
female

8 (57)
6 (43)

Age [years]

minimum
maximum
mean ±SD

20
77
54.93 ±16.93

Duration of diabetes
course

<1 year
1–5 years
5–10 years
>10 years

2 (14)
4 (29)
2 (14)
6 (43)

Systolic blood pressure
[mm Hg]

minimum
maximum
mean ±SD

99
150
123.5 ±13.89

Diastolic blood pressure
[mm Hg]

minimum
maximum
mean ±SD

57
110
79.5 ±15.29

Height [m]

minimum
maximum
mean ±SD

1.55
1.78
1.69 ±0.09

Weight [kg]

minimum
maximum
mean ±SD

64
86
69.4 ±6.71

Body mass index [kg/m2]

minimum
maximum
mean ±SD

21.22
30.39
24.77 ±2.90

Gender

Ulcers on the feet

3 (27)

Peripheral neuropathy

10 (71)

Insulin use

7 (50)

Oral hypoglycemic drug(s) use

13 (93)

Glycated hemoglobin
[%HbA1C]

minimum
maximum
mean ±SD

4.5
13.5
8.1 ±2.15

Total cholesterol [mM/L]

minimum
maximum
mean ±SD

1.8
6.5
3.49 ±1.71

Triglycerides [mM/L]

minimum
maximum
mean ±SD

0.41
2.8
1.79 ±0.77

Fasting blood glucose
[mM/L]

minimum
maximum
mean ±SD

4.02
23.9
12.07 ±4.28

Presence of albumin in the urine
Pain (VISA-AC) score

4 (29)
minimum
maximum
mean ±SD

44
94
83.93 ±7.67

Constant variables are demonstrated as frequency (percentages) and
continuous variables are demonstrated as mean ± standard deviation
(SD). VISA-AC – Chinese version of a Victorian Institute of Sports
Assessment – Achilles Questionnaires.

Among these 14 patients, 4 had bilateral tendons and 10 had
unilateral tendons. A total of 84 tendons were analyzed.
Among them, 11 (13%) were symptomatic and 73 (87%)
were asymptomatic.

Standard ultrasound examination was performed at left
and right Achilles tendons. A total of 28 conditions (left
and right) were evaluated using standard ultrasound examination and 14 (50%) of them were reported as tendinopathies. The remaining 14 conditions were diagnosed
using ultrasound as asymptomatic.

Shear wave ultrasound elastography
Asymptomatic tendons were visible as red (high rigidity) and symptomatic tendons as blue (low rigidity) or turquoise (intermediate rigidity) images. Tendon rigidity of symptomatic tendons were lower than
that of asymptomatic tendons. Shear wave ultrasound
elastography results for Achilles tendons was reported
in Table 2. According to these measurements, 39 (46%)
out of 84 tendons had tendinopathies. Among them,
29 (34%) were asymptomatic and 10 (12%) were symptomatic. The elasticity values of the symptomatic tendons were lower than those of the asymptomatic ones
(p = 0.044, Mann–Whitney test).

Correlation between pain symptoms
and ultrasound examinations
The VISA-AC score had weak correlation with standard
ultrasound characteristics (τβ = 0.31, degrees of freedom
(df) = 83, p = 0.5467) and with power Doppler characteristics (τβ = 0.38, df = 83, p = 0.1051) of Achilles tendons,
but that was strongly correlated with the elasticity values (p = 0.0001, df = 83, τβ = 0.71) of Achilles tendons.
The details of the correlation between pain symptoms and
ultrasound examinations are reported in Fig. 4.

Diagnostic parameters
All studied patients had mild to moderate complaints
about each tendon, and therefore, tendinopathy was clinically considered in all tendons. Sensitivity for standard
ultrasound, shear wave ultrasound elastography and standard ultrasound plus shear wave ultrasound elastography
for symptomatic tendons were 0, 1 and 1, respectively. Accuracy for standard ultrasound, shear wave ultrasound
elastography and standard ultrasound plus shear wave
ultrasound elastography for symptomatic tendons were 0,
1 and 1, respectively. Sensitivity for standard ultrasound,
shear wave ultrasound elastography and standard ultrasound plus shear wave ultrasound elastography for asymptomatic tendons was 0.58, 0.38 and 0.78, respectively.
Accuracy for standard ultrasound, shear wave ultrasound
elastography and standard ultrasound plus shear wave ultrasound elastography for asymptomatic tendons was 0.58,
0.38 and 0.78, respectively. Sensitivity for standard ultrasound, shear wave ultrasound elastography and standard
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Fig. 4. Correlation between pain symptoms and ultrasound examinations. A. Correlation between VISA-AC score and B-mode grayscale sonography
characteristics. Coding of B-mode grayscale sonography characteristics: 0 – none, 1 – blurred Achilles tendon texture, 2 – blurred Achilles tendon texture and
bursa effusion behind the calcaneus, 3 – roughness around the Achilles tendon, the blurry texture of the tendon and calcification of the calcaneal attachment;
B. Correlation between VISA-AC score and thickness of Achilles tendon; C. Correlation between VISA-AC score and elasticity values
VISA-AC – Chinese version of a Victorian Institute of Sports Assessment – Achilles Questionnaires.
Table 2. Elasticity values of the different types of Achilles tendons
Elasticity values

Type of Achilles tendons

Achilles tendon

Numbers of tendons
Minimum [kPa]

symptomatic

asymptomatic

Comparisons between symptomatic
and asymptomatic tendons
p-value

84

11

73

38.6

38.6

310.8

Maximum [kPa]

475.5

300.2

475.5

Median [kPa]

355.5

220.4

361

<0.0001

Variables are demonstrated as mean ± standard deviation (SD). The Mann–Whitney test was performed for statistical analysis. Results were considered
significant if the p-value was less than 0.05.
Table 3. Diagnostic parameters of index tests for Achilles tendons
Clinical
symptoms

Parameters
Numbers of tendons
True positive
tendinopathy

84

Standard (B-mode grayscale
sonography + power
Doppler) ultrasound

Shear wave ultrasound
elastography

84

**p-value

84

Standard ultrasound +
shear wave ultrasound
elastography

**p-value

84

**p-value

symptomatic

11 (13)

0 (0)

<0.0001

11 (13)

0.999

11 (13)

0.999

asymptomatic

73 (87)

42 (50)

<0.0001

28 (33)

<0.0001

57 (68)

<0.0001

total

84 (100)

42 (50)

<0.0001

39 (46)

<0.0001

68 (81)

<0.0001

0 (0)

0 (0)

N/A

0 (0)

N/A

0 (0)

N/A

True negative tendinopathy
False positive tendinopathy
symptomatic

0 (0)

0 (0)

N/A

0 (0)

N/A

0 (0)

N/A

0 (0)

11 (13)

0.0007

0 (0)

N/A

0 (0)

N/A

False negative
tendinopathy

asymptomatic

0 (0)

31 (15)

<0.0001

45 (54)

<0.0001

16 (19)

<0.0001

total

0 (0)

42 (50)

<0.0001

45 (54)

<0.0001

16 (19)

<0.0001

symptomatic

1.00

0

N/A

1.00

N/A

1.00

N/A

Sensitivity

asymptomatic

1.00

0.58

N/A

0.38

N/A

0.78

N/A

Accuracy

total

1.00

0.5

N/A

0.46

N/A

0.81

N/A

symptomatic

1.00

0

N/A

1.00

N/A

1.00

N/A

asymptomatic

1.00

0.58

N/A

0.38

N/A

0.78

N/A

total

1.00

0.5

N/A

0.46

N/A

0.81

N/A

Variables are demonstrated as frequency (percentages). The Fisher’s exact test was performed for statistical analysis. Variables were compared for statistical
analysis. Results were considered significant if the p-value was less than 0.05. N/A – not applicable. **with respect to the results of clinical symptoms being
reference standards.

ultrasound plus shear wave ultrasound elastography for all
Achilles tendons (symptomatic and asymptomatic) was 0.5,
0.46 and 0.81, respectively. Accuracy for standard ultrasound, shear wave ultrasound elastography and standard

ultrasound plus shear wave ultrasound elastography for
all Achilles tendons (symptomatic and asymptomatic) was
0.5, 0.46 and 0.81, respectively. The details of diagnostic
parameters for index tests are reported in Table 3.
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Fig. 5. Beneficial score analyses for index tests. A. For symptomatic Achilles tendons; B. For asymptomatic Achilles tendons; C. For all Achilles tendons
(symptomatic plus asymptomatic)

Beneficial score analysis
Working areas for the treatment of tendinopathies
of symptomatic Achilles tendons for shear wave ultrasound
elastography and standard ultrasound plus shear wave
ultrasound elastography were 0–1 diagnostic confidence/
tendon (Fig. 5A). Working areas for the treatment of tendinopathy of asymptomatic Achilles tendons for standard
ultrasound (B-mode grayscale sonography + power Doppler), shear wave ultrasound elastography and standard
ultrasound plus shear wave ultrasound elastography were
0–1 diagnostic confidence/tendon, 0–0.61 diagnostic confidence/tendon and 0–1 diagnostic confidence/tendon,
respectively (Fig. 5B). Working areas for the treatment
of Achilles tendinopathy of all Achilles tendons (symptomatic plus asymptomatic) for standard ultrasound (B-mode
grayscale sonography + power Doppler), shear wave ultrasound elastography and standard ultrasound plus shear
wave ultrasound elastography were 0–0.98 diagnostic confidence/tendon, 0–0.86 diagnostic confidence/tendon and
0–1 diagnostic confidence/tendon, respectively (Fig. 5C).

Discussion
The study found that sensitivity and accuracy for standard ultrasound plus shear wave ultrasound elastography were higher for both symptomatic and asymptomatic
tendons than those of standard ultrasound. The results
of the measurements of diagnostic parameters of the current study are consistent with those of a prospective study3
and a cross-sectional study,17 but are not consistent with
that of another prospective study.5 Different study populations are the probable reason for contradictory results.
There is a noticeable change in shear wave elasticity values between healthy and diseased tendon(s).9 Shear wave
ultrasound elastography augments diagnostic confidence
for treatment of Achilles tendinopathy.
A study by Visnes et al. reported that standard ultrasound had a higher rate of false negative findings. Also,
shear wave ultrasound elastography is not yet standardized
to the level of elimination of false negative cases. In clinically symptomatic patients, standard ultrasound often

cannot find sonographic features.10 Also, inter-observer
correlation is an issue for qualitative evaluations of standard ultrasound,22 while shear wave ultrasound elastography
provides quantitative information, which has lower interobservers’ variabilities.3 The B-mode grayscale sonography
and power Doppler provide limited information on Achilles
tendinopathy.
In the present study, the results demonstrated that the pain
is strongly correlated to the elasticity of the Achilles tendon
but weakly correlated with standard ultrasound. The detected
correlations between VISA-AC score and imaging parameters
of Achilles tendons of the current study are consistent with
those presented in prospective studies3,5,23 and a cross-sectional study.17 Tendon degradation occurs due to loss of fiber,
which causes the softening of Achilles tendons, and consequently the patient feels pain.9 It is possible to use elasticity
as an index to evaluate the pain degree of the patient.
This study found that the elasticity values of symptomatic
Achilles tendons were lower than those of the asymptomatic ones. The elasticity values measured in the current
study are consistent with a prospective study. 3 The possible reasons for parallel results are that the comparisons
of the elasticity values of symptomatic and asymptomatic
tendons in the current study were performed for individuals in the full age range (28–65 years). The prospective
study3 was also performed for individuals in a full age range
(mean ± standard deviation (SD) 42 ±13.4 years, range:
20–71 years).3 The close correlation between the elasticity
values of Achilles tendons and clinical symptoms is less
pronounced in elderly individuals. 3 The tissue rigidity
of Achilles tendons is correlated with clinical symptoms
in treatment-naïve patients.
Working areas for the treatment of Achilles tendinopathy for standard ultrasound plus shear wave ultrasound
elastography were equal to that of clinical symptoms for
symptomatic and asymptomatic tendons. Shear wave ultrasound elastography with standard ultrasound can be
useful for initiation of treatment for Achilles tendinopathy
or monitoring treatment for the same.
In the article, the 3 parts of the tendons assessed using
shear wave elastography are considered as 3 different tendons and 14 tendons with both sides are finally considered
as 84 tendons. The possible justification is that the elasticity
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of different parts and sides of tendons are dissimilar and
not correlated with each other. Therefore, it is possible
to consider the parts of the tendons as different tendons.

Limitations
The main limitation of this study is that it is a retrospective analysis and not a prospective study. A small sample
size (only 14 study patients with 18 painful tendons) led
to the type I error. Inter- and intraobserver variabilities
were not evaluated (the study was performed by several
doctors and the standardization of the study was not performed). The patients’ degree of pain was used as the gold
standard. However, patients can have symptoms referable
to the Achilles tendon but it does not necessarily mean that
the patient has Achilles tendinopathy. Pathological diagnostic tests can also be used for diagnosis of tendinopathy
and the patient may be asymptomatic early on.

Conclusions
Shear wave ultrasound elastography augments diagnostic confidence for treatment of Achilles tendinopathy.
The B-mode grayscale sonography and power Doppler
provide limited information for Achilles tendinopathy.
The elasticity values of Achilles tendons are correlated
with pain. Shear wave ultrasound elastography with standard ultrasound can be useful for initiation or monitoring
of treatment of Achilles tendinopathy.
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Abstract
Background. Hemodialysis (HD) patients have a high prevalence of severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2) infection and mortality, but they may have a weak response to coronavirus
disease 2019 (COVID-19) vaccines.
Objectives. This study aimed to evaluate factors predictive of humoral response in HD patients vaccinated
against SARS-CoV-2 infection.
Materials and methods. This is a 2-center observational study including HD patients who received
the BNT162b2 mRNA vaccine followed by serological measurements 20 days and 4 weeks after the 1st and
2nd dose, respectively. Healthy controls were included. Anti-spike antibody was measured using the chemiluminescent immunoassay (CLIA) method. The quantile regression analysis was performed to assess factors
associated with anti-spike antibody titers.
Results. Seventy-two HD patients and 22 healthy controls were included. Mean age of dialysis patients and
controls was 72.5 ±11.5 years and 45.7 ±17.4 years, respectively. In the HD group, median levels of anti-spike
antibody were 3 (interquartile range (IQR): 0.5−26) UI/mL and 391 (IQR: 55−1642) UI/mL after the 1st and
2nd dose, respectively, with response rates of 62.5% and 96.7%. The median level of the anti-spike antibody
after the 1st dose in previously infected patients was 8571 (IQR: 2586−19147) UI/mL. There was a significant
correlation between anti-spike antibody levels after the 2nd dose and age and anti-hepatitis B surface (HBs)
antibody and serum albumin levels (Spearman’s rho: r = −0.289, p < 0.001; r = 0.357, p = 0.027; r = 0.317;
p = 0.026, respectively). The regression analysis showed a significant association of previous infection and
anti-Hbs antibody level with anti-spike antibody level after the 1st dose of vaccine (p < 0.001). After a 5-month
follow-up, 2 vaccinated patients contracted COVID-19.

10.17219/acem/147360

Conclusions. This study showed a response rate of 96.7% to 2 doses of BNT162b2 mRNA vaccine in HD
patients and 100% to a single dose in previously infected patients. The level of anti-spike antibody can be
predicted by age, anti-Hbs antibodies, serum albumin, and previous infection. Despite the immunization
of patients, preventive measures should be maintained in all dialysis units.
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Background
Globally, vulnerable populations were severely afflicted
by the severe acute respiratory syndrome coronavirus 2
(SARS-CoV-2) pandemic. Hemodialysis (HD) patients
emerged as one of the high-risk groups for coronavirus
disease 2019 (COVID-19). Once infected, their mortality rate reached 20–25% in several national and global
reports.1–3 This led nephrology societies across the globe
to call for effective preventive measures in these patients
as well as to put them on priority lists for vaccination
against COVID-19.4–7
Despite the urgent need to vaccinate HD patients, this
comorbid population is known to have low immunity and
poor response to vaccines. Since decades, the best practice in HD patients has required administering vaccines
against hepatitis B and pneumococcal infection. However,
several studies revealed the weak immunization rates,
the decline in the antibodies with time and consequently,
a lack of chronic protection against the aforementioned
diseases.8,9 In relation to COVID-19 vaccines, several recent
studies showed a diminished humoral response intensity
to 2 doses of the COVID-19 BNT162b2 (Pfizer-BioNTech)
mRNA vaccine compared to healthy controls.10–13 Despite
the low levels of antibody titers, the rate of seropositivity
seemed to vary between different reports.14 Moreover, previously infected patients were found to mount their antibodies
very early after the 1st dose.10,15,16 Therefore, some patients
might need 3 doses and others 1 dose only. On another note,
the results have been contradictory regarding the correlation between the humoral response to COVID-19 vaccine
and previous response to hepatitis B vaccine.12,17

Objectives
This study aims to elucidate the factors affecting the humoral response of HD patients after the COVID-19 mRNA
vaccine.

Materials and methods
Study setting
The vaccination campaign against COVID-19 started
in Lebanon on February 14, 2021, with a prioritization
of healthcare workers and elderly above 75 years of age.
Hemodialysis patients received the BNT162b2 mRNA vaccine progressively, based on their age category (category
1A: ≥75 years, category 1B: 55–74 years; patients aged
16–54 years were vaccinated as the last category among
HD patients). It took 5 months to cover the vaccination
of all HD patients in the country.
The study included all chronic HD patients who received
the vaccine and were tested for anti-spike antibody after

vaccination. Nephrologists who participated in the previous national study on COVID-19 prevalence in HD were
contacted to include their patients.3 Only 5 nephrologists
from 2 units performed serological testing in their patients
following vaccination. The HD patients of these 2 units,
Saint-George Ajaltoun and Bhannes hospitals, Lebanon,
were finally included. These 2 units provided dialysis treatment for 123 patients before their first COVID-19 cases.
Among these patients, 33 contracted COVID-19, 12 died
from this disease and 9 from other causes. Not all infected
patients received the vaccine. Until the end of July 2021,
82 patients received 2 doses of vaccine and 72 patients had
the anti-spike antibody level measured.
Healthcare workers, some family members of patients
and staff who were vaccinated and serologically tested
were included as healthy controls.

Study design and participants
This is a retrospective study that collected data of HD
patients who were administered the 1st dose of COVID-19
vaccine between February 15, 2021 and July 31, 2021.
All HD patients in Lebanon who were tested for anti-spike
protein antibody 20 days after their 1st dose and 4 weeks
after their 2nd dose of vaccine were included.
The study got the approval of the ethics committee
of Hotel-Dieu de France-affiliated to Saint-Joseph University, Beirut, Lebanon (approval No. CEHDF 1829) and
was conducted in agreement with the Declaration of Helsinki of 1975.

Data collection
The outcome variable recorded for each patient was
the level of anti-spike antibody after the 1st and 2nd dose
of COVID-19 vaccine. Other variables collected were:
age, sex, current smoking status, dialysis vintage, frequency of dialysis, number of weeks between the 2 doses
of vaccine, comorbidities such as diabetes, hypertension,
coronary artery disease (CAD), heart failure, cancer, and
whether on immunosuppressive therapy or not. We also
collected the hepatitis B vaccination status parameters
for each patient: if fully vaccinated (yes/no), if immunized
(yes/no) (defined as anti-hepatitis B surface (HBs) antibody
levels above 10 UI/mL) and the last measured level of antiHbs antibody. Symptoms or side effects after vaccination
were retrieved from medical charts: fever, myalgia, painful
arm, headache, and other symptoms. Laboratory parameters included serum albumin level before vaccination and
platelet count 1 month after the 2nd dose.

Anti-spike antibody measurement
The humoral response was evaluated using Elecsys
Anti‑SARS‑CoV‑2 S on the cobas e 411 analyzer (Roche Diagnostics, Basel, Switzerland). Elecsys Anti‑SARS‑CoV‑2 S
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is an electrochemiluminescence immunoassay (CLIA)
intended for detection of antibodies against the receptor
binding domain (RBD) of the spike (S) protein in human
serum and plasma. The anti‑SARS‑CoV‑2 S detected are
mainly immunoglobulin G (IgG), in addition to immunoglobulin A (IgA) and immunoglobulin M (IgM). The Elecsys Anti‑SARS‑CoV‑2 S assay uses a recombinant protein
portraying the RBD of the spike antigen in a double‑antigen sandwich assay format. Biotinylated SARS‑CoV‑2
S‑RBD‑specific recombinant antigen and SARS‑CoV‑2
S‑RBD‑specific recombinant antigen labeled with a ruthenium complex are first incubated to form a sandwich
complex. During the 2nd incubation, the complex becomes
bound to the solid phase via interaction of biotin and streptavidin, after addition of streptavidin-coated microparticles.
The reaction mixture is aspirated into the measuring cell
where the microparticles are magnetically captured onto
the surface of the electrode. Then, application of a voltage
to the electrode induces chemiluminescent emission which
is measured with a photomultiplier. The results are determined via a calibration curve which is generated by a 2‑point
calibration and a master curve provided via the reagent barcode or e‑barcode. The total duration of the assay is 18 min.
When titers were above 250 UI/mL, dilution was performed
up to 1/100. A cutoff of 0.8 UI/mL was used for interpretation. The sensitivity of the test is considered to be 89%, 98%
and 100% after 14–20 days, 21–27 days and beyond 28 days,
respectively. The specificity is almost 100%.

Statistical analyses
Continuous variables were presented as mean ± standard deviation (SD) if normally distributed, and as median
and interquartile range (IQR) if data were skewed; categorical variables were presented as numbers and percentages.
The t independent sample test was used to compare
continuous variables that were normally distributed.
The Mann–Whitney test was used to compare skewed data.
A quantile regression analysis using the median (50th) was
performed to assess factors associated with anti-spike antibody levels after the 1st vaccine dose, including all variables
that had a p-value less than 0.2 in the univariate analysis.
Spearman’s rho correlation was used to estimate the association between anti-spike antibody levels after the 2nd dose and
serum albumin anti-Hbs antibody levels and other continuous variables. The statistical analysis was performed with
IBM SPSS for Windows v. 26 (IBM Corp., Armonk, USA).
A p-value ≤0.05 was considered statistically significant.

Results
Characteristics of HD patients
A total of 72 HD patients were included. Table 1 summarizes their characteristics. The mean age of patients
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was 72.5 ±11.5 years and 34.7% of them were females.
Among the 60 infection-naïve patients, 2 patients did
not get their 2nd dose of vaccine, 1 died and 1 was admitted to the hospital for hip fracture. Among the 12 previously infected patients, only 4 received the 2nd dose
of vaccine.
The interval between the 1st dose and 2nd dose was
3 weeks in the eldest patients (those who were administered
the vaccine in priority) and it was prolonged to 4–5 weeks
in younger patients (based on the decision of the Ministry
of Public Health). A total of 34 patients were 75 years old
or older, and they completed their vaccination by the end
of March 2021.
Two out of the 72 HD patients contracted COVID-19
during the follow-up period that ranged between 1 and
5 months. One of them, a 88-year-old male, who had negative anti-spike antibody titers after 2 doses of vaccine, was
diagnosed with COVID-19 4 months after he completed
his vaccination. He needed admission to the hospital for
cough, dyspnea and oxygen therapy, and recovered after
5 days. Another patient, a 71-year-old female who had antispike antibody titers of 237 UI/mL after the 2nd dose, was
diagnosed with COVID-19 two months after her 2nd dose.
She had mild symptoms and did not require admission.

Characteristics of healthy controls
A total of 22 healthy controls were included with a mean
age of 45.7 ±17.4 years (22–80 years) and 68.2% of them
were females. Among these controls, 31.8% had a previous SARS-CoV-2 infection. All controls received the 2nd
dose of vaccine 3 weeks after the 1st dose. The median
level of anti-spike antibody following the 1st dose was
150 (IQR: 109.5−571) UI/mL. The median level of antispike antibody 1 month after the 2nd dose was 2000 (IQR:
1157−2000) UI/mL (maximum detection in controls was
3500 UI/mL). There was a significant difference in antispike antibody levels after the 1st dose of vaccine between
previously infected and infection-naïve controls (N = 21,
Z = −3.457, p < 0.001, Mann–Whitney test). There was
no significant difference in the anti-spike antibody levels
after the 2nd dose of vaccine between previously infected
and infection-naïve controls (N = 17, Z = −1.213, p = 0.225,
Mann–Whitney test).

Comparison between HD patients
and healthy controls
The anti-spike antibody levels measured 20 days after
the 1st vaccine dose and 4 weeks after the 2nd dose were both
significantly higher in healthy controls compared to HD
patients (Mann–Whitney test, p < 0.001 and p = 0.001, respectively). Figure 1 shows the high level of anti-spike antibody in previously infected patients compared to the levels
after the 1st dose in healthy controls and infection-naïve
HD patients.
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Factors associated with anti-spike
antibody levels in HD patients
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Fig. 1. Anti-spike antibody levels among different groups of patients

Sex, diabetes or CAD did not significantly affect the antispike antibody levels after the 1st and 2nd dose of vaccine.
Heart failure patients presented a significantly weaker
response with lower anti-spike antibody titers; previous
infection caused a higher response of antibodies (Table 2).
There was a positive correlation of anti-spike antibody
levels after the 1st dose and after the 2nd dose of vaccine
with age and anti-Hbs antibody and serum albumin levels (Table 3). The median of anti-spike antibodies after
the 2nd dose of vaccine was 93.5 (IQR: 20.25–838.5) UI/mL
in patients with an interval of 3 weeks between the 1st and

Table 1. Characteristics of hemodialysis (HD) patients and the statistical difference between the compared groups
Variable
Age [years], mean ±SD
Sex, n (% of females)
Dialysis vintage, median (IQR)

HD patients
(total = 72)

HD patients who
were infection-naïve
(n = 60)

HD patients
previously infected
(n = 12)

p-value

72.5 ±11.5

73.1 ±11.4

69.9 ±11.7

0.391*

25 (34.7)

22 (36.7)

3 (25)

0.524

28 (14–60)

28 (14.5–60)

38.5 (9.7–74.2)

0.976**

Smoking status, n (%)

10 (13.9)

8 (13.3)

2 (16.7)

0.669***

Diabetes, n (%)

34 (47.2)

30 (50)

4 (33.3)

0.354***

Hypertension, n (%)

66 (91.7)

54 (90)

12 (100)

0.253$

CAD, n (%)

23 (31.9)

21 (35)

2 (16.7)

0.315***

Heart failure, n (%)

9 (12.5)

8 (13.3)

1 (8.3)

0.999***

History of cancer, n (%)

6 (8.3)

6 (10)

0 (0)

0.581***

Serum albumin level [mg/dL], mean ±SD

37.4 ±5

36.9 ±4.6

40.1 ±6.3

0.120*

Vaccinated against hepatitis B, n (%)

65 (90.3)

53 (88.3)

12 (100)

0.213$

36 (50)

27 (45)

9 (75)

0.058$

175.6 ±321.7
10.8 (0–109)

106.9 ±222.6
5.15 (0–50)

484.7 ±498.9
204 (17.25–818)

<0.001*
0.004**

3.8 ±0.9

3.8 ±0.9

3.9 ±0.7

0.097*

181000
(156500–227500)

177000
(154500–207500)

208500
(166000–251000)

0.086**

3 (0.5–26)

1.8 (0.5–7.9)

8571 (2585–19147)

<0.001**

391 (55–1642)

371 (50–1157)

8750 (1936–26250)

0.003**

45 (62.5)

33 (55)

12 (100)

0.003$

96.7 (total = 60)

96.5 (total = 58)

100 (total = 4)

0.474***

Myalgia, n (%)

16 (22.2)

11 (18.3)

5 (41.7)

0.091***

Fever, n (%)

9 (12.5)

5 (8.3)

4 (33.3)

0.030***

Sore arm, n (%)

27 (37.5)

24 (40)

3 (25)

0.248***

Headache, n (%)

7 (9.7)

5 (8.3)

2 (16.7)

0.309***

12 (16.7)

11 (18.4)

1 (8.3)

4 (5.6)

1 (1.7)

3 (25)

Anti-Hbs antibody level >10 UI/mL, n (%)
Anti-Hbs antibody level
mean ±SD
median (IQR)
Interval between the 2 doses of vaccine [weeks], mean ±SD
Platelet count after the 2nd vaccine dose, median (IQR)
Anti-spike antibody level after the 1st dose [UI/mL], median (IQR)
nd

Anti-spike antibody level after the 2 dose [UI/mL], median (IQR)
Anti-spike antibody level titer positive after the 1st dose, n (%)
nd

Anti-spike antibody level titer positive after the 2 dose (%)
Adverse events after vaccination

Other – fatigue, n (%)
Other – chills, n (%)

0.006$

*independent t-test was used to compare means of continuous variables with normal distribution; **Mann–Whitney U test was used to compare medians
of skewed continuous variables; $χ2 test and ***Fisher’s exact test were used to compare categorical data. SD – standard deviation; IQR – interquartile range;
CAD – coronary artery disease; HBs – hepatitis B surface.
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Table 2. Assessment of anti-spike antibody levels after the 1st and 2nd dose of vaccine among different groups of categorical variables and the statistical
difference between categories
Anti-spike antibody level 20 days after the 1st dose

Variable

Anti-spike antibody level 28 days after the 2nd dose

N (71)

median (IQR)

p-value*

Z

N (61)

median (IQR)

p-value*

Z

Sex
Male
Female

46
25

2.85 (0.5–26)
3 (0.7–25.3)

0.652

−0.452

40
21

357.5 (32.05–1049)
948.5 (71.91–1932)

0.120

−1.556

Previous infection
Yes
No

12
59

8571 (3057–17765)
1.8 (0.5–7.9)

<0.001

−5.426

4
57

8750 (2124–22,500)
371 (52–1119)

0.001

−2.928

Smoking
Yes
No

10
61

4.8 (0.4–35)
3 (0.6–25.32)

0.856

−0.182

9
52

1590 (59–2352)
374 (56.4–1157.5)

0.296

−1.047

Dialysis frequency
2/week
3/week

6
65

1.6 (0.8–7)
3.2 (0.53–35)

0.579

−0.579

7
54

101 (26–338)
526 (60.8–1739)

0.141

−1.494

Diabetes
Yes
No

34
37

1.8 (0.4–14)
7.1 (0.8–39)

0.127

−1.526

29
32

279 (32–1119)
743 (86.5–1642)

0.233

−1.191

Hypertension
Yes
No

65
6

5.9 (0.6–35)
0.5 (0–1.1)

0.049

−1.954

55
6

391 (60.8–1739)
295 (19–1032)

0.348

−0.969

CAD
Yes
No

23
48

0.6 (0.4–23)
6.5 (0.9–38)

0.058

−1.899

22
39

102 (24–979)
704 (101–1739)

0.084

−1.727

Heart failure
Yes
No

9
62

0.6 (0.37–0.9)
6.6 (0.6–35)

0.029

−2.187

8
53

28 (14–519)
494 (101–1739)

0.018

−2.372

History of cancer
Yes
No

6
64

9 (0.6–12)
2.75 (0.5–30.2)

0.767

−0.315

5
56

86 (26–1348)
401 (59.9–1642)

0.674

−0.447

*Comparison based on Mann–Whitney test. CAD – coronary artery disease; IQR – interquartile range.
Table 3. Correlation of anti-spike antibody levels after the 1st and 2nd dose of vaccine with different continuous variables

Variable

Age

Anti-spike antibody level 20 days
after the 1st dose

Anti-spike antibody level 28 days
after the 2nd dose

correlation
coefficient

p-value

n

correlation
coefficient

p-value

n

−0.289

0.015

71

−0.464

<0.001

61

Anti-Hbs antibody level

0.357

0.002

71

0.283

0.027

61

Serum albumin level before vaccination

0.317

0.007

71

0.285

0.026

61

Dialysis vintage

0.124

0.303

71

0.208

0.108

61

Platelet count after 2nd dose

0.243

0.046

68

0.207

0.110

61

Number of weeks between 2 doses of vaccine

0.158

0.212

64

0.340

0.007

61

Spearman’s rho correlation was used to assess the association between anti-spike antibody levels and different continuous variables; HBs – hepatitis B surface.

2 nd dose. It was of 979 (IQR: 308.5–1962.5) UI/mL
in patients who received the 2nd dose 4 to 6 weeks after
the 1st dose of vaccine.
The quantile regression analysis was used to analyze
the association of different factors with the anti-spike antibody levels after the 1st dose of vaccine (Table 4). Previous
infection and ani-Hbs levels were significantly associated
with higher anti-spike antibody titers after the 1st dose, and
remained significant after adjustment to age, sex, diabetes,
CAD, heart failure, and serum albumin level.

Discussion
Our study revealed a positive humoral response rate
of 96.7% after 2 doses of Pfizer-BioNTech vaccine in HD
patients. This is in line with other reports from Europe
confirming a good percentage of seropositivity of HD patients after full vaccination. The reported rates in the literature were 82% in a prospective study from Germany,18 88%
in a trial from Switzerland,19 90% in the Romanov study
from France,10 and 97.7% in a prospective multicenter
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Table 4. Multivariate quantile regression analysis of factors associated with anti-spike antibody levels 4 weeks after the 1st dose of vaccine
Variable

Coefficient

SE

df

95% CI

p-value

9692.68

17.1818

53

[9658.22; 9727.15]

<0.001

Age [years]

0.006

0.1027

53

[−0.200; 0.212]

0.951

Serum albumin level

0.257

0.2625

53

[−0.270; 0.783]

0.333

Anti-Hbs antibody level

0.051

0.0039

53

[0.043; 0.059]

<0.001

Sex
Male
Female (Ref )

−1.076

2.1362

53

[−5.361; 3.209]

0.616

−9700.65

3.37

53

[−9707.42; −9693.89]

<0.001

Diabetes
(Ref = yes)

−3.479

2.1297

53

[−7.750; 0.793]

0.108

Hypertension
(Ref = yes)

−0.617

3.6469

53

[−7.931; 6.698]

0.866

CAD
(Ref = yes)

0.044

2.4562

53

[−4.882; 4.971]

0.986

Heart failure
(Ref = yes)

1.244

3.2067

53

[−5.188; 7.676]

0.700

Intercept

Previous infection
(Ref = yes)

The median (50th) was used for quantile regression analysis. SE – standard error; 95% CI – 95% confidence interval; df – degrees of freedom; CAD – coronary
artery disease; HBs – hepatitis B surface.

study from Spain.11 Our findings also highlighted the fact
that the 1st dose is not enough to induce an acceptable
seroconversion rate or titer in infection-naïve patients.
Although 62.5% of patients in our sample developed positive anti-spike antibody levels after the 1st dose, the median
of these antibodies was as low as 3 UI/mL (IQR: 0.5–26).
This is aligned with the findings of Billany et al. from
UK,16 where antibodies were detectable in 79.8% of patients with a median level of 2.4 (IQR: 8). Lower response
rates to the 1st dose of 18%, 21% and 35% were reported
by Speer et al.,18 Longlune et al.13 and Torreggiani et al.,20
respectively. They had to administer a 3rd dose of vaccine to patients who did not respond to the routine regimen.13 In most of the studies, HD patients had a better
response than kidney transplant (TX) patients but worse
than healthy controls.12,15,17–19,21,22 This was also the case
in our sample where healthy controls showed significant
higher titers of antibodies.
One interesting finding in our study is the statistically
significant association between hepatitis B vaccine response (anti-Hbs antibody levels) and anti-spike antibody
levels. To the best of our knowledge, 3 previous studies
tried to find out if there was any relation between these
2 variables. Only a French cohort of 78 patients showed
a positive correlation between hepatitis B and humoral
responses to COVID-19 vaccines, which concurs with our
results. In a cohort from Switzerland that studied 1198 HD
patients, no such correlation was found.19 Their patients
had longer dialysis vintage than our patients, but were
younger. In another study of 81 patients from Switzerland, no association was demonstrated.17 Their vaccination
schedule consisted of 3 doses of Engerix B 40 µg, which
is slightly different from our patients’ 4 doses. The lack
of consistency across studies regarding this association

needs further evaluation by comparing statistical methods used and enrolling more patients from other units
worldwide.
In our sample, high serum albumin level was associated with a better response to the COVID-19 vaccine.
This parameter is known to predict mortality in HD
patients. 23 It has also been demonstrated recently to be
associated with COVID-19 vaccine response in HD.12
Other factors that were highlighted to predict the humoral response to COVID-19 vaccine in other cohorts
are age, dialysis vintage and better dialysis quality.10–12,19
We showed an inverse correlation between age and antispike antibody levels among our patients. However, this
was not consistent in the literature. Speer et al. detected
lower anti-spike antibody levels at older age in healthy
controls but not in HD patients.18 Stumpf et al. demonstrated age-related differences in TX patients but
not in dialysis ones.19 On the other hand, Jahn et al.,
Yanay et al. and Attias et al. found significant lower antibody levels in HD patients over 60, 70 and 75 years,
respectively.21,22,24
Our results shed light on the distinctive characteristics
of patients previously infected with SARS-CoV-2 and their
positive response to vaccination. In fact, these patients had
higher serum albumin levels, were younger and had significantly higher anti-Hbs antibody titers than infection-naïve
patients in our sample. This is most probably due to the natural selection following COVID-19. Those who survived
the disease were the ones with more robust immunity parameters. In addition, the strong response of these previously
infected patients after a single dose of vaccine and the high
incidence of fever following 1 dose suggests that they do not
need a 2nd injection. In fact, this 2nd dose can be spared for
patients who are non-respondents and would need a 3rd dose.

Adv Clin Exp Med. 2022;31(8):855–861

The pronounced peak of response after 1 dose in patients
with a history of COVID-19 has also been demonstrated
in several reports from the general population.25
Finally, the fact that one of the immunized patients was
diagnosed with COVID-19 two months after the 2nd dose
emphasizes the importance of maintaining preventive
measures in all dialysis units. This was highlighted as well
by Yanay et al. who reported 4% of their patients infected
7 days after the 2nd dose.22

Limitations
The major limitation of our study is the small sample
size. The shortage of serological kits to assess anti-spike
antibody levels prevented more units from assessing
the humoral response of their patients. However, despite
the limited number of patients, this study confirmed once
more the good response rate of HD patients to 2 doses
of vaccine, highlighted the robust seropositivity after
1 dose of Pfizer-BioNTech vaccine in previously infected
patients, and showed the importance of anti-Hbs antibody
level as a predictor of the response of patients to COVID-19
vaccine.
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Conclusion
15.

In conclusion, this study showed a response rate of 96.7%
to 2 doses of BNT162b2 mRNA vaccine in HD patients
and of 100% to the 1st dose in previously infected patients.
The levels of anti-spike antibody can be predicted by age,
anti-Hbs antibody, serum albumin levels, and previous
infection. Despite the immunization of patients, preventive measures should be maintained in all dialysis units.
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Abstract
Background. Acute-on-chronic liver failure (ACLF) is a syndrome characterized by acute decompensation
of chronic liver disease associated with organ failures and very high short-term mortality.
Objectives. To assess the incidence and factors predisposing to ACLF in patients with liver cirrhosis hospitalized due to acute gastrointestinal bleeding (GIB).
Materials and methods. We collected and retrospectively analyzed the data of 89 consecutive patients
(59 males (66.2%), median age 53 years (range: 44–62 years), mean Model for End-Stage Liver Disease
(MELD) score 14.42 ±6.5, median Child–Turcotte–Pugh score 10 (range: 8–11), and acute GIB (72 variceal
bleeding and 17 non-variceal bleeding cases). Acute-on-chronic liver failure was diagnosed based on European
Association for the Study of the Liver – Chronic Liver Failure Consortium definition.
Results. Twenty-seven (30.33%) patients met the criteria of ACLF during hospitalization: 8 (30%) had ACLF
grade 1, 13 (48%) had ACLF grade 2 and 6 (22%) had ACLF grade 3. The most frequent organ failures were
respiratory (22 (25%)), kidney (18 (20.23%)) and brain (17 (19.1%)) failure. The MELD score value, creatinine level and presence of hepatic encephalopathy (HE) on admission were significant predictors of ACLF
in the multivariate logistic regression model with optimal cutoff point for MELD score of 18.313 and optimal
cutoff point for creatinine level of 1.35 mg/dL.
Conclusions. In-hospital risk of ACLF in cirrhotic patients hospitalized for acute gastrointestinal hemorrhage
is high despite successful arrest of bleeding. Elevated creatinine level, MELD score and the presence of HE
on admission are the best predictors of ACLF during hospitalization in such patients.
Key words: liver cirrhosis, gastrointestinal bleeding, organ failure, gastrointestinal hemorrhage, acute-onchronic liver failure
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Background
The natural history of liver cirrhosis includes compensated
and decompensated phase. The classic hallmarks of decompensated liver cirrhosis are variceal bleeding, ascites and
hepatic encephalopathy (HE). Acute-on-chronic liver failure
(ACLF) is a syndrome characterized by acute decompensation (AD) of chronic liver disease associated with organ
failures. While the predicted survival of patients with decompensated cirrhosis is 3–5 years, ACLF has very high shortterm mortality exceeding 25%, with a prognosis comparable
to the acute liver failure.1,2 The European Association for
the Study of the Liver-Chronic Liver Failure (EASL-CLIF)
Consortium and the EASL-CLIF Acute-on-Chronic Liver
Failure in Cirrhosis (CANONIC) study provided the evidence-based definition of ACLF in 2013.3 This definition
is based on the existence of the failure of 1 of the 6 major
organ systems (liver, kidney, brain, coagulation, circulation,
and respiration) in patients with acutely decompensated cirrhosis (with or without prior episodes of decompensation).3,4
The failure of individual organ systems in these patients
is assessed using the CLIF-C Organ Failure scale. As defined
by EASL-CLIF, ACLF is divided into 3 grades of increasing
severity, based on the number of organ system failure.
The Personalised Responses to Dietary Composition
Trial (PREDICT) study showed that AD without organ
failure (without ACLF) is a heterogeneous condition
with 3 major clinical courses: 1) pre-ACLF with high risk
of ACLF and high 3-month and 1-year mortality rates;
2) unstable decompensated cirrhosis (UDC) with intermediate mortality rates, high risk of ≥1 readmission, but not
leading to ACLF; 3) stable decompensated cirrhosis (SDC)
neither requiring readmission to hospital nor leading
to ACLF, and showing the lowest mortality.5 Based on results of CANONIC and PREDICT studies, we can identify
cirrhotic patients with AD with a high risk of short-term
mortality due to ACLF.
In patients with compensated cirrhosis, the major determinants of decompensation are clinically significant
portal hypertension and the degree of liver failure. Traditionally, portal hypertension, portosystemic shunting,
and hepatic and extrahepatic organ perfusion disorders
have been recognized for decades as the main risk factors for complications of cirrhosis. The current view
of the physiological mechanism of AD assumes a crucial
role of systemic inflammation in the development of AD
subphenotypes, including AD-ACLF.6 Systemic inflammation increases across AD-no-ACLF phenotypes from
the lowest degree of inflammation in SDC, through moderate in UDC to the highest in pre-ACLF.7,8 In patients
with AD-ACLF, the degree of systemic inflammation correlates also with the number of organ failures, severity
of the clinical course and prognosis.6,9 Variceal bleeding,
which is a major complication of portal hypertension, occurs more frequently in UDC than in other AD-no-ACLF
phenotypes.10 This phenotype has a complicated clinical

course and a relatively high mortality rate, with moderate
systemic inflammation at hospital admission. In patients
with variceal bleeding and AD-ACLF phenotype, the clinical course seems to depend on the evolution of systemic
inflammation.

Objectives
The aim of the study was to assess the incidence and
factors predisposing to ACLF in the cohort of patients with
liver cirrhosis, hospitalized due to acute gastrointestinal
bleeding (GIB) effectively treated endoscopically. The primary endpoint was the occurrence of ACLF in these patients. Secondary endpoints were in-hospital mortality,
days of intensive care unit (ICU)/hospital stay, 5-day treatment failure, the rate of repeat endoscopy within 72 h for
rebleeding, the need for salvage therapy, and blood transfusion requirements.

Materials and methods
The medical records of patients hospitalized in our
department from August 2015 to December 2018 were
searched using International Classification of Diseases (ICD)-10 codes (see Supplementary material for
codes and their explanations: https://doi.org/10.5281/
zenodo.6374308). Data on age, sex, etiology and severity of cirrhosis, sources of acute GIB, and organ failure
were collected. We collected and analyzed both the results
of laboratory tests on admission and during hospitalization in order to determine ACLF predictors on admission and the incidence of ACLF on admission and during
hospitalization.

Definitions
The definitions are presented in the Supplementary material: https://doi.org/10.5281/zenodo.6374308.

Inclusion and exclusion criteria
Inclusion criteria were as follows: 1) cirrhosis diagnosed based on clinical, laboratory and imaging evidence;
2) acute upper GIB confirmed endoscopically and based
on clinical symptoms (see above); 3) effective initial resuscitation and successful endoscopic treatment or no need for
endoscopic treatment. Exclusion criteria were as follows:
1) admission for scheduled procedure or treatment; 2) hepatocellular carcinoma outside Milan criteria; 3) severe
chronic extrahepatic diseases; 4) ongoing immunosuppressive treatments; 5) human immunodeficiency virus
(HIV) infection.11
The study was approved by Ethics Committee
of Medical University of Bialystok, Poland (resolution
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No. R-I-002/336/2019, of June 27, 2019). The study was conducted in accordance with the principles of the Helsinki
Declaration. Due to the retrospective design of the study,
informed consent of the subjects was not required.

Statistical analyses
Continuous variables were tested for normality using
the Shapiro–Wilk test and Lilliefors test, and expressed
as means (± standard deviation (SD)) or median (interquartile range (IQR)), as appropriate. The equality of variance
in the tested samples was assessed with the Levene’s test.
Categorical variables were reported as counts (percentage).
Continuous data were analyzed with either t-test or Mann–
Whitney U test, as appropriate. Categorical variables were
analyzed using χ2 test. The p-values of <0.05 were considered statistically significant. The additional analysis
included a stepwise multivariate logistic regression, which
was used to identify the best combination of parameters
predicting ACLF presence. Only variables which were significantly different between analyzed groups were included
into the regression model as predictors. Model was assessed with χ2 test, R2 Nagelkerky coefficient and Hosmer–
Lemeshow goodness of fit (GOF) test. The receiver operating characteristic (ROC) curves were prepared. Cutoff
point calculation was based on Youden’s criterion. Statistical analyses were performed with the STATISTICA v. 13.3
software package (StatSoft Inc., Tulsa, USA).

Results
Of the 1902 hospitalizations identified based on ICD-10
codes (384 hospitalizations due to decompensated liver
cirrhosis and 1518 hospitalizations due to acute GIB – see
the Supplementary material: https://doi.org/10.5281/zenodo.6374308), we collected and retrospectively analyzed
data of 89 consecutive patients of Caucasian ethnicity
(59 males (66.2%), median age 53 (44–62) years), with cirrhosis (mean Model for End-Stage Liver Disease (MELD)
score 14.42 ±6.5, median Child–Turcotte–Pugh score 10
(8–11) of various etiologies, and acute GIB, hospitalized
from August 2015 to December 2018 at our department.
Twenty-seven (30.33%) patients met the ACLF criteria during hospitalization: 8 (30%) had ACLF grade 1, 13
(48%) ACLF grade 2 and 6 (22%) ACLF grade 3. We were
able to confirm ACLF in 7 (7.86%) patients on admission
to hospital, based on the available data. Patient data were
analyzed considering the presence of ACLF. Demographic,
clinical and laboratory characteristics are shown in Table 1.

Acute gastrointestinal bleeding
Seventy-two patients (80.89%) had variceal bleeding,
while 17 patients (19.1%) had non-variceal bleeding.
Twenty-one (29.1%) patients with variceal bleeding and
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6 (35.29%) patients with non-variceal bleeding had ACLF.
Esophageal varices were the most common source of variceal bleeding, while gastric ulcers, erosive esophagitis,
duodenal ulcers, and Mallory–Weiss tear were the most
common causes of non-variceal bleeding. We found no
relationship between the type (variceal compared to nonvariceal) and the source of bleeding, and the occurrence
of ACLF (Table 2).

Acute cirrhosis decompensation
Forty-three (50%) patients had overt HE, 23 patients
(26.44%) had HE grades I/II and 20 patients (23.26%) had
HE grades III/V. Hepatic encephalopathy was diagnosed
in 24 (40%) patients without ACLF and in 19 (73.08%) patients with ACLF (p = 0.0048).
Ascites was present in 48 patients (54.55%) – 26 (42.58%)
non-ACLF patients and 22 (81.48%) ACLF patients
(p = 0.0023). Fifty-seven (66.28%) patients were on diuretics (34 (57.63%) in the non-ACLF group compared
to 23 (85.19%) in the ACLF group (p = 0.0121). The need
for therapeutic paracentesis during hospitalization was
observed in 6 patients – 3 (4.92%) patients without and 3
(11.11%) patients with ACLF (p = 0.2878).
A total of 12 (13.48%) patients were diagnosed with clinically significant infections. The most common infections
were pneumonia (5 (5.62%)) and urinary tract infection
(5 (5.62%)), followed by bacteremia (3 (3.37%)), spontaneous bacterial peritonitis (2 (2.25%)) and Clostridium
difficile intestinal infection (2 (2.25%)). Infections were
more common in the ACLF group compared to patients
in the non-ACLF group (8 (29.63%) compared to 4 (6.45%),
p = 0.006). Antibiotics were administered in 73 (82.95%)
patients (64 (91.43%) patients with variceal bleeding and
9 (52.94%) patients with non-variceal bleeding). Antibiotics were used more frequently in the ACLF group
compared to the non-ACLF group (26 (96.3%) compared
to 47 (77.05%), p = 0.0268).

Previous episodes of acute
decompensation
Fifty (56.18%) patients had a history of previous AD.
Of the patients with previous episodes of AD, 16 (32%)
had ACLF, while 11 (28%) patients had ACLF despite
no prior AD. The history of previous AD did not affect
the occurrence of ACLF during current hospitalization
(p = 0.699).

Organ failures
The most frequent organ failures as defined by EASLCLIF score were respiratory (22 (25%)), kidney (18 (20.23%))
and brain (17 (19.1%)) failures, followed by coagulation
(7 (7.87%)), circulation (6 (6.98%)) and liver (4 (4.49%))
failures (Table 3). Among patients with organ failures, 20
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Table 1. Demographic, clinical and laboratory characteristics
No ACLF (n = 62)

ACLF (n = 27)

Test statistics

df

Mean (95% CI)

p-value

Age [years]

Variable

50.0 (43–62)

54 (48–61)

U = 751

–

–

0.4478

Sex, n (%)
Men
Women

44 (70.97)
18 (29.03)

15 (55.56)
12 (44.44)

χ2 = 1.999

1

–

0.1574

8 (5–9)

10 (6–16)

U = 579.5

–

–

0.0209

χ2 = 6.1357

4

–

0.1892

Days of hospitalization (IQR)

Etiology
44 (70.97)

17 (62.96)

Viral, n (%)

Alcohol, n (%)

5 (8.06)

0

Cholestatic, n (%)

3 (4.84)

1 (3.7)

Other, n (%)

9 (14.52)

9 (33.33)

Child–Pugh score
MELDNa score

9 (8–11)

11 (10–12)

U = 227.5

–

–

0.0059

10.75 (8.45–14.89)

24.06 (18.4–27.05)

U = 132

–

–

<0.0001

11.82 ±4.62

20.32 ±6.37

t = 6.1258

37.081

14.42 [13.017; 15.825]

<0.0001

8.7 (7.6–10.10)

8.55 (6.7–9.8)

U = 725

–

–

0.4640

MELD score
Hemoglobin (IQR) [g/dL]
6

RBC ±SD [10 /UL]

3.0 ±0.66

2.76 ±0.96

t = −1.3793

86

2.9302 [2.7680; 3.0924]

0.1714

WBC (IQR) [103/UL]

7.035 (4.92–9.59)

8.425 (6.74–12.03)

U = 573.5

–

–

0.0329

PLT (IQR) [10 /UL]

96.79 (59–122)

106.58 (69–116)

U = 757

–

–

0.6593

PT (IQR) (%)

60.0 (50.0–70.0)

46.0 (33.5–68.0)

U = 511.5

–

–

0.0307

217.5 (176.0–263.0)

216.5 (162.0–373.0)

U = 566

–

–

0.4438

2.94 (2.67–3.11)

2.65 (2.65–2.76)

U = 12

–

–

0.0897

Ammonia

55.5 (40.8–62.7)

61.7 (44.5–112.7)

U = 138

–

–

0.1731

Bilirubin (IQR) [mg/dL]

2.04 (1.28–3.54)

2.8 (1.92–5.87)

U = 598

–

–

0.0574

AST (IQR) [IU/L]

67.0 (42–118.0)

76.0 (46.0–157.0)

U = 558.5

–

–

0.2814

ALT (IQR) [IU/L]

29.0 (21.0–49.0)

35.5 (19.5–55.0)

U = 581.00

–

–

0.4053

Urea (IQR) [mg/dL]

43.0 (27.0–75.0)

76.0 (42.5–123.5)

U = 405

–

–

0.0020

BUN [mg/dL]

20.07 (12.6–33.6)

26.6 (19.6–57.4)

U = 414.5

–

–

0.0343

3

Fibrinogen (IQR) [mg/dL]
Albumin (IQR) [g/dL]

Creatinine (IQR) [mg/dL]

0.79 (0.72–1.04)

1.47 (0.85–2.66)

U = 351

–

–

<0.0001

Na [mmol/L]

138 (135–141.0)

134 (127.0–140.0)

U = 345

–

–

0.0532

K [mmol/L]

4.25 (3.73–4.61)

4.51 (4.02–5.73)

U = 307.5

–

–

0.0185

4.8 (2.0–20.7)

18.4 (7.8–30.11)

U = 412.5

–

–

0.0077

CRP (IQR) [mg/L]

Data presented as mean ± standard deviation (SD) or median (1st quartile (Q1), 3rd quartile (Q3)), unless indicated otherwise. IQR – interquartile range;
t – Student’s t-test; U – Mann–Whitney U test; df – degrees of freedom; 95% CI – 95% confidence interval; ACLF – acute-on-chronic liver failure; BUN – blood
urea nitrogen; MELD – Model for End-Stage Liver Disease; WBC – white blood cells; RBC – red blood cells; PLT – platelet count; PT – prothrombin time;
AST – aspartate transaminase; ALT – alanine transaminase; CRP – C-reactive protein.

(52.63%) patients had single organ failure, 13 (34.21%) patients had 2 organs failures, 2 (5.26%) patients had 3 or 4 organs failures, and 1 (2.63%) patient had failure of 5 organs.

In-hospital mortality
There were 7 deaths in the study group: 6 (24.0%)
in patients with ACLF and 1 (1.61%) in a patient without
ACLF. Estimated probability of dying in the ACLF group
calculated based on CLIF-C ACLF score, age and white
blood cell (WBC) count was: 24.0% (range: 13–41%), 42.0%
(range: 31–61%), 47.0% (range: 41.0–66.0%), and 56.0%
(range: 50.0–73.0%) at 1, 3, 6, and 12 months, respectively.
The estimated probability of death based on the CLIF AD

score in the non-ACLF group was: 3.0% (range: 1.0–5.0%),
8.0% (range: 5.0–14.0%), 13.5% (range: 9.0–21.0%), and
24.5% (range: 18.0–34.0%) at 1, 3, 6, and 12 months, respectively. Both CLIF-C ACLF score and CLIF AD score
(at 1 month) allowed for a reliable assessment of probability of death during hospitalization in patients with ACLF
and patients with AD without ACLF, respectively. There
were no statistically significant differences in the number
of deaths <5 days between the groups – 1 (1.67%) ACLF
patient compared to 1 (4%) non-ACLF patient; p = 0.5.
However, the overall number of in-hospital deaths was significantly higher in the ACLF group compared to the nonACLF group: 6 (24%) compared to 1 (1.61%), respectively
(p = 0.002).
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Table 2. Sources of bleeding
Source of bleeding

No ACLF (n = 62)

ACLF (n = 27)

Variceal

51 (82.25)

21 (77.78)

Non-variceal

11 (17.74)

6 (22.22)

Pearson’s χ2

df

p-value

0.04

1

0.8407

1.39

3

0.7081

8.83

5

0.1162

Variceal
38 (61.29)

15 (55.56)

Gastric varices, n (%)

Esophageal varices, n (%)

6 (9.68)

3 (11.11)

Gastro-esophageal varices, n (%)

2 (3.23)

2 (7.41)

NS, n (%)

5 (8.06)

1 (3.7)

Erosive esophagitis, n (%)

4 (6.45)

Gastric ulcer, n (%)

3 (4.84)

2 (7.41)

0

3 (11.11)

Mallory–Weiss tear, n (%)

2 (3.23)

1 (3.7)

Dieulafoy lesion, n (%)

1 (1.61)

0

NS, n (%)

1 (1.61)

0

Non-variceal

Duodenal ulcer, n (%)

0

df – degrees of freedom; NS – not specified; ACLF – acute-on-chronic liver failure.
Table 3. Organ failures according to European Association for the Study of Liver-Chronic Liver Failure (EASL-CLIF) definition
No ACLF
(n = 62)

ACLF
(n = 27)

Bilirubin <12

62 (100)

23 (85)

Bilirubin >12

0

4 (15)

Organ/system

df

Pearson’s χ2

p-value

1

9.62

0.0019

1

16.1

0.0001

1

11.2

0.0009

2

30.64

<0.0001

1

15.74

0.0001

1

11.13

0.0009

Liver

Brain
HE 0–2

57 (92)

15 (56)

HE 3–4

5 (8)

12 (44)

0

61 (98)

21 (78)

1

1 (2)

6 (22)

Coagulation

Kidney
Creatinine <1.5
Creatinine 1.5–1.9

58 (94)

13 (48)

4 (6)

3 (11)

0

11 (41)

Creatinine >1.9

Circulation
0

61 (100)

19 (76)

1

0

6 (24)

0

52 (85)

14 (52)

1

9 (15)

13 (48)

Respiratory

ACLF – acute-on-chronic liver disease; HE – hepatic encephalopathy; df – degrees of freedom.

5-day treatment failure
Five-day treatment failure was found significantly more
frequently in patients with ACLF compared to non-ACLF
group: 6 (22.2%) compared to 2 (3.23%), respectively
(p = 0.008). The rate of repeat endoscopy within 72 h for
rebleeding was significantly higher in the ACLF group
compared to the non-ACLF group: 7 (25.93%) compared

to 3 (4.84%), respectively (p = 0.0075). No statistically significant differences were found in the need for salvage
therapy.

The use of blood products
Red blood cell concentrate was used significantly more
frequently in the ACLF group compared to the non-ACLF
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group: 33 (53.23%) compared to 21 (80.77%), respectively
(p = 0.017). The frequency of using fresh frozen plasma,
platelet concentrate and cryoprecipitate were comparable between groups (11 (18.03%) compared to 8 (29.63%)
(p = 0.265), 13 (21.31%) compared to 4 (14.81%) (p = 0.568)
and 0 (0%) compared to 1 (3.7%) (p = 0.307), respectively).

Multivariate logistic regression
Parameters which were significantly different between
the groups were included into the multivariate logistic
regression model with ACLF as outcome variable. Stepwise
logistic regression recommended a model with 10 parameters: the presence of HE, ascites, infection, rebleeding
during hospitalization, the use of diuretics, red blood cell
concentrate, the value of the MELD score, and WBC, creatinine and C-reactive protein (CRP) levels.
The MELD score, creatinine level and presence of HE
were significant in the model (Table 4). The model was
validated with χ2 test, which confirmed that all variables
jointly are significant (p < 0.001). The R2 Nagelkerky coefficient was on a moderate level (63%). The additional
assessment with Hosmer–Lemeshow GOF test (p = 0.495)
confirmed good fit of the model to the data.

To ascertain the optimal cutoff point for MELD score
and creatinine level as predictors for ACLF, ROC curves
were prepared (Fig. 1,2). For MELD score, the analysis resulted in the area under the curve (AUC) = 0.853, 95%
confidence interval (95% CI): [0.759; 0.948]. The optimal
cutoff point for MELD score was 18.313, with ACLF prediction for MELD score ≥18.313. Sensitivity and specificity
of the analysis were 69.2% and 91.5%, respectively. Accuracy of the test (ACC) was on the level of 84.7%, meaning
84.7% of all patients were correctly identified as ACLF patients based on the MELD score cutoff point of 18.313. For
creatinine level, the analysis resulted in the AUC = 0.779,
95% CI: [0.656; 0.902]. The optimal cutoff point for creatinine level was 1.35 mg/dL, with ACLF prediction for creatinine ≥1.35 mg/dL. Sensitivity of the analysis was 61.5% and
specificity was 95.1%. The ACC was on the level of 85.1%.

Discussion
The efficacy of endoscopic and pharmacological treatment of acute GIB has improved significantly during
the last decades.12 Nevertheless, despite high efficiency
of current methods in achieving hemostasis and reducing

Table 4. Multivariate logistic regression model for acute-on-chronic liver failure (ACLF)
Coefficient

SE

p-value

OR

95% CI for OR

HE

Characteristic

2.028

0.949

0.0325

7.601

[1.184; 48.810]

MELD

0.0162

0.081

0.0461

1.176

[1.003; 1.379]

Creatinine level [mg/dL]

2.117

0.911

0.0202

8.304

[1.392; 49.548]

Constant

−7.229

1.671

<0.0001

0.001

[0.000; 0.019]

SE – standard error; OR – odds ratio; 95% CI – 95% confidence interval; HE – hepatic encephalopathy; MELD – Model for End-Stage Liver Disease.

ROC Curve
Youden Index = 0.57
Proposed cut-off point: 1.35

ROC Curve
Youden Index = 0.61
Proposed cut-off point: 18.31
1.0

1.0

0.8

0.8

0.6

sensitivity

sensitivity

18.313

0.4

0.6

1.35

0.4

0.2

0.2

0.0

0.0
0.0

0.2

0.4

0.6

0.8

1.0

1-specificity

Fig. 1. Receiver operating characteristic (ROC) curve for the Model for
End-Stage Liver Disease (MELD)

0.0

0.2

0.4

0.6

0.8

1.0

1-specificity

Fig. 2. Receiver operating characteristic (ROC) curve for creatinine level
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the frequency of early bleeding relapses, mortality in cirrhotic patients with acute gastrointestinal bleeding remains high.13 This disparity indicates that the clinical outcome depends not only on successful stopping of bleeding,
but primarily on the severity of underlying chronic liver
disease and the development of complications.14,15 Acuteon-chronic liver failure is one such complication which
potentially can contribute to increased mortality after GIB.
Gastrointestinal hemorrhage is a known trigger of ACLF.
However, the relationship between GIB in cirrhotic patients and ACLF is not well understood.
In this study, we analyzed the data of 89 consecutive
cirrhotic patients admitted to our hospital due to gastrointestinal hemorrhage. All patients included in the study
were subsequently hospitalized in our department after
fluid resuscitation and achieving hemostasis. The incidence of ACLF in these patients during hospitalization
was very high (30.33%), despite effective initial treatment
of GIB. The in-hospital mortality in patients with ACLF
was also high and exceeded 24%. On the other hand, inhospital mortality in patients without ACLF was 8 times
lower. These data indicate that cirrhotic patients with
acute GIB are a heterogeneous group in terms of prognosis,
and the risk of death in these patients depends primarily
on the occurrence of ACLF. Of the organ failures, respiratory failure was most frequently found, followed by kidney
and brain failure.
The relationship between the type and number of precipitants and the clinical course of patients hospitalized
with AD-no-ACLF and AD-ACLF phenotypes has been
investigated previously. The PREDICT study identified
4 precipitants associated with the AD-ACLF phenotype:
proven bacterial infections, severe alcoholic hepatitis,
GIB with shock, and toxic encephalopathy.6 In the present study, we identified 3 major risk factors for ACLF
in patients admitted to hospital for gastrointestinal hemorrhage: high MELD score value, elevated creatinine and
HE. Two of the 3 parameters (bilirubin and International
Normalized Ratio (INR)) assessed in MELD are used
in Maddrey’s discriminant function for alcoholic hepatitis. Therefore, a high MELD score could, in fact, indirectly indicate a higher frequency of alcoholic hepatitis
in the ACLF group. Nevertheless, due to the small group
of patients, it was not possible to perform separate analyses in subgroups of different etiology. Increased creatinine
level could indicate a higher frequency of prerenal renal
failure in the ACLF group, resulting from more severe
bleeding. Finally, some cases of HE may in practice be
a toxic, drug-induced encephalopathy – due to the retrospective design of the study we were unable to distinguish
between these cases.
On account of the dynamic clinical course of AD-ACLF,
precipitants most often occur in close association with
ACLF.6 However, to the best of our knowledge, the exact
time interval from triggering to ACLF has not been investigated so far. The assessment of the temporal relationship
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between the precipitant and ACLF is an interesting issue
that requires a new prospective study with close monitoring of parameters of organ systems failure.
In addition to more severe liver failure, higher CRP and
WBC values were found in the ACLF group compared
to non-ACLF group on the admission. In our study, bacterial infections were more common, and antibiotics were
also more often used in the ACLF group compared to nonACLF group. The effectiveness of antibiotic prophylaxis
in reducing the mortality, the incidence of infections and
the recurrence of bleeding in cirrhotic patients with upper GIB has been confirmed previously in a meta-analysis
of 12 studies.16 However, studies included in the metaanalysis did not assess the effect of antibiotic prophylaxis
on the incidence of ACLF. Antibiotic prophylaxis (ceftriaxone or ciprofloxacin) has been used in most patients with
variceal bleeding and in a significant proportion of patients
with non-variceal bleeding in our study. Interestingly,
ACLF occurred despite the widespread, prophylactic use
of antibiotics. This may indicate the need to individualize antibiotic prophylaxis in cirrhotic patients with GIB
at highest risk of ACLF.
The issue of identifying patients with the highest risk
of mortality and recurrent bleeding is currently of great
interest. In a recent study, it was shown that ACLF in patients with acute variceal bleeding almost doubled the risk
of recurrent bleeding.17 Furthermore, ACLF was, along
with hepatocellular carcinoma, the strongest predictor
of short-term mortality in these patients, with an almost threefold increased risk. Interestingly, it was also
shown that transjugular intrahepatic portosystemic shunt
(TIPSS) could improve survival in patients with ACLF
and acute variceal bleeding. Kumar et al. analyzed the determinants of mortality in patients with cirrhosis and
uncontrolled variceal bleeding.18 The ACLF was found
in the majority (68.4%) of patients during hospitalization
and it was the strongest determinant of the 42-day and
1-year mortality rates that increased with increasing ACLF
grades. Other mortality predictors identified were age
and systemic inflammation reflected by the WBC. Importantly, the beneficial effect of the rescue TIPSS was
also shown in this study, but only in patients with ACLF.
The authors concluded that TIPSS should be offered
to these patients. In turn, Lv et al. showed that Chronic
Liver Failure Consortium Acute Decompensation Score
(CLIF-C ADS) outperforms active bleeding at endoscopy
and other prognostic models in predicting 6-week and
1-year mortality.19 This model may be useful in qualifying
patients with Child–Pugh B cirrhosis and acute variceal
bleeding for early TIPSS. Finally, in a recent study, it was
shown that variceal bleeding has increased mortality compared to non-variceal bleeding only in males.20 Therefore,
the authors suggest a particularly close follow-up after
endoscopy in this group of patients with cirrhosis. Nevertheless, in our study, we did not confirm the relationship
between the sex and the outcome.
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Recent studies suggest comparable mortality after variceal and non-variceal bleeding in cirrhotic patients.15,16
The type of GIB (variceal compared to non-variceal)
seemed not to significantly affect the risk of ACLF in our
study, which indirectly confirms the results of recent studies.21,22 On the other hand, the risk of ACLF depended
on the severity of the bleeding, reflected by 5-day treatment failure and rebleeding rate. The rate of repeat endoscopy within 72 h for rebleeding and 5-day treatment
failure (defined as death within 5 days and active bleeding
such as spurting or oozing blood or fresh blood contents
in the stomach on repeat endoscopy) were significantly
higher in the ACLF group compared to the non-ACLF
group. The second investigation derived from the PREDICT study showed that GIB with shock is a significant risk factor for AD-ACLF phenotype.6 According
to the current study protocol, patients were enrolled after
hemodynamic stabilization and stopping GIB, which was
performed in the ICU. Therefore, we were unable to directly analyze the impact of hemorrhagic shock on the incidence of ACLF.

Data availability

Limitations

References

There are several limitations of our study. First, the study
was retrospective, and the data obtained were limited
to patients’ medical records. Second, the number of patients with variceal bleeding was relatively small. Therefore, results regarding the effect of the type of bleeding
on ACLF should be interpreted with caution. Third, ACLF
was diagnosed in only a few patients on admission to hospital. We are aware that in some of them, the bleeding
was a complication of ACLF and not a trigger of ACLF.
Based on the available data, we were not able to determine
which patients developed ACLF following a hemorrhage
prior to hospitalization and in which bleeding was a complication of ACLF. Although the latter situation probably
concerned only a few patients with ACLF at admission,
this should be considered when interpreting our results.
And finally, this is a single-center study with a relatively
small number of patients.

Conclusions
In conclusion, in-hospital risk of ACLF in cirrhotic patients hospitalized for acute gastrointestinal hemorrhage
is high despite successful bleeding arrest and widespread
use of antibiotics. Elevated creatinine levels and MELD
score, and the presence of HE on admission are the best
predictors of ACLF during hospitalization in these patients. Patients with liver cirrhosis after gastrointestinal
hemorrhage are particularly at risk for respiratory failure,
followed by kidney and brain failure.
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Abstract
Background. Blood concentration of galectin-3 (Gal-3) – a biomarker of fibrosis useful in diagnostics and
prognostication in heart failure (HF) – is known to be elevated in patients with renal impairment, a condition
which often accompanies cardiac insufficiency.
Objectives.To investigate the effect of moderately reduced renal function (estimated glomerular filtration
rate (eGFR) 30–60 mL/min/1.73 m2) on the diagnostic and prognostic utility of circulating Gal-3 in patients
with HF with preserved ejection fraction (HFpEF).
Materials and methods. Clinical, biochemical and echocardiographic variables were collected at baseline
in 154 patients with HFpEF: 101 with normal and 53 with moderately reduced renal function, who were followed up for 48 (24–60) months for HF hospitalization and cardiovascular (CV) death (composite endpoint).
Results. Patients with moderately impaired renal function were characterized by higher age, Meta-Analysis
Global Group in Chronic Heart Failure (MAGGIC) risk score, Gal-3, B-type natriuretic peptide (BNP) and New
York Heart Association (NYHA) class, lower hemoglobin, and more advanced left ventricular diastolic dysfunction. Older age, female sex and deeper impairment of renal performance were determinants of higher Gal-3
blood concentrations. Lower exercise capacity (lower peak VO2) was associated with higher Gal-3 level and
more pronounced renal impairment. Multivariable regression analysis demonstrated the significance of renal
dysfunction as a determinant of lower exercise capacity and revealed a significant interaction between Gal-3
and eGFR with respect to peak VO2. The addition of Gal-3 to the prognostic models based on clinical data
improved their predictive power for the study endpoint. The Kaplan–Meier analysis revealed that the presence
of moderately reduced renal function with eGFR 30–60 mL/min/1.73 m2 did not enhance the increased risk
of adverse outcome associated with Gal-3 above the median.
Conclusions. In patients with HFpEF, the coexistence of moderate renal dysfunction does not deteriorate
the prognostic usefulness of circulating Gal-3. However, renal impairment modifies the association between
Gal-3 and exercise capacity, which supports the need to adjust for kidney function when interpreting the contribution of Gal-3 to exercise intolerance in this population.
Key words: prognosis, galectin-3, renal dysfunction, heart failure with preserved ejection fraction
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Background
Galectin-3 (Gal-3), a member of the beta-galactosidebinding lectin family, is a multifunctional protein secreted
by activated macrophages, fibroblasts and vascular cells, and
involved in the regulation of pro-inflammatory and profibrotic signaling.1 The pathophysiological relevance of Gal-3
for the heart has been documented in animal investigations
showing the promotion of myocardial fibrosis by exogenous
Gal-3,2 as well as the regression of fibrotic changes in response
to Gal-3 inhibition.3 Given that cardiac fibrosis and inflammation play major roles in the development of heart failure
(HF), especially the category with preserved ejection fraction
(HFpEF), Gal-3 has emerged as an attractive biomarker in diagnostics and prognostication in this disease entity.4
Accumulating evidence from experimental and human
studies indicates that Gal-3 can be useful in the diagnostic
and prognostic strategies both in the preclinical and clinical phase of HF.2,5 Circulating Gal-3 levels have been found
to be associated with cardiovascular and all-cause mortality in HF population and general population, with exercise
intolerance and treatment effects of angiotensin receptor
blockers and statins.6–10 However, Gal-3 is not a cardiacspecific marker. Chiefly, decreased renal function has been
shown to contribute to Gal-3 overexpression in the blood.11
This interference may provide a confounding effect, decreasing the diagnostic and prognostic usefulness of Gal-3
since renal impairment frequently accompanies HF.12
According to the existing evidence, advanced kidney
compromise with estimated glomerular filtration rate
(eGFR) <30 mL/min/m2 is associated with a significant increase in circulating Gal-3 of noncardiac origin.13 However,
data reporting the impact of the coexistence of a lesser
degree of renal insufficiency on the accuracy of Gal-3
as a cardiac marker are scarce.

Objectives
In view of this, we sought to investigate the effect of moderately reduced renal function (eGFR 30–60 mL/min/
1.73 m2) on the diagnostic and prognostic utility of circulating Gal-3 in patients with exertional dyspnea categorized as having HFpEF.

Materials and methods
Patient selection
In this study, we enrolled 154 patients who were diagnosed at a tertiary cardiology center between 2012 and
2015 due to exertional dyspnea, and fulfilled the HFpEF
criteria in place at the time of recruitment14: 1) signs of HF
classified as New York Heart Association (NYHA) functional class II or III; 2) exercise capacity below normal
(<100% of age- and sex-predicted normal ranges for peak
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oxygen consumption; 3) preserved left ventricle ejection
fraction (>50%); and 4) evidence of the left ventricular diastolic dysfunction (LVDD). The exclusion criteria included:
1) atrial fibrillation or flutter (irregular heart rhythm decreases the accuracy of echocardiographic evaluation);
2) significant ischemic heart disease (defined by the presence of atherosclerotic lesions on coronary angiography
or inducible ischemia during exercise testing); 3) moderate or severe valvular heart disease; 4) obesity (body
mass index (BMI) >36 kg/m 2); 5) anemia (hemoglobin
(Hb) <11 g/dL); and 6) suspected or confirmed pulmonic,
liver, rheumatic, oncological, skeletal, or kidney (creatinine
eGFR < 30 mL/min/1.73 m2) disease. The study cohort was
divided into 2 subgroups: with eGFR > 60 mL/min/1.73 m2
(n = 101) and with eGFR 30–60 mL/min/1.73 m2 (n = 53).
The study protocol comprised medical interview and
examination, cardiopulmonary exercise testing, echocardiography, and assessment of blood biomarkers: serum
Gal-3 and plasma B-type natriuretic peptide (BNP).
All enrollees provided written informed consent following obtaining full information on the essence of the study.
Investigations were approved by the institutional review
board (Wroclaw Medical University Bioethics Committee
approval No. 731/2018) and were conducted in accordance
with the Declaration of Helsinki.

Outcome
Enrollees were followed up over a median period of 48
(24–60) months for the composite endpoint of HF hospitalization (defined as hospital admission due to HF worsening
requiring intensification of diuretic therapy) or cardiovascular (CV) death. The event rate was verified through systematic contact with patients or their authorized relatives.
A standard clinical history was taken, including information about risk factors, etiology and treatment.
Standard equipment (Vivid e9; General Electric Medical
Systems, Milwaukee, Wisconsin) with a phased array 2.5MHz multifrequency transducer was used for echocardiographic imaging. Ultrasound data were saved in the digital
format on a secure server and analyzed offline.

Cardiopulmonary exercise testing
and blood assays
A symptom-limited exercise testing was performed
on a treadmill, according to Bruce protocol, with standard
ECG and blood pressure monitoring. Ventilation, oxygen
uptake and carbon dioxide production were monitored continuously, and peak oxygen uptake (peak VO2) was computed as the average oxygen consumption during the last
30 s of exercise. Peripheral venous blood samples were drawn
between 8:00 and 9:00 AM after 30 min of rest in the supine
position, and subsequently frozen at −70°C. Serum Gal-3
levels were estimated using enzyme-linked immunosorbent assay (ELISA) kits from BioVendor, Inc. (Brno, Czech
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Republic). Intra- and inter-assay coefficients of variation
were 6.4% and 11.4%, respectively. Serum BNP levels were
quantified using commercially available fluorescence immunoassay from Biosite Diagnostics Inc. (San Diego, USA).

Risk stratification
Based on the age, sex, presence of diabetes, and chronic
obstructive pulmonary disease (COPD), current smoking status, duration of HF, HF functional class, use
of β-blockers and angiotensin converting enzyme inhibitors/angiotensin receptor blockers, systolic blood pressure
(SBP), BMI, serum creatinine, and left ventricular ejection fraction, the Meta-Analysis Global Group in Chronic
Heart Failure (MAGGIC) risk score was calculated.15

Statistical analyses
Data are presented as mean ± standard deviation (SD)
for normally distributed variables, as median (interquartile range (IQR)) for skewed variables (Gal-3, BNP), and
as counts and percentages for categorical variables. Before
being analyzed, the BNP was subjected to logarithmic transformation and Gal-3 to Box–Cox transformation. Betweengroup comparisons were performed with an unpaired twosided Student’s t-test. Associations between variables were
evaluated using univariable and stepwise multiple regression analysis. The interaction between Gal-3 and eGFR with
respect to prediction of exercise capacity was tested using
a general linear model. Nested Cox regression models were
built to evaluate the incremental value of BNP, eGFR and
Gal-3 for prediction of the composite endpoint. In the 1st
analysis, the base model included the MAGGIC risk score,
and BNP and Gal-3 were successively added in the next
steps. In the 2nd analysis, eGFR and Gal-3 were consecutively
added to patient age. The change in overall log-likelihood
ratio χ2 value was used to estimate the increase in predictive
power after the addition of subsequent parameter. To evaluate model performance, the Harrell’s C-statistic was used.
Univariable and multivariable Cox proportional hazards
models were used to assess the associations of analyzed
parameters with the study endpoint. Event-free survival
curves were estimated using the Kaplan–Meier method, and
differences were assessed with the log-rank test. All calculations were carried out using standard statistical software
(STATISTICA v. 13; TIBICO Software Inc., Palo Alto, USA).
The level of statistical significance was set at p-value <0.05.

Results
Patient characteristics
A total of 154 patients were finally enrolled into the study
and divided into 2 subgroups: with moderately reduced renal
function (eGFR 30–60 mL/min/1.73 m2 (n = 53)) and normal
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renal function (eGFR > 60 mL/min/1.73 m 2 (n = 101)).
The demographic and clinical profile of the studied population presented in Table 1 was typical of HFpEF, with the predominance of female sex, hypertension and overweight/
obesity. There were significant differences between groups:
the subgroup with reduced renal function was characterized by older age, higher MAGGIC risk score and Gal-3
and BNP concentration, lower hemoglobin level, more advanced exertional dyspnea as expressed by NYHA class, and
lower exercise capacity as assessed by peak oxygen uptake.
Echocardiographic characteristics of study population are
presented in Table 1. Patients with reduced renal function
demonstrated abnormalities of left ventricle (LV) diastolic
parameters: peak early diastolic tissue velocity of the mitral annulus (e’) and the ratio of peak early diastolic mitral
inflow velocity of the mitral annulus (E) to e’. There were
no significant differences in other demographic, clinical
and echocardiographic variables between both subgroups.

Determinants of Gal-3 concentration
in HFpEF population
Univariable and multivariable linear regression analysis
revealed that older age, female sex and deeper impairment of renal function were significant independent determinants of higher Gal-3 concentration in the studied
population (Table 2).

Gal-3 and renal function as determinants
of exercise capacity in HFpEF population
Univariable linear regression analysis demonstrated
significant associations of Gal-3 and eGFR with exercise
capacity expressed by peak VO2. Multivariable linear regression model revealed the presence of significant interaction between Gal-3 and eGFR with respect to peak VO2
(Table 3).

Prognostic utility of Gal-3 in the prediction
of HF hospitalization and CV death
in HFpEF patients
Univariable associations of demographic and clinical
predictors of the study composite endpoint (HF hospitalization or CV death) in Cox proportional hazards analysis
are presented in Table 4. A higher risk of the adverse outcome significantly correlates with higher Gal-3 and BNP
concentration, more advanced age, higher MAGGIC risk
score, and more severe renal function impairment.
In the sequential Cox analysis presented in Fig. 1A,
the addition of Gal-3 to the model including MAGGIC
risk score and BNP improved the predictive power for HF
hospitalization or CV death. Analogically, the addition
of Gal-3 to the model including patient age and eGFR provided an incremental predictive benefit for the composite
study endpoint (Fig. 1B).
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Table 1. Demographic, clinical and echocardiographic characteristics of the study population according to renal function
eGFR ≥ 60 mL/min/1.73 m2
(n = 101)

eGFR < 60 mL/min/1.73 m2
(n = 53)

Age [years]

63.2 ±8.4

Men, n (%)

30 (30)
29.8 ±4.4

29.5 ±4.3

0.13

0.72

36 (36)

20 (38)

0.07

0.80
0.18

Variable

2

BMI [kg/m ]
Diabetes, n (%)

Test value

p-value

67.7 ±7.5

10.2

0.002

12 (23)

0.87

0.35

Hypertension, n (%)

91 (90)

51 (96)

1.82

NYHA class II, n (%)

81 (80)

34 (64)

4.73

NYHA class III, n (%)

20 (20)

19 (36)

N/A

Systolic BP [mm Hg]

127 ±14

127 ±17

0.04

Diastolic BP [mm Hg]
Glucose [mg/dL]

0.030
0.84

75 ±9

72 ±9

3.3

0.07

119 ±30

118 ±33

0.01

0.93

Hemoglobin [g/dL]

13.8 ±1.1

13.4 ±0.9

6.7

0.010

Creatinine [mg/dL]

0.92 ±0.12

1.23 ±0.25

115.7

<0.001

eGFR [mL/min/1.73 m2]
Galectin-3 [ng/mL]

73.3 ±12.0

50.6 ±6.9

161.6

<0.001

1.07 (0.83–1.82)

2.04 (1.00–2.46)

12.4

<0.001

BNP [pg/mL]

41 (20–90)

70 (32–123)

7.4

0.007

peak VO2 [mL/min/kg]

16.3 ±4.8

13.1 ±4.4

17.2

<0.001

MAGGIC risk score

14.0 ±4.9

17.7 ±4.6

19.8

<0.001

ACEI/ARB, n (%)

100 (99)

53 (100)

0.53

0.47

β-blockers, n (%)

83 (82)

41 (77)

0.51

0.47

Ca-blockers, n (%)

42 (42)

22 (42)

0.0

0.99

Thiazides, n (%)

52 (51)

29 (55)

0.15

0.70

7 (7)

8 (15)

2.63

0.10

Loop diuretics, n (%)
LVEDD [mm]

49.4 ±4.3

48.8 ±4.5

0.58

0.45

LVMI [g/m2.7]

53.2 ±13.4

55.3 ±12.5

0.88

0.35

2

LAVI [mL/m ]

32.8 ±8.5

33.3 ±12.3

0.09

0.76

EF [%]

73.3 ±8.3

73.6 ±7.8

0.03

0.85

E/A

0.97 ±0.40

0.94 ±0.58

0.23

0.64

233 ±52

249 ±51

3.5

0.063

e’ septal [cm/s]

6.12 ±1.40

5.45 ±1.24

8.6

0.003

e’ lateral [cm/s]

8.30 ±1.81

7.16 ±2.14

12.0

<0.001

E/e’

11.1 ±3.2

12.7 ±4.9

5.7

0.01

DT [ms]

Values are presented as mean ± standard deviation (SD), n (%), or median (interquartile range (IQR)). The p-values in bold indicate the statistical significance
of differences. A – late diastolic mitral inflow velocity; ACEI – angiotensin-converting enzyme inhibitor; ARB – angiotensin receptor blocker; BMI – body
mass index; BNP – B-type natriuretic peptide; BP – blood pressure; DT – deceleration time of E wave; E – peak early diastolic mitral flow velocity; e´– peak
early diastolic mitral annular velocity; EF – ejection fraction; eGFR – estimated glomerular filtration rate; LAVI – left atrial volume index; LVEDD – left
ventricular end-diastolic diameter; LVMI – left ventricular mass index; MAGGIC – The Meta-Analysis Global Group in Chronic Heart Failure; NYHA – New York
Heart Association; VO2 – oxygen uptake; N/A – not applicable.

Survival free of the study endpoint is shown in Fig. 2. Patients
with Gal-3 concentration above the median (1.30 ng/mL)
were at higher risk for HF hospitalization or CV death
in comparison with patients with Gal-3 concentration below
the median (p = 0.009; Fig. 2A). There was a trend towards
a higher incidence of the study endpoint in patients with
eGFR 30–60 mL/min/1.73 m2 compared to patients with normal renal function (p = 0.066; Fig. 2B). The increased risk for
adverse outcome associated with higher (above the median)
Gal-3 was not amplified by the coexistence of moderate renal
impairment (eGFR 30–60 mL/min/1.73 m2; p = 0.60; Fig. 2C).

Discussion
The major findings of this study are that in patients
with exertional dyspnea and possible HFpEF, Gal-3 provides prognostic information that is independent from
and incremental to clinical data and BNP, and the value
of this marker in predicting adverse outcome is similar
between subjects with normal and moderately reduced
(eGFR 30–60 mL/min/1.73 m2) renal function. The association between Gal-3 and exercise capacity is modified
by renal function; therefore, kidney performance should
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Table 2. Univariable and multivariable associations of galectin-3
Parameter

β

SE

p-value

0.08

0.01

Table 3. Univariable and multivariable associations of exercise capacity
(peak oxygen uptake) with galectin-3 and eGFR
Parameter

Univariable linear regression
eGFR

−0.20

Age

0.24

0.08

0.002

Female sex

0.20

0.08

0.01

−0.20

0.08

SE

p-value

−0.21

0.08

0.008

0.37

0.08

<0.001

Univariable linear regression
Galectin-3
eGFR

Multivariable linear regression (R2 = 0.16)

Multivariable linear regression (R2 = 0.13)
eGFR

β

0.02

Age

0.20

0.08

0.01

Female sex

0.25

0.08

0.003

The p-values in bold indicate the statistical significance of differences.
eGFR – estimated glomerular filtration rate; SE – standard error.

Galectin-3

−0.15

0.08

0.065

eGFR

0.34

0.08

<0.001

Interaction galectin-3*eGFR

−0.20

0.08

0.016

The p-values in bold indicate the statistical significance of differences.
eGFR – estimated glomerular filtration rate; SE – standard error.

Fig. 1. A. Incremental value of galectin-3 (Gal-3) over Meta-Analysis Global Group in Chronic Heart Failure (MAGGIC) risk score and B-type natriuretic
peptide (BNP) for prediction of heart failure (HF) hospitalization or cardiovascular (CV) death; B. Incremental value of Gal-3 over patient age and estimated
glomerular filtration rate (eGFR) for prediction of HF hospitalization or CV death
HR – hazard ratio; 95% CI – 95% confidence interval.
Table 4. Demographic and clinical predictors of the study endpoint (HF
hospitalization or CV death) in univariable Cox proportional hazards models
Parameter

HR

95% CI

p-value

Galectin-3

2.67

[1.51; 4.73]

<0.001

Age

1.04

[1.01; 6.25]

0.01

eGFR

0.98

[0.96; 0.99]

0.01

MAGGIC risk score

1.09

[1.04; 1.14]

<0.001

BNP

1.46

[1.18; 1.80]

<0.001

eGFR – estimated glomerular filtration rate; MAGGIC – The Meta-Analysis
Global Group in Chronic Heart Failure; HF – heart failure; 95% CI – 95%
confidence interval; CV – cardiovascular; HR – hazard ratio; BNP – B-type
natriuretic peptide. The p-values in bold indicate the statistical
significance of differences.

be taken into account when using Gal-3 for defining
the pathophysiologic phenotype of exercise intolerance
in this population.

Galectin-3 is implicated in the fibrotic and inflammatory processes, and its expression is increased in damaged and remodeling tissues, irrespective of the affected
organ and etiology of injury. The contribution to the blood
Gal-3 pool can come from a variety of sources of increased
fibrosis. Accordingly, the coexistence of multiple organ
diseases, one of the most frequent of which is cardiorenal
syndrome, constrains the diagnostic ability of circulating Gal-3 to track specific pathologies, as well as specific
organ-related outcomes.
The clearance of Gal-3 is thought to be largely hepatic;
however, renal excretion of this protein also appears to play
a role.1,16 Some data indicate that the urinary elimination
of Gal-3 is impaired in HF even if the kidney function
is normal.11 It has been postulated that the impact of renal disease on HF worsening may in part be mediated
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Fig. 2. A. Survival free of heart failure (HF) hospitalization or cardiovascular
(CV) death in the study population stratified according to the median
galectin-3 (Gal-3) concentration (1.30 ng/mL); B. Survival free of HF
hospitalization or CV death in the study population stratified according
to estimated glomerular filtration rate (eGFR); C. Survival free of HF
hospitalization or CV death in the study population stratified according
to Gal-3 concentration and eGFR
Subset (a) – Gal-3 below the median value (n = 77); Subset (b) – Gal-3
above the median value and eGFR > 60 mL/min/1.73 m2 (n = 43); Subset
(c) – Gal-3 above the median value and eGFR 30–60 mL/min/1.73 m2
(n = 34).
Log rank p-values: subset (a) compared to subset (b) p = 0.046; subset
(a) compared to subset (c) p = 0.013; subset (b) compared to subset (c)
p = 0.60.
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by the Gal-3 pathways that aggravate cardiac remodeling
and dysfunction.17–19
The prognostic significance of Gal-3 has been demonstrated both in acute and chronic HF across a wide spectrum of kidney function.20–23 However, in multivariate
adjustments including renal impairment, the significance
of independent predictive contribution from Gal-3 was
lost in some studies.13,24,25 Interestingly, the association
of higher Gal-3 with adverse outcome in predialysis cohorts was preserved for all-cause mortality but not for
HF progression, which might suggest that in patients with
more severe renal dysfunction, the prognostic profile
of Gal-3 becomes less cardiac-oriented.26
The commonly believed notion that in the setting of advanced chronic kidney disease (CKD) Gal-3 is not a useful marker of cardiac injury, does not exclude the possibility that a lesser degree of renal impairment can be
more neutral in terms of limiting the diagnostic utility
of Gal-3 in cardiovascular disease (CVD). The current
study demonstrated that in patients with exertional dyspnea satisfying the former criteria for HFpEF and having
only a moderately reduced kidney function, circulating
Gal-3 is a robust prognostic marker, providing predictive
information independent from demographic and clinical
data, including renal function status. It is worth emphasizing that the prognostic significance of Gal-3 was corroborated after adjustment for the MAGGIC risk score
– a widely approved risk-stratifying tool in HF, including
several risk-associated variables.
The incremental value of Gal-3 in predicting adverse
outcome was evident despite the association of this biomarker with eGFR, which, however, was weaker than that
reported in prior studies including subjects with more
advanced renal impairment. Thus, our results support
the use of Gal-3 in the prognostic assessment of patients
suspected of having HFpEF in the absence of severe kidney
dysfunction.
The association between Gal-3 and exercise capacity has
a pathophysiological basis. Higher Gal-3 reflects more intense myocardial fibrosis, which is a substrate for increased
LV stiffness, leading to LV filling pressure elevation and
pulmonary congestion. Abnormal LV filling is exaggerated by exercise, which is clinically evidenced as exertional
dyspnea. On the other hand, renal disease can contribute
to myocardial dysfunction through a number of mechanisms, including changes in neurohormonal, metabolic
and pro-inflammatory milieu, as well as in cardiac loading
conditions.
This study revealed that both Gal-3 and eGFR were
associated with peak oxygen consumption. The presence of significant interaction between these predictors
in multivariable analysis suggests the interplay of fibrosis
and renal impairment in their effect on exercise capacity.
This finding indicates that the role of Gal-3 in the pathophysiology of exercise intolerance should be considered
in the context of kidney function.
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Limitations
First, the analysis in this paper was limited to the demographic, clinical and laboratory factors. The contribution of echocardiographic parameters to the discussed
aspects was presented in the previous papers analyzing
the currently studied population.27,28 Second, the clinical
profile of this study population, with exclusions of atrial
fibrillation, coronary artery disease (CAD) and COPD, may
constrain the extrapolation of our findings to other patient
cohorts with exercise intolerance, suspected of HFpEF.
Third, the enrollment of patients from a single academic
center might limit the generalizability of our results.

Conclusions
In patients with exertional dyspnea classified as HFpEF,
the coexistence of moderately reduced renal function does
not deteriorate the prognostic usefulness of circulating Gal3. However, renal impairment modifies the association between Gal-3 and exercise capacity, which supports the need
to adjust for kidney function when interpreting the contribution of Gal-3 to exercise intolerance in this population.
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Background. Multiple myeloma (MM) is a malignant plasma cancer which remains difficult to be cured.
Recently, numerous research studies have appeared, exploring MM from molecular level. However, there
is no study about the impact of metabotropic glutamate receptors (mGluRs), especially mGluR5, on MM
progression. Thus, the present research was dedicated to the exploration of the influence of mGluR5 on MM.
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Objectives. In this research, we used quantitative real-time polymerase chain reaction (qRT-PCR) to check
the gene expression in MM, western blot assay to check the protein expression of the gene, MTT assay
to quantify the cell viability, and flow cytometry (FCM) apoptosis method to evaluate cell apoptosis in order
to acquire the results. The purpose was to assess the role of mGluR5 in MM cells.
Materials and methods. The qRT-PCR was used and it was found that mGluR5 was overexpressed in MM
cell lines and MM tissues compared to normal ones. To better observe the function of mGluR5 in MM, cell
viability and apoptosis were checked using MTT and FCM apoptosis assays after the treatment with agonists
and antagonists.
Results. Agonist-induced mGluR5 upregulation could promote MM cell viability and inhibit apoptosis.
The same results were obtained through MTT and FCM apoptosis assays after upregulation and downregulation of mGluR5 by transfection. To further investigate the inner mechanism, the effect of mGluR5
on Ras–MAPK pathway was checked using western blot. It was found that the upregulation of mGluR5
could activate the Ras–MAPK pathway.
Conclusions. The mGluR5 might be involved in promoting cell proliferation and inhibiting cell apoptosis
in MM. It can be an essential biomarker in the screening for MM and a potential part of future MM therapies.
Key words: apoptosis, multiple myeloma, viability, mGluR5
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Background
Multiple myeloma (MM) is recognized as plasma cell
myeloma, myelomatosis or Kahler’s disease.1 It is an agerelated plasma cell cancer and a clonal plasma cell malignancy that is responsible for approx. 10% of hematologic malignancies.2 The latest drug discoveries could lead
to greatly improved survival percentages. 3 Even though
previous research on therapies such as immunomodulatory drugs (IMiDs) and proteasome inhibitors have benefited the MM patients, the development mechanism of this
disease still remains to be explored.4,5 Until now, the frequently discussed genes in MM include KRAS, NRAS,
TP53, BRAF, and CCND1.6 It has been widely reported that
the mutations in KRAS and NRAS could regulate the cell
apoptosis of MM cells.6,7 The TP53, a classic tumor suppressor, is also correlated with cellular apoptosis in MM.8
Metabotropic glutamate receptors (mGluRs), as G-protein
coupling receptors, have been extensively studied in correlation with cell survival and death, and Group I consists of mGluR1 and mGluR5 subtypes (mGluR1/5),
which are coupled to Gαq/11 proteins.9 Both mGluR1 and
mGluR5 have been reported to be expressed in a variety
of tumors, including lung cancer10 and osteosarcoma,11
among others. It has been confirmed that mGluR5 is involved in the osteosarcoma cell proliferation and its inhibition reduces cell proliferation.11 Similarly, mGluR5 antagonist was found to suppress cell proliferation in laryngeal
cancer.12 Apart from that, mGluR5 was also discovered
to be expressed in MM.
However, there has been no further research on MM
regarding mGluR5. Oncomine (https://www.oncomine.
org) online analysis showed that mGluR5 ranked the top
10% of the significantly upregulated genes in MM tissues
compared to normal ones, suggesting that mGluR5 might
play an oncogenic part in MM. Therefore, we hypothesized
that mGluR5 might be involved in the occurrence and
progression of MM and tried to explore whether mGluR5
regulates the cell apoptosis and proliferation and also
the functional mechanism beneath MM.

Objectives
The aim of this study was to investigate the role of mGluR5
in MM and also explore its regulatory mechanism.

Materials and methods
Cell culture
The MM cell lines (MM1S, OPM-2, NCI-H929, U266,
and RPMI-8226) and normal human umbilical vein endothelial cells (HUVECs) were bought from the American
Type Cell Culture (ATCC; Manassas, USA). The MM1S,

OPM-2, NCI-H929, U266, and RPMI-8226 are different B lymphocytes derived from MM patients. The cells
were cultured in RPMI-1640 medium (Thermo Fisher
Scientific, Waltham, USA) supplemented with 10% fetal
bovine serum (FBS; Invitrogen, Shanghai, China) and 1%
penicillin/streptomycin at 37°C in 5% CO2 .

qRT-PCR
Total RNA was extracted from cells using Triazole reagent (Thermo Fisher Scientific). The cDNA was reversely
transcribed as a template. A Roche LC480 real-time polymerase chain reaction (RT-PCR) machine and a SYBR Green
kit (both from Qiagen, Düsseldorf, Germany) were utilized
to perform the quantitative RT-PCR (qRT-PCR) analysis.
A total of 10 µL of the SYBR Green PCR master mix, 50 ng
cDNA and 250 nM of each primer were mixed and diluted
to a total volume of 20 µL. Each group was analyzed in triplicate and the process was repeated 3 times. The conditions
for thermal cycling were as follows: 10 min at 95°C, followed
by 40 cycles of 95°C for 15 s and 60°C for 60 s. The 2−ΔΔCq
method was used. Primer sequences were as follows: mGluR5:
forward, 5’-TGAGGGTTGTGCCTTCAGAT-3’, reverse,
5’-AAGAGTGGGCGATGCAAATC-3’. The GAPDH was
used as an internal control and its primer sequences were
as follows, forward, 5’-GTCGGAGTCAACGGATTTGG-3’,
reverse, 5’-TGACGGTGCCATGGAATTTG-3’.

Cell treatment
After qRT-PCR detected the differential expression
of mGluR5 in the 4 MM cell lines, we selected the cell line
with the highest mGluR5 expression to knock down the gene
expression through its antagonist or inhibitor (OPM2) and
the cell line with the lowest mGluR5 expression (MM1S)
to upregulate the expression of mGluR5 by treating it with
its agonist or oe-mGluR5. Therefore, mGluR5 siRNA plasmid, lentivirus plasmid and respective empty vectors (Santa
Cruz Biotechnology, Santa Cruz, USA) were used to regulate
the expression levels of mGluR5 in MM1S and OPM2 cells.
The MM1S cells were treated with 50 nmol/L agonist (S)-3,5dihydroxyphenylglycine (DHPG) (Santa Cruz Biotechnology), with the group treated with dimethyl sulfoxide (DMSO,
10 ng/mL; Santa Cruz Biotechnology) as a positive control.
The OPM2 cells were treated with mGluR5 antagonist 1
(2-methyl-6-(phenylethynyl)-pyridine – MPEP; 50 nmol/L;
Santa Cruz Biotechnology) and the other group of OPM2 cells
– with mGluR5 antagonist 2 (3-[(2-methyl-1,3-thiazol-4-yl)
ethynyl]pyridine – MTEP, 50 nmol/L, ab 144307; Abcam,
Cambridge, UK), with the DMSO-treated (10 ng/mL) group
as a positive control.

Western blot assay
The separation of protein was conducted with ProteoJET
Mammalian Cell Lysis Reagent (Thermo Fisher Scientific).
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This was completed step by step according to the manufacturer’s guidelines. Then, the centrifugation (15 min,
4°C) was performed. The proteins were denatured and
forced to undergo sodium dodecyl sulfate-polyacrylamide
gel electrophoresis (SDS-PAGE). The mGluR5 primary antibodies – Rabbit Anti-Metabotropic Glutamate Receptor 5
antibodies (ab27190, 1:2000) were purchased from Abcam.
The antibodies related to the rest proteins were also bought
from Abcam: RAS primary antibody – Rabbit Anti-Ras
antibody (ab69747, 1.0 µg/mL); Raf1 primary antibody
– Rabbit Anti-Raf1 antibody (ab230850, 1:1000); Rabbit
Anti-beta Actin antibody (ab8227, 1:2000); and secondary
antibody Goat Anti-Rabbit IgG H&L (HRP) (ab205718,
1:2000). The resulting bands (RAS, Raf1 and b-actin) were
analyzed with electrochemiluminescence (ECL) (Thermo
Fisher Scientific) and densitometry analysis using ImageJ
software (Bharti Airtel Ltd., New Delhi, India).

MTT assay
The MTT assay was utilized to evaluate the cell viability.
Shortly thereafter, MM1S and OPM2 cells were placed
in 96-well plates and treated with actinomycin for 0 h, 2 h,
4 h, and 8 h; then, 20 μL of MTT reagent (5 mg/mL; Abcam)
was applied to each plate, after which they were incubated
for 3–4 h, and the absorbance was measured at 495 nm
using a microplate reader (Thermo Fisher Scientific).

Flow cytometry method
for apoptosis assay
The cell apoptosis was evaluated with the flow cytometry
(FCM) method. Annexin V PE and 7AAD (eBioscience, San
Diego, USA) were utilized to stain cells in accordance with
the instructions of the manufacturers. The percentages
of apoptotic cells (annexin V PE+/7AAD−) were evaluated
using Cell Quest software in a FACScan cytometer (Becton
Dickinson Bioscience, Franklin Lakes, USA).

Statistical analyses
The Graphpad Prism v. 8.2 (GraphPad Software, San Diego,
USA) was applied for statistical analysis. The Kruskal–
Wallis test (K–W) followed by Dunn’s post hoc and Kolmogorov–Smirnov test (K–S) were applied in the statistical analysis. The experiments were repeated 3 times
independently.

Results
mGluR5 is upregulated in MM cell lines
The mGluR5 expression in MM cells lines MM1S, OPM2,
U266, NCI-H929, and RPMI-8226 and normal cell line
HUVECs was measured using qRT-PCR (Fig. 1A). The results
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revealed that the mGluR5 expression was higher in MM cells
compared to the normal cells. Among the MM cell lines,
mGluR5 expression in MM1S cells was the highest and
in OPM2 was the lowest, though still higher than in HUVECs.
Therefore, we selected MM1S cell line for mGluR5 downregulation and OPM2 for upregulation in the following assays. The MM1S cells treated with mGluR5 agonist DHPG,
and OPM2 cells treated with mGluR5 antagonist MPEP and
MTEP were measured using qRT-PCR with the DMSO groups
as controls in both cell lines. The mGluR5 was increased
in DHPG agonist group compared to the DMSO group
of the MM1S, while mGluR5 had low expression in both
the MPEP and MTEP antagonist groups (Fig. 1B,C). Furthermore, we measured the relative protein levels of mGluR5 in all
the groups of both cell lines. The results showed that mGluR5
was downregulated in the MPEP and MTEP, and upregulated
in the DHPG compared to the DMSO positive controls, which
was consistent with the qRT-PCR findings (Fig. 1D,E).

Agonist-induced upregulation
of mGluR5 promotes cell viability
in MM cells
The MTT assay revealed that the DHPG group had higher viability than the DMSO group in MM1S cells (Fig. 2A),
while the MPEP and MTEP groups had lower cell viability than the control group in OPM2 cells (Fig. 2B) due
to the regulation of the mGluR5 expression.

Agonist-induced mGluR5 upregulation
inhibited apoptosis in MM cells
The cell apoptosis was evaluated in the groups of both
MM1S and OPM2 cell lines using FCM apoptosis assays.
The apoptosis rates in the mGluR5 agonist group were lower than those of the control group in MM1S cells (Fig. 3A).
Higher apoptosis was found in the groups of MTEP and
MPEP in comparison with the DMSO control group
(Fig. 3B). The results pointed out that the agonist-induced
upregulation of mGluR5 could decrease the cell apoptosis,
while the antagonist-induced downregulation of mGluR5
could elevate the cell apoptosis in MM cells.

Transfection-induced upregulation
of mGluR5 promotes cell viability
and curbs cell apoptosis of MM cells
After MM1S cells were transfected with oe-mGluR5, oeNC and OPM2, the cells were transfected with si-mGluR5
and si-NC, and qRT-PCR was used to confirm the regulation of mGluR5 expression in different groups. It was
verified that the oe-mGluR5 group had a high expression of mGluR5, while the si-mGluR5 group had a lower
mGluR5 expression compared to their control groups
(Fig. 4A). The MTT assay revealed that the oe-mGluR5
induced an increase in cell viability, while si-mGluR5
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Fig. 1. mGluR5 had higher expression in multiple myeloma (MM) cell lines. A. Quantitative real-time polymerase chain reaction (qRT-PCR) was applied
to evaluate the mGluR5 expression in MM cell lines and MM1S, OPM-2, U266, NCI-H929, and RPMI-8226, and normal cell line CD143; B,D. MM1S cell line was
treated with dimethyl sulfoxide (DMSO) as a control group and 3,5-dihydroxyphenylglycine (DHPG) as an agonist group. The qRT-PCR was used to measure
mGluR5 RNA expression in each group in MM1S cell line. Western blot was used to measure mGluR5 protein expression in each group in MM1S cell line;
C,E. OPM2 cell line was treated with DMSO as a control group, 2-methyl-6-(phenylethynyl)-pyridine (MPEP) or 3-[(2-methyl-1,3- thiazol-4-yl)ethynyl]pyridine
(MTEP) as antagonist groups. The qRT-PCR was used to measure mGluR5 RNA expression in each group in the MM1S cell line. Western blot was used for
mGluR5 protein expression in each group in MM1S cell line. Each assay was performed thrice independently. Kruskal–Wallis test (K–W) with Dunn’s post
hoc test and Kolmogorov–Smirnov test (K–S) were applied in the statistical analysis (Fig. 1A. human umbilical vein endothelial cells (HUVECs) compared to
RPMI82226, p = 0.0197; HUVECs compared to U266, p = 0.0324; HUVECs compared to OPM2, p = 0.0029; HUVECs compared to MM1S, p = 0.0452; HUVECs
compared to NCI-H929, p = 0.0298; K–W, Dunn’s post hoc. Fig. 1B. p = 0.0237, K–S; Fig. 1C. DMSO compared to MPEP, p = 0.0376; DMSO compared to MTEP,
p = 0.0425; K–W, Dunn’s post hoc; Fig. 1D. p = 0.0198, K–S; Fig. 1E. DMSO compared to MPEP1. p = 0.0487; DMSO compared to MTEP2, p = 0.0341; K–W,
Dunn’s post hoc)

Fig. 2. Agonist-induced mGluR5 upregulation promoted cell viability in multiple myeloma (MM) cells. A,B. The MTT assay measured the cell viability
situation when MM1S cell line was treated with dimethyl sulfoxide (DMSO) as a control group and 3,5-dihydroxyphenylglycine (DHPG) as an agonist
group, and OPM2 cell line was treated with DMSO as control group, with 2-methyl-6-(phenylethynyl)-pyridine (MPEP) or 3-[(2-methyl-1,3- thiazol-4-yl)
ethynyl]pyridine (MTEP) as antagonist groups. Each assay was performed thrice independently. Kruskal–Wallis test (K–W) with Dunn’s post hoc test and
Kolmogorov–Smirnov test (K–S) were applied in the statistical analysis (Fig. 2A. p = 0.0032, K–S; Fig. 2B. DMSO compared to MPEP, p = 0.0356; DMSO
compared to MTEP, p = 0.0225; K–W, Dunn’s post hoc)
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Fig. 3. Agonist-induced mGluR5 upregulation inhibited apoptosis in multiple myeloma (MM) cells. A,B. Flow cytometry (FCM) apoptosis assays measured
the cell apoptosis changes when MM1S cell line was treated with dimethyl sulfoxide (DMSO) as a control group and 3,5-dihydroxyphenylglycine (DHPG)
as an agonist group, and OPM2 cell line was treated with DMSO as a control group, with 2-methyl-6-(phenylethynyl)-pyridine (MPEP) or 3-[(2-methyl-1,3thiazol-4-yl)ethynyl]pyridine (MTEP) as antagonist groups. Each assay was performed thrice independently. Kruskal–Wallis test (K–W) with Dunn’s post hoc
test and Kolmogorov–Smirnov test (K–S) were applied in the statistical analysis (Fig. 3A. p = 0.0269, K–S; Fig. 3B. DMSO compared to MPEP, p = 0.0274; DMSO
compared to MPTP, p = 0.0225; K–W, Dunn’s post hoc)

lowered cell viability compared with the control groups
(Fig. 4B). On the other hand, FCM apoptosis assays found
that the oe-mGluR5 group displayed lower cell apoptosis rate, while the si-mGluR5 group presented higher cell
apoptosis in MM cell lines compared to their control
groups (Fig. 4C,D). The MTT assay revealed that the oemGluR5 induced an increase in cell viability, while simGluR5 lowered cell viability compared with the control
groups (Fig. 4B).

mGluR5 upregulation activates
the Ras signaling pathway in MM cells
Western blot assays revealed that in the oe-mGluR5 group,
the protein expression of mGluR5 was upregulated in comparison to the oe-NC, while in the si-mGluR5 group, the mGluR5
protein expression was downregulated (Fig. 5A,D). The investigation into the correlation between mGluR5 and Quantitative real-time polymerase chain reaction (qRT-PCR)
signaling was carried out in MM cells. The protein levels
of Ras, p-Raf1 and Raf1 were measured using western blot.
The inhibition of mGluR5 in MM1S cells showed decreased
protein levels of Ras and phosphorylated Raf1, and the upregulation of mGluR5 in OPM2 cells had an opposite effect

on the protein levels of the signaling pathway (Fig. 5B–D).
These data indicated that the upregulation of mGluR5 in MM
cells could activate the Ras–MAPK pathway by promoting
Ras and the phosphorylation of Raf1 in MM cells (Fig. 5B–D).

Discussion
Previous studies have demonstrated that mGluR5 plays
different roles in various human diseases. Studies verified
that mGluR5 was upregulated in human tongue cancer and
its overexpression promoted cell invasion, migration and
adhesion.13 As displayed by Oncomine online tool, mGluR5
is aberrantly upregulated in MM compared to normal tissues. Therefore, we presumed that mGluR5 might serve
as an oncogenic gene in MM, similarly to its role in tongue
cancer and prostate cancer.14 Yet, there have been few research studies concerning the impact of mGluR5 on MM.
Therefore, our study was dedicated to explore how mGluR5
regulated the cell apoptosis and proliferation of the MM
and the possible mechanisms beneath. Firstly, through
qRT-PCR we confirmed the expression of mGluR5 in various cell lines of MM and the control cell line HUVEC,
and we discovered that mGluR5 was upregulated in MM
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Fig. 4. Transfection-induced upregulation of mGluR5 promoted cell viability and inhibited cell death in multiple myeloma (MM) cells. MM1S cell line was
transfected with si-NC or si-mGluR5 plasmids while OPM2 cell line was selected to knock down by transfection with oe-NC and oe-mGluR5 plasmids.
A. Quantitative real-time polymerase chain reaction (qRT-PCR) was performed to evaluate the relative mGluR5 mRNA expression among all the groups
in both cell lines; B. Cell viability was measured with MTT method; C,D. Flow cytometry (FCM) apoptosis assay was used to measure cell apoptosis.
Each assay was performed thrice independently. Kruskal–Wallis test (K–W) with Dunn’s post hoc test and Kolmogorov–Smirnov test (K–S) were applied
in the statistical analysis (Fig. 4A. oe-NC (MMIS) compared to oe-mGluR5 (MMIS), p = 0.0163; si-NC (OPM2) compared to si-mGluR5 (OPM2), p = 0.0319; K–W,
Dunn’s post hoc; Fig. 4B. oe-NC (MMIS) compared to oe-mGluR5 (MMIS), p = 0.0094; si-NC (OPM2) compared to si-mGluR5 (OPM2), p = 0.0308; K–W, Dunn’s
post hoc. Fig. 4C; oe-NC(MMIS) compared to oe-mGluR5 (MMIS), p = 0.0268; si-NC (OPM2) compared to si-mGluR5 (OPM2), p = 0.0325; K–W, Dunn’s post hoc)

cells compared to the HUVECs, which was consistent
with Oncomine analysis and also suggested that mGluR5
might be an oncogene in MM. Among all the MM cell lines,
OPM2 presented the highest expression of mGluR5, while
MM1S the lowest. Furthermore, we decided to differentiate
the expression of mGluR5 in MM cell lines, selecting OPM2
and MM1S cell lines. To inhibit or stimulate the mGluR5
expression in cells, transfection with si-mGluR5 and oemGluR5, and treatments with inhibitors or agonists are
available. As for mGluR5, DHPG is commonly used to activate mGluR1/515,16; MPEP and MTEP are effective inhibitors of mGluR5.17,18 In addition, it has been discovered
that mGluR5 takes part in central nervous system (CNS)
disorders that are induced by the hypersecretion of glutamate, such as epilepsy, neurogenic or inflammatory pain,
dyskinesia, headaches, drug addiction, and psychosis.19,20
In this study, we adopted both the transfection and treatments with agonist DHPG and inhibitors MPEP and MTEP
in MM cells in order to upregulate mGluR5 in MM1S and
downregulate mGluR5 in OPM2. The qRT-PCR and western blot confirmed the upregulation of mGluR5 by agonist
DHPG or oe-mGluR5 in MM1S, and inhibition of mGluR5
by antagonists MPEP and MTEP and si-mGluR5 in OPM2
cells in mRNA and protein levels. After confirmation,

we carried out MTT and apoptosis assays to measure
the changes in cell viability and apoptosis. The results indicated that the upregulation of mGluR5 by oe-mGluR5
or DHPG in MM1S promoted the cell viability and inhibited cell apoptosis compared with the DMSO control group,
which supported the claim that mGluR5 behaved as an oncogene in the MM cell lines. Likewise, it was revealed that
the downregulation of mGluR5 by si-mGluR5 and antagonists MPEP and MTEP in OPM2 cells suppressed cell
viability and induced cell apoptosis. The results verified
that mGluR5 acted as oncogene in MM, which was in accordance with our hypothesis. To investigate the potential
mechanism involved, we did further research with regard
to Ras–MAPK signaling.
Ras–mitogen activated protein kinase pathway is an essential intracellular signaling pathway that regulates multiple cellular functions, including cell proliferation and
apoptosis.21 The most frequently mutated gene concerning the MAPK signaling pathway is Ras, which is related
to the superfamily of small GTPases and is the first intracellular effector of the Ras–MAPK signaling pathway.22
Ras can be stimulated by many extracellular stimuli,
which helps to transform Ras from a GDP-bound inactivated form to a GTP-bound activated form, and recruit

Adv Clin Exp Med. 2022;31(8):881–888

887

Fig. 5. Transfection-induced
upregulation activated the Ras–mitogen
activated protein kinase (MAPK) signaling
pathway in multiple myeloma (MM)
cells. MM1S cell line was transfected
with si-NC or si-mGluR5 plasmids,
while the OPM2 cell line was selected
to be knocked down by transfection
with oe-NC and oe-mGluR5 plasmids.
Western blot was used to examine
the protein levels of mGluR5 (A) and
RAS (B) as well as phosphorylation
of Raf1 (C) among all the groups in both
cell lines after transfection. Each assay
was performed thrice independently.
Kruskal–Wallis test (K–W) with Dunn’s
post hoc test and Kolmogorov–Smirnov
test (K–S) were applied in the statistical
analysis (Fig. 5A. oe-NC (MMIS) compared
to oe-mGluR5 (MMIS), p = 0.0039,
si-NC (OPM2) compared to si-mGluR5
(OPM2), p = 0.0254; K–W, Dunn’s post
hoc; Fig. 5B. oe-NC (MMIS) compared
to oe-mGluR5 (MMIS), p = 0.0174, si-NC
(OPM2) compared to si-mGluR5 (OPM2),
p = 0.0232; K–W, Dunn’s post hoc;
Fig. 5D. oe-NC (MMIS) compared to
oe-mGluR5 (MMIS), p = 0.0094, si-NC
(OPM2) compared to si-mGluR5 (OPM2),
p = 0.0163; K–W, Dunn’s post hoc)

the Raf-1 kinase to the plasma membrane.23 The activation
of the Ras–MAPK pathway is an early event in cancers and
a promoter to chemoresistance.24 In MM, previous studies showed that Ras–MAPK pathway is activated in MM
patients and its activation could promote the progression
of MM.25
In the present study, western blot was used to determine
the changes in Ras and p-Raf1/Raf1 in response to mGluR5
regulation in MM1S and OPM2 cells. It was found that
the upregulation of mGluR5 could activate the Ras–MAPK
pathway, exerting a promotive impact on MM cell proliferation and a suppressive effect on apoptosis.

Limitations

and inhibited apoptosis by activating Ras–MAPK pathway
in MM. The findings suggest that mGluR5 inhibitors MPEP
or MTEP might be used in the future as a tumor suppressor
in MM after extensive in vivo research and clinical trials.
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Objectives. To investigate the carcinogenic mechanisms of RPS27 and functions of RPS27 in the initiation
and progression of thyroid cancer.
Materials and methods. The RPS27 gene was overexpressed in BTH101 cells and the influence on the level of gene expression and alternative splicing (AS) was then analyzed by comparing the transcriptomes
of the overexpressing cells with the controls. The procedures included cloning and plasmid construction
of RPS27, cell culture and transfection, evaluation of RPS27 overexpression, library preparation and sequencing, RNA-Seq raw data clean and alignment, differentially expressed genes (DEGs) analysis, AS analysis,
quantitative real-time polymerase chain reaction (qRT-PCR) validation of DEGs and AS events (ASEs), and
functional enrichment analysis.
Results. The results demonstrated that RPS27 could selectively regulate the expression of genes associated with autoimmune thyroid disease, inflammatory/immune response and AS of genes associated with
TRIF-dependent toll-like receptor signaling pathway and apoptotic process. The genes in question are BMP6,
SERPINA3, IL17B, IL1RN, HLA-B, PF4, HLA-DOB, MADCAM1, HLA-DQA1, TPO, HLA-B, HLA-DQA1, HLA-DOB, HLA-C,
KRT8, CFLAR, HMGA1, CASP8, CCNH, UBE2D3, and MAPK9, among others.
Conclusions. The RPS27 selectively regulated the expression and alternative splicing of genes involved
in inflammatory/immune response and TRIF-dependent toll-like receptor signaling pathway, which were
tightly associated with the initiation and progression of thyroid cancer. These results extend our knowledge
on the molecular functions of RPS27 in thyroid cancer cells and have a potential value in thyroid cancer
treatment.
Key words: gene expression, thyroid cancer, alternative splicing, ribosomal protein S27, overexpression
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Background
Thyroid cancer is a common endocrine tumor with
an increasing incidence worldwide.1 The age-standardized
incidence rate of thyroid cancer rose by 20% from 1990
to 2013.2 In China, a recent investigation reported a rapidly
increasing number of thyroid cancer cases.3 The immune
system plays a crucial role in prevention of tumors, as well
as in their initiation and progression.4 Some tumor types
are strongly correlated with chronic infectious or inflammatory diseases, whereas others are not, but inflammatory
components are present in most of human neoplastic lesions. Studies have demonstrated that thyroid cancer can
be associated with thyroid autoimmunity, even if the exact
mechanisms remain poorly elucidated.5,6
Ribosomal protein S27 (RPS27), also known as metallopanstimulin-1 (MPS-1), is a multifunctional protein ubiquitously
expressed in most of the human normal tissues and primarily
located in the cytoplasm.7 It serves as an RNA-binding protein
(RBP) and subsequently affects the translation and degradation of many mRNAs.8 In addition to translation-related
functions, ribosomal proteins are also associated with plenty
of biological process functions, including apoptosis, genomic
stability, development, and cell proliferation.9 The expression
of RPS27 is upregulated in multiple human malignancies,
including liver, prostate, colon, stomach, and head and neck
cancers.10–12 In thyroid cancer, the expression of RPS27 is associated with patient outcomes.13 However, the carcinogenic
mechanisms of RPS27 and functions of RPS27 in the initiation
and progression of thyroid cancer are still not clear.
Therefore, in this study, the RPS27 gene was overexpressed in BTH101 cells and the influence on the gene
expression level and alternative splicing (AS) was then analyzed through comparing the transcriptomes of the overexpressing cells with the controls.
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The pIRES-hrGFP-1a vector was digested with EcoRI
and XhoI (New England Biolabs (NEB), Ipswich, USA)
for 2–3 h at 37°C. The enzyme-digested vector was then
run on 1.0% agarose gel and purified with the Qiagen
column kit (Qiagen, Hilden, Germany). Total RNA was
extracted from BHT101 cells with TRIzol (Ambion, Invitrogen, Carlsbad, USA). The purified RNA was reversely
transcribed for cDNA with oligo dT primer. The inserted
fragment was synthesized through polymerase chain reaction (PCR) amplification. The ClonExpress® II One Step
Cloning Kit (Vazyme Biotech, Nanjing, China) was used
to ligate the linearized vector digested with EcoRI and
XhoI and PCR insert. Plasmids were introduced into Escherichia coli strain through chemical transformation. Cells
were plated onto Luria broth (LB) agar plates containing 1 µL/mL ampicillin, and incubated overnight at 37°C.
Colonies were screened through colony PCR (28 cycles)
with universal primers located on the backbone vector.
Sanger sequencing was used to verify the insert sequence.

Cell culture and transfection
Chinese Academy of Sciences Cell Bank (Shanghai,
China) provided the human thyroid cancer cell line BHT101.
The BHT101 cells were cultured with 5% CO2 at 37°C
in Dulbecco’s modified Eagle’s medium (DMEM) containing 10% fetal bovine serum (FBS), 100 µg/mL of streptomycin and 100 U/mL of penicillin. Lipofectamine 2000
(Invitrogen) was employed to conduct plasmid transfection
of BHT101 cells following the manufacturer’s protocol, and
transfected cells were harvested after 48 h for quantitative real-time PCR (qRT-PCR) and western blot analysis.
This study complied with the Declaration of Helsinki and
the study protocol was approved by the Ethical Committee
of People’s Hospital of Xinjiang Uygur Autonomous Region,
China (approval No. KY20180118148).

Objectives

Evaluation of RPS27 overexpression

The objectives were to investigate the carcinogenic
mechanisms of RPS27 and functions of RPS27 in the initiation and progression of thyroid cancer.

The evaluation of RPS27 overexpression was performed
by means of qRT-PCR and western blot analysis, using
glyceraldehyde-3-phosphate dehydrogenase (GAPDH)
as the control. The synthesis of cDNA was conducted
through standard procedures, and qRT-PCR was performed on the Bio-Rad S1000 Thermal Cycler (Bio-Rad,
Hercules, USA) with Bestar SYBR Green RT-PCR Master Mix (DBI Bioscience, Shanghai, China). The primers of RPS27 were 5′-TCCTTCATCCCTCTCCAGAA-3′
(forward) and 5′-GTAGGCTGGCAGAGGACAGT-3′
(reverse), respectively; and the primers of GAPDH were
5′-CGGAGTCAACGGATTTGGTCGTAT-3′ (forward)
and 5′-AGCCTTCTCCATGGTGGTGAAGAC-3′ (reverse),
respectively. The 2−ΔΔCt method was employed to evaluate
the relative expression level of RPS27. The paired Student’s
t-test was used to perform the comparison between RPS27overexpressed cells and control cells.

Materials and methods
Cloning and plasmid construction of RPS27
CE Design v. 1.04 (Vazyme Biotech, Nanjing, China) was
employed to design the primer pairs for Hot Fusion. Each
of the primers consists of a fragment of gene-specific sequence
and a 17–30 bp sequence of the pIRES-hrGFP-1a vector:
F-primer: a gcccgggcggatccgaattc
ATGCCTCTCGCAAAGGATCTC
R-primer: gtcatccttgtagtcctcgag
GTGCTGCTTCCTCCTGAAGGA.
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For western blot analysis, to prepare the total cell lysates, RPS27-overexpressed and control BHT101 cells
were lysed in radioimmunoprecipitation assay (RIPA)
buffer, containing 150 mM NaCl, 50 mM Tris-HCl (pH
7.4), 0.1% sodium dodecyl sulfate (SDS), 1.0% deoxycholate, 1 mM ethylenediaminetetraacetic acid (EDTA),
and 1% Triton X-100. The samples were centrifuged
at 12,000 × g for 5 min. The supernatants were analyzed
using a 10% SDS polyacrylamide gel electrophoresis (SDSPAGE) gel and then transferred onto a polyvinylidene
difluoride (PVDF) membrane (Merck Millipore, Burlington, USA). The RPS27 was detected with a monoclonal
Flag antibody (Sigma-Aldrich, St. Louis, USA) diluted
in Tris-buffered saline with Tween 20 (TBST) (1:2000),
and GAPDH (ABclonal Technology, Cumming Park,
USA) was used as the loading control (1:2000).

Library preparation and sequencing
Total RNA extracted from BHT101 cells was purified
using 2 phenol-chloroform treatments and then treated using RQ1 DNase (Promega, Madison, USA) to remove DNA.
The Smartspec Plus (Bio-Rad) was employed to evaluate
the quality and quantity of the purified RNA by measuring
the absorbance at 260 nm/280 nm (A260/A280), and 1.5%
agarose gel electrophoresis was used to verify the integrity
of the RNA.
The VAHTS Stranded mRNA-seq Library Prep Kit
(Vazyme Biotech) was used to perform RNA-seq library
preparation with 1 µg of the total RNA. Polyadenylated
mRNAs were converted into double-stranded cDNAs
after purification and fragmentation. The DNAs were
then ligated to VAHTS RNA Adapters (Vazyme Biotech) following end repair and A tailing. Purified ligation products ranging from 200 bps to 500 bps were digested using heat-labile uracil-DNA glycosylase (UDG),
and the single-stranded cDNA was amplified, purified,
quantified, and stored at −80°C before high-throughput
sequencing.
For high-throughput sequencing, the libraries were prepared according to the instructions of the manufacturer
and applied to Illumina HiSeq X Ten system (Illumina,
Inc., San Diego, USA) for 150 nt paired-end sequencing.

RNA-Seq raw data clean and alignment
Raw reads with more than 2-N bases in raw sequencing reads were excluded. FASTX-Toolkit v. 0.0.13 (http://
hannonlab.cshl.edu/fastx_toolkit/index.html) was then
used to trim adaptors and low-quality bases. The short
reads with less than 16 nt were also discarded. After that,
clean reads were aligned to the GRch38 genome with
tophat2,14 allowing 4 mismatches. Uniquely mapped reads
were used for calculation of gene reads number and fragments per kilobase of transcript per million fragments
mapped (FPKM).15
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Alternative splicing analysis
As described previously, the ABL alternative splicing
(ABLas) pipeline was employed to define and quantify
the alternative splicing events (ASEs) between the samples.16 Briefly, the detection of 10 types of ASEs was based
on the splice junction reads, including exon skipping (ES),
alternative 5’ splice site (A5SS), alternative 3’ splice site
(A3SS), intron retention (IR), mutually exclusive exons
(MXE), mutually exclusive 5’UTRs (5pMXE), mutually
exclusive 3’UTRs (3pMXE), cassette exon, A3SS&ES, and
A5SS&ES.

qRT-PCR validation of differentially
expressed genes and ASEs
In order to elucidate the validity of the RNA-seq data,
the qRT-PCR was conducted for some of the differentially
expressed genes (DEGs). The information of primers was
demonstrated in Supplementary File 1. Total RNA remaining from RNA-seq library preparation was used for
qRT-PCR. The RNA was reversely transcribed into cDNA
using a M-MLV Reverse Transcriptase (Vazyme Biotech).
The qRT-PCR was conducted on the StepOne Real
Time PCR System using the SYBR Green PCR Reagents
Kit (Yeasen, Shanghai, China). The qRT-PCR conditions
consisted of denaturing at 95°C for 10 min, 40 cycles
of denaturing at 95°C for 15 s, and annealing and extension at 60°C for 1 min. The qRT-PCR amplifications were
performed in triplicate for each sample. The expression
levels of all selected DEGs were normalized against that
of GAPDH.
Meanwhile, a qRT-PCR assay was also conducted for alternative splicing event (ASE) validation. The primers used
were also presented in Supplementary File 1. To detect
alternative isoforms, we used a boundary-spanning primer
for the sequence encompassing the junction of constitutive
exon and alternative exon, as well as an opposing primer
in a constitutive exon. The boundary-spanning primer
of alternative exon was designed according to “model exon”
to detect model splicing or “altered exon” to detect altered
splicing.

Statistical analyses
The R Bioconductor package edgeR (https://bioconductor.org/packages/release/bioc/html/edgeR.html) was
employed to screen out the DEGs whose expression levels were assessed using FPKM.17 A false discovery rate
(FDR) <0.05 and fold change (FC) >2 or <0.5 were set
as the cutoff criteria for identifying DEGs. The Student’s
t-test was performed to evaluate the significance of the ratio alteration of ASEs between RPS27-overexpressed and
control cells. Regulated alternative splicing events (RASEs)
were identified when p ≤ 0.05. To sort out functional categories of DEGs, Gene Ontology (GO) terms and Kyoto
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Encyclopedia of Genes and Genomes (KEGG) pathways
were identified using KOBAS 2.0 server (http://kobas.cbi.
pku.edu.cn/).18 The hypergeometric test and Benjamini–
Hochberg FDR controlling procedure were employed
to define the enrichment of each term. The expression
levels of RPS27, selected DEGs and ASEs were compared
using the Student’s t-test. Significance was set at p < 0.05.

Results
RNA-seq data analysis
The qRT-PCR and western blot were used to evaluate
the efficacy of RPS27 overexpression (Fig. 1A,B). Six cDNA
libraries were constructed and then sequenced for pairedend reads of each sample. The average high-quality reads
of these 6 samples was 78.47 ±3.92 million (Supplementary
File 2). Among these reads, 94.04–96.39% were aligned and
about 89.14–94.42% were uniquely aligned when they were
mapped onto the reference genome with TopHat 2 (Supplementary File 2). Robust expression results for 20,994 genes
were obtained from RNA-seq data (Supplementary File 3).
A correlation matrix was computed with FPKM values
for all 20,994 genes according to the Pearson’s correlation
coefficient (Fig. 1C).

RPS27 overexpression in BHT101 cell
selectively regulates the expression
of inflammatory and immune
response genes
A total of 1504 genes were differentially expressed, including 604 upregulated and 900 downregulated. Supplementary File 4 provides the details of all the DEGs. A volcano plot (Fig. 1D) demonstrated the DEGs regulated
by RPS27 overexpression. Figure 1E shows the hierarchical
clustering of DEGs in control and RPS27 overexpression
samples. These results showed that RPS27 overexpression
extensively regulated gene expression in BHT101 cells.
According to the cutoff criteria, the upregulated and
downregulated DEGs were enriched in 44 and 112 GO
terms, respectively (Supplementary Files 5 and 6). Interestingly, the upregulated genes in the biological process terms
of the GO analysis were mainly associated with the inflammatory and immune response (Fig. 1F), including BMP6,
SERPINA3, IL17B, IL1RN, HLA-B, PF4, HLA-DOB, MADCAM1, and HLA-DQA1. Conversely, the downregulated
genes were primarily involved in mitosis and mitotic cell
cycle.
When the corrected p-values of the KEGG pathways
were set at <0.05, the upregulated and downregulated
DEGs were enriched in 166 and 211 pathways, respectively (Supplementary Files 7 and 8). Strikingly, the upregulated genes were primarily associated with autoimmune thyroid disease (Fig. 1G), including TPO, HLA-B,
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HLA-DQA1, and HLA-DOB. In contrast, the downregulated genes were primarily associated with pathways
in cancer, HTLV-I infection and regulation of actin cytoskeleton (Fig. 1G).
The expression of the DEGs involved in the inflammatory and immune response and angiogenesis was quantified
using RNA sequencing data, including BMP6, SERPINA3,
IL17B, IL1RN, HLA-B, PF4, HLA-DOB, MADCAM1, HLADQA1, and TPO. The results demonstrated that their expressions were significantly upregulated (Fig. 2). Among
them, we selected BMP6, HLA-B, HLA-DQA1, IL17B,
and SERPINA3 for further qRT-PCR validation analysis.
The PCR primers were demonstrated in Supplementary
File 1. The qRT-PCR results were in agreement with the sequencing data (Fig. 3).

RPS27 regulates the alternative splicing
of a large number of immune-response
genes
Among the 66.7 ±3.0 million uniquely mapped reads,
47.08–47.97% were junction reads (Supplementary File 2).
Compared with the reference genome annotation through
the use of the Tophat2 pipeline, there were 62.69% annotated
exons (230,287 out of 367,321 annotated exons), 152,726
known splice junctions and 111,776 novel splice junctions.
There were 16,925 known ASEs in the model gene which
was termed as the reference genome, and 45,772 novel
ASEs excluding intron retention events (Supplementary
Files 9 and 10).
A total of 735 RASEs were identified, including 401 upregulated and 334 downregulated (Supplementary Files 11
and 12). The RPS27-regulated ASEs mainly included
the A5SS (157), A3SS (146), ES (120), and cassette exon
(73) (Fig. 4A). These results implied that RPS27 overall
regulated ASEs in BHT101 cell. The genes whose levels
of AS and expression were both regulated by RPS27 were
overlapped in order to determine whether the increase
in ASEs could be attributed to altered transcription,19 and
3 such genes were identified (Fig. 4B), including ITGA1,
NPNT and MACF1. This result suggested that AS and
transcriptional regulation might be partially coupled.
Interestingly, among the genes regulated by RPS27mediated AS, most were enriched in “viral reproduction”,
“TRIF-dependent toll-like receptor signaling pathway” and
“MyD88-independent toll-like receptor signaling pathway”,
including HLA-C, KRT8, CFLAR, HMGA1, CASP8, CCNH,
UBE2D3, and MAPK9 (Fig. 4C). In contrast, enriched
KEGG pathways (p < 0.05) mainly included those associated with “pyrimidine metabolism”, “purine metabolism”
and “ribosome” (Fig. 4D).
The ASEs of the genes involved in thyroid cancer were
quantified using RNA sequencing data, including HLA-C,
KRT8, CFLAR, HMGA1, CASP8, CCNH, UBE2D3, and
MAPK9. The results showed that they were significantly
upregulated (Fig. 5). To validate the ASEs identified from
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Fig. 1. RNA-seq analysis of ribosomal protein S27 (RPS27)-regulated transcriptome. A. RPS27 expression was quantified using quantitative real-time
polymerase chain reaction (qRT-PCR); t = −7.618; p = 0.002; **p < 0.01; B. RPS27 expression was quantified using western blot; C. Heat map showing
the hierarchically clustered Pearson’s correlation matrix resulting from comparing the transcript expression values of the control cells with RPS27
overexpression cells; D. Identification of RPS27-regulated genes. Upregulated genes were labeled in red, whereas downregulated were labeled in blue
in the volcano plot; E. Hierarchical clustering of differentially expressed genes (DEGs) in the control cells and RPS27 overexpression cells. Fragments
per kilobase of transcript per million fragments mapped (FPKM) values were log2-transformed and then median-centered by each gene; F. The top 10
representative Gene Ontology (GO) biological processes of up- or downregulated genes; G. The top 10 representative Kyoto Encyclopedia of Genes and
Genomes (KEGG) pathways of up- or downregulated genes.
Control (Ctrl) – BHT101 cells without RPS27 overexpression; OE – BHT101 cells with RPS27 overexpression; GAPDH – glyceraldehyde-3-phosphate
dehydrogenase; FDR – false discovery rate; IgA – immunoglobulin A.
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Fig. 2. Ribosomal protein S27 (RPS27) regulated the expression of the genes involved in the inflammatory and immune response and angiogenesis. Gene
expression was quantified using RNA sequencing data. Fragments per kilobase of transcript per million fragments mapped (FPKM) values were calculated
as explained in Materials and methods section; t = −4.677, −7.468, −4.405, −3.495, −6.424, −6.243, −4.758, −4.727, −4.397, −3.955; p = 0.009, 0.002, 0.012, 0.025,
0.003, 0.003, 0.009, 0.009, 0.012, 0.017; **p < 0.01; *p < 0.05.
Control (Ctrl) – BHT101 cells without RPS27 overexpression; OE – BHT101 cells with RPS27 overexpression.

Fig. 3. Ribosomal protein S27 (RPS27) regulated the expression of BMP6, HLA-B, HLA-DQA1, IL17B, and SERPINA3. Both the RNA-seq and quantitative real-time
polymerase chain reaction (qRT-PCR) validation are shown; t = −4.677, −1.316, −7.468, −5.373, −3.495, −3.254, −6.243, −4.829, −4.397; p = 0.009, 0.259, 0.002,
0.006, 0.025, 0.026, 0.003, 0.008, 0.012; Z = −2.235; p = 0.043; **p < 0.01; *p < 0.05.
Control (Ctrl) – BHT101 cells without RPS27 overexpression; OE – BHT101 cells with RPS27 overexpression.

the RNA-Seq data, 4 potential ASEs were analyzed using
qRT-PCR. They were located in KRT8, CFLAR, CASP8,
and CCNH genes, respectively. The PCR primers were also
demonstrated in Supplementary File 1. All the 4 ASEs validated with qRT-PCR were highly consistent with the sequencing results (Fig. 4E,F, Fig. 6).

Discussion
In this study, we profiled the entire transcriptome
in BHT101 cells with the overexpression of RPS27, allowing for the decoding of RPS27-mediated regulation for
gene expression and AS. Strikingly, the expression of genes
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Fig. 4. Ribosomal protein S27 (RPS27) regulated alternative splicing events (ASEs) in BHT101 cells. A. Classification of RPS27-regulated ASEs; B. The overlap
analysis between RPS27-regulated differentially expressed genes (DEGs) and alternative splicing genes (RASGs); C. The top 10 enriched Gene Ontology (GO)
biological processes of RPS27-regulated alternative splicing genes; D. The top 10 enriched Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways
of RPS27-regulated alternative splicing (AS) genes; E. RPS27 regulated AS of CASP8, with IGV-Sashimi plot showing an alternative 3’ splice sites (A3SS) event.
Both RNA-seq quantification and quantitative real-time polymerase chain reaction (qRT-PCR) validation are presented; F. RPS27-regulated AS of CFLAR, with
IGV-Sashimi plot showing an alternative 5’ splice sites (A5SS) event. Both RNA-seq quantification and qRT-PCR validation are presented. Reads distribution
of each ASE was plotted in the left panel with the transcripts of each gene shown below. The schematic diagrams depict the structures of ASEs, AS1
(purple line) and AS2 (green line). The constitutive exon sequences were denoted by black boxes, intron sequences by horizontal line (right panel, top),
while alternative exon by red box and intron by purple box. The RNA-seq quantification is shown at the bottom of the right panel; t = 4.406, 3.930, −3.058,
−1.349; p = 0.016, 0.017, 0.025, 0.249; *p < 0.05.
Control (Ctrl) – BHT101 cells without RPS27 overexpression; OE – BHT101 cells with RPS27 overexpression; 5pMXE – mutually exclusive 5’UTRs;
3pMXE – mutually exclusive 3’UTRs; ES – exon skipping.
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Fig. 5. Ribosomal protein S27 (RPS27) regulated alternative splicing (AS) of the genes associated with thyroid cancer, with alternative 3’ splice sites (A3SS) for
CASP8, alternative 5’ splice sites (A5SS) for CCNH, A3SS for HLA-C, A5SS for HMGA1, A3SS for KRT8, A5SS for KRT8, and intron retention (IR) for UBE203. RNAseq quantification is presented; t = 4.159, −4.376, −3.534, 3.032, −3.337, 2.971, 6.627; p = 0.014, 0.012, 0.024, 0.039, 0.029, 0.042, 0.003; **p < 0.01; *p < 0.05.
Control (Ctrl) – BHT101 cells without RPS27 overexpression; OE – BHT101 cells with RPS27 overexpression.

involved in the inflammatory and immune response and
autoimmune thyroid disease were selectively upregulated
following RPS27 overexpression. Meanwhile, the genes
whose AS was specifically regulated by RPS27 were enriched in the positive regulation of viral reproduction,
apoptotic process, TRIF-dependent toll-like receptor signaling pathway, MyD88-independent toll-like receptor signaling pathway, and so forth. These results demonstrated
that RPS27 was involved in the initiation and progression
of thyroid cancer, possibly through regulating the expression of genes associated with autoimmune thyroid disease,
and inflammatory and immune response and AS of genes
associated with TRIF-dependent toll-like receptor signaling pathway and apoptotic process.
The upregulated genes associated with the inflammatory
and immune response included BMP6, SERPINA3, IL17B,
IL1RN, HLA-B, PF4, HLA-DOB, MADCAM1, and HLADQA1. Bone morphogenetic proteins (BMPs) are believed

to have complex roles in cancer progression.20 Bentley et al.
showed that BMP-6 was correlated with bone metastases
in prostate cancer.21 Katsuta et al. found that a high expression of BMP6 was correlated with higher immune cell
infiltration and better prognosis in estrogen receptor-positive breast cancer, whereas it was correlated with a worse
prognosis in estrogen receptor-negative breast cancer.22
The expression of SERPINA3 has been detected in many
tumor cells, including hepatocellular carcinoma, breast
cancer, lung adenocarcinoma, and prostate cancer. Ko et al.
indicated that SERPINA3 could promote hepatocellular
carcinoma (HCC) cell survival and proliferation through
upregulating the transcriptional activity of HNRNP-K.23
Cao et al. demonstrated that the expression of SERPINA3
was higher in colon cancer tissues than in adjacent normal
tissues, and silencing of SERPINA3 had significant effects
on inhibiting the migration and invasion of colon cancer
cells.24 Recent studies have emphasized the potential role
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Fig. 6. Alternative splicing (AS) events of CCNH and KRT8 validated using quantitative real-time polymerase chain reaction (qRT-PCR) were highly consistent
with the sequencing results
Control (Ctrl) – BHT101 cells without RPS27 overexpression; OE – BHT101 cells with RPS27 overexpression; A5SS – alternative 5’ splice sites.

of the IL-17B/IL-RB pathway in cancer. The upregulated
expression of IL-17B or its receptor has been correlated
with a poor prognosis of various cancer types.25–27 In vitro
cell assays demonstrate that IL-17B can promote the survival of breast cancer cells through enhancing the expression of anti-apoptotic Bcl-2 family members and activating
the NF-kB and ERK pathways.28,29 In thyroid cancer, IL-17B
is confirmed to be able to promote the growth, invasion and
migration of cancer cells in a dose-dependent manner.30
The IL1RN (interleukin-1 receptor antagonist) gene plays
a role in the pathogenesis of many autoimmune diseases.
The IL1RN(VNTR) polymorphism may be correlated
with susceptibility for Hashimoto’s thyroiditis, a complex
genetic autoimmune thyroid disease.31 The IL1RN polymorphisms are also associated with the susceptibility for
cancers. Wang et al. found that IL1RN rs315919, rs452204
and rs3181052 polymorphisms were associated with a decreased risk of esophageal cancer in a Northwest Han Chinese population.32 Niedźwiecki et al. suggested that interleukin-1 receptor antagonist (IL-1ra) might have a critical

role in the development of anaplastic thyroid carcinoma
and follicular thyroid carcinoma.33 As a chemokine, platelet factor 4 (PF4, CXCL4) is involved in the pathogenesis
of autoimmune thyroid diseases. Circulating PF4 levels
are decreased in subclinically hypothyroid autoimmune
thyroiditis (AIT). 34 Additionally, PF4 can regulate the inflammation within the tumor microenvironment, tumor
angiogenesis, and, in turn, tumor growth.35
The upregulated and downregulated DEGs were enriched in 166 and 211 pathways, respectively. Strikingly,
the upregulated genes were associated with autoimmune
thyroid disease, including TPO, HLA-B, HLA-DQA1, and
HLA-DOB. The TPO plays a critical role in the production
of thyroid hormones through catalyzing the iodination and
coupling of tyrosyl residues to thyroglobulin. 36,37 Many
a study has investigated TPO as a marker for thyroid cancer.
It is used as a thyroid differentiation marker, 36 and its expression is decreased in thyroid carcinoma.36,37 The human
leukocyte antigen (HLA) gene is involved in the recognition
and presentation of foreign antigens to the natural killer
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cells (NK) and T lymphocytes, which is the starting point
of the immune response.38 This gene participates in tumor
immunity and is a susceptibility gene for many cancers,
including thyroid tumors.39,40 Some HLA alleles are risk
factors for some tumors, whereas some have a protective
role in tumorigenesis. Shuxian et al. showed that HLAB*51:01 may be a susceptible allele for papillary thyroid
carcinoma in the Chinese Han population of the Shandong
coastal areas.41 The HLA-DQA1 is located on chromosome
6p21 and belongs to the MHC Class II family.42 It has a role
in the progression of esophageal squamous-cell carcinoma
(ESCC) and may be a biomarker for ESCC diagnosis and
prognosis, as well as a potential target for the treatment
of ESCC patients.43 As the β-subunit of the HLA-DO
class II paralogs, HLA-DOB has a negative regulation
for major histocompatibility complex class II molecules
through inhibiting HLA-DM molecules.44 The DO:DM
ratio defines major histocompatibility complex class II
restricted-antigen presentation efficiency. Evidence has
demonstrated that the dysregulation of the antigen presentation pathway has influence on development of cancer.45
A report indicated that the single nucleotide polymorphism (SNP) of HLA-DOB rs2071554 was correlated with
overall survival in patients with advanced non-small cell
lung cancer treated with first-line chemotherapy.46 Additionally, certain HLA-C alleles are also predisposing
factors for papillary thyroid carcinoma.47
Among the genes regulated by RPS27-mediated AS,
some were enriched in “viral reproduction”, “TRIF-dependent toll-like receptor signaling pathway” and “MyD88-independent toll-like receptor signaling pathway”, including
HLA-C, KRT8, CFLAR, HMGA1, CASP8, CCNH, UBE2D3,
and MAPK9. Bromodomain-containing protein 4 (BRD4),
belonging to the bromodomain and extra terminal domain
family, has been reported to have important roles in various cancers. The abnormal expression of BRD4 is associated with tumor progression in thyroid cancer.48 It can suppress tumor cell proliferation to inhibit the recruitment
of BDR4 to the promoter complex of the Ccnd1 and Myc
genes in rat thyroid follicular PCCL3 cells.49 In prostate
cancer, the inhibition of BRD4 can suppress cell proliferation by regulating FOXO1-p21-Myc signaling.50 In Merkel
cell carcinoma, the disruption of BRD4 can inhibit MCC-3
xenograft tumor growth, possibly through downregulating c-Myc expression. 51 Keratin8 (KRT8), the major
component of the intermediate filament cytoskeleton,
is correlated with progression and metastasis of several tumors. In gastric cancer, the abnormal expression
of KRT8 can promote proliferation and migration of cancer cells through upregulating MMP2, MMP9, PCNA, and
TIMP1.52 In lung adenocarcinoma, the expression of KRT8
is significantly elevated and may act as an independent
prognostic factor for poor overall survival and recurrencefree survival. 53 In anaplastic thyroid carcinoma (ATC),
the expression of KRT8 is upregulated, and upregulated
KRT8 expression is critical for survival of ATC tumor
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cells since siRNA-mediated knockdown of KRT8 expression leads to loss of cell viability and increased apoptosis
in ATC-derived cells in vitro.54 Mitogen-activated protein
kinases (MAPKs) are associated with a large number of biological processes such as proliferation, differentiation,
growth, migration, and apoptosis.55 As a result, aberrant
expression of MAPKs results in various diseases, including
cancers.56 The Mapk9, also named as JNK2, is a kinase
from JNK subfamily. The function of JNK2 in cancers
is still controversial. Several studies demonstrated that
JNK2 acted as a tumor promoter in multiple myeloma,
epidermal neoplasia, glioblastoma, breast cancer, and lung
cancer.57–59 However, in bladder cancer and some lung and
breast cancers, JNK2 appears to act as a suppressor.60,61
The high mobility group A1 (HMGA1) is an important
member of superfamily of nonhistone chromatin binding
proteins and plays a role in many cellular biology processes, such as embryogenesis, transcriptional regulation, viral integration, transformation, DNA repair, cell
cycle regulation, and differentiation.62 The expression
of HMGA1 is significantly upregulated in plenty of cancers, including thyroid, lung, colon, pancreas, breast, and
ovary cancers.63–65 In addition, HMGA1 is confirmed to be
correlated with high invasion and metastasis of thyroid
cancer.65,66 The upregulated expression of HMGA1 can
foster carcinogenesis and tumor progression via dysregulation of Wnt signaling and other developmental transcriptional networks.67 Ubiquitin-conjugating enzyme
E2D3 (UBE2D3) belongs to ubiquitin-conjugating enzyme
(E2) family and is a critical component in ubiquitin (Ub)
proteasome system (UPS).68 Ubiquitin-dependent proteolysis by the 26S proteasome has a crucial role in the occurrence of tumors.69 Guan et al. indicated that UBE2D3
might be a positive prognostic factor and might be associated with the expression of hTERT in esophageal cancer
patients.70 Additionally, the downregulation of UBE2D3
enhances radioresistance of esophageal cancer cells
through prolonging IR-induced G2/M arrest and increasing telomere homeostasis,71 whereas its overexpression
enhances radiosensitivity through degrading hTERT.72
Caspase 8 is an important component of the caspases family proteins that are the main regulatory and executive enzymes in the apoptosis pathway.73 Apoptosis is associated
with prevention from overproliferation in normal cells,74
and the aberration of the apoptosis pathway is involved
in the development of cancers.75 Caspase 8 regulates
the extrinsic apoptosis pathway,76 and the CASP8 -652 6N
ins/del polymorphism is correlated with a decreased risk
of various cancers.77
The CFLAR gene encodes the apoptosis modulator
protein c-FLIP, which has a critical role in regulating
cell death.78 One mechanism c-FLIP uses is forming heterodimers with caspase 8.79 In HCC cells, the expression
of CFLAR is significantly elevated, and the inhibition
of CFLAR expression can reduce the proliferation of cancer cells.80
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In summary, the overexpression of RPS27 selectively
regulated the expression and AS of inflammatory and
immune response genes in thyroid cancer cells, whereas
these genes had been confirmed to be involved in occurrence and development of cancer. Therefore, RPS27 was
involved in the initiation and progression of thyroid cancer,
possibly through regulating the expression of genes associated with autoimmune thyroid disease, and inflammatory and immune response and AS of genes associated
with TRIF-dependent toll-like receptor signaling pathway
and apoptotic process. These results broaden the current
understanding on functions of RPS27 in the initiation and
progression of thyroid cancer.
As for selection of cell lines, the objectives of this
study were to investigate the carcinogenic mechanisms
of RPS27 and functions of RPS27 in the initiation and
progression of thyroid cancer, so selecting the normal
cell line might not be enough. Meanwhile, we analyzed
the expression of RPS27 in thyroid cancer through
The Cancer Genome Atlas (TCGA). The results showed
that the expression level of RPS27 in thyroid cancer tissues was not significantly different from normal tissues,
but the upregulated expression of RPS27 in thyroid cancer tissues was associated with the prognosis of thyroid
cancer patients. Therefore, we selected the BHT101 cells
for this study.

Limitations
The limitations of this study mainly included 2 aspects.
One aspect was that only a few DEGs and ASEs were validated through qRT-PCR, and the other aspect was that
in vivo study was not performed.

Conclusions
tHE RPS27 was involved in the initiation and progression
of thyroid cancer, possibly through regulating the expression of genes associated with autoimmune thyroid disease and inflammatory and immune response, and the AS
of genes associated with TRIF-dependent toll-like receptor
signaling pathway and apoptotic process.
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options. Retinoic acid (RA) has been identified to play anticancer role against NB cells by inducing the differentiation and apoptosis of immature neuroblasts. However, silencing HoxC9 promoter by EZH2-induced
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Conflict of interest

Objectives. In our study, we attempted to obtain some insight into the mechanisms of differentiation
of RA-resistant NB cells by detecting the expressions of HoxC9 and EZH2 in NB cells treated with ATO, so
as to provide a basis for the subsequent treatment of RA-resistant NB by ATO.

Yang Li
E-mail: drliyang@126.com

Grants No. 2017A030313806 and No. 2020A1515010127
from the Guang Dong Natural Science Foundation, and
grant No. SYS-C-202007 from Sun Yat-Sen Clinical Research
Cultivating Program.

None declared

Received on December 4, 2021
Reviewed on December 13, 2021
Accepted on March 18, 2022
Published online on April 25, 2022

Materials and methods. Two NB cell lines, SK-N-AS (retinoic acid-resistant neuroblastoma cells) and SK-NSH (retinoic acid-sensitive neuroblastoma cells), were used in our experiments. Cell proliferation and apoptosis
were respectively determined with Cell Counting Kit-8 (CCK-8) assay kit and Annexin V staining. The inverted
phase contrast microscope was used to observe cell growth and measure the total length of nerve synapses.
We employed label-free quantitative proteomic analysis to profile ATO-dependent changes in the proteome
of NB cells. Western blot was used to detect the expressions of HoxC9, HoxD8 and EZH2.
Results. Arsenic trioxide inhibited the cell proliferation and increased apoptosis and total length of synapses
in two NB cell lines. The expressions of HoxC9 and HoxD8 were upregulated, while the expression of EZH2
was downregulated in the SK-N-AS cell line. No significant changes in the 3 proteins mentioned above were
observed in the SK-N-SH cell line after ATO treatment.

Cite as

Li C, Feng C, Chen Y, et al. Arsenic trioxide induces
the differentiation of neuroblastoma cells with retinoic
acid-resistant via upregulation of HoxC9. Adv Clin Exp Med.
2022;31(8):903–911. doi:10.17219/acem/147463

DOI

10.17219/acem/147463

Copyright

Copyright by Author(s)
This is an article distributed under the terms of the
Creative Commons Attribution 3.0 Unported (CC BY 3.0)
(https://creativecommons.org/licenses/by/3.0/)

Conclusions. Arsenic trioxide may reactivate the expression of HoxC9 by downregulating EZH2, which
leads to restoring RA sensitivity and promoting the differentiation and apoptosis of RA-resistant NB cells.
Key words: neuroblastoma, arsenic trioxide, retinoic acid resistance, EZH2 gene, HoxC9 promoter

C. Li et al. ATO induces the differentiation of NB cells

904

Background
Neuroblastoma (NB), which results from the improper
differentiation of neural crest progenitors, is the 2nd most
frequent extracranial pediatric cancer,1 accounting for about
10% of all malignancies in children and 15% of all cancerrelated deaths in this population.2,3 Although new treatment
options constantly emerge over the past years, the long-term
overall survival (OS) of high-risk NB is still below 50%.4
Retinoic acid (RA) can modulate the expression of its target genes in order to regulate the differentiation, apoptosis
and proliferation in numerous types of cells.5,6 As an effective inducer of cell differentiation, RA has been used for
the treatment of high-risk NB.7,8 Thus, RA-resistant NB
may significantly contribute to minimal residual disease
during RA maintenance therapy, even with more than 50%
of the patients developing recurrent disease.9 Patients with
relapsed or refractory NB have, in general, poor prognosis
and more than 60% of them will eventually die due to deteriorating health conditions within a few years.10,11
Homeobox (Hox) genes are well known for their ability
to regulate embryogenesis and induce tissue differentiation.12
It is currently assumed that HoxC9 can activate the intrinsic
pathway of apoptosis and is associated with spontaneous regression in NB.13,14 The expression of HoxC9-induced genes
can significantly downregulate the oncogenic marker pairedlike homeobox 2b (PHOX2B) in BE(2)-C and other NB cells,
and upregulate the neuronal differentiation markers, like
neurofilament medium (NEFM) and microtubule-associated
protein 2 (MAP2).14 The NEFM has been confirmed to be
the target gene of HoxC9, and HoxC9 was confirmed to be
a direct target gene of HoxD8.14,15 However, to the best of our
knowledge, the expression of Hox genes was not observed
in RA-resistant NB cells during retinoic acid-therapy.14 In addition, zeste homolog 2 (EZH2), as a methyltransferase, can
extend gene silencing of Hox genes by trimethylating histone
H3 lysine 27 (H3K27me3) in NB cells.16–18
Arsenic trioxide (ATO) is an ancient drug from China
which currently entered the clinical arena as a Food and
Drug Administration (FDA)-approved drug for the treatment of acute promyelocytic leukemia (APL).19,20 One study
has suggested that ATO could significantly upregulate
HoxB8 in both mRNA and protein levels during hematopoietic stem cell (HSC) differentiation into the colony
forming unit-granulocyte (CFU-G).21 As a methylation
inhibitor, ATO could also provoke the expression or reactivation of tumor suppressor genes (GSTP1, RASSF1A,
etc.) with CpG islands demethylation by suppressing DNA
methyltransferases (DNMT) in liver cancer.22

Objectives
In our study, we detected the expressions of Hox
genes and EZH2 in RA-resistant NB cells to elucidate
whether ATO could reactivate the expression of HoxC9

by downregulating EZH2, leading to the restoration of RA
sensitivity and promotion of the differentiation and apoptosis of RA-resistant NB cells. With this experimental
setup, we attempt to provide a novel therapeutic intervention for NB patients with RA-resistant feature.

Materials and methods
Materials
Dulbecco’s modified Eagle’s medium (DMEM) and heatinactivated fetal bovine serum (FBS) were purchased from
Gibco (Waltham, USA). Arsenic trioxide was purchased
from Harbin Yida Pharmaceutical Co., Ltd. (Harbin, China).
Cell Counting Kit-8 Assay (CCK-8) was purchased from
APExBIO (Houston, USA). Annexin V-FITC Apoptosis
Detection Kit (Annexin V-FITC/PI) was purchased from
Beyotime Biotechnology (Beijing, China). The BCA kit was
purchased from Beyotime Biotechnology. Anti-HoxC9,
anti-HoxD8 and anti-EZH21 antibodies were purchased
from Abcam (Cambridge, UK). The horseradish peroxidase
(HRP)-linked whole antibody anti-mouse immunoglobulin G (IgG) was purchased from Cell Signaling Technology
(CST, Darmstadt, Germany). The protein markers were
purchased from Thermo Fisher Scientific (Waltham, USA).
The Click-it EdU Alexa Fluor 488 Flow Cytometry Assay
was purchased from Invitrogen (Waltham, USA). All procedures were performed according to the manufacturers’
protocols.

Cell cultures
For this study, we chose 2 human NB cell lines for culture: SK-N-AS (retinoic acid-resistant neuroblastoma cells)
and SK-N-SH (retinoic acid-sensitive neuroblastoma cells),
both obtained from the Sun Yat-Sen University (Guangzhou, China). Cell line authentication to confirm genomic
identity was performed and the continual tests of mycoplasma contamination were run after each thaw. Both
cell lines were cultured in DMEM (with 10% FBS and 1%
penicillin-streptomycin) at 37°C in a 5% CO2 incubator.
After growing as a monolayer and multilayers with 70–80%
confluence in T75 cell culture flasks with 15 mL of media,
the cells were adjusted at a density of 1 × 104/mL and then
transferred to a 96-well plate.

Cytotoxicity assay
The CCK-8 assay was used to detect cell cytotoxicity.
Both cell lines were seeded in 96-well plates with 1000
cells (1 × 10 4/mL; 100 μL) per well separately. Arsenic
trioxide treatment was performed in triplicate 24 h later.
Based on our previous experience, the 50% inhibitory
concentration of ATO (IC50ATO) value of NB cells was
set at 2–128 µM for 24 h. Thus, we chose the ATO
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concentrations of 1–256 µM for this experiment. The cells,
drugs, medium, and CCK-8 reagent were contained in experimental wells; control wells set with the cells, medium
and CCK-8 reagent; blank control contained no cells. After
incubation for 60 min in the dark, the optical density (OD)
value was measured at a 450 nm wavelength using a microplate reader (SpectraMax Plus 384; Molecular Devices,
Sunnyvale, USA), and the relative viability was calculated
as follows:
the relative viability = [(experimental absorbance − background absorbance)/(untreated control absorbance − background absorbance)] × 100%.
In our experiment, to assess the effect of ATO on NB cells
differentiation, the synaptic growth was chosen as a representative feature. After both cell lines were cultured with
ATO for 24 h in IC50 (95.36 µM in SK-N-AS, 5.52 µM
in SK-N-SH), apoptotic NB cells became round and suspended. Thus, we reduced the concentration of ATO and
tried to find a proper one in order to obtain a better observation result of synapses. To achieve this purpose, we cultured them with their 1/2 IC50 (48 µM in SK-N-AS cells,
2.7 µM in SK-N-SH cells), 1/3 IC50 (32 µM in SK-N-AS,
1.9 µM in SK-N-SH), 1/6 IC50 (16 µM in SK-N-AS, 0.9 µM
in SK-N-SH), and 1/12 IC50 (8 µM in SK-N-AS, 0.5 µM
in SK-N-SH) concentrations to find out the optimal one
by comparison.

Cell morphology
Both cell lines in the logarithmic growth phase were
seeded in 6-well microplates (6 × 105 cells/well) as a singlecell suspension and cultured for 24 h to attach to the plate.
Then, they were treated with or without ATO and grown
in DMEM with 10% FBS and 1% penicillin-streptomycin
for 24 h at 37°C in a 5% CO2 cell culture incubator (HERA
Cell 240i; Thermo Fisher Scientific). To avoid the interference of apoptosis on the observation of differentiation,
by comparison, 1/6 IC50 concentration (16 µM) of SK-N-AS
cells and 1/2 IC50 concentration (2.7 µM) of SK-N-SH cells
were chosen for observation of cell morphology. After 24-h
our treatment with or without ATO (the cells were adherent to walls at this time), we used inverted phase contrast
microscopy (DP50 digital camera; Olympus Corp., Tokyo,
Japan) to evaluate the cellular morphological changes.
The length of neurites was tallied using the ImageJ program
v. 1.51 (National Institutes of Health (NIH), Bethesda, USA)
with the assistance of the NeuronJ Plugin, which can provide
semi-automated tracing.

Apoptosis assay
We used flow cytometry (FCM) assay purchased from
Invitrogen to conduct the apoptosis assay. The experiment was carried out in accordance with the manufacturer’s instructions. After the treatment with ATO,
trypsinization was used to harvest the cells, which were
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then collected by centrifugation at 1000 rpm for 5 min.
The cells were rinsed in PBS once more before the collection by centrifugation.
The both collected cell lines were suspended in 400 uL
Ca2+ Binding Buffer (Abcam) and split equally into 2 tubes.
One tube was supplemented with 5 µL of fluorescein isothiocyanate (FITC) reagents, and the other one was used
as a blank control group without any treatment. Then,
10 µL of propidium iodide (PI) dyes were applied to each
sample and the samples were incubated at room temperature for 15 min in the dark.
Two different markers (FITC conjugated to Annexin V
as an apoptotic cell marker and PI as a dead cell marker)
were contained in Annexin V-FITC/PI Apoptosis Detection Assay Kit (Invitrogen). In this test, the ratio of fluorescence intensities excited at 488 nm was monitored
at an emission wavelength of 515 nm for FITC and 560 nm
for PI. Apoptotic cells were collected and at least 10,000
cells were counted for all FCM experiments to ensure
the accuracy. The experiment was repeated in triplicate.

Phosphoproteomic analysis
Both cell lines in the logarithmic growth phase were
processed to single-cell suspension and cultured in 15-centimeter cell culture dishes (2 × 106/mL, 20 mL). Cells were
incubated using the method described in the cell morphology subsection. After the cells adhered to the walls
of the dishes, they were treated with or without ATO for
24 h, and then collected for measuring protein abundances
with mass spectroscopy analysis at PTM Biolabs, Inc.
(Hangzhou, China).
Protein extraction
All operations were carried out on ice. The cells were
sonicated 3 times with a high-intensity ultrasonic processor (SCIENTZ-1200E; Ningbo Scientz Biotechnology
Co., Ltd., Ningbo, China) in lysis buffer (8 M urea and
1% Protease Inhibitor Cocktail; Roche, Basel, Switzerland). The supernatant was collected after centrifugation
at 12,000 × g for 10 min at 4°C (in order to remove the residual debris). The BCA kit was then used to determine
the protein content.
Trypsin digestion
The protein solution was alkylated with 11 mM iodoacetamide for 15 min at room temperature in darkness
after being reduced with 5 mM dithiothreitol for 30 min
at 56°C. The protein sample was then diluted with 100 mM
triethylammonium bicarbonate (TEAB) to achieve a lower
urea content (less than 2 M). Following the aforementioned
process, trypsin was introduced at a 1:50 trypsin-to-protein mass ratio for the 1st overnight digestion, and a 1:100
trypsin-to-protein mass ratio for the 2nd 4-hour digestion.
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Mass spectroscopy analysis

Western blot

The tryptic peptides were separated using an EASYnLC 1000 UPLC machine (Thermo Fisher Scientific) after being dissolved in 0.1 percent formic acid (solvent A;
Thermo Fisher Scientific). The peptides were evaluated
using tandem mass spectroscopy (MS) in Q ExactiveTM
Plus mass spectrometer (Thermo Fisher Scientific) linked
online to the ultra-performance liquid chromatography
(UPLC) with the nanospray ionization source. The pieces
were identified in the Orbitrap (Thermo Fisher Scientific) at 17,500 resolutions using a normalized collision
energy value of 28 for UPLC-tandem mass spectrometry
(UPLC-MS/MS). One MS scan was followed by 20 MS/MS
scans with 15.0 s dynamic exclusion in a data-dependent
method. Automatic gain control (AGC) was set to 5E4
(automatic gain control); 100 m/z was chosen as the fixed
initial mass.

Whole-cell lysates from both cell lines (with or without
ATO) were investigated using standard western blotting
techniques. Both cell lines were seeded in 6-well microplates (6 × 105 cells/well) as a single-cell suspension and
cultured for 24 h. After the cells adhered to the walls
of the plates and were treated with or without ATO for
24 h, 2–3 mL of precooled PBS were added to wash the cells,
and then the samples were immediately placed on ice. After that, 100 μL of lysate was added for 30 min in order
to achieve full lysis. Protein lysates were denatured at 95°C
for 5 min after being collected and centrifuged (1200 r/min,
4°C) for 5 min, and then they were stored at −80°C. Protein concentration was measured using BCA protein assay.
The absorbance was measured with enzyme labeling instrument at 592 nm wavelength, and concentration of each
sample was calculated based on standard curve analysis.
Approximately 20 μg of protein were run on 4–15% gradient Tris-Glycine Gels (Thermo Fisher Scientific). Before being transferred with the Trans-Blot Turbo transfer system
(Bio-Rad, Hercules, USA), the concentrated gel was run
at 80 V and separation gel at 120 V constant pressure electrophoresis. After blocking the membranes for 1 h at room
temperature with 5% skim milk powder, the membranes
were incubated with the 1st antibody (1:1000) in Tris-buffered saline containing 0.1% Tween20 (TBST) overnight
at 4°C. The membrane was washed 3 times with TBST,
incubated for 1 h with the 2nd antibody of HRP-labeled antimouse IgG (1:2000), and rinsed 3 times with TBST before
using electrochemiluminescence (ECL) reagent to visualize
the blots. A gel documentation system (Biozym, Hessisch
Oldendorf, Germany) was applied to quantify the scanned
film, following gel electrophoresis.

Database search
The MS/MS data were analyzed using the Maxquant
search engine v. 1.5.2.8 (https://www.maxquant.org/).
Tandem mass spectra were compared to the Uniprot
Human database (https://www.uniprot.org/), which
was combined with the reverse decoy database (unip_
Anas_8839 database). Trypsin/P was chosen as the cleavage enzyme, allowing for up to 4 missed cleavages.
The mass tolerance for precursor ions was set to 20 ppm
in the First search and 5 ppm in the Main search. Additionally, the mass tolerance for fragment ions was set
to 0.02 Da. Carbamidomethylation on cysteine (Cys) was
designated as a fixed modification, whereas acetylation
and oxidation on methionine (Met) were designated
as variable modifications. False discovery rate (FDR) was
adjusted to <1% and a score greater than 40 was set for
modified peptides.
Bioinformatics methods
The Gene Ontology (GO) annotation covers cellular
composition (CC), molecular function (MF) and biological
process (BP), and it is applied for bioinformatics analysis
by evaluating differentially expressed genes (DEGs) and
associated gene modules, based on the substantial enrichment of GO functions. The UniProt-GOA database
(http://www.ebi.ac.uk/GOA/) was used for the GO annotation proteome by identifying protein IDs, converting
them to UniProt IDs, and then mapping them to GO IDs
by protein ID. If any of the proteins were not annotated
by the UniProt-GOA database, the InterProScan online
software (http://www.ebi.ac.uk/InterProScan/) was used
as a substitute method based on protein sequence alignment technique.

Statistical analyses
We used IBM SPSS v. 25.0 (IBM Corp., Armonk, USA)
and GraphPad Prism software v. 8.0 (GraphPad Software,
San Diego, USA) to analyze the data. Before applying parametric statistics, we used Levene’s test for the homogeneity of variance and Kolmogorov–Smirnov tests combined
with QQ-plots for the normality of data. If the quantitative
data fulfilled the necessary conditions, the Student’s t-test
was used. The rank-sum test was performed if the normal distribution or the homogeneity of the variance was
not met. Values of p < 0.0500 were considered to indicate
statistically significant differences. The IC50 values are
not cases of simple linear regression, but they reflect nonlinear parameter optimization and fit using a sigmoidal
dose-response model. In our experiment, a 4-parameter
logistic equation was employed using Microsoft Excel 2019
(Microsoft Corp., Redmond, USA) and GraphPad Prism for
curve fitting analysis to determine IC50 values.
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In order to evaluate the cytotoxicity of ATO, both SKN-AS and SK-N-SH cells were seeded in 96-well cell culture plates with 1000 cells (1 × 104/mL; 100 μL) per well
separately and treated with different concentration of ATO
ranging from 1 µM to 28 µM. The CCK-8 assay was used
to detect cell cytotoxicity. In SK-N-AS cells, the inhibition rate (mean ± standard deviation (SD)) was 1.1 ±5.1%,
8.5 ±0.7%, 17.1 ±4.5%, 25.9 ±0.2%, 37.5 ±2.1%, 44 ±1.0%,
48.3 ±1.9%, 48.9 ±0.9%, and 55.9 ±0.8% in different ATO
concentrations (1 µM, 2 µM, 4 µM, 8 µM, 16 µM, 32 µM,
64 µM, 128 µM, and 256 µM) at 24 h. The inhibition rate
of proliferation markedly elevated from 4 µM to 128 µM
and plateaued thereafter (Fig. 1). The IC50ATO value of SKN-AS cells was 95.36 µM at 24 h, calculated with GraphPad Prism. The IC50ATO value (5.52 µM) of SK-N-SH cells
was obtained the same way as above (Fig. 1), which corresponded with our previous experimental results.23 To avoid

different concentration of ATO [μM]
proliferation inhibition rate

SK-N-AS and SK-N-SH cells
growth inhibition with different
concentration of ATO

proliferation inhibition rate

Results

different concentration of ATO [μM]

Fig. 1. Proliferation inhibition rate of SK-N-AS (retinoic acid-resistant
neuroblastoma) and SK-N-SH (retinoic acid-sensitive neuroblastoma) cells
with different concentration of arsenic trioxide (ATO) at 24 h

The control group of SK-N-AS (without ATO)

The experimental group of SK-N-AS (with ATO)

The control group of SK-N-SH (without ATO)

The experimental group of SK-N-SH (with ATO)

Fig. 2. Cell morphology of SK-N-AS (retinoic acid-resistant neuroblastoma) and SK-N-SH (retinoic acid-sensitive neuroblastoma) cells with or without arsenic
trioxide (ATO)
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Table 1. Total lengths of synapses of SK-N-AS and SK-N-SH cells with
or without ATO
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propidium iodine PE-A

propidium iodine PE-A

annexin V FITC-a

experimental group
(with ATO)

SK-N-AS

SK-N-SH

SK-N-AS

SK-N-SH

0

0

0

0

0

24

96

84

723

435

annexin V FITC-a

apoptosis rate of SK-N-AS cells

apoptosis rate of SK-N-SH cells
20

25
20
15
10
5
0

We cultured both cell lines with or without ATO for
24 h and the apoptotic rates of the 2 groups were analyzed with FCM. Results were expressed as mean ±SD.
We found that the apoptotic rate of SK-N-AS cells
in the experimental group was significantly higher (Fig. 3)

experimental group of SK-N-SH
(with ATO)

cell apoptosis [%]

ATO promoted apoptosis
of SK-N-AS and SK-N-SH cells

annexin V FITC-a

experimental group of SK-N-SH
(without ATO)

cell apoptosis [%]

To assess the effect of ATO on NB cells differentiation, the synaptic growth was chosen as a representative
feature (longer synaptic represents better differentiation). We cultured both cell lines with or without ATO
for 24 h, and more synapses in 2 cell lines were observed
in the experimental group (with ATO) than the control
group (without ATO) using inverted phase contrast microscopy (Fig. 2). In both cell lines, using ImageJ program with NeuronJ Plugin, we found that the length
of synapses (1 field was randomly selected under microscope with ×100 magnification) grew longer with time
in culture in both cells, and the total length of synapses
in the experimental group significantly increased compared to the control group (Table 1,2). We can conclude
that ATO could morphologically promote the differentiation of NB cells.

control group
(without ATO)

experimental group of SK-N-AS
(with ATO)

propidium iodine PE-A

ATO accelerated synaptic growth
of SK-N-AS and SK-N-SH cells

experimental group of SK-N-AS
(without ATO)

propidium iodine PE-A

the interference of apoptosis on the observation of differentiation, by comparison, 1/6 IC50 concentration (16 µM)
of SK-N-AS cells and 1/2 IC50 concentration (2.7 µM)
of SK-N-SH cells were chosen for observation of cell morphology, apoptosis assay, phosphoproteomic analysis, and
western blot.

15
10
5
0
without ATO
with ATO
experimental group

without ATO
with ATO
experimental group

Fig. 3. The apoptosis rate of SK-N-AS (retinoic acid-resistant
neuroblastoma) and SK-N-SH (retinoic acid-sensitive neuroblastoma) cells
with or without arsenic trioxide (ATO)

than that in the control group (20.15 ±1.79% compared
to 3.84 ±0.94%, p < 0.0001). In SK-N-SH cells, a significant
increase of apoptosis could also be observed in the experimental group compared to the control group.

Different intracellular protein expressions
between the experimental group and
control group of SK-N-AS and SK-N-SH cells
In order to figure out the different intracellular protein
expressions before and after the treatment with ATO,

Table 2. The p-value of normality test and homogeneity test
Group

Total lengths of synapses
normality

Control group (without ATO) of SK-N-AS cells

0.826

Experimental group (with ATO) of SK-N-AS cells

0.126

Control group (without ATO) of SK-N-SH cells

0.157

Experimental group (with ATO) of SK-N-SH cells

0.194

homogeneity
0.050
0.050

Apoptosis rate
normality
0.718
0.085
1.000
0.680

ATO – arsenic trioxide; SK-N-AS – retinoic acid-resistant neuroblastoma cells; SK-N-SH – retinoic acid-sensitive neuroblastoma cells.

homogeneity
0.050
0.050
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we compared intracellular protein expressions of SK-NAS and SK-N-SH cells between the experimental group
(with ATO) and control group (without ATO). We identified quantitative information for 6424 proteins in the SKN-AS cell line and 4638 proteins in the SK-N-SH cell
line. Differentially expressed protein (DEP) was identified
by comparison of the signal values between the 2 groups
based on p < 0.05 using t-test. In SK-N-AS cells, we identified that the neuronal markers MAPT and NEFM were
upregulated, and the tumorigenic marker PHOX2B were
downregulated in the ATO-treated group. As compared
with the control group, we found that EZH2 (FC = 0.552)
and PHOX2B (an oncogenic marker, FC = 0.142) were
significantly downregulated, while the markers related
to the normal differentiation of neurons were upregulated,
like MAPT (FC = 1.21), NEFM (FC = 1.547) and MAP2
(FC = 2.669) in the experimental group. In SK-N-SH cells,
the same changing trends of the markers mentioned above
(PHOX2B was not detected in SK-N-SH cells), but the disparity coefficients of most proteins were smaller than
in the SK-N-AS cells, such as for EZH2 (FC = 0.691), MAPT
(FC = 1.312), NEFM (FC = 1.146), MAP2 (FC = 1.086),
and others. We tested the protein expressions of HoxC9,
HoxD8 and EZH2 in SK-N-AS with or without ATO using
western blot. We found that, compared to control group,
ATO could upregulate HoxC9 and HoxD8, and downregulate EZH2 (Fig. 4,5).

Discussion
The NB, which derives from embryonic neural crest,
has self-renewable capacities and can differentiate multidirectionally during dorsal migration from the neural
tube to the ventral side.23 When neuroblasts fail to migrate

Ctrl* – the control group (without ATO) in the SK-N-AS (retinoic acid-resistant
neuroblastoma) cells; ATO* – the experimental group (with ATO) in the SKN-AS cells; ATO/Ctrl* – ratio of protein expression in the experimental group
to the control group in the SK-N-AS (retinoic acid-sensitive neuroblastoma)
cells; ATO/Ctrl** – ratio of protein expression in the experimental group
to the control group in the SK-N-SH cells; ATO – arsenic trioxide.

correctly and remain undifferentiated, NB occurs.24 The degree of differentiation is assessed by the total neurite length,
co-expression of neurofilament and synaptic vesicles, and
shape of the cone.25 Notably, total neurite length is directly
involved in the neural differentiation.26,27 The MAP2,

EZH2

HoxC9

HoxD8
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Fig. 4. Differential protein expressions in both cell lines (heat map)
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group (with ATO)
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Fig. 5. Different protein expressions of HoxC9, HoxD8 and EZH2 in SK-N-AS (retinoic acid-resistant neuroblastoma) cells with arsenic trioxide (ATO)
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as a neuronal differentiation marker, can maintain neuronal dendritic spines by interacting with microtubules.28
It has been reported that the expression of MAP2 could be
upregulated by RA through brain-derived neurotrophic factor (BDNF) in SH-SY5Y cells.29,30 A study on whole genome
sequencing of fetal adrenal cells has found that PHOX2B
is a marker of sympathetic progenitors, which is significantly downregulated during the differentiation process
of sympathetic nerves.31 The NEFM gene encodes a subunit
of neuron-specific intermediate filaments32; its expression
was reduced after ATO administration.33 The NEFM was
verified to be the target of RA in NB cells, as well as the direct target of HoxC9.7 Our study verified that expressions
of HoxC9 and HoxD8 in SK-N-AS cells were upregulated.
Label-free quantitative proteomic technology identified
that tumorigenic marker PHOX2B was significantly downregulated, while the markers for differentiation of sympathetic neurons (NEFM, MAP2, MAPT) were upregulated.
Similarly to the results of previous studies, the expressions
of NEFM, MAP2 and MAPT were decreased after RA treatment in SH-SY5Y cells.34 The above results suggest that low
doses of ATO could reprogram RA-resistant NB cells differentiation, which may be due to the upregulation of HoxC9.
In SK-N-SH cell line, the same changing trends of the markers mentioned above, except PHOX2B, HoxC9 and HoxD8
(not detected), were observed after ATO treatment, but
the disparity coefficients of most proteins were smaller
compared to the SK-N-AS cell line. However, in our view,
this phenomenon can be explained. The SK-N-SH cell line,
with RA-sensitive feature, might not possess the inhibition
of HoxC9 pathway, and thus ATO could not ameliorate
the differentiation by the mechanism of enhancing HoxC9
(via disinhibition). The H3K27me3 is a repressive histone
mark, frequently seen in various kinds of tumors and associated with poor prognosis.35 The H3K4me3, a silencing
marker of HoxC9 promoter, is represented in an activated
state in RA-resistant NB cells and conversely silenced
in RA-sensitive cell lines.14 This may partly explain why RA
could not induce the expression of HoxC9 in SK-N-AS cell
line. The methylation of histone is catalyzed by 2 different
families: the protein arginine methyltransferases (RMTs)
and the histone lysine methyltransferases (KMTs). Among
them, methyltransferase EZH2 is known to be closely associated with the tumorigenesis and tumor development.36
Previous studies showed that histone deacetylase inhibitors
(HDACi) targets EZH2 and SUZ12, which are the major
components of the PRC2 complex, ultimately reducing
the H3K27me3 methylation.37,38
Our phosphoproteomic analysis revealed that ATO
downregulates the expression of EZH2 in both cell lines;
western blotting also confirmed this result, accompanied by the overexpression of HoxC9 in SK-N-AS cells.
Based on existing literature, we speculate that ATO may
act through a mechanism similar to HDACi, which could
reduce repressive H3K27me3 through downregulating
the expression of EZH2, and then reactivate HoxC9.

Limitations
However, there are also some shortcomings of this experiment. First, only 2 human NB cell lines were chosen, which
could affect the robustness of the results. Second, the results
confirm that ATO could upregulate the expression of HoxC9
and enhance neuronal differentiation, but we did not confirm the direct relationship between HoxC9 and neuronal
differentiation. Finally, we mentioned that ATO might reduce repressive H3K27me3 through downregulating the expression of EZH2, and then reactivate HoxC9, but methylation assays were not performed to confirm this result.

Conclusion
The ATO-mediated EZH2 suppression of RA-resistant
NB cells induces HoxC9 expression that, in turn, ameliorates differentiation and enhances cell apoptosis. Further
study is necessary to compensate for the abovementioned
limitations and support our conclusion.
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Abstract
Although traditional cardiovascular risk factors are well established and understood, mortality and morbidity in patients with cardiovascular disease (CVD) remains high. Exploring new pathophysiological pathways
enables a better understanding of CVD at both the molecular and clinical levels. Gut microbiota as a potential
modulator of CVD are the subject of extensive research. In recent years, trimethylamine N-oxide (TMAO),
a biologically active molecule generated by the gut microbiota, has been widely tested in studies on various
populations of patients. The ultimate TMAO levels depend on individual features and gut microbiota composition. Most of the research on TMAO has focused on atherosclerotic CVD and heart failure (HF). Studies
conducted so far support the use of TMAO as a prognostic marker in CVD. Several studies describe diverse
interventions aimed at reducing the concentration of TMAO and its harmful effects. This article summarizes
the findings from research, discusses the major insights into TMAO metabolism and related pathophysiological
processes, as well as indicates the directions for future research.
Key words: gut microbiota, coronary artery disease, heart failure, TMAO, trimethylamine oxide
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Introduction
According to the World Health Organization (WHO),
cardiovascular disease (CVD) remains the major cause
of death and disability worldwide.1 Exploring new pathophysiological pathways enables a better understanding
of CVD at both the molecular and clinical levels. Owing
to the development of metabolomics and metagenomics,
the intestinal microbiota have been indicated as a potential
modulator of the course of CVD. Trimethylamine N-oxide
(TMAO) is a gut-derived metabolite whose usefulness has
been evaluated in numerous studies. Despite promising
results, TMAO is an example of a deeply researched gut
microbiome biomarker which is still not used in everyday
clinical practice. In order to determine the utility of a new
biomarker, it is first necessary to assess its metabolism and
related pathophysiological processes, followed by clinical trials.2 This review summarizes extensive literature
on TMAO and indicates gaps in knowledge existing after
more than 10 years of research.

Objectives
The purpose of this article was to provide an overview
of the metabolism of TMAO and associated pathophysiological processes, and the results of major studies. An attempt
was also made to indicate the direction of further research.

Methodology
Literature search was carried out in the PubMed database on November 3, 2021 using the queries: “(TMAO)
AND (atherosclerosis)”, “(TMAO) AND (coronary artery
disease)”, “(TMAO) AND (atrial fibrillation)”, “(TMAO)
AND (heart failure)”, and “(TMAO) AND (gut microbiota)”. Selected key studies concern diverse groups of patients with CVD. Their results are discussed in the text
and presented in tables below.

Metabolism of TMAO
The TMAO is an organic compound with the chemical
formula of (CH3)3NO. It is commonly found in the tissues of marine organisms, where it mitigates the adverse
effects of temperature, salinity, as well as high urea and
hydrostatic pressure. 3 In humans, TMAO is produced
by the oxidation of trimethylamine (TMA) and is absorbed directly from food. The TMAO is most abundant
in fish and seafood.4 Gut microbiota produce TMA from
the dietary precursors: choline, L-carnitine, and betaine.
These TMA precursors are most abundant in red meat and
eggs.5 The most recent research indicates that the intake
of foods rich in TMA precursors does not translate directly
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into an increase in plasma TMAO level because it depends
on individual metabolic features, such as hepatic enzymes
activity and gut microbiota composition.6,7
Carnitine metabolism is key to human TMAO production and 3 major bacterial metabolic pathways leading
to TMA synthesis from dietary precursors were described8:
a) anaerobic choline degradation by choline TMA-lyase;
b) hydroxylation of L-carnitine to TMA by carnitine
oxidoreductase; and
c) conversion of L-carnitine to γ-butyrobetaine, which
is then converted to TMA.
Trimethylamine produced by gut microbiota is excreted
from the gut via 3 mechanisms: it can be absorbed to the circulation, excreted with stool or used by other bacteria
in the process of syntrophy. Trimethylamine that has been
absorbed to the circulation is oxidized to TMAO by hepatic flavin-containing monooxygenase (FMO).5 Trimethylamine absorption occurs in the small intestine (Fig. 1).9
After absorption, TMA is almost immediately oxidized
to TMAO. Following the oral intake of phosphatidylcholine,
the highest plasma and urinary TMAO levels are observed
after 12 h and 24 h, respectively. After 48 h from intake,
the plasma TMAO level returns to baseline.9 The TMAO
taken with food is absorbed through the intestinal barrier
and is detectable in blood after 15 min. The maximum blood
concentration is reached after 1 h and is maintained for
approx. 6 h. After 24 h, 96% of the TMAO dose taken with
food is excreted with urine, mostly in an unchanged form.10
To determine the concentration of TMAO, liquid chromatography coupled with tandem mass spectrometry and
automated nuclear magnetic resonance spectrometry are
most often used.4 Due to the need of specialized equipment, reliable TMAO determination is possible in research
or academic facilities; however, mentioned methods become more available.

The effect of TMAO
on pathophysiological processes
The first studies reporting the negative effects of TMAO
were conducted on an animal model and focused on atherogenesis. Initially, it was determined that TMAO accelerates the production of foam cells from macrophages.
The TMAO was shown to promote the upregulation
of the scavenger receptors CD36 and SR-A111 as well
as induce inflammation12 via the MAPK/JNP pathway,
which regulates the synthesis of pro-inflammatory cytokines – tumor necrosis factor alpha (TNF-α), interleukin
6 (IL-6) and intercellular adhesion molecule 1 (ICAM-1).
This leads to cholesterol overload in macrophage foam
cells and their faster migration and adhesion to endothelial
cells. A study on human umbilical vein endothelial cells
(HUVECs) confirmed a link between high plasma TMAO
levels and the development of atherosclerosis. Moreover,
it indicated that TMAO impaired endothelial self-repair
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Fig. 1. Schematic presentation of the intestinal absorption of TMA and TMAO
TMA – trimethylamine; TMAO – trimethylamine N-oxide; FMO – flavin-containing monooxygenase.

already in the early stages of atherogenesis.13 This is due
to the inhibitory effect of TMAO on endothelial cell proliferation during the G0/G1 phase of the cell cycle14 as well
as its cytotoxic effect on circulating endothelial progenitor
cells.15 This cascade of events is accompanied by increased
oxidative stress, another postulated effect of chronically
elevated TMAO levels, observed also in healthy individuals.16 The effect of TMAO on pathophysiological processes
is depicted in Fig. 2.
At a systemic level, TMAO promotes atherogenesis by altering lipid metabolism. In a study on a mice model, Koeth
et al. demonstrated that TMAO inhibited the expression
of the Cyp7a1 enzyme and bile acid transport proteins.17
The Cyp7a1 is responsible for bile acid synthesis and inhibition of cholesterol catabolism. The lack of Cyp7a1 leads
to the reduced bile acid synthesis and secretion, resulting
in atherosclerosis progression. At the same time, a reduction in the expression of bile acid transporter proteins
in the liver negatively affects the major pathway of elimination of cholesterol from the body.17

Along with research on atherosclerosis, there have been
studies investigating the prothrombotic effect of TMAO.
Impaired intracellular calcium ion transport in platelets,
heightened platelet reactivity and increased platelet adhesion to collagen fibers were reported.18 In endothelial cells,
an increased tissue factor synthesis and downregulation
of thrombomodulin were described.19

Direct cardiotoxic and
proarrhythmic effects of TMAO
The cardiotoxicity of TMAO was confirmed in morphological and functional studies, mainly in animal models.
By activating the inflammatory pathways, TMAO promotes
cardiac fibrosis, heart weight gain and cardiac remodeling.20 At a cellular level, TMAO impairs the intracellular
microtubule network and alters calcium concentration
control in cardiac muscle cells. This leads to a decrease
in contraction amplitude, longer time of peak and reduced
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Fig. 2. Effect of TMAO on pathophysiological processes
TMAO – trimethylamine N-oxide; ASCVD – atherosclerotic cardiovascular disease; EPC – endothelial progenitor cells; HF – heart failure; MACE – major
cardiovascular events; TF – tissue factor; TM – thrombomodulin.

Fig. 3. Therapeutic strategies affecting TMAO levels and metabolism in humans. Detailed information included in Table 3, with consistent reference numbers
TMAO – trimethylamine N-oxide.

synchronization.21 Similar TMAO-induced abnormalities in contractility were also reported in ex-vivo human
cardiac tissue.22

Results from studies on TMAO
Over the past 10 years, numerous studies investigating the prognostic value of TMAO have been conducted.
The research included various populations of patients,
both with acute and chronic illness. Most of those studies

enrolled patients with coronary artery disease (CAD) and
heart failure (HF). Selected studies are discussed below
and summarized in Table 1.
The first meaningful study on the effect of TMAO
in CAD was published in 2013. 23 Tang et al. demonstrated that higher plasma TMAO levels correlated with
an increased risk of major adverse cardiovascular events
(MACEs) during a 3-year follow-up in 4007 patients referred for elective coronary angiography.23 The correlation was revealed even after adjustment for traditional risk
factors. Similar findings were reported by Senthong et al.
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in a study of 2235 patients with significant coronary artery stenosis receiving optimal treatment. Higher TMAO
levels predicted mortality independent of traditional risk
factors during a 5-year follow-up.24 In a longitudinal study

by Lee et al.,25 a significant association between higher levels of TMAO and increased risk of incident and recurrent
atherosclerotic CVD was shown.25 Another large community-based study of middle-aged participants revealed that

Table 1. Results of studies on the association of TMAO with cardiovascular risk
Author

Type of study

Population
characteristics

Follow-up

Study endpoint

Results
HR/OR (95% CI)

TMAO
[μmol/L],
median (IQR)
3.7 (2.4–6.20)
MACE 5.0
(3.0–8.8)
no MACE
3.5 μM
(2.4–5.9);
p < 0.001

Coronary artery disease

Tang et al.23

Senthong
et al.24

Lee et al.25

Tang et al.26

Suzuki
et al.27

Matsuzawa
et al.28

prospective
study

n = 4007; patients
undergoing elective
coronary angiography
USA
age: 63 ±11
male sex: 64%

3 years

MACE
(death, myocardial
infarction, stroke)

TMAO Q4 compared to Q1
MACE n = 513,
HR 2.54 [1.96; 3.28]; p < 0.001
multivariate HR 1.43 [1.05; 1.94]
death HR 3.37 [2.39; 4.75]; p < 0.001
nonfatal myocardial infarction or stroke
HR 2.13 [1.48; 3.05]; p < 0.001

prospective
study

n = 2235; patients with
stable coronary artery
disease who underwent
elective coronary
angiography
USA
age: 63 ±11 years
male sex: 71%

5 years

death (all-cause)

TMAO Q4 compared to Q1
death n = 338
HR 3.90 [2.78; 5.48]; p < 0.0001

3.8 (2.5–6.5)
Q4 > 6.5; 9.7
(7.7–14.9)

prospective
multicenter
communitybased cohort
study

n = 5580
USA
age: 72 ±5.3 years
male sex: 36%
a) participants free
of prevalent cardiovascular
disease (n = 4131)
age: 72.2 ±5.3 years
male sex: 36%
b) participants with
prevalent cardiovascular
disease (n = 1449)
age: 73.6 ±5.8 years
male sex = 53%

15 years

ASCVD defined
as MI (fatal and
nonfatal), fatal
coronary heart
disease, stroke
(fatal and nonfatal),
sudden cardiac
death, and other
atherosclerotic
death

quintile 5 compared to quintile 1
multivariable HR 1.23 [1.04; 1.45];
p = 0.028
multivariable, diet and renal function
adjusted HR 1.08 [0.91; 1.29]; p = 0.579
a) multivariable, diet and continuous
eGFR, adjusted HR 1.07 [0.90; 1.27];
p = 0.516
b) multivariable HR 1.25 [1.01; 1.56];
p = 0.009
multivariable, diet and continuous
eGFR, HR 1.10 [0.87; 1.39]; p = 0.179

4.7 (3.2–7.7)
quintile
1 = 2.29
(1.84–2.61)
quintile
5 = 13.2
(10.4–19.9)
a) 4.72
(3.19–7.69)
eGFR 70.1
(16.2)
b) 5.43
(3.57–8.74)
eGFR 63.8
(17.9)

nested casecontrol study

n = 2181; healthy
individuals
Europe
age: 65 ±8 years
male sex: 65%

8 years

CAD – hospital
admission and/
or death with CAD
as underlying
cause (ICD9 Code
410–414)

Q4 compared to Q1
n = 908
OR 1.86 [1.46; 2.37]; p < 0.001
adjusted for traditional risk factors OR
1.58 [1.21; 2.06]; p < 0.001

3.4 (2.3–5.7)

all-cause mortality
death/MI

TMAO T3 compared to T1
n = 292 events
all-cause mortality n = 119
HR 1.21 [0.98; 1.48]
p = 0.074
death/MI n = 232
HR 1.40 [1.26; 1.55]
p < 0.0005
multivariate HR 1.21 [1.03; 1.4]
p = 0.023

3.7 (4.6–6.4)
T3 > 5.1; 8.5
(6.2–15.0)

cardiovascular
events

death n = 5
nonfatal myocardial infarction n = 5,
unstable angina requiring
revascularization n = 2
nonfatal stroke n = 5
TMAO >6.76 compared to <6.76
adjusted HR 6.21 [1.69; 30.285];
p = 0.005
adjusted HR for 0.1 increase in log
TMAO 1.343 [1.122; 1.636]; p = 0.001

6.76 (3.82–
12.53)

retrospective
study

observational
study

n = 1079; acute MI
patients
UK
age: 67 (57–77) years
male sex: 72%

n = 112; STEMI patients
who underwent primary
PCI
Japan
age: 63 (56–71) years
male sex: 88%

2 years

median:
5.4 years
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Table 1. Results of studies on the association of TMAO with cardiovascular risk – cont.
Author

Li et al.29

Sheng
et al.30

Senthong
et al.31

Fu et al.32

Tan et al.33

Type of study

Population
characteristics

prospective
study

n = 530; patients
presenting
to the emergency
department with chest
pain of suspected cardiac
origin (112 troponin
T-positive)
USA
age: 62.4 ±13.9 years
male sex: 57.5%
n = 1683 who underwent
coronary angiography
for ACS
Switzerland
age: 63.9 ±12.4 years
male sex: 77.8%

prospective
observational
study

n = 335; patients with
STEMI
China
age: 58.7 ±12.1 years
male sex: 80.6%

prospective
cohort study

n = 353; stable patients
with CAD detected
by elective coronary
angiography
USA
age: 65.0 ±11.0 years
male sex: 79%

observational
study

n = 26 patients with CAD
who underwent optical
coherence tomography
China
age: 60 ±10 years
male sex: 77%
n = 12 – plaque rupture
group
n = 14 – non-plaque
rupture group

prospective
observational
study

n = 146; STEMI with
pre-intervention optical
coherence tomography
China
age: 57.0 ±11.0 years
male sex: 82.2%
n = 77 – plaque rupture
n = 69 – plaque erosion

single-center
prospective
cohort study

n = 720; stable subjects
with HF, patients with
ACS within the preceding
30 days excluded
USA
age: 66 ±10 years
male sex: 59%

prospective
observational
study

n = 155; patients with
stable HF for >6 months
(NYHA class II–IV)
Europe
age: 57 ±11 years
male sex: 83%
n = 73 – CAD
n = 75 – DCM
n = 7 – other

Follow-up

Study endpoint

Results
HR/OR (95% CI)

TMAO
[μmol/L],
median (IQR)

1 month,
6 months,
7 years,
1 year

MACE defined
as a composite
of MI, stroke,
revascularization,
or all-cause
mortality (1 month,
6 months),
all-cause mortality
(7 years)

TMAO Q4 compared to Q1
MACE 1 month OR 6.30 [1.89; 21.0];
p < 0.01
MACE 6 months n = 220 (death n = 29)
OR 5.65 [1.91; 16.7]; p < 0.01
mortality 7 years HR 1.81 [1.04; 3.15];
p < 0.05
MACE n = 119 (death n = 79) (1 year
Q4 HR 1.57 [1.03; 2.41]; p < 0.05

4.28
(2.55–7.91)
2.87
(1.94–4.85)

N/A

SYNTAX Score ≥23
presence
of multivessel
disease

adjusted OR 1.16 [1.06; 1.29]; p = 0.001
r = 0.237, p < 0.001
AUC 0.656 [0.591; 0.722]; p < 0.001
adjusted OR 1.15 [1.01; 1.32]; p = 0.035
r = 0.192, p < 0.001

2.18
(1.34–3.90)

N/A

SYNTAX Score
SYNTAX Score II
presence of diffuse
lesions

SYNTAX Score (r = 0.61) p < 0.0001
adjusted OR 4.82; p < 0.0001
SYNTAX Score II (r = 0.62) p < 0.0001
adjusted OR = 1.88; p = 0.0001
8.4 [5.7; 14.0] compared to 4.4 [5.2;
13.5]
adjusted OR 2.05 [1.45; 2.90],
p = 0.0001

5.5 mM
(3.4–9.8)

N/A

TMAO
concentration
in rupture
compared to
non-rupture TMAO
concentration
and plaque
composition

TMAO level – lipid arc (r = 0.43,
p = 0.031),
lipid volume index (r = 0.39, p = 0.048)

rupture
compared
to no rupture
8.6 ±4.8
compared
to 4.2 ±2.4;
p = 0.011

rupture adjusted OR 4.06 [2.38; 6.91];
p < 0.001
AUROC 0.89,
1.95 μM sensitivity = 88.3%,
specificity = 76.8%

rupture
compared
to erosion 3.33
(2.48–4.57)
compared
to 1.21
(0.86–1.91);
p < 0.001

all-cause mortality

death n = 207
Q4 compared to Q1
adjusted for traditional risk factors and
BNP HR 2.2 [1.42; 3.43]; p < 0.001
adjusted for renal function HR
1.75 [1.07; 2.86]; p < 0.001

5.0 (3.0–8.5)

all-cause and
anticipated
mortality, i.e., HTx

death (n = 39)
HTx (n = 16)
T3 compared to T1 unadjusted HR
2.24 [1.28; 3.92]; p = 0.005
adjusted HR 1.79 [0.90; 1.79]; p = 0.097
NYHA class II/III/IV r = 0.15, p < 0.05

CAD
– 12.1 ±19.5
DCM
– 9.2 ±8.5
healthy
control
– 7.9 ±8.9

N/A

TMAO
rupture compared
to erosion

Heart failure

Tang et al.37

Trøseid
et al.38

5 years

median:
5.2 years
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Table 1. Results of studies on the association of TMAO with cardiovascular risk – cont.
Author

Zhou
et al.39

Schuett
et al.40

Suzuki
et al.41

Israr et al.42

Suzuki
et al.43

Wei et al.44

Type of study

prospective
cohort study

retrospective
study

retrospective
study

Population
characteristics

n = 1208; patients with
chronic HF after MI
China
age: 73 (64–80) years
male sex: 68.5%

n = 2490; LURIC
population
Europe
n = 823 – HF patients:
HFrEF (n = 428) and HFpEF
(n = 395)

n = 972; patients with
acute HF
UK
age: 78 (69–84) years
male sex: 61%

retrospective
study

n = 806; patients with
acute HF
UK
age: 78 (69–84) years
male sex: 61%

multicenter
prospective
study
(BIOSTAT-CHF)

n = 2234; patients with
progressive worsening
or new-onset symptoms
of HF
UK
age: 70 (61–78) years
male sex: 74%

prospective
study

n = 915; chronic HF
patients with reduced
ejection fraction
China
age: 57.1 ±14.1 years
male sex: 69.9%

Study endpoint

Results
HR/OR (95% CI)

TMAO
[μmol/L],
median (IQR)

MACE, all-cause
mortality, HF
rehospitalization,
recurrent MI
all-cause mortality

Q4 compared to Q1
MACE n = 507
death n = 56
readmitted with HF n = 384
recurrent MI n = 67
unadjusted HR 3.15 [2.09; 4.73];
p < 0.01
adjusted HR 2.31 [1.42; 3.59]; p < 0.01
all-cause mortality HR 2.15 [1.37; 3.24];
p < 0.01

Q4 > 7.92
Q1 < 2.83

mean:
9.7 years

all-cause mortality
death due
to cardiovascular
causes

all patients
T3 compared to T1
death n = 728
1.70 [1.41; 2.04]; p < 0.001
cardiovascular death n = 446
1.87 [1.48; 2.38]
HFrEF
T3 compared to T1
death 2.33 [1.67; 3.24]; p < 0.001
cardiovascular death 2.27 [1.52; 3.37]
HFpEF – ns

T3 ≥ 5.92
T1 ≤ 3.90

1 year

all-cause mortality
(death)
composite death
or rehospitalization
due to HF (death/
HF)

death n = 268
T3 compared to T1
univariate HR 1.35 [1.21; 1.51];
p < 0.0005
n = 384
death/HF HR 1.33 [1.20; 1.46];
p < 0.0005
adjusted for renal function – ns

5.6 (3.4–10.5)
T3 = 14.2
(8.2–151.5)
T1 = 2.9
(0.5–4.0)

1 year

death at 30 days
n = 62
death at 1 year
n = 213
death/HF at 30 days
n = 98
death/HF at 1 year
n = 313

T3 compared to T1
HR 1.39 [1.05; 1.84]; p = 0.022
HR 1.26 [1.08; 1.47] p = 0.004
HR 1.38 [1.10; 1.73] p = 0.006
HR 1.25 [1.09; 1.42] p = 0.001
adjusted for renal function – ns

10.2 (5.8–18.7)

3 years

all-cause mortality
(3 years)
composite event
of mortality
combined with
rehospitalization
due to HF (3 years)

unadjusted HR 2.27 [1.90; 2.72];
p < 0.001
adjusted |HR 1.42 [1.13; 1.80];
p = 0.003
unadjusted HR 1.93 [1.66; 2.23];
p < 0.001
adjusted HR
1.21 [1.00; 1.46]; p = 0.054

5.9 (3.6–10.8)

median:
33 months,
max.
7 years

cardiovascular
death or HTx
(n = 314)
recurrence
of HF + first
rehospitalization
for cardiovascular
causes

T3 compared to T1
HR 1.47 [1.13; 1.91]; p = 0.004
adjusted HR 1.33 [1.01; 1.74]; p = 0.039
high dose-dependent association: first
rehospitalization for cardiovascular
causes (p = 0.002)
recurrence of HF (p = 0.003)

2.52
(1.20–4.76)
T3 > 3.770
T1 ≤ 1.574

m = 412
Q4 compared to Q1
adjusted HR 1.16 [1.05; 1.28]; p = 0.0009
community control n = 484
adjusted HR 1.10 [1.004; 1.19]
per 1 standard deviation increase
in log-transformed plasma TMAO

Q4 > 15.8
(11.9–23.5)
Q1 < 2.7
(2.2–3.2)

Follow-up

median:
1.84 years

Atrial fibrillation

Svingen
et al.47

retrospective
cohort study

n = 3797; patients with
suspected stable angina
Europe
n = 3143; communitybased control population
Europe

median:
7.3 years
community
control
10.8 years

diagnosis
of AF during
hospitalization
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Table 1. Results of studies on the association of TMAO with cardiovascular risk – cont.
Author

Gong
et al.49

Type of study

Population
characteristics

prospective
observational
cohort study

n = 117; consecutive
rheumatic heart disease
patients with AF
age: 57 (50–64) years
male sex: 41%
n = 25 – patients with
cardiac thrombi
n = 92 – patients without
cardiac thrombi

Follow-up

Study endpoint

Results
HR/OR (95% CI)

TMAO
[μmol/L],
median (IQR)

N/A

comparison
of TMAO
concentration
between 2 groups

TMAO, group I compared to group II:
4.55 [3.19; 4.83] compared to
3.53 [2.96; 4.25]; p = 0.01

N/A

ACS – acute coronary syndrome; DCM – dilated cardiomyopathy; MACE – major adverse cardiac event; TMAO – trimethylamine oxide; a – age; m – male;
Q – quartile; T – tertile; HR – hazard ratio; OR – odds ratio; 95% CI – 95% confidence interval; IQR – interquartile range; AUROC – area under the receiver
operating characteristic curve; ASCVD – atherosclerotic cardiovascular disease; CAD – coronary artery disease; MI – myocardial infarction; HF – heart failure;
HFrEF – heart failure with reduced ejection fraction; HFpEF – heart failure with preserved ejection fraction; BNP – brain natriuretic peptide; HTx – heart
transplantation; LURIC – Ludwigshafen Risk and Cardiovascular Health; PCI – percutaneous coronary intervention; SYNTAX – synergy between percutaneous
coronary intervention with taxus and cardiac surgery score; STEMI – ST-segment elevation myocardial infarction; NYHA – New York Heart Association;
eGFR – estimated glomerular filtration rate; N/A – not available/not applicable; AUC – area under the curve; AF – atrial fibrillation; N/A – not applicable;
ns – nonsignificant.

higher TMAO levels are associated with the risk of CAD
in previously healthy individuals.26
The prognostic value of TMAO was also assessed
in patients with acute coronary syndrome (ACS). Increased TMAO levels showed an association with the risk
of death or recurrent myocardial infarction (MI) during
a 2-year follow-up,27 as well as with future cardiovascular
events during a 5-year follow-up.28 Importantly, the risk
persisted despite the improvement regarding traditional
cardiovascular risk factors such as hypertension, dyslipidemia or diabetes.28 In another interesting study, Li et al.
showed that increased TMAO levels were a risk factor for
MACEs at 30 days and 6 months in patients presenting with
chest pain of suspected cardiac origin.29 The strong prognostic significance of TMAO was observed irrespective
of baseline troponin levels and the final diagnosis of ACS.
In the same study, in an independent cohort of patients with
ACS who underwent coronary angiography due to ACS,
higher TMAO levels were associated with an increased risk
of MACEs at 1 year, independent of traditional risk factors.
In addition to predicting future MACEs, plasma TMAO
levels were shown to correlate with the extent of CAD and
atherosclerotic plaque stability. Studies conducted to date
have revealed an association between TMAO levels and
the SYNTAX Score, multivessel CAD30,31 and the risk
of atherosclerotic plaque rupture.32,33 Finally, it was reported
that TMAO could act as a mediator of clopidogrel resistance
and inhibit clopidogrel effects, which has significant implications for the medical treatment of CAD.34
In the context of atherosclerosis, TMAO has also been
investigated in patients with chronic kidney disease
(CKD). 35,36 As renal function deteriorates, TMAO level
increases and correlates with coronary atherosclerosis
burden, 35 gut microbiota alterations, increased intestinal permeability, chronic inflammation, and endothelial dysfunction. 36 Chronic kidney disease has complex
pathogenesis and dynamics. The higher risk of death and

the extent of atherosclerosis are therefore the cumulative effect of many processes. Accordingly, TMAO is one
of the bystanders rather than the single and direct causative agent of vascular complications of CKD.

Heart failure
There is a considerable body of evidence on the role
of TMAO as a prognostic marker in patients with HF.
These associations were studied in the chronic and acute
settings as well as depending on the preserved or reduced
ejection fraction and the burden of symptoms.
A significant association between increased TMAO levels and mortality risk in patients with chronic HF (CHF)
was first described in 2014.37 Subsequent studies reported
associations with the New York Heart Association (NYHA)
functional class and CHF after MI. 38,39 Schuett et al.
demonstrated that increased TMAO levels were a strong
predictor of mortality in patients with HF with reduced
ejection fraction, but not in those with preserved ejection
fraction, over a mean follow-up of 9.7 years.40
Several studies reported data on the effect of increased
TMAO levels on disease course and prognosis in patients
with acute HF. Suzuki et al. showed that elevated TMAO
levels were a strong predictor of mortality or rehospitalization at 1 year.41 However, after adjustment for renal
confounders, the correlation was no longer significant,41
which is in line with the results of a more recent study
by Israr et al.42 In a multicenter study including patients
with new-onset or progressive HF, higher TMAO levels
were strongly associated with an increased risk of mortality and/or rehospitalization during 1-, 2- and 3-year
follow-up. In line with previous studies, TMAO levels were
not reduced by optimal treatment.43
The association between elevated TMAO levels and poor
prognosis in patients with HF has not been fully elucidated

Adv Clin Exp Med. 2022;31(8):913–925

921

so far. Apart from gut microbiota, the role of FMO3 polymorphism has been postulated.44 Moreover, Li et al.
suggested a potential inhibitory effect of loop diuretics
on renal excretion of TMAO, resulting in its retention
in tissues.45

Atrial fibrillation
The role of TMAO as a risk factor or mediator of atrial
fibrillation (AF) has not been determined so far.46 A study
on 2 Norwegian cohorts indicated that high TMAO levels
were associated with a risk of incident AF, independent
of traditional risk factors.47 In the AF-RISK study, higher
TMAO levels were associated with progression to permanent AF.48 Finally, the proarrhythmic and prothrombotic
effects of TMAO can result in increased risk of thrombus
formation in patients with AF.49

Results from meta-analyses
There are several meta-analyses assessing TMAO levels as a predictor of mortality or other adverse events
in patients with CVD.50–55 The results strongly indicate
that elevated TMAO levels are a significant risk factor
for death and MACEs. Selected meta-analyses are summarized in Table 2.

Interventions aimed at reducing
TMAO levels and toxicity
The knowledge of TMAO synthesis, metabolism and
excretion pathways allows investigators to study interventions aimed at reducing TMAO toxicity. Some
of the conclusions were formulated on the basis of random findings derived from other studies. Examples include

the association between statin use and reduced TMAO
levels56 or between aspirin use and reduced TMA synthesis.57 In both cases, the lowering effect was probably due
to drug-induced alterations in gut microbiota.
A standard targeted approach is to reduce the dietary
intake of TMA precursors and TMAO. The elimination
of red meat from diet results in reduced TMAO levels
after 4 weeks,5 while vegetarians and vegans have lower
circulating TMAO levels and a lower capacity to synthesize TMA, probably due to changes in gut microbiota.17
The beneficial effect of Mediterranean diet on reducing
TMAO levels is primarily due to the high intake of plant
foods,58 although the results of studies are equivocal.59
The use of broad-spectrum antibiotics was shown to suppress gut microbiota and reduce TMAO levels. However,
antibiotic therapy does not offer satisfactory long-term
outcomes and is associated with a high risk of side effects.11
Rifaximin has been reported to be a safer alternative, but
the results of the recent GUTHEART study are insufficient
to confirm this suggestion.60 Other interventions include
supplementation with probiotics,61 gut bacteria transplant
from healthy donors,62 bariatric surgery,63 resveratrol,64
and meldonium.65 Current interventions are summarized
in Table 3 and Fig. 3.

Review limitations and gaps
in knowledge
The possibility of discussing all ongoing studies in microbiota biomarkers is beyond the scope of this review.
For now, to the best of our knowledge, despite the extensive literature supporting its usefulness, TMAO has
not been identified as an established biomarker in CAD
or HF guidelines. Perhaps, the ongoing research will
consolidate the use of TMAO and other gut microbiota
metabolites such as bile acids and short chain fatty acids
in everyday practice. Linking the metabolism of the gut

Table 2. Results of meta-analyses on the association of TMAO with cardiovascular risk
Population
(number of studies
included)

Endpoints

Results
RR/HR (95% CI)

Heianza et al.50

n = 19,256 (19)

MACCE, death

MACE: RR 1.62 [1.45; 1.80]; p < 0.001, I2 = 23.5%
death: RR 1.63 [1.36; 1.95]; I2 = 45.9%

Schiattarella et al.51

n = 26,167 (26)

MACCE, death

MACCE: RR 1.67 [1.33; 2.11]; p < 0.00001, I2 = 46%
death: RR 1.91 [1.40; 2.61]; p < 0.0001, I2 = 94%

Qi et al.52

n = 7716 (11)

cardiovascular events, death

cardiovascular events: RR 1.23 [1.07; 1.42]; I2 = 31.4%
death: RR 1.55 [1.19; 2.02]; I2 = 80.8%

Farhangi53

n = 31,230 (20)

death

death: RR 1.466 [1.291; 1.665]; p < 0.001, I2 = 81.9%

Li et al.54

n = 6879 (7)

MACE, death

MACE: T3 compared to T1: HR 1.68 [1.44; 1.96]
death: T3 compared to T1: HR 1.67 [1.17; 2.38]

Guasti et al.55

n = 923 (3)

MACE, death

MACE: RR 2.05 [1.61; 2.61]; I2 = 50%
death: RR 3.42 [2.27; 5.15]; I2 = 0%

Author

TMAO – trimethylamine oxide; MACE – major adverse cardiac events; MACCE – major adverse cardiac and cerebrovascular events; CVE – cardiovascular
events; HR – hazard ratio; RR – risk ratio; T – tertile; CI – confidence interval.
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Table 3. Results of studies assessing therapeutic strategies aimed at reducing TMAO levels
Author

Li et al.56

Zhu et al.

57

Wang et al.5

Awoyemi
et al.60

Boutagy
et al.61

Smits
et al.62

Trøseid
et al.63

Type of study

Population/
model

retrospective
study; 3-year
follow-up

n = 4007;
sequential
patients
undergoing
elective
diagnostic
coronary
angiography

prospective
study

healthy vegans/
vegetarians
(n = 8); healthy
omnivores
(n = 10) orally
supplemented
with choline

prospective
study

prospective
randomized,
double-blind
study

randomized
double-blind,
placebocontrolled

double-blind
randomized
pilot study

observational
study

Endpoint

Results

Comment

MACE, defined
as death,
myocardial
infarction, or stroke;
reduction of TMAO
concentration

n = 322 MACE by 3 years
statin use associated with
decreased MACE: HR 0.74,
95% CI: [0.60; 0.93]; p = 0.0089
plasma TMAO associated with
increased MACE: HR 1.57,
95% CI: [1.40; 1.76]; p = 2.4e-14
statin use associated with
decreased TMAO (3.9 compared
to 4.3) p = 0.002

suspected
mechanism:
alteration in gut
microbiome activity

aspirin 81 mg/day
for 3 months

reduction of TMAO
concentration

aspirin attenuated TMAO elevation
TMAO:
choline compared to choline + ASA
36.9 ±9.4 compared to 21.2 ±3.0;
p = 0.009

suspected
mechanism:
alteration in gut
microbiome activity

n = 113; healthy
adult participants
all omnivores

discontinuation
of red meat intake
to non-meat
or white meat

reduction of TMAO
concentration

no meat – TMAO reduction;
p < 0.0001
white meat – TMAO reduction;
p < 0.0001

N/A

n = 151; patients
with LVEF < 40%;
NYHA class II–III
despite optimal
medical therapy

3 months:
rifaximin, 550 mg
twice daily,
250 mg
3 months:
probiotic
Saccharomyces
boulardii NCM
I-745 500 mg
twice daily
standard of care
only

LVEF after 3 months
of intervention
baseline-adjusted
NT-proBNP
baseline-adjusted
TMAO

LVEF: rifaximin compared
to standard of care mean
difference: −1.2 pp (3.2–0.7);
p = 0.22
Saccharomyces boulardii −0.2 pp
(2.2–1.9); p = 0.87
NT-proBNP: no significant effects
rifaximin p = 0.28
S. boulardii: increase; p = 0.03
TMAO: no significant effects
rifaximin; p = 0.8
Saccharomyces boulardii p = 0.16

patients low
in baseline dysbiosis
low dose
of rifaximin

n = 19; healthy,
non-obese males
(18–30 years)

4-week
hypercaloric
(+1000 kcal
day−1), high-fat
diet (55% fat) +
VSL#3 (900 billion
live bacteria) orally
placebo

reduction of TMAO
concentration

plasma TMAO level increased
significantly
VSL#3 (89 ±66%); p < 0.05
placebo (115 ±61%); p < 0.05
VSL#3 compared to placebo:
p > 0.05

VSL#3 does not
influence plasma
TMAO following
a high-fat diet

vegan-donor FMT

conversion
of choline and
carnitine to TMA
and TMAO
fasting plasma
TMAO level
TMA/TMAO urinary
excretion

no signifficant effect; p > 0.05

significant changes
in intestinal
microbiota
composition did
not affect TMAO
metabolism;
residual capacity
to convert
precursors to TMAO
in vegans?
short follow-up
(2 weeks)

bariatric surgery
laparoscopic
Roux-en-Y gastric
bypass
duodenal switch

abseline plasma
TMAO level
preoperatively
(after 3 months
of lifestyle
intervention)
1 year after bariatric
surgery

no significant effect of 3-month
lifestyle intervention preoperatively;
1 year after bariatric surgery TMAO
plasma levels more than doubled
(HR 10.5, 95% CI: [7.5; 13.5])
compared to preoperative (HR 4.4,
95% CI: [2.8; 6.0]; p < 0.001)
compared to baseline (HR 4.7,
95% CI: [3.7; 5.8]; p < 0.001),
regardless of surgical method

mechanism:
changes in gut
microbiota profile

n = 20; male
patients with
metabolic
syndrome

n = 34; obese
patients (17 with
and 17 without
type 2 diabetes)
undergoing
bariatric surgery

Intervention

statin use
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Table 3. Results of studies assessing therapeutic strategies aimed at reducing TMAO levels – cont.
Author

Type of study

Annunziata
et al.64

double-blind,
randomized,
placebocontrolled
study

Dambrova
et al.65

open label,
interventional
study

Population/
model

Intervention

Endpoint

Results

Comment

n = 380; healthy
individuals

grape pomace
polyphenol
nutraceutical (rich
in resveratrol)
400 mg twice daily
4 weeks, 8 weeks

reduction of TMAO
concentration

plasma TMAO reduction (−49.78%,
p < 0.0001)
8 weeks − 75.85%; p < 0.0001

N/A

reduction of TMAO
concentration
urine TMAO
excretion

diet compared to diet +
meldonium
plasma: 81.5 ±8.6 mM compared
to 43.0 ±3.8 mM; p < 0.05
excretion: 18.2 ±2.2 mmol/mg
creatinine × 7 days compared
to 24.3 ±1.5 mmol/mg
creatinine × 7 days;
p < 0.05

N/A

n = 8; healthy
volunteers

meldonium
orally, 500 mg
twice daily, 7 days
during TMAO-rich
diet

LVEF – left ventricular ejection fraction; MACE – major adverse cardiac event; N/A – not available/not applicable; NYHA – New York Heart Association
functional classification; TMAO – trimethylamine oxide; NT-proBNP – N-terminal pro-B-type natriuretic peptide; FMT – fecal microbiota transplant;
TMA – trimethylamine; ASA – acetylsalicylic acid (aspirin); HR – hazard ratio; 95% CI – 95% confidence interval.

microbiota to CVD is an attractive topic of ongoing research. It is worth mentioning the studies NCT0496276366
and NCT02728154,67 which will deepen the knowledge
on the correlation of the intestinal microbiota with HF.
The study NCT05014880 is going to assess the effectiveness of a dietary intervention reducing dietary TMAO
levels during the rehabilitation of CAD patients.68

Conclusions
The TMAO is a biomarker that has been proven useful
in a population of patients at higher cardiovascular risk.
The use of TMAO in clinical practice requires confirmation in subsequent prospective interventional studies.
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