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Highlights

« Disasters, wars, and public health emergencies have a profound impact on mental health, with up to 1/3 of affected
individuals developing PTSD, depression, anxiety, or related disorders.

+ Limited access to mental health and psychosocial support (MHPSS) — due to stigma, resource shortages, and dis-
rupted health systems — worsens outcomes among vulnerable populations.

+ Integrating mental health care into disaster preparedness and emergency response frameworks is essential to im-
prove resilience and recovery in crisis-affected communities.

Introduction

The term “emergency” is often used interchangeably
with “disaster” in global contexts, such as biological and
technological hazards, health emergencies, and other cri-
ses — a catastrophe or sudden event that causes widespread
suffering, hardship, or destruction.! Millions of people
worldwide were and are affected by such events, which
profoundly impact both physical and mental health.

Mental health is a state of wellbeing that enables indi-
viduals to cope with life’s stresses, realize their abilities,
learn and work well, and contribute to their communities.
It is an integral component of health and wellbeing, sup-
porting both individual and collective capacity to make
decisions, build relationships, and shape the world we live
in. Mental health is a fundamental human right for every-
body and is essential for personal, community and socio-
economic development.?

The implications of disasters, including armed conflicts,
for both civilian and military populations have long been
the subject of research.>-° In disaster situations, vulner-
able groups often experience intense stress, face major
challenges and may develop mental disorders. Nearly 1/3
of disaster-affected individuals may suffer significant men-
tal health consequences. While wars, disasters, emergen-
cies, and catastrophes differ in nature, they share many
common features.

What these situations have in common is that people
often struggle to move on and adapt to change. Particularly
vulnerable groups, such as the elderly, individuals who
are ill or injured, pregnant women, young children, and
infants, are especially dependent on support. Mesa-Vieira
et al. documented that younger individuals are at a higher
risk of developing mental health disorders such as post-
traumatic stress disorder (PTSD), major depressive disor-
der and generalized anxiety disorder.”

Emergency medicine research has repeatedly empha-
sized that help and support must effectively reach those
in need — and that people must be able to reach support
services as well.® Traumatized individuals, especially those
from vulnerable groups, depend on specialized assistance.
Access to support always has to do with forms of access
and availability, but also with information about it. Out-
reach support is therefore essential. However, this requires

appropriate frameworks to ensure the safety and protec-
tion of both helpers and recipients — conditions that are
not always guaranteed in emergencies and catastrophes.

Mental health in catastrophes
and emergencies

Mental health disorders resulting from disasters and
emergencies require specialized skills and effective com-
munication abilities, particularly in trauma-informed
care.”!® Training and continuing education in this area
are essential. Conditions such as PTSD, anxiety disor-
ders, depression, and suicidal ideation are among the most
common challenges, while others may experience panic
attacks, delusions, or impulsive behaviors.!! Nearly all in-
dividuals affected by emergencies experience some form
of psychological distress, which, in most cases, tends to im-
prove over time.

However, approx. 1 in 5 people (22%) who have experi-
enced war or conflict within the past 10 years suffer from
depression, anxiety, PTSD, bipolar disorder, or schizophre-
nia.!? Individuals may experience traumatic losses, and
women consistently show higher rates of anxiety, depres-
sion and PTSD symptoms compared to those without such
experiences or to men, across all time points.®!3

Meta-analyses estimate that approx. 15.3—36.0% of war-
affected adult populations experience PTSD, compared
to 3.9-7.8% in the general population.>* Other surveys
suggest that 26% and 27% of war survivors suffer from
PTSD and/or depression, respectively.!® Studies further
indicate that factors such as life uncertainty, individual
helplessness, and dependence on others or external cir-
cumstances can cause significant psychological distress.'®

Access and support:
Access to services

International guidelines and reports recommend a range
of activities and interventions to provide mental health
and psychosocial support (MHPSS) during emergencies
— from self-help and community-based support to effective
communication, psychological first aid and clinical mental
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health care. Preparedness and integration with disaster
risk reduction are essential to mitigating measurable im-
pacts. Countries can also use emergencies as opportunities
to invest in mental health services, leveraging the increased
aid and attention they receive to build stronger and more
sustainable care systems for the long term.!? Nevertheless,
damage to medical and social systems caused by disasters,
wars, conflicts, and violence has multiple consequences.
For instance, in areas affected by armed conflict, people
often cannot access essential services due to ongoing vio-
lence, infrastructure destruction, stigma, legal restrictions,
financial barriers, or other obstacles.!! Additionally, men-
tal health and psychosocial support professionals remain
scarce in conflict settings.!®

Mental health care in emergencies often requires “a ma-
jor rethink.”” What previously applied may no longer be
effective or available. The Inter-Agency Standing Com-
mittee (IASC) Reference Group on Mental Health and
Psychosocial Support in Emergency Settings plays a pivotal
and active role in promoting mental health care and ensur-
ing access to psychosocial support during conflicts.!® They
have developed specific guidelines on MHPSS in emer-
gency settings through an inclusive process involving input
from United Nations (UN) agencies, non-governmental
institutions (NGOs) and universities. These guidelines,
available in several languages, help plan, establish and
coordinate a set of minimum multi-sectoral responses
to protect, support and improve people’s mental health
and psychosocial wellbeing during emergencies.*

Aspects of professionals:
Healthcare workers

Zavyalova, an emergency physician, emphasized that be-
ing a doctor in wartime means returning home after each
shift, wishing the war had never happened and praying for
its swift end. People are exhausted — the clients, patients
and healthcare workers alike. Yet, as social and medi-
cal professionals, they do not have the luxury of fatigue.
The clients and patients need the professionals to keep
going and they must push through the fatigue to continue
delivering the care they deserve.?

The immense need for treatment and counseling,
combined with the often-limited number of helpers,
places great strain and risk of overload on profession-
als in these situations. At the same time, it is essential
to focus on protecting and supporting these profession-
als and ensuring that employers conduct proper risk
assessments. The International Committee of the Red
Cross (ICRC) has repeatedly emphasized that the failure
to protect professionals in war zones is one of the most
critical yet frequently overlooked humanitarian issues
today.?2? As already noted by Javed,™ other factors can
exacerbate these challenging conditions. The harmful
effects of operating in war zones extend to material and

1997

supply shortages, including disruptions in essential ser-
vices such as electricity, medicines, equipment, water and
nutrition, all of which further increase the stress experi-
enced by health professionals.?223

Furthermore, the mental health of professionals can be
profoundly affected by their work during disasters and ca-
tastrophes. Abed Alah emphasized that constant exposure
to trauma, combined with the pressure of providing care
and counseling under extreme conditions, places an im-
mense burden on the mental wellbeing of professionals,
making their situation in conflict zones both critical and
often overlooked.?*

Conclusions

The effects of war, catastrophes and disasters are var-
ied and multifaceted — for both affected populations and
deployed helpers. Ultimately, it is recommended that long-
term policies, strategies, and actions be developed to ad-
dress the medical and psychosocial impacts of conflict,
trauma, mental health disorders, and access to support
and services.

While national health policies must incorporate disaster
management and analysis, priority should also be given
to reshaping local, regional, and global structures. This
includes emphasizing resource allocation, needs assess-
ment, and strengthening infrastructure to meet require-
ments, as well as ensuring ongoing evaluation, training and
continuing education in this context.!! However, profes-
sionals also need protection to ensure access to facilities
that support both physical and mental health. The World
Federation for Mental Health calls on all responsible par-
ties to safeguard access and strengthen facilities for people
affected by catastrophes and emergencies.

Use of Al and Al-assisted technologies

Not applicable.
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Abstract

Perinatal mental health has been increasingly recognized as one of the most prevalent and consequential
complications of pregnancy and childbirth. Approximately 1in 5 women experience depression during
or after pregnancy, and up to 1 in 4 encounter difficulties in establishing an emotional bond with their
infants — a condition known as mother-to-infant bonding difficulties (MIBD). Pooled global estimates from
meta-analyses indicate that these conditions are more prevalent than major obstetric complications such
as gestational diabetes and preeclampsia. They also represent the leading cause of maternal mortality,
particularly in high-income countries. For example, suicidal ideation (S1) is approx. 16 times more common
among women with postpartum depression (PPD) than among those without. Moreover, SI occurring
alongside PPD is often associated with prior depressive episodes and a lack of social support, whereas S|
in the absence of depression tends to be linked to first-time motherhood, infection during pregnancy, or loneli-
ness. Postpartum depression and MIBD are also closely interconnected, exhibiting a bidirectional relationship
and sharing major risk factors such as prenatal depression, limited family support, and adverse childhood
experiences. When left untreated, perinatal depression and MIBD can impair maternal functioning and
delay infants emotional, cognitive and social development. Emerging integrative approaches that combine
psychotherapy with bonding-focused, lifestyle and psychosocial components show promise in improving
outcomes. Future research should focus on developing comprehensive, multimodal interventions that integrate
psychotherapy with lifestyle and psychosocial elements within a preventive, family-centered framework,
promoting sustained recovery beyond active treatment.

Key words: perinatal depression, mother-to-infant bonding, suicidal ideation, adverse childhood experi-
ences, infant development
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« Perinatal mental health conditions affect up to 1 in 5 women and are more common than major obstetric complications.
« Suicidal ideation is 16 times more likely in women with postpartum depression, especially when social support

+ Mother-infant bonding difficulties and perinatal depression share risk factors and can hinder child development

+ Integrative therapies combining psychotherapy, lifestyle, and family support offer promising outcomes for maternal

Introduction

Perinatal mental health refers to the psychological well-
being of women during pregnancy and the 1% year after
childbirth. Recognized as common and consequential
for mothers, infants and families,!3 this field has gained
global attention. This overview summarizes recent ad-
vances in perinatal depression, including prenatal and
postpartum, and mother-to-infant bonding difficulties
(MIBD), highlighting progress in epidemiology, psycho-
pathology and intervention.

Prevalence
and epidemiological trends

Perinatal mental disorders are among the most frequent
complications of pregnancy and childbirth, often surpass-
ing major obstetric complications. Meta-analyses reported
apooled global prevalence of 20.7% (95% confidence inter-
val (95% CI): 19.4—21.9%) for prenatal depression* and 17.7%
(95% CI: 16.6-18.8%) for postpartum depression (PPD).>
While global estimates for MIBD are unavailable, commu-
nity-based surveys report prevalence rates ranging from
3%° to 24%,” based on cutoff scores from the Postpartum
Bonding Questionnaire (PBQ)® or the Mother-to-Infant
Bonding Scale (MIBS).?

In contrast, major obstetric complications typically occur
at lower frequencies: gestational diabetes mellitus — 14.0%
(95% CI: 13.97-14.04%)'%; preeclampsia — 4.6% (95% CI:
2.7-8.2%)'1; preterm birth — 10.6% (95% CI: 9.0-12.0%)'%;
and postpartum hemorrhage — 10.8% (95% CI: 9.6-12.1).13

Therefore, perinatal mental disorders represent leading
morbidities during pregnancy and the postpartum period,
and they are also major contributors to maternal mortal-
ity."* In UK surveillance data, suicide was the leading direct
cause of death from 6 weeks to 12 months postpartum,
accounting for 39% of late maternal deaths.’® Similar find-
ings have been reported in other high-income countries,
such as the Netherlands, where suicide accounts for 28%
of maternal deaths.!® This mortality pattern underscores
the critical importance of assessing and managing suicidal
thoughts and behaviors during the perinatal period.

Importantly, during the COVID-19 pandemic, the prev-
alence of perinatal depression and MIBD increased
markedly across different populations.”~1? For example,
the pooled global prevalence of prenatal depression and
PPD has been estimated at 29% (95% CI: 25—33%) and 26%
(95% CI: 23—-30%), respectively,?® consistent with findings
from another meta-analysis reporting similar estimates.?!
This increase likely reflects heightened social isolation,
fear of infection, and reduced access to perinatal care and
support services.

Psychopathology
and clinical features

Perinatal depression shares core symptoms with major
depressive disorder, including low mood and anhedonia.??
The uniqueness of perinatal depression is that it manifests
in the specific context of pregnancy, childbirth and child-
bearing, where biological influences, including genetic
vulnerability and hormonal fluctuations, play a prominent
role.?? Consistent with the mortality data described above,
severe cases of perinatal depression may involve thoughts
of suicide!*~¢ or harming the infant,?* which requires ur-
gent response.

A key concern is the strong association between perina-
tal depression and suicidal ideation (SI),2>~%” in which SI
primarily occurs in women with perinatal depression, be
it prenatal or postpartum. For instance, it has been esti-
mated that SI is about 16 times more common in women
with PPD.?” When SI occurs without PPD, it shows dis-
tinct predictors.?” In women with PPD, SI links to prior
depressive episodes and lack of support (e.g., being single,
canceled family visits). Without PPD, Sl relates to first-time
motherhood, infections during pregnancy, or loneliness
aggravated by COVID-19. These distinctions underscore
the need for context-sensitive risk assessment.

Another robust finding is that prenatal depression
represents a strong predictor of PPD. A meta-analysis
of 88 cohort studies found that about 37% of women with
prenatal depression later developed PPD, representing
a 4.6-fold higher risk compared with those without pre-
natal depression.?®
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Finally, the close interrelationship between PPD and
MIBD has been increasingly documented. Cross-sectional
data indicate that more than half of women with PPD ex-
perience MIBD, while up to 40% of those with MIBD also
have PPD."? The 2 conditions not only show reciprocal
influences on each other,* but also share major risk factors
such as prenatal depression,?®2° poor family support3®3!
and adverse childhood experiences.??3% Network analyses
identify overlapping “bridge symptoms” (e.g., fear, over-
whelm, insomnia) that vary across postpartum stages,!”
which emphasizes the need for dynamic, stage-sensitive
care. Moving forward, adopting dimensional and biologi-
cally informed analytic frameworks®*3*> may help disen-
tangle the shared and distinct mechanisms underlying this
high comorbidity, paving the way toward more personal-
ized preventive and therapeutic interventions for mothers
and infants.

Impact on mothers and infants

Untreated perinatal depression affects not only
the mother but also her overall health and caregiving ca-
pacity. Women with depression often experience difficul-
ties in daily functioning and are more likely to develop
physical conditions such as hypertension.3¢-38 Beyond
the impact on their own wellbeing, they may also struggle
to respond sensitively to their infants.»3940

They may display flat or negative affect, breastfeed
less frequently, adopt unsafe sleep practices, and neglect
preventive healthcare measures such as vaccinations. De-
pressed mothers are also more likely to use harsh discipline
or engage in abusive behavior.3*41-43 These challenges
contribute to suboptimal caregiving environments that
can hinder infant development.

Evidence consistently links maternal depression to cog-
nitive, language, and socioemotional delays, as well as an in-
creased risk of mental health problems in offspring.*4-46
Likewise, unresolved MIBD the risk of emotional abuse
and perpetuates maternal depression,'** leading to dis-
rupted infant emotional*®*° and cognitive development.>°

Limitations of current
screening tools

Given these profound impacts, early detection of perina-
tal mental health issues through routine screening, using
tools such as the Edinburgh Postnatal Depression Scale
(EPDS)*! and the PBQ?® or MIBS,® has become standard
practice in many healthcare systems.

However, these tools have important limitations.
The EPDS, developed nearly 4 decades ago, has been criti-
cized for outdated and occasionally confusing wording,?®>2
as well as for limited cultural adaptation prior to transla-
tion and validation in non-UK populations.”® Its inclusion

2001

of anxiety-related items, while useful for identifying anxi-
ety, can blur distinctions between depression, anxiety and
trauma.” These concerns have prompted calls for updated,
multidimensional screening tools that assess depression,
anxiety and trauma as distinct but related constructs.

Similarly, the MIBS, despite its widespread use, has been
criticized for the absence of validated cutoff thresholds,
partly due to methodological limitations.>® Recent studies
have begun refining this measure, contributing to the de-
velopment of more reliable tools for assessing perinatal
mental health difficulties.

Toward tailored
and integrated interventions

Encouragingly, effective treatment of perinatal depres-
sion has been shown not only to prevent its progression
to chronic depression but also to improve mother—infant
interactions and enhance infants’ cognitive and emotional
development.56—58

The most promising strategies appear to be integrated
interventions addressing maternal depression, bonding,
and parenting simultaneously.>*® Yet in practice, treat-
ment remains fragmented: cognitive-behavioral therapy
(CBT) is the standard for depression,® while bonding-
focused approaches remain in the pilot stages.®?

Future research should aim to develop comprehensive,
multimodal models that integrate psychotherapy with
lifestyle and psychosocial components, such as physical
activity,®3°* nature-based interventions,®° and positive
psychological techniques like positive memory recall.®”8
These modalities can be further enhanced through the in-
tegration of wearable technologies, advanced sensors and
video- or artificial intelligence-powered applications.®>”°

These approaches can enhance maternal and infant well-
being within a preventive, family-centered framework.”72
Moreover, given their distinct mechanisms of action, com-
bining them may produce synergistic effects that foster
sustainable behavioral and emotional changes extending
beyond the period of active treatment.
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Abstract

Today, itis well established that the tumor microenvironment (TME), the tumor niche, along with melanoma
cells, plays a crucial role in cancer dissemination and influences the effectiveness of anticancer therapies.
Therefore, it may serve as a potential therapeutic target in melanoma treatment. In our research, we fo-
cused on the effects exerted by cells within the melanoma microenvironment on cancer progression and
the development of therapy resistance. Specifically, we examined stromal cells accompanying melanoma
cellsin the tumor — cancer-associated fibroblasts (CAFs), cancer-associated keratinocytes (CAKs), and cancer-
associated adipocytes (CAAS). Particular attention was given to keratinocytes, as their role in the melanoma
microenvironment remains the least understood.
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tance to anticancer therapies.

contribution to tumor growth and drug resistance.

ized melanoma therapy.

+ The melanoma tumor microenvironment (TME) plays a critical role in cancer progression, metastasis, and resis-
« Stromal cells, including cancer-associated fibroblasts (CAFs), keratinocytes (CAKs), and adipocytes (CA As), actively
influence melanoma cell behavior and therapeutic outcomes.

+ The study emphasizes the underexplored role of keratinocytes in the melanoma microenvironment and their

+ Understanding cell-cell interactions within the melanoma niche may provide new molecular targets for personal-

Introduction

Melanoma originates from pigment-producing cells, me-
lanocytes, and is characterized by the highest mortality
rate among skin cancers. One of the most significant risk
factors for melanoma is prolonged exposure to ultraviolet
(UV) radiation. In healthy skin, melanocytes interact with
keratinocytes and other neighboring cells to protect DNA
from UV-induced damage, primarily through melanin-
dependent mechanisms.!

Mutations in genes encoding proteins associated with
the mitogen-activated protein kinase (MAPK) pathway,
such as serine/threonine-protein kinase B-Raf (BRAF)
and NRAS, account for approx. 70% of genetic aberra-
tions induced by UV irradiation.? A mutation in the BRAF
gene (BRAF V600E) occurs in about 50% of melanoma
patients and results in a constitutively active kinase.>*
Several targeted therapies against melanoma-specific mo-
lecular markers, including mutated BRAF, are currently
used in clinical practice. Nevertheless, resistance to these
drugs often develops rapidly in treated patients.>¢ For all
patients with invasive cutaneous melanoma, surgical exci-
sion of the primary tumor with 1-2 cm margins remains
the standard of oncologic management. Sentinel lymph
node biopsy (SLNB) is recommended for patients with T1b
or more advanced melanoma (tumor thickness >0.8 mm
or any tumor with ulceration).” In patients with sentinel
lymph node micrometastasis, complete lymph node dis-
section (CLND) is no longer performed, based on the find-
ings of the DeCOG and MSLT-II clinical trials.® Instead
of extensive surgical intervention, systemic adjuvant
therapy has proven more effective in improving disease-
free survival (DFS) and overall survival (OS). High-risk
stage [IB/C melanoma (T3b-T4b tumors with negative
SLNB) is currently also an indication for 1 year of adju-
vant immunotherapy with pembrolizumab or nivolumab
(anti—-PD-1 agents).>!? In patients with clinically detected
metastatic lymph nodes or skin in-transit metastases (re-
sectable stage III), the standard of care includes therapeutic
lymph node dissection (TLND) or resection of in-transit
tumors, followed by 1 year of adjuvant systemic treatment
with either targeted therapy (dabrafenib and trametinib

— BRAF/MEK inhibitors) or immunotherapy (pembroli-
zumab or nivolumab — anti—-PD-1). New systemic adju-
vant therapies improve OS and relapse-free survival (RES)
by approx. 20%.!1-13

Before the advent of immunotherapies and targeted ther-
apies, chemotherapy was the only treatment option for pa-
tients with stage IV melanoma (disseminated disease) and
was associated with very poor outcomes. Today, it is used
only in patients who are resistant to modern systemic treat-
ments.'* For patients with unresectable stage III melanoma
(metastatic lymph nodes or skin metastases) or stage IV
disease, several systemic treatment options are available,
similar to those used in the adjuvant setting. In BRAF-mu-
tated patients, either immunotherapy or targeted therapy
may be employed, whereas in BRAF wild-type patients,
immunotherapy remains the standard of care. The com-
bination of nivolumab and ipilimumab has demonstrated
superiority over either agent used as monotherapy, provid-
ing a durable survival benefit in terms of progression-free
survival (PFS) and melanoma-specific survival (MSS).1>1¢
Radiotherapy may also be effective for melanoma patients
with bone or brain metastases, although its use is limited
to palliative settings.!”18

Among the factors influencing the effectiveness of an-
ticancer therapy is the tumor microenvironment (TME).
Solid tumors are composed not only of malignant cells but
also of various nonmalignant components within the tu-
mor niche, including keratinocytes, cancer-associated
fibroblasts (CAFs), immune cells, and adipocytes.!*?° Ad-
ditional elements, such as the composition of the extracel-
lular matrix (ECM) and physical factors like hypoxia, must
also be considered.?=?* The TME exerts diverse effects
on melanoma progression and the development of therapy
resistance. Initially, the TME may act as a physical bar-
rier that limits drug delivery to cancer cells.?* In addi-
tion, stromal cells within the melanoma TME can promote
tumor growth and enhance its invasive and angiogenic
potential through paracrine signaling. These cells se-
crete growth factors, cytokines and chemokines that in-
fluence not only neighboring cells within the niche but
also distant sites in the body.?> Moreover, they produce
matrix metalloproteinases (MMPs), which degrade ECM
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components, thereby creating pathways that facilitate
cancer cell invasion through surrounding tissues.2¢ Cells
within the TME can also secrete high-energy metabolites
that are subsequently utilized by melanoma cells.?” Finally,
immune cells, while initially contributing to the elimina-
tion of malignantly transformed cells, begin, during tumor
progression, to facilitate immune evasion by melanoma
cells. This occurs through various mechanisms, includ-
ing the secretion of proinflammatory factors, expression
of inhibitory receptors and induction of pro-tumor im-
mune cell phenotypes.?

In our research, we focused on the effects of cells present
in the melanoma microenvironment on cancer progression
and the development of therapy resistance. In particular,
we examined stromal cells accompanying melanoma cells
in the tumor: CAFs, CAKs and CAAs. Special attention
was given to keratinocytes, as their role in the melanoma
microenvironment remains the least understood.

Keratinocytes play a protective role toward melanocytes
in healthy skin; however, their interactions with cancer
cells following melanomagenesis remain poorly under-
stood. Under physiological conditions, keratinocytes regu-
late melanocyte proliferation through paracrine signaling
and direct interactions mediated by E-cadherin-dependent
cell-cell adhesion.!'*?® During melanoma development,
E-cadherin expression decreases, while N-cadherin ex-
pression increases, leading to the loss of keratinocyte-me-
diated control over melanocytes. As a result, melanocytes
begin to interact with N-cadherin-expressing cells such
as fibroblasts.'

The cadherin switch is regulated by transcription fac-
tors involved in the epithelial-mesenchymal transition
(EMT), such as Snail, Twist and Slug, and may contribute
to melanoma tumorigenesis.?’ Moreover, Hsu et al. demon-
strated that restoring E-cadherin expression in melanoma
cells reestablishes their connection with keratinocytes,
thereby reducing melanoma cell growth.? In addition, ke-
ratinocytes exposed to UV radiation activate DNA repair
pathways in melanocytes through the secretion of endo-
thelin-1 (End-1) and a-melanocortin, thereby inhibiting
melanocyte transformation into melanoma.® Conversely,
some studies suggest a pro-tumorigenic influence of ke-
ratinocytes on melanoma cells. It has been demonstrated
that endothelin-1 secreted by keratinocytes activates
caspase-8, which transiently binds to the E-cadherin/
catenin complex in melanoma cells, leading to reduced
E-cadherin expression and enhanced cancer cell inva-
sion.? Furthermore, extracellular End-1 has been shown
to stimulate extracellular signal-regulated kinase (ERK)
activation in melanoma cells treated with BRAF inhibi-
tors. Moreover, End-1 expression is influenced by the level
of melanocyte-inducing transcription factor (MITF). Over-
expression of MITF enhances End-1 production, whereas
its depletion is associated with End-1 downregulation. Fur-
thermore, inhibition of endothelin receptor B increases
the sensitivity of BRAF inhibitor-resistant melanoma
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cells to treatment.!*33 Additionally, under the influence
of fibroblast-derived keratinocyte growth factor (KGF), ke-
ratinocytes secrete the c-KIT ligand, stem cell factor (SCF),
which subsequently activates the protein kinase B (AKT)
and MAPK pathways, regulating cancer cell invasion and
proliferation.?* Reports on the effects of melanoma on ke-
ratinocytes are scarce. One such study demonstrated al-
terations in the levels of intermediate filament proteins
— cytokeratins — associated with the differentiation status
of keratinocytes.?>3¢ Cytokeratin 10 (CK10) is expressed
in suprabasal keratinocytes undergoing cornification and
desquamation, whereas cytokeratin 14 (CK14) is highly ex-
pressed in rapidly proliferating basal keratinocytes. Kodet
et al. demonstrated that melanoma cells alter cytokeratin
expression profiles in keratinocytes, leading to upregula-
tion of CK14 and downregulation of CK10.3” Our find-
ings indicate that keratinocytes activated through indi-
rect co-culture with melanoma cells or incubation with
melanoma-conditioned medium exhibit characteristics
of less differentiated cells, including decreased CK10 ex-
pression, and show a preference for interacting with cancer
cells rather than with other keratinocytes, likely due to re-
duced E-cadherin levels. Activated keratinocytes secrete
a wide range of proteases, several of which, such as matrix
metalloproteinase 3 (MMP3), were first identified by our
group as components of the activated keratinocyte secre-
tome. These keratinocytes display high proteolytic activity,
characterized by increased activity of MMP9 and MMP14
and decreased expression of tissue inhibitors of metallo-
proteinases (TIMPs). They also exhibit elevated ERK ac-
tivity and increased levels of MMP expression regulators,
including runt-related transcription factor 2 (RUNX2) and
galectin-3. Furthermore, cancer-associated keratinocytes
(CAKs) demonstrate enhanced migratory and invasive
abilities following co-culture with melanoma cells in Tran-
swell assays.?”

Fibroblasts represent the most abundant cell popula-
tion within the melanoma niche, comprising up to 80%
of the tumor mass.3® In our study, we utilized 4 melanoma
cell lines differing in invasiveness: 2 derived from primary
tumors (WM1341D and A375) and 2 from lymph node
metastases (WM9 and Hs294T). Importantly, when com-
paring the effects of these melanoma cells on fibroblast
characteristics, we considered both their origin and in-
vasive potential. An earlier study by Makowiecka et al.*’
demonstrated that A375, WM9 and Hs294T cells exhibit
higher rates of migration, invasion and proteolytic activity,
as well as greater invadopodia formation, compared with
WM1341D cells. Therefore, we classified the WM1341D
cell line as less aggressive, while A375, WM9 and Hs294T
were considered highly aggressive melanoma cell lines.
We observed that fibroblasts co-cultured with melanoma
cells exhibited increased motility, enhanced proteolytic
activity and elevated secretion of several cytokines, lactate
and angiogenesis-related proteins. The observed altera-
tions in CAF biology were primarily induced by the highly
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aggressive melanoma cell lines (A375, WM9 and Hs294T),
rather than by the less aggressive WM1341D line.** These
CAF-associated features can promote melanoma invasion
and contribute to angiogenesis, inflammation and acidi-
fication of the TME. Adipocytes, another cellular com-
ponent of the melanoma niche, are located in the deepest
layer of the skin. The interactions between adipocytes and
melanoma cells remain poorly understood, and the influ-
ence of obesity on melanoma progression is still controver-
sial.#! Cancer-associated adipocytes (CA As) were obtained
by differentiating 3T3-L1 preadipocytes into mature adi-
pocytes according to the protocol described by Zebisch
et al.*2 Subsequently, mature adipocytes were co-cultured
with melanoma cells using Transwell inserts. The trans-
formation of adipocytes into CAAs was evaluated based
on the expression of markers characteristic of differenti-
ated adipocytes, which are typically reduced in CAAs.
We also observed that melanoma-associated adipocytes
exhibited decreased levels of adipogenesis markers and
areduced number of lipid droplets. Moreover, we observed
that adipocytes exposed to melanoma cells undergo dedif-
ferentiation into fibroblast-like cells. Cancer-associated
adipocytes also exhibited significantly increased lactate
release and upregulated expression of transporters for
lactate, H* ions and glucose, likely reflecting substantial
metabolic reprogramming within the TME. The secreted
lactate may serve as an energy source for melanoma cells,
thereby promoting their proliferation. Concurrently, CAAs
showed enhanced activation of specific signaling pathways,
including extracellular signal-regulated kinase (ERK) and
signal transducer and activator of transcription 3 (STAT3),
along with decreased secretion of angiogenesis-related
factors.*?

Conclusions

In the past, cancer cells were considered the sole target
of anticancer therapy. Today, it is well recognized that cells
within the tumor niche also play a crucial role in cancer
dissemination. These cells influence cancer behavior both
through paracrine signaling and direct cell-cell interac-
tions. Notably, all of the described cell types contribute
to the development of drug resistance and may there-
fore represent potential therapeutic targets in melanoma
treatment.
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Abstract

Bacterial pneumonia is a cause of HIV-associated morbidity and mortality. Recurrent pneumonia, defined
as 2 or more episodes within a 12-month period, is an AIDS-defining illness. The prevalence of bacterial
pulmonary infections in HIV-infected patients has been decreasing with the introduction and widespread use
of antiretroviral therapy. In well-developed settings, the frequency of bacterial pneumonia in people living
with HIV is comparable to that in the general population. Studies have shown that the cumulative incidence
of pneumonia is higher in HIV-infected patients with advanced immunosuppression, airflow limitation,
smoking, intravenous drug use, or in those from underdeveloped countries and urban areas. In HIV-infected
patients with community-acquired bacterial pneumonia, Streptococcus pneumoniae and Haemophilus species
are the most frequently isolated pathogens. However, in untreated or poorly adherent HIV-infected individuals,
opportunistic infections may occur. Although the incidence of opportunistic infections among HIV-infected
patients has declined in well-developed settings due to the widespread use of antiretroviral therapy, tuber-
culosis remains a serious threat and a major cause of morbidity and mortality among HiV-infected individuals
worldwide. Early diagnosis of HIV infection, timely initiation of antiretroviral therapy with good adherence,
and promotion of vaccination remain priorities. This editorial provides an overview of community-acquired
pneumonia in HIV-infected patients and discusses recent changes in its epidemiology and etiology.
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Bacterial pneumonia remains one of a major causes of morbidity and mortality among HIV-infected patients.

+ The introduction of antiretroviral therapy (ART) has significantly lowered bacterial pulmonary infection rates
in HIV-positive individuals, bringing them closer to those of the general population in developed regions.

« Streptococcus pneumoniae and Haemophilus species are the predominant bacterial pathogens, while opportunistic

infections continue to pose serious risks in untreated or non-adherent HIV patients.

Early HIV detection, prompt ART initiation, therapy adherence, and vaccination programs are essential strategies

to reduce pneumonia incidence and improve clinical outcomes in HIV-related lung disease.

Introduction

The prevalence of bacterial pulmonary infections
in HIV-infected patients has decreased with the introduc-
tion and widespread use of antiretroviral therapy. In well-
developed settings, the frequency of bacterial pneumonia
among people living with HIV is now comparable to that
in the general population.!

A study conducted in a Swiss cohort demonstrated that
the incidence of bacterial pneumonia declined from 13.2
to 6.8 cases per 1,000 person-years between 2008 and 2018
in HIV-infected patients.? Another study reported an inci-
dence rate of pneumonia of 5.5 cases per 1,000 person-years
among people living with HIV in Denmark. In comparison,
in the French adult population, the estimated incidence
rate of outpatient community-acquired pneumonia was
4.7 cases per 1,000 inhabitants, rising to 6.7 cases per 1,000
among individuals aged 65 years or older.* The reported
annual incidence of community-acquired pneumonia in in-
dustrialized countries ranges from 1.19 to 8.7 cases per
1,000 inhabitants in general practice.*

This editorial provides an overview of community-
acquired pneumonia in HIV-infected adult patients and
discusses recent changes in its epidemiology and etiology.
A comprehensive literature search was conducted across
multiple databases (PubMed, Embase, Web of Science,
Google Scholar, and UpToDate), including only peer-re-
viewed studies published in English.

Risk factors for community-
acquired pneumonia
in HIV-infected adults

The estimated global incidence of community-acquired
pneumonia ranges from 1.5 to 14 cases per 1,000 person-
years and is influenced by several factors, including geo-
graphical region, season, and population characteristics.>®
However, studies have shown that the cumulative incidence
of pneumonia is higher among HIV-infected patients with
advanced immunosuppression, airflow limitation, smoking

habits, intravenous drug use, and among individuals from
developing countries and urban areas.>3’

Lower CD4 counts have been associated with a higher
risk of bacterial pneumonia in people living with HIV.
Kohli et al. reported that the incidence rates of bacterial
pneumonia in HIV-infected patients with CD4 T-cell
counts >500, 200-500 and <200 cells/mm?3 were 4.9, 8.7
and 17.9 cases per 100 patient-years, respectively.® An-
other study found that individuals with CD4 T cell counts
of 350-499 cells/mm? were at a higher risk of bacterial
pneumonia compared with those whose CD4 T cell counts
exceeded 500 cells/mm3.2

Compared with uninfected individuals, people living
with HIV are more likely to develop chronic obstructive
pulmonary disease (COPD) and to experience an earlier-
than-expected decline in lung function.’ Factors contrib-
uting to these differences include higher smoking rates,
chronic immune activation and inflammation, increased
susceptibility to pulmonary infections associated with
lower CD4 T-cell counts, accelerated aging, alterations
in the lung and gut microbiome, and greater vulnerability
to air pollution-related lung damage.’

Ronit et al. showed that HIV infection was independently
associated with lower forced expiratory volume in 1s (FEV,)
and forced vital capacity (FVC).1° Chronic obstructive pul-
monary disease and lung function abnormalities are linked
to an increased rate of severe pneumonia in HIV-infected pa-
tients.? Drummond et al. evaluated spirometry results in in-
dividuals with HIV and found that nearly 40% of them exhib-
ited abnormal spirometric patterns.!! Airflow limitation was
associated with a higher frequency of bacterial pneumonia
and Pneumocystis jirovecii infection, as well as with smoking
status and intensity, age, asthma diagnosis, and the presence
of respiratory symptoms.!! Smoking is more common among
individuals with HIV, and HIV-infected smokers are more
susceptible to smoking-induced lung damage compared with
their uninfected counterparts.”!2-14

It is estimated that smoking is associated with a 2-
to 5-fold greater risk of bacterial pneumonia and invasive
pneumococcal disease in individuals with HIV.! Intrave-
nous drug users (IDUs) have a 10-fold higher risk of devel-
oping pneumonia compared to non-users.!> Among people
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living with HIV, bacterial pneumonia is more common
in those who are IDUs.1¢

Intravenous drug users have a substantially higher risk
of pneumonia due to immunosuppression, poor nutri-
tion, homelessness, and an increased risk of aspiration.
Moreover, alcohol consumption, hazardous drinking, and
alcohol dependence are associated with greater pneumonia
severity among HIV-infected individuals.”” A summary
of risk factors for community-acquired pneumonia in HIV-
infected adults is presented in Table 1.

Table 1. Risk factors for community-acquired pneumonia in HIV-infected
adults

Low CD4 T cell counts and unsuppressed HIV viral load

Coexisting airflow limitation ( e.g., chronic obstructive pulmonary
disease)

Other comorbidities affecting function of the immune system
Alterations which predispose to aspiration

Age over 65 years

Smoking

Intravenous drug use

Poor nutrition

Persons from undeveloped countries

City residents

Homelessness

Alcohol consumption

Lack of vaccinations

Poor dental hygiene

Epidemiology and etiologies
of community-acquired
pneumonia in HIV-infected
patients

In people living with HIV who develop community-ac-
quired bacterial pneumonia, Streptococcus pneumoniae
and Haemophilus species are the most frequently isolated
pathogens, similar to those found in the general popu-
lation.>!® Schleenvoigt et al. analyzed a German cohort
with community-acquired pneumonia and found that
S. pneumoniae was the most common pathogen isolated
from both people living with HIV (21.3%) and the control
group (17.2%), followed by Haemophilus influenzae (13.5%
vs 12.6%, respectively).'8

Interestingly, the same study found that Staphylococ-
cus aureus was detected in 20.2% of samples from people
living with HIV and in 19.2% of samples from the control
group.’® However, distinguishing between S. aureus in-
fection and colonization in this cohort was challenging,
as positive sputum specimens and nasopharyngeal swabs
were predominantly identified using multiplex polymerase
chain reaction (PCR).!

2013

The 6-month mortality rate in the German cohort was
significantly higher among people living with HIV (6.8%)
than in the control group (1.4%), although the authors
noted that the number of cases was lower than previously
reported.!® The opportunistic pathogen P. jirovecii was
detected only rarely.!® Another study demonstrated that
S. pneumoniae and S. aureus are among the most com-
mon bacterial coinfections in hospitalized patients with
influenza.t

Previous studies from the early antiretroviral therapy era
demonstrated that the prevalence of community-acquired
pneumonia caused by Pseudomonas aeruginosa and S. au-
reus was higher among people living with HIV than among
those without HIV infection.?%2! Risk factors associated
with P. aeruginosa pneumonia include poorly controlled
HIV infection, low CD4 T-cell counts, neutropenia, immu-
nosuppression, malnutrition, coexisting lung disease, cor-
ticosteroid use, hospitalization within the past 90 days, me-
chanical ventilation or intensive care unit (ICU) admission,
prior antimicrobial exposure, residence in a healthcare
facility or nursing home, burns, malignancy, hemodialysis,
organ transplantation, uncontrolled diabetes mellitus, and
the presence of invasive devices such as indwelling cath-
eters or endotracheal tubes.??23

Risk factors for S. aureus infection include IDUs, open
wounds or sores, prior antimicrobial exposure, hospitaliza-
tion within the past 90 days, ICU admission, immunosup-
pression, colonization with methicillin-resistant S. aureus
(MRSA), invasive procedures, hemodialysis, corticosteroid
use, residence in a healthcare facility or nursing home,
diabetes mellitus, long-term central venous access or in-
dwelling urinary catheter, and employment as a health-
care provider.?3-2°> Previous studies have also shown that
community-acquired MRSA infections can be transmitted
among men who have sex with men (MSM).2°

Globally, MSM are at greater risk of acquiring HIV
and represent the main group of people living with HIV
in many countries. A described community-acquired
outbreak of MRSA infection among MSM most com-
monly manifested as infections of the buttocks, genitals
or perineum.?® However, skin and soft tissue infections
caused by MRSA can progress to invasive diseases such
as pneumonia and sepsis. Moreover, MRSA colonization
is a known risk factor for the development of MRSA pneu-
monia, and studies have shown that MRSA nasal carriage
and skin colonization occur more frequently in people liv-
ing with HIV than in their seronegative counterparts.?”

Shet et al. indicated that cumulative prevalence of MRSA
carriage was substantially higher in HIV-infected patients
(16.8%) than among seronegative individuals (5.8%).%
However, little up-to-date data are available on MRSA and
P. aeruginosa as etiologic agents of community-acquired
pneumonia in people living with HIV. Community out-
breaks of MRSA, usually harboring Panton—Valentine leu-
kocidin and associated with high morbidity and mortality,
appear to be relatively rare.
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In HIV-infected individuals without additional risk fac-
tors for P. aeruginosa or S. aureus infection, antibiotic
regimens provide broad coverage against MRSA and P. ae-
ruginosa does not seem to be obligatory. The most com-
mon pathogens cause community-acquired pneumonia
in HIV-infected individuals in well-developed settings are
the same as in seronegative counterparts and the antibi-
otic regimens in HIV-infected patients are also the same
as those without HIV.?

Compared with historical data, people living with HIV
who have achieved virological suppression and maintain
CD4 T-cell counts above 350 cells/mm?3 are less likely to de-
velop invasive pneumococcal disease. Moreover, they are
now more likely to be vaccinated against S. pneumoniae.

Cilléniz et al. reported that people living with HIV who
developed pneumonia caused by S. pneumoniae were more
likely to have been vaccinated against influenza (14% vs
2%) and pneumococcal disease (10% vs 1%) compared with
HIV-negative individuals with pneumococcal pneumo-
nia.?® Both groups (HIV-positive and HIV-negative) had
similar rates of ICU admission (18% vs 27%), need for me-
chanical ventilation (12% vs 8%), length of hospital stay
(7 days vs 7 days), and 30-day mortality (0%).3°

These data indicate that the need for hospitalization and
clinical outcomes of pneumococcal pneumonia in virologi-
cally suppressed people living with HIV who have CD4
T-cell counts above 350 cells/mm? are similar to those
in the general population.3° However, Mamani et al. re-
ported a high incidence of invasive pneumococcal disease
among people living with HIV with median CD4 T-cell
counts below 350 cells/mm?® and found that alcoholism,
hepatic cirrhosis and lower nadir CD4 T-cell count were
associated with an increased risk of death.3! Moreover,
the rate of vaccination against S. pneumoniae was low
in this group.?! These findings emphasize that early diag-
nosis of HIV infection, adherence to antiretroviral therapy
and promotion of vaccination remain priorities.

Atypical bacteria are intracellular organisms that are
difficult to culture and not visible on Gram stain. The true
incidence of pneumonia caused by atypical bacteria such
as Mycoplasma pneumoniae and Chlamydophila spp.
is unknown; however, these pathogens appear to be un-
common causes of community-acquired pneumonia
in people living with HIV. In a Brazilian study examining
the etiologic agents of community-acquired pulmonary
infections in people living with HIV, M. pneumoniae was
detected in 8% and Chlamydophila pneumoniae in 5%
of cases.?? The majority of participants in this study had
never used antiretroviral therapy, had discontinued treat-
ment, or reported poor adherence. CD4 T-cell counts were
available for 90% of these patients, and 73% had counts
below 200 cells/mm?3.22

It is worth noting that the diagnosis of atypical pneu-
monia is particularly challenging in people living with
HIV with advanced immunosuppression and may often
go unrecognized. Legionella spp. infection is infrequent
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and presents with a similar clinical course in people living
with HIV and in seronegative individuals.®® Respiratory
viruses have been detected by molecular methods in ap-
prox. 1/3 of the general adult population with community-
acquired pneumonia. However, the extent to which viral
respiratory pathogens act as single causative agents, cofac-
tors in the progression of bacterial pneumonia or triggers
of a dysregulated immune response remains unclear.?’

Viruses are also frequently detected in people living
with HIV, and some studies suggest that the mortality rate
from influenza or COVID-19 may be higher in this popu-
lation.3%3> Furthermore, the prevalence of severe acute
respiratory infections caused by respiratory syncytial virus
(RSV) is higher among people living with HIV and among
individuals aged 65 years or older.3®

The prevalence of opportunistic pulmonary infections
in people living with HIV has decreased with the use of an-
tiretroviral therapy and varies across regions. Moreover,
it depends on individual risk factors such as advanced
immunosuppression related to HIV, malignancies, use
of immunosuppressive agents, and long-term corticoste-
roid therapy. The incidence of P. jirovecii pneumonia has
been significantly reduced by antiretroviral therapy and
prophylaxis with trimethoprim-sulfamethoxazole.?’”

However, Figueiredo-Mello et al. reported that among
143 people living with HIV who were untreated, had dis-
continued therapy, or demonstrated poor adherence to an-
tiretroviral treatment, P. jirovecii was the most frequently
detected pathogen (36%), followed by Mycobacterium tu-
berculosis (20%).32 Another study conducted in Cape Town,
South Africa, included 284 people living with HIV (64%
women) and found that 148 had culture-confirmed tuber-
culosis (TB), 100 had community-acquired pneumonia,
and 26 had P. jirovecii pneumonia.3?

The median CD4 T-cell count in this cohort was
97 cells/mm?3, and 38% of participants were receiving anti-
retroviral therapy.3 Aspergillosis can also occur in people
living with HIV, and many of these cases are associated
with high mortality.?*

Although the incidence of opportunistic infections
among people living with HIV has declined, particularly
in well-developed countries, due to the widespread use
of antiretroviral therapy, TB remains a serious threat and
a leading cause of morbidity and mortality worldwide.*
It is estimated that people living with HIV are 14 times
more likely to develop TB and experience poorer treat-
ment outcomes.*® Moreover, people living with HIV are
at higher risk of developing multidrug-resistant tubercu-
losis (MDR-TB).#! In 2020 and 2021, the COVID-19 pan-
demic slowed global TB control efforts due to widespread
disruptions in healthcare and TB diagnostic services.
In Europe, TB is more common among migrants from
regions with high TB incidence and among individuals
affected by social determinants such as poverty and home-
lessness, with the disease burden remaining particularly
high in Eastern Europe.*?
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Given the increased risk of TB in people living with HIV,
TB should always be considered when assessing a patient’s
medical history, potential exposure, risk factors, and chest
X-ray findings. Establishing the etiology of community-
acquired pneumonia is essential to ensure appropriate
therapy and to prevent the overuse of antibiotics.

Moreover, people living with HIV who have low CD4
T-cell counts are at higher risk of developing polymicrobial
pneumonia, defined as infection caused by more than one
pathogen.*® Recent advances in microbiological diagnostics,
particularly molecular techniques and MALDI-TOF mass
spectrometry, have improved microorganism identification
by reducing testing time and increasing sensitivity and spec-
ificity, thereby enabling faster, more accurate diagnosis and
targeted treatment. However, interpretation of these results
must always take the clinical context into account, as a posi-
tive test does not necessarily indicate an active infection.

Conclusions

In well-developed settings, the frequency of bacterial
pneumonia among people living with HIV is comparable
to that in the general population, and HIV infection alone
does not appear to be a risk factor for increased mortality
in community-acquired pneumonia, owing to effective anti-
retroviral therapy. However, in untreated individuals or those
with poor adherence to antiretroviral therapy, opportunistic
infections may still occur. Early diagnosis of HIV infection,
timely initiation of antiretroviral therapy with good adher-
ence, and promotion of vaccination remain key priorities.
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Abstract

Background. Research documenting the results of liver trauma surgery revealed a connection between
prophylactic drainage (PD) and escalating infections or septic consequences.

Objectives. Meta-analysis research was conducted to review the wound complications (WCs) frequency
of PDin liver resections (LRs).

Materials and methods. Up until June 2024, comprehensive literature study was completed, and 757 re-
lated studies were reviewed. The 10 selected studies included 5,459 LRs at the beginning; 2,918 of them
were drained and 2,541 were not. The dichotomous approaches and a fixed or random model were used
t0 assess the WCs frequency of PD in LRs using odds ratios (ORs) and 95% confidence intervals (95% CIs).

Results. Prophylactic drainage had significantly higher surgical site wound infection rate (OR = 1.97;95% CI:
1.09-3.55, p = 0.02) compared to non-PD in in LR patients, though no significant difference was found
among PD and non-PD in LR patients in infected intra-abdominal collections (IIACs; OR = 3.17; 95% CI:
0.93-10.80, p = 0.07).

Conclusions. Prophylactic drainage had a considerably greater surgical site wound infection rate, and there
was no discernible difference between [IACs and non-PD in LR individuals. Nevertheless, because there were
not many studies nominated for comparison in the meta-analysis, care must be used when working with its
outcomes, and further research is warranted to confirm these findings.

Key words: liver resections, prophylactic drainage, infected intra-abdominal collections, surgical site wound
infection
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Highlights
risk compared to no drain placement.

studies.

» Meta-analysis of liver resections shows prophylactic drainage (PD) markedly increases surgical-site infection (SSI)

+ PD does not significantly alter intra-abdominal abscess rates compared with non-PD approaches.
« Limited trial pool and borderline p-values (~0.05) temper confidence and signal the need for larger, high-quality

« Surgeons should balance routine PD use against elevated SSI risk when planning liver-resection aftercare.

Background

Franco et al. confirmed in 1989 that prophylactic drain-
age (PD) was not required following simple liver resections
(LRs) and suggested a no-drainage treatment in elective
LRs.! Patients may experience an accumulation of fluid
in the abdominal cavity, referred to as ascites. This may
occur due to various factors, including elevated pressure
in one of the primary hepatic blood arteries (portal vein).?
A physician can prescribe medications to alleviate fluid
retention.

The predominant reason for a biliary drain is an ob-
struction or constriction (stricture) of a bile duct. This
results in cholestasis, characterized by the deceleration
or cessation of bile flow from the liver.> Various disor-
ders may lead to bile duct obstruction and cholestasis,
including pancreatitis (inflammation of the pancreas).
Abdominal drainage is a technique designed to remove
fluid from the peritoneal cavity, the area between the ab-
dominal wall and the organs.? Traditionally, in patients
undergoing hepatic resection, an abdominal drain is typ-
ically placed in the subphrenic or subhepatic space next
to the resection surface. This facilitates the alleviation
of intra-abdominal pressure caused by ascitic fluid ac-
cumulation and enables the observation of postoperative
intra-abdominal hemorrhage, in addition to the identi-
fication and drainage of any bile leakage. Research doc-
umenting the results of liver trauma surgery revealed
a connection among PD and escalating infections or sep-
tic consequences.? Fang et al. found that there was no
indication to support the usual utilization of PD in elec-
tive LRs in their meta-analysis of 6 randomized con-
trolled trials (RCTs) comprising 465 persons.> The stud-
ies included in that meta-analysis showed no significant
variations in postoperative illness between patients with
or without PD.? Drainage after elective LRs is still fre-
quently utilized in existing practice and appears to be
more based on experience than on scientific research.
A multi-institutional investigation of 1,041 persons
found that 564 of them had drains put at the operator’s
discretion, with a frequency of utilization of 54%. When
compared to the non-drained cohort, the drained cohort
showed higher rates of complications, bile leaks and 30-
day readmissions.

Objectives

Our goal was to review the routine utilization of PD after
LRs by reviewing the most recent research. To compare
drained with non-drained patients, a meta-analysis was
conducted with the aim to evaluate the wound complica-
tions (WCs) frequency of PD in LRs.

Materials and methods

We conducted a meta-analysis to assess studies demon-
strating the frequency of WC in PD cases involving LR.*

Information sources

Figure 1 characterizes the study selection process. When
the inclusion criteria were satisfied, the following literature
was included in the study>®:

1. The investigation was prospective, observational,
RCT, or retrospective research.

2. Persons with LRs were the investigated patients.

3. The intervention was PD.

4. The research appraised the effect of PD and non-PD
in the management of LRs on surgical site wound infection
(SSW1I) and infected intra-abdominal collections (IIACs)

Studies that did not evaluate the effect of PD and non-PD
in the management of LRs on SSWIand IIACs, and studies
with no comparison were also excluded.””®

Search strategy

Based on the PICOS approach, we identified a search
protocol operation and described it as follows: PD was
the “intervention” or “exposure”, SSWI and IIACs were
the “outcome” and “research design”, and PD was the “pop-
ulation” for people with LRs. The planned research was
not restricted in any way.!°

A comprehensive literature search was conducted
through June 2024 across the following databases: Google
Scholar, Embase, Cochrane Library, PubMed, and Ovid.
We used a keyword organization and additional keywords
for LRs, PD, ITAC, and SSW1, as shown in Table 1. Dupli-
cate records were removed, and the remaining studies were
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Fig. 1. Flow diagram illustrating the study selection
process used in the meta-analysis
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[ Inclusion ] [ Eligibility ] [ Screening ] [Identification

Table 1. Search strategy used for each database

Database |

#3 #1 AND #2

#2 'infected intra-abdominal collections'/exp OR
‘prophylactic drainage’
#3 #1 AND #2

Embase

#3  #1 AND #2

#1 "liver resections’[MeSH Terms] OR “surgical site wound infection’[MeSH Terms] [All Fields]
PubMed #2 ‘“infected intra-abdominal collections’[MeSH Terms] OR “prophylactic drainage”’[MeSH Terms] [All Fields]

#1 'liver resections'/exp OR ‘surgical site wound infection’

#1  (liver resections):ti,abkw (surgical site wound infection):ti,ab,kw (Word variations have been searched)
Cochrane Library #2 (infected intra-abdominal collections):ti,ab,kw OR (prophylactic drainage):ti,ab,kw (Word variations have been searched)

Search strategy

compiled into an EndNote library (Clarivate, London, UK).
Titles and abstracts were re-evaluated to exclude stud-
ies unlikely to contribute meaningfully to the assessment
of the association between the frequency of PD in LRs
and WCs.!!

Selection process

The procedure that followed the epidemiological an-
nouncement was then arranged and evaluated using
the meta-analysis method.!>1
Data collection process

The data collection criteria included authors’ names,

study date and year, geographical location, population type,
medical and treatment characteristics, study categories,

methods of quantitative and qualitative assessment, data
sources, outcome evaluation, and statistical analysis.
When the study yielded different results, we separately
gathered the data depended on an estimation of the WCs
frequency of PD in LRs.

Research risk of bias assessment

We evaluated the methodology of the chosen publica-
tions to determine the potential for bias in each analyzed
study. The technical quality was assessed utilizing the “risk
of bias instrument” from the Cochrane Handbook for Sys-
tematic Reviews of Interventions, v. 5.1.0.2° Each study
was classified according to the assessment criteria and
assigned a corresponding level of risk of bias. The research
was classified as having a medium bias risk if 1 or more
quality criteria were unmet and as having a low bias risk
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if all criteria were satisfied. The research was considered
to have a substantial risk of bias if several quality require-
ments were either completely or partially met.

Effect estimates

Sensitivity analysis was restricted to studies that esti-
mated and characterized the WCs frequency of PD in LRs.
A subclass analysis was utilized to compare the sensitivity
of LRs persons with and without PD.

Statistical analyses

A dichotomous approach was used, and either a random-
effects or fixed-effects model was applied to calculate the odds
ratio (OR) and the corresponding 95% confidence interval
(95% CI). The I? index was assessed on a scale from 0 to 100%.
At 0%, 25%, 50%, and 75% of the data, there was no, low, mod-
erate, and significant heterogeneity, respectively.?! To validate
the suitability of the chosen model, additional frameworks
were analyzed, focusing on those demonstrating a high de-
gree of similarity among the included studies. The random
effect model was utilized. A subgroup analysis was conducted
by dividing the original estimation into the previously defined
consequence groups. A p-value of less than 0.05 meant statis-
tical significance of differences among subgroups.

Reporting bias assessment

We employed Egger’s regression test and funnel plots
— plotting the logarithm of the ORs against their standard
errors (SEs) — to assess publication bias both quantitatively
and visually. A p = 0.05 was interpreted as indicative of no
significant publication bias.??

L. Fei et al. Prophylactic drainage in liver resections

Certainty assessment

Two-tailed testing was employed to analyze each p-
value. Graphs and statistical analyses were generated
utilizing Reviewer Manager (RevMan) v. 5.3 (The Nordic
Cochrane Centre, Cochrane Collaboration, Copenhagen,
Denmark).

Results

Out of 757 relevant studies that met the inclusion cri-
teria, 10 papers published between 1993 and 2021 were
selected for analysis.?*=32 The details of these studies are
presented in Table 2. At the outset of the included research,
a total of 5,459 LRs were analyzed, of which 2,918 were
drained and 2,541 were not. The sample sizes of the indi-
vidual studies ranged from 81 to 1,868 patients.

Prophylactic drainage was associated with a significantly
higher risk of superficial surgical SSW1I, with OR of 1.97
(95% CI: 1.09-3.55, p = 0.02), and substantial heterogeneity
among studies (I2 = 79%), as shown in Fig. 2. However, no
statistically significant difference was observed between
the PD and non-drainage groups in terms of IIACs, with
an OR of 3.17 (95% CI: 0.93-10.80, p = 0.07) and no het-
erogeneity (I = 0%), as illustrated in Fig. 3.

The use of stratified models to assess the effects of spe-
cific factors — such as age, gender and ethnicity — on com-
parative outcomes was not feasible due to insufficient
data. The quantitative Egger’s regression test and visual
inspection of the funnel plots (Fig. 4,5) indicated no evi-
dence of publication bias (p = 0.86 and 0.92, respectively).
Nonetheless, selective reporting bias was ruled out, although
most of the included RCTs exhibited inadequate procedural
quality.

Drained Non-drained Odds Ratio Odds Ratio

Study or Subgroup  Events Total Events Total Weight N-H, Random, 95% Cl Year M-H, Random, 95% CI
Fong, 1996 4 4 2 43  68% 2.05[0.36, 11.83] 1996 ]
Liu, 2004 4 52 15 52 11.8% 1357 [5.18, 35.54] 2004 -
Aldameh, 2005 8 126 14 85 121% 0.34[0.14, 0.86] 2005 S
Sun, 2006 17 357 0 105 35%  10.84[0.65, 181.86] 2006
Kim, 2014 7 100 2 100 7.6% 3.69[0.75,18.21] 2014 T -
Squires Ill, 2015 35 564 31 477 152% 0.95[0.58, 1.57] 2015 =
Brauer, 2016 13 934 80 934 164% 147[1.09,1.99] 2016 b
Shwaartz, 2017 31 500 14 505 14.2% 232[1.22, 4.41] 2017 -
Avrita, 2021 16 199 8 201 124% 2.1110.88, 5.05] 2021 | BT
Total (95% Cl) 2876 2502 100.0% 1.97 [1.09, 3.55] L 2
Total events 275 166

ity: Tauz= 0.53; Chi2 = = = } } } t
Heterogeneity: Tau?= 0.53; Chi? = 38.81, df = 8 (P < 0.00001); = 79% 0005 o 1 10 200

Test for overall effect: Z =2.24 (P = 0.02)

Fig. 2. Forest plot illustrating the effect of prophylactic drainage (PD) compared to no drainage on the incidence of surgical site wound infections (SSWI)

following liver resections (LRs)
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Table 2. Characteristics of the studies included in the meta-analysis

Research Countr Total Major hepatectomy Ascitic leak Death Age [years]
y (PD/non-PD) (PD/non-PD) (PD/non-PD) (PD/non-PD) (PD/non-PD)
Belghiti et al., 1993 France 81 (42/39) 14/11 0/1 1/1 47/51
Fong et al, 1996* USA 87 (44/43) 44/43 0/2 2/2 57/57
Liu et al., 2004% China 104 (52)52) 33/29 2/0 0/0 60/58
Aldameh et al., 2005% New Zealand 211 (126/85) 0/0 9/8 3/1 53/52
Sun et al, 200627 China 462 (357/105) 37/44 6/4 0/1 50/49
Kim et al, 20142 South Korea 200 (100/100) 53/55 4/1 0/0 56/54
Squires et al, 2015%° USA 1041 (564/477) 190/183 2/3 3/4 54/53
Brauer et al, 2016%° USA 1868 (834/934) 200/176 3/2 4/5 60/58
Shwaartz et al,, 2017°' USA 1005 (500/505) 201/210 4/6 3/5 57/60
Arita et al,, 202132 Japan 400 (199/201) 37/44 6/5 6/5 51/50
Total 5459 (2918/2541) = = = =
PD - prophylactic drainage.
Drained Non-drained Odds Ratio 0Odds Ratio
Study or Subgroup  Events Total Events Tota Weight M-H, Random, 95% CI Year M-H, Random, 95% CI
Belghiti, 1993 6 42 2 39 54.3% 3.08([0.58,16.29] 1993 —-T— i
Fong, 1996 3 44 0 43 16.8% 7.34[0.37,146.43) 1996 ®
Aldameh, 2005 3 126 1 85 28.9% 2.05(0.21,20.03] 2005 —_— Tt
Total (95% CI) 212 167 100.0% 3.17 [0.93, 10.80] —~sgfiite-—-
Total events 12 3
e 2_ . Chiz= - - 2= } } } {
Heterogeneity: Tau*= 0.00; Chi*= 0.45,df=2 (P=0.80); I*=0% 0.01 01 ; 10 100

Test for overall effect: Z=1.84 (P = 0.07)

Fig. 3. Forest plot illustrating the effect of prophylactic drainage (PD) compared to no drainage on the incidence of infected intra-abdominal collections

(IIACs) following liver resections (LRs)
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Discussion procedures involved the use of PD, while 2,541 were per-

In the studies included in this meta-analysis, a to-
tal of 5,459 LRs were initially reported. Of these, 2,918

formed without drainage.?3-32

Each author employed a closed suction drain inserted
through a separate stab incision.?3-32 The use of surgical
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Fig. 5. Funnel plot illustrating the comparison of prophylactic drainage
(PD) compared to no drainage on infected intra-abdominal collections
(IIACs) following liver resections (LRs)

drains is well-established and based on various assump-
tions, including the need to monitor potential postopera-
tive complications and to mitigate their effects.?® Surgeons
advocating for routine PD after LR argue that drains can
divert ascitic fluid away from the incision, reduce bile
leakage, prevent intra-abdominal fluid collections, and
enable early detection and quantification of hemorrhage.
Nevertheless, a number of authors have expressed con-
cern that drains might raise morbidity.?*3* Since some
of the research was led prior to the release of the exten-
sively utilized Clavien—-Dindo classification, we discov-
ered that the concept of serious problems varies depending
on the research.® Routine ultrasound evaluation of all
patients may have contributed to overdiagnosis by detect-
ing clinically insignificant findings that would not have
otherwise manifested symptoms or required interven-
tion.3® Only 1 study concluded that ultrasound should be
reserved for symptomatic patients, suggesting that routine
imaging in asymptomatic individuals may lead to unneces-
sary interventions or overdiagnosis.3® The findings of this
research demonstrated that routine use of drainage did
not improve major or secondary outcome measures, and,
in fact, was associated with a significantly increased inci-
dence of ascitic leakage. The likelihood of surgical SSW1s
varies considerably depending on the type of LR performed,
ranging from 9.7% in segmentectomies to 18.3% in trisec-
tionectomies.?” This highlights the importance of main-
taining comparable rates of extended LRs across studies.
Additionally, the criteria for drain removal varied between
studies, further contributing to heterogeneity in outcomes.
According to recent research employing the International
Study Group of Liver Surgery (ISGLS) standardized defini-
tion and grading of bile leakage, drains should be removed
on the 3™ postoperative day if the bilirubin concentration
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in the drain fluid is less than 3 mg/dL.3® The literature
reports that the incidence of bile leakage following LRs
ranges from 3.6% to 12%.%° Additionally, another study
found no significant difference in bile leakage rates be-
tween laparoscopic and open procedures, with reported
rates ranging from 4% to 17%.%° Given that these condi-
tions could have potentially biased the outcomes in favor
of patients who received drains, the absence of a statisti-
cally significant difference strongly supports a no-drain
strategy.

Limitations

Due to the exclusion of several studies, variability bias
may have emerged. However, the eliminated studies failed
to satisfy the requisite criteria for inclusion in the meta-
analysis. Furthermore, we lacked sufficient information
to ascertain whether variables such as gender, race and
age impacted the outcomes. The objective of the study was
to determine the influence of PD and non-PD on SSW1 for
LRs management. Bias in this study may have been exac-
erbated by the inclusion of incomplete or erroneous data
from previous research. Additionally, individual factors
such as age, gender, race, and nutritional status likely con-
tributed to variability and potential confounding. The ab-
sence of data on these variables limits subgroup analysis
and may distort the results. Furthermore, the exclusion
of unpublished studies and grey literature introduces a risk
of publication bias, potentially skewing the overall findings.

Conclusions

Further research is essential. This need has also been
emphasized in previous studies that showed comparable
effect estimates using similar meta-analytic approaches.
Future investigations should aim to address current data
limitations, reduce heterogeneity and incorporate stan-
dardized methodologies to improve the reliability and gen-
eralizability of the findings.*'=** People who underwent
LRs with PD had a significantly higher rate of SSW1Is com-
pared to those without PD. However, there was no statisti-
cally significant difference between the PD and non-PD
groups in terms of [IACs. It is important to interpret these
results cautiously, as the meta-analysis included a limited
number of studies for some comparisons. In particular,
the low p-value observed for IIACs may affect the reli-
ability and statistical significance of the findings.
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Abstract

Background. Stroke is a leading cause of disability and one of the primary causes of death worldwide. Stroke
survivors often experience a range of symptoms, including impaired motor function, speech and language
abnormalities, swallowing difficulties, cognitive deficits, visual disturbances, and sensory impairments.

Objectives. This meta-analysis was conducted to assess and compare the relative effectiveness of telere-
habilitation compared to traditional in-person speech and language therapy for individuals with aphasia.

Materials and methods. A comprehensive literature search was conducted up to October 2024, reviewing
1,185 identified studies. Ultimately, 6 studies were selected that included a total of 168 participants with
aphasia at baseline. The meta-analysis examined the relative effectiveness of telerehabilitation compared
to traditional in-person speech and language therapy using continuous outcomes, with mean differences
(MD) and 95% confidence intervals (95% Cls) calculated. Analyses were performed using either fixed-effect
or random-effects models, depending on heterogeneity.

Results. In individuals with aphasia, telerehabilitation demonstrated significantly greater improvements
in generalization post-intervention compared to face-to-face treatment (MD = 11.53; 95% (l: 3.64—19.43;
p = 0.004). However, no significant differences were found between telerehabilitation and face-to-face
treatment in naming accuracy post-intervention (MD = 3.09; 95% (l: 1.98—8.16; p = 0.23), Western Aphasia
Battery (WAB) aphasia quotient (MD =—0.54; 95% (I: —9.96—8.88; p = 0.91), auditory comprehension post-
intervention (MD = 0.66; 95% (I: —8.83—10.14; p = 0.89), or functional communication post-intervention
(MD =-0.95;95% CI: —10.19-8.29; p = 0.84).

Conclusions. In individuals with aphasia, telerehabilitation showed significantly greater improvements
in generalization post-intervention compared to face-to-face treatment. However, no significant differences
were observed between the 2 approaches in naming accuracy, WAB aphasia quotient, auditory comprehen-
sion, or functional communication post-intervention. To validate these findings, further research is needed,
and caution should be exercised when interpreting the current results due to the limited number of included
studies.

Key words: aphasia, telerehabilitation, generalization post-intervention, Western Aphasia Battery (WAB)
aphasia quotient, face-to-face treatment
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Highlights

to face-to-face treatment.

» A meta-analysis study was done to figure out how to predict the relative qualities of telerehabilitation compared
to traditional in-person speech and language treatment for individuals with aphasia.
+ Inindividuals with aphasia, telerehabilitation had significantly higher generalization post-intervention compared

+ No significant difference was found between telerehabilitation and face-to-face treatment in naming accuracy
post-intervention, Western Aphasia Battery (WAB) Aphasia Quotient, auditory comprehension post-intervention,
and functional communication post-intervention in individuals with aphasia.

Background

Stroke is a leading cause of disability and one of the lead-
ing causes of death globally.! Stroke survivors frequently
have a variety of symptoms, such as reduced motor func-
tions, speech abnormalities, swallowing issues, cognitive
deficits, vision impairment, and sensory disturbances.?
Aphasia affects about 1/3 of stroke patients.> Communi-
cation problems brought on by aphasia frequently prevent
patients and caregivers from engaging in social activities.
People with aphasia have a number of deficits in some or all
language modalities that can affect speech production and/
or comprehension, reading and/or writing, and gesture.*
Word-finding difficulties are a sign of mild aphasia, while
significant impairment of all language modalities is a sign
of global aphasia.® Research indicates that even years after
the beginning of aphasia, people might still benefit from
rehabilitation programs. However, only some obtain self-
tailored treatment, and when they do, it is usually lim-
ited to the first few months post-stroke.* Within the first
5 years following the incident, nearly half of stroke sur-
vivors express dissatisfaction with the absence of social
or clinical assistance.® Stroke survivors, particularly those
inrural areas, have limited access to long-term rehabilita-
tion. One of the additional factors is that individuals with
brain damage frequently have several comorbidities, which
makes it more challenging for them to get to a rehabilita-
tion facility.” Howe et al. investigated the contextual factors
that prevent persons with aphasia from engaging in social
activities. Individuals with aphasia believed that social
integration was hampered by the absence of services fol-
lowing hospital-based speech treatment and the inability
to interact with other aphasics. Participants also men-
tioned having trouble traveling to and from social set-
tings.® Given all of these restrictions, it is vital to offer
therapies that guarantee aphasia patients’ ongoing care
in order to improve their social engagement. Therefore,
cutting-edge telecommunications technology appear to be
the answer to this problem.

The provision of rehabilitation services through infor-
mation and communication technology is known as telere-
habilitation.” Its main goals is to decrease inpatient hospital
stays and boost community services, such as rehabilitation

after hospital ward discharge. Assessment, monitoring,
prevention, intervention, supervision, education, consulta-
tion, and counseling are some of the specific services that
can be included in telerehabilitation. These services are
intended to assist people with impairments.°

Objectives

This study aimed to use a meta-analysis to evaluate
the relative effectiveness of telerehabilitation compared
to traditional in-person speech and language therapy for
individuals with aphasia.!!

Methods
Information sources

Figure 1 summarizes the overall study framework.
Studies were incorporated when they met the following
inclusion criterial>!3; 1) The study was a randomized
controlled trial (RCT), observational study, prospective
study, or retrospective study; 2) The participants included
individuals diagnosed with aphasia; 3) Telerehabilitation
was integrated as part of the intervention; 4) The study
compared the effects of telerehabilitation with traditional
in-person speech and language therapy in individuals
with aphasia.

Studies were excluded if they did not assess the relative
effectiveness of telerehabilitation compared to traditional
in-person speech and language treatment, focused solely
on face-to-face interventions, or lacked meaningful com-
parative significance.!*1

Search strategy

A search protocol was developed using the PICOS
framework, defined as follows: the population (P) con-
sisted of patients with aphasia; the intervention (I) was
telerehabilitation; the comparison (C) involved compar-
ing telerehabilitation to face-to-face treatment; the out-
comes (O) included generalization post-intervention,
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naming accuracy post-intervention, and Western
Aphasia Battery (WAB) Aphasia Quotient scores; and
the study design (S) was unrestricted, with no limitations
on study type.®

A thorough search was conducted across the databases
Google Scholar, Embase, the Cochrane Library, PubMed,
and Ovid up to October 2024, using a set of keywords and
additional terms as outlined in Table 1.1718 To avoid includ-
ing studies that did not address the relative effectiveness
of telerehabilitation compared to traditional in-person
speech and language therapy for individuals with aphasia,
duplicate records were removed. The remaining articles
were compiled into an EndNote file (Clarivate, London,
UK), and their titles and abstracts were re-assessed for
relevance.'*?

Selection process

The meta-analysis method was subsequently used to or-
ganize and assess the process in accordance with estab-
lished epidemiological guidelines.?!2

Data collection process

The data collection process included the following cri-
teria: authors’ names, study details, year of publication,
country or region, population type, study categories, quan-
titative and qualitative assessment methods, data sources,

Full text excluded
because not related
to the study
inclusion criteria
(n=94)

outcome measures, clinical and therapeutic characteris-
tics, and statistical analysis approaches.??

Data items

When a study yielded multiple values, data related
to the evaluation of the relative effectiveness of telereha-
bilitation compared to traditional in-person speech and
language therapy for individuals with aphasia were inde-
pendently extracted.

Research risk of bias assessment

The risk of bias in the selected studies and the quality
of the methods used were carefully assessed. The meth-
odology of each study was objectively reviewed to ensure
consistency and rigor.

Effect measures

Sensitivity analysis was restricted to studies that as-
sessed and documented the relative effectiveness of telere-
habilitation compared to traditional in-person speech and
language therapy for individuals with aphasia. A subgroup
analysis was conducted to compare the correlation be-
tween telerehabilitation and traditional in-person treat-
ment across different patient variables, examining the sen-
sitivity within aphasia subgroups.
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Table 1. Database search strategy for inclusion of studies
Database |
#1 ‘"aphasia’ OR “generalization post-intervention”
Google Scholar

"telerehabilitation”
#3 #1 AND #2

#3 #1 AND #2

searched)
#3 #1 AND #2

PubMed Al Fields]

#3 #1 AND #2

Qe or “telerehabilitation”[All Fields]

#3 #1 AND #2

#2 “naming accuracy post-intervention” OR “Western Aphasia Battery Aphasia Quotient” OR “face-to-face treatment”OR

#1 ‘“aphasia”/exp OR "generalization post-intervention”/exp OR “face-to-face treatment”
Embase #2 “"naming accuracy post-intervention”/exp OR "Western Aphasia Battery Aphasia Quotient”/exp OR "telerehabilitation”

#1 (aphasia):ti,abkw OR (generalization post-intervention):ti,ab,kw OR (face-to-face treatment):ti,ab,kw (Word variations have been

Cochrane Library #2 (naming accuracy post-intervention):tiabkw OR (Western Aphasia Battery Aphasia Quotient):ti,ab,kw
OR(telerehabilitation):ti,ab,kw (Word variations have been searched)

#1 "aphasia’[MeSH] OR “generalization post-intervention’[MeSH] OR “face-to-face treatment” [All Fields]
#2 "naming accuracy post-intervention’[MeSH Terms] OR “Western Aphasia Battery Aphasia Quotient”[MeSH] OR “telerehabilitation

#1 “aphasia’[All Fields] OR ‘generalization post-intervention” [All Fields] OR “face-to-face treatment” [All Fields]
#2 "naming accuracy post-intervention”[All fields] OR “Western Aphasia Battery Aphasia Quotient”[All Fields]

L. Zhang. Telerehabilitation in aphasia

Search strategy

Statistical analyses

Using a conservative approach and a random-effects
model, the mean difference (MD) and 95% confidence
interval (95% CI) were calculated. The I? index was
employed to assess heterogeneity, with values ranging
from 0 to 100%; thresholds of 0%, 25%, 50%, and 75%
indicated no, low, moderate, and high heterogeneity,
respectively.2 To ensure that the appropriate model
was applied, additional structures demonstrating a high
degree of similarity to the relevant inquiry were also
examined.?* Subgroup analysis was conducted by divid-
ing the original estimates into the predefined outcome
groups. A p-value of less than 0.05 was used to deter-
mine the statistical significance of differences across
subcategories.

Reporting bias assessment

Both quantitative and qualitative methods were em-
ployed to assess bias in the included studies. The Egger
regression test and funnel plots, which plot the logarithm
of the odds ratios (ORs) against their standard errors (SEs),
were utilized. The presence of publication bias was deter-
mined using a threshold of p > 0.05.%

Certainty assessment

Two-tailed tests were applied to examine each p-value.
Review Manager v. 5.3 (The Nordic Cochrane Centre,
The Cochrane Collaboration, Copenhagen, Denmark)
was used to perform the statistical analyses and generate
the graphs.

Results

Out of 1,185 identified studies, 6 papers published be-
tween 2014 and 2021 met the inclusion criteria and were se-
lected for this meta-analysis.”?6=3° The findings from these
studies are summarized in Table 2. At baseline, the in-
cluded studies collectively involved 168 participants with
aphasia. The sample sizes of the selected studies ranged
from 10 to 40 subjects.

Asillustrated in Fig. 2, telerehabilitation resulted in sig-
nificantly greater generalization post-intervention in in-
dividuals with aphasia (MD = 11.53; 95% CI: 3.64-19.43;
p = 0.004), with no heterogeneity (I> = 0%), compared
to face-to-face treatment. However, no significant differ-
ences were observed between telerehabilitation and face-
to-face treatment in naming accuracy post-intervention
(MD = 3.09; 95% CI: 1.98-8.16; p = 0.23; I2 = 0%), WAB
(MD = —0.54; 95% CI: —9.96-8.88; p = 0.91; I2 = 0%), audi-
tory comprehension aphasia quotient post-intervention
(MD = 0.66; 95% CI: —8.83-10.14; p = 0.89; I = 0%), or func-
tional communication post-intervention (MD = —0.95;
95% CI: —10.19-8.29; p = 0.84; 12 = 0%), as shown in Fig. 3—6.

The use of stratified models to examine the effects
of specific variables was not possible due to the lack
of detailed data on factors such as age, gender, severity,
and ethnicity in the comparison outcomes. No indication
of publication bias was detected based on visual interpreta-
tion of the funnel plots or the quantitative Egger regression
tests (p = 0.87, 0.88, 0.89, 0.86, and 0.85, respectively),
as shown in Fig. 7-9. Nonetheless, it was noted that most
of the included RCTs exhibited suboptimal technical qual-
ity, although no evidence of selective reporting bias was
identified.
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Table 2. Characteristics of the studies included in the meta-analysis
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Study Country | Total Tglgreha- Face-to-face Treatment classification Length, freqyency Outcome measures
bilitation treatment and duration
8 sessions of equal period
Agostini Lexical management word finding for each management Naming accuracy
etal, Italy 10 5 5 treatment (face-to-face treatment program; 3 weeks (percent correct)
20147 and teletreatment) of wash-out between on the treatment set
the 2 managements
Lexical management word Spoken picture naming
Woolf - ; ) ) )
ot al UK 10 5 5 finding treatment (supplied either 1 h, twice a week, total of comprehensive
201 6',26 face to face or remotely (via video of 8 sessions aphasia test, naming
conferencing) in conversation
Multimodal management
inpatient group and discharge Inpatient: twice a day
group randomly assigned for 14 days. Discharged:
etal, China 40 20 20 guag 9 ) 9 - y ays. Battery, communication
201877 group or control group (which Training group: Inpatient: it i
received routine treatment 14 days, twice/day
if inpatient, or family topics Discharged: 30 min/day for
communication management 30 consecutive days.
if discharged).
Western Aphasia
) Battery, Communication
Meltzer Multimodal management ) ) )
Weekly 1 h sessions over Confidence Rating
etal, USA 30 15 15 Group 1: In-person management 10 weeks Scale for Aphasia
2018% Group 2: Telerehabilitation phasia,
Communicative
Effectiveness Index
Multimodal Management ) )
L . R ) Norwegian Basic
Training group: Usual care + Telerehabilitation: 60 min )
T - ) Aphasia Assessment,
Draetal, telerehabilitation (consisting session, 5 days/week for 4
- Norway 62 32 30 > : Verb and Sentence
2020 of augmented language training consecutive weeks. o
S ) Test, Communicative
via videoconference). Usual care: Variable. )
Effectiveness Index
Control group: Usual care only.
. ' 20 sessions in total (e, 2-h Western Aphasia
Pefaloza Semantic treatment ; ) )
I ) sessions twice per week) Battery, Boston Naming,
etal, USA 16 8 8 telerehabilitation group in-person . :
20012 therapy group for both in person and Pyramids and Palm
telerehabilitation groups. Trees Test
Total 168 85 83 - - -
Telerehabilitation Face-to-face treatment Mean Difference IMean Difference
Study or Subgroup  Mean SD Tota Mean SD Total Weight IV, Random, 95% CI Year IV, Random, 95% CI
Agostini, 2014 2523 2302 5 2633 226 5 7.8% -1.10(-29.38,27.18] 2014
Woolf, 2016 242 507 5 11.6 7.89 5 822% 12.60[4.38,20.82) 2016 —.—
Total (95% Cl) 10 10 100.0%  11.53 [3.64, 19.43] —~catifiie-
Heterogeneity: Tau®= 0.00; Chi*= 0.83, df=1 (P = 0.36); I*= 0% a0 0 b e 20

Test for overall effect: Z = 2.86 (P = 0.004)

Fig. 2. The telerehabilitation compared to face-to-face treatment’s forest plot influence on generalization post-intervention in participants with aphasia

Telerehabilitation Face-to-face treatiment Mean Difference

Mean Difference

Study or Subgroup Mean SD Tota Mean SD Total Weight IV, Random, 95% ClI Year IV, Random, 95% CI
Agostini, 2014 59.45 38.8 5 6067 349 5  1.2% -1.22[-46.96, 44.52] 2014

Woolf, 2016 318 438 5 26.4 9.45 5 30.8% 5.40[-3.73,14.53) 2016 T

Zhou discharge, 2018 51 24 10 44 30 10  4.5% 7.00[-16.81,30.81] 2018 B T
Zhou inpatient, 2018 57 23 10 43 25 10 5.8% 14.00[-7.05,35.05 2018 T P £
Meftzer, 2018 51 28 15 66 31 15  58% -15.00[-36.14, 6.14] 2018 —w .|

@ra, 2020 473 188 32 50.2 233 30 229% -2.90[-13.50,7.70] 2020 T

Pefialoza Spanish, 2021 2225 14.16 8 1362 7.37 8 21.0% 8.63 [-2.43,19.69 2021 T
Pefaloza English, 2021 19.37 15.29 8 1812 20.88 8 8.0% 0.25[-17.68,18.18 2021 ——

Total (95% CI) 93 91 100.0% 3.09 [-1.98, 8.16]

Heterogeneity: Tau®= 0.00;, Chi*= 8.51, df = 7 (P = 0.48); "= 0%
Test for overall effect: Z=1.19 P =0.23)

Fig. 3. The telerehabilitation compared to face-to-face treatment’s forest plot influence on naming accuracy post-intervention in participants with aphasia
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Telerehabilitation Face-to-face treatinent Mean Difference Mean Difference
Study or Subgroup NMean SD Tota Mean SD Total Weight IV, Random, 95% Cl Year IV, Random, 95% CI
Meftzer, 2018 57.7 249 15 64.1 285 15 29.6% -6.40(-23.73,10.93] 2018 L
Zhou discharge, 2018 883 232 10 50.1 28.8 10 16.9% 5.20[17.72,28.12] 2018 .
Zhou inpatient, 2018 581 199 10 54.9 2.7 10 21.9% 3.20[16.95, 23.35 2018 -
Pefialoza English, 2021 55.60 -26.32 8 5987 2286 8 15.9% -4.18(-27.82,19.46) 2021 =
Pefaloza Spanish, 2021 60 27.41 8 57220 2055 8 15.8% 2.78[-20.96,26.52) 2021 *
Total (95% CI) 51 51 100.0% -0.54 [-9.96, 8.88]

Heterogeneity: Tau®= 0.00; Chi*= 0.98, df = 4 (P=0.91); "= 0%
Test for overall effect: Z=0.11 P = 0.91)

Fig. 4. The telerehabilitation compared to face-to-face treatment’s forest plot influence on Western Aphasia Battery aphasia quotient in participants with aphasia

Telerehabilitation Face-to-face treatinent

Mean Difference Mean Difference

Study or Subgroup Mean SD Tota Mean SD  Total Weight IV, Random, 95% Cl Year IV, Random, 95% CI
Meltzer, 2018 138 47 15 1563 53 15 7.0% -15.00 [-50.85, 20.85] 2018
Zhou discharge, 2018 65 24 10 57 27 10 18.0% 8.00[-14.39,30.39 2018 .
Zhou inpatient, 2018 65 17 10 64 28 10 21.8% 1.00[-19.30,21.30) 2018 T
@ra, 2020 583 233 32 59.2 285 30 532% 0.10[12.91,13.11] 2020
Total (95% CI) 67 65 100.0% 0.66 [-8.83, 10.14]
it 2 C Chiz = = = 2= + + t + +
Heterogeneity: Tau®= 0.00; Chi*= 1.15, df = 3 (P = 0.76); I*= 0% 50 25 0 25 50

Test for overall effect: Z=0.14 P = 0.89)

Fig. 5. The telerehabilitation compared to face-to-face treatment’s forest plot influence on auditory comprehension post-intervention in participants with aphasia

Telerehabilitation Face-to-face treatinent

Mean Difference Mean Difference

Study or Subgroup Mean SD Total Mean SD Total Weight IV, Random, 95% Cl Year IV, Random, 95% CI
Zhou discharge, 2018 338 234 10 kil 28.8 10 16.2%  2.80[-20.20, 25.80) 2018 4
Zhou inpatient, 2018 359 218 10 334 217 10 23.5% 2.50[-16.56, 21.56) 2018 -
@ra, 2020 539 194 28 57.2 24.2 25 60.3% -3.30[-15.20, 8.60) 2020 —iT—
Total (95% CI) 48 45 100.0%  -0.95[-10.19, 8.29] ——*—
T 2= . 2 - - 2= } + T 4 4
Heterogeneity: Tau®= 0.00; Chi*= 0.38, df= 2 (P = 0.83); 7= 0% 20 10 ) 10 20

Test for overall effect: Z=0.20 (P = 0.84)

Fig. 6. The telerehabilitation compared to face-to-face treatment’s forest plot influence on functional communication post-intervention in participants with aphasia

o SEQMD)
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Fig. 7. The telerehabilitation compared to face-to-face treatment’s funnel
plot influence on generalization post-intervention in participants with aphasia

Discussions

The meta-analysis included 6 studies, which collectively
involved 168 participants with aphasia at baseline.”26-30
In individuals with aphasia, telerehabilitation showed sig-
nificantly greater generalization post-intervention com-
pared to face-to-face treatment. However, no significant
differences were found between telerehabilitation and face-
to-face treatment in naming accuracy post-intervention,

WAB aphasia quotient, auditory comprehension post-in-
tervention, or functional communication post-interven-
tion. Further research is needed to confirm these findings,
and caution should be exercised when interpreting the re-
sults, as many of the comparisons were based on a small
number of included studies, which may impact the statis-
tical significance and robustness of the assessments.3!-4!

The validity and reliability of telerehabilitation systems
for speech and language disorders are increasingly sup-
ported by evidence. Studies have demonstrated the ef-
fectiveness of telepractice in the evaluation of acquired
language disorders*? and in the treatment of these condi-
tions,? particularly regarding speech and voice impair-
ments in individuals with Parkinson’s disease.** Addition-
ally, telerehabilitation has shown promise in addressing
fluency disorders, with multiple studies reporting that
telerehabilitation is both feasible and effective, leading
to positive clinical outcomes in the treatment of stutter-
ing in children,? adolescents*® and adults.*” However,
the effectiveness of telerehabilitation applications spe-
cifically targeting aphasic impairments — such as telere-
habilitation for anomia*® or the evaluation of apraxia
of speech® — remains poorly supported and requires fur-
ther investigation.>

Agostini et al. demonstrated the feasibility and efficacy
of telerehabilitation for addressing lexical deficiencies
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Fig. 9. The telerehabilitation compared to face-to-face treatment’s funnel plot influence on Western Aphasia Battery aphasia quotient in participants with aphasia

in chronic stroke patients by showing comparable out-
comes between in-person and telerehabilitation settings.”
Additionally, Latimer et al. reported that computer-based
therapy may reduce the societal costs associated with
managing health services for individuals with chronic
aphasia.®! The rationale for telerehabilitation lies in its
ability to activate mechanisms similar to those engaged
in traditional therapies.>? Initial findings from clinical
practice suggest that telerehabilitation is well-suited for
speech and language therapy and can be effectively applied
to lexical retrieval training. For example, interacting with
a touchscreen can replicate many of the same therapeutic
processes as writing on paper.

Two technological strategies show promise for delivering
remote speech and language therapy. The 1% approach,
known as asynchronous telerehabilitation, involves self-ad-
ministered, computer-based activities that allow patients
to complete structured training independently, without
requiring the immediate presence of a speech-language
pathologist. Therapists can later review the patient’s
progress and adjust the complexity of the exercises based
on individual needs.”® Kurland et al. demonstrated that
for individuals with chronic aphasia, unsupervised home

practice combined with weekly video teleconferencing sup-
port was effective.>*

The 2" approach, known as synchronous telereha-
bilitation, uses two-way videoconferencing, allowing
the speech-language pathologist to be present in real time.
This method enables therapists to provide live remote
treatments while reducing the time and financial burden
associated with travel.?

The currently available research indicates that the topic
of speech and language telerehabilitation has not been
adequately explored through meta-analyses. While telere-
habilitation appears to be an acceptable mode of service
delivery for individuals with motor impairments following
stroke — showing comparable effectiveness to in-person
therapy®? — such results have not yet been consistently
confirmed for individuals with aphasia. To advance ther-
apeutic practice, it is essential to incorporate emerging
evidence on the application of telerehabilitation in aphasia
treatment. Despite an extensive search strategy, only 6 tri-
als out of 1,185 identified studies met the inclusion criteria
for this meta-analysis.

There is a clear need for further research in this field,
as the selected studies suggest that speech and language
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telerehabilitation is a relatively new approach to aphasia
rehabilitation, with the potential for significant improve-
ments. However, because all included studies involved
small sample sizes, future research with larger cohorts
is necessary to generate more robust and compelling
evidence. Additionally, inadequate reporting and a lack
of clarification from study authors often made it difficult
to determine the risk of bias. For example, Zhou et al.
reported that patients were randomly assigned to either
the training or control group, but they did not provide
details about the randomization process.?”

Additionally, the Grading of Recommendations Assess-
ment, Development and Evaluation (GRADE) revealed that
the methodological quality of the included studies ranged
from extremely low-to-moderate, making it impossible
to draw definitive conclusions about the efficacy of telere-
habilitation compared to traditional in-person treatment.
The certainty assessments were significantly influenced
by issues related to indirectness of evidence and risk of bias.
Specifically, the quality of evidence was downgraded due
to unclear or inadequate methods for patient randomiza-
tion in RCTs, the nonrandomized allocation of participants
between groups, and the lack of reported details on alloca-
tion concealment.

Additionally, in accordance with the Core Outcome Set
for aphasia research proposed by Wallace et al., evaluations
related to the indirectness of evidence were downgraded
by 1 level for all outcomes except the WAB.>> This down-
grade stems from the use of surrogate outcome measures
— defined as measures used in place of a true clinical end-
point — since most tests assessing language abilities were
conducted within standardized language evaluation set-
tings rather than within natural communication contexts.*®

Successful communication depends on having language
and communication abilities that enable the conveyance
of messages through spoken, written, nonverbal, or com-
bined modalities. Formal measures of communication suc-
cess range from analyzing real-world discourse interac-
tions to sampling conversations during specific activities.*
As previously noted by Brady et al., surrogate outcome
measures of communicative and linguistic abilities are
often employed as formal assessments of receptive and
expressive language, typically using standardized language
tests. This reliance is largely due to the lack of comprehen-
sive, reliable, valid, and internationally accepted tools for
evaluating communication in naturalistic settings.*

Due to the considerable variation observed in the re-
sults, for which no reasonable explanation could be iden-
tified, the certainty rating for the generalization outcome
was also downgraded by 1 level for inconsistency. These
findings highlight the need for further research and will
likely have a significant impact on the ability to predict
the treatment’s overall effectiveness. As a result, addi-
tional high-quality RCTs, as well as data on the cost-ef-
fectiveness of telerehabilitation, are needed to strengthen
future research in speech and language telerehabilitation.

L. Zhang. Telerehabilitation in aphasia

Although the search strategy included 6 databases and
considered studies published in conference proceedings,
the grey literature was not explored. In cases where in-
formation appeared incomplete or missing, the authors
were contacted; however, no responses were received.

Limitations

Although 1,185 studies were initially screened, only
6 ultimately met the inclusion criteria, comprising a to-
tal sample size of 168 participants. This small sample
size may limit the generalizability and statistical power
of the findings. Additionally, the quality of the included
studies was uneven, with several methodological flaws
that could affect the reliability and validity of the results.
Furthermore, inconsistencies in participant characteristics
— such as age, gender and cultural background — across
the included studies may further limit the external validity
and applicability of the conclusions.

Telerehabilitation showed significant improvements
in generalization post-intervention; however, no significant
differences were observed in naming accuracy, auditory
comprehension, or functional communication, which may
limit its broader clinical applicability. Additionally, the ar-
ticle does not provide data on the long-term effects of telere-
habilitation, making it impossible to evaluate its sustained
effectiveness in long-term rehabilitation. Furthermore,
the comparison between telerehabilitation and face-to-face
treatment did not fully account for specific implementation
details or individual patient differences, which may affect
the interpretation and applicability of the results.

Conclusions

In individuals with aphasia, telerehabilitation demon-
strated significantly greater generalization post-inter-
vention compared to face-to-face treatment. However,
no significant differences were observed between telere-
habilitation and face-to-face treatment regarding nam-
ing accuracy post-intervention, WAB aphasia quotient,
auditory comprehension post-intervention, or functional
communication post-intervention. Further research
is needed to confirm these findings, and caution is war-
ranted when interpreting the results, as many compari-
sons were based on a limited number of included studies.
This limitation may impact the strength and significance
of the assessed outcomes.
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Abstract

Background. Hepatocellular carcinoma (HCC) is the 6 most common cancer worldwide and claims roughly
700,000 lives each year; nearly 50% of global HCC fatalities occur in China.

Objectives. To conduct a comprehensive meta-analysis identifying predictors of sorafenib efficacy in com-
bination with thermal ablation for HCC treatment.

Materials and methods. A comprehensive literature search was conducted up to October 2024, reviewing
720 identified studies. From these, 19 studies were selected that included a total of 3,341 participants with
HCC at baseline. The meta-analysis examined the effects of sorafenib in combination with physical thermal
ablation, using odds ratios (ORs) and 95% confidence intervals (95% CIs). Analyses were performed using two-
sided methods and either fixed-effect or random-effects models, depending on the level of heterogeneity.

Results. The meta-analysis revealed that combining physical thermal ablation with sorafenib significantly
improved outcomes in HCC patients: Overall survival (0S) was more than doubled (OR = 2.03; 95% CI:
1.55-2.67; p < 0.001), recurrence rates were significantly reduced (OR = 0.62; 95% CI: 0.39—0.98; p = 0.04),
and overall treatment efficacy was markedly higher (OR = 2.53; 95% Cl: 1.61-3.96; p < 0.001) compared
with thermal ablation alone.

Conclusions. In individuals with HCC, physical thermal ablation and sorafenib had significantly higher 0S,
lower recurrence rates, and high overall efficacy compared to physical thermal ablation. To validate this
discovery, more research is needed, and caution must be implemented when interacting with its values.

Key words: hepatocellular carcinoma, sorafenib, overall survival, physical thermal ablation, overall efficacy
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Highlights

in hepatocellular carcinoma (HCC) treatment.

especially in high-burden regions like China.

« Sorafenib plus thermal ablation doubles survival in HCC patients: Meta-analysis of 3,341 patients shows that
combining sorafenib with physical thermal ablation significantly improves overall survival (OR 2.03; p < 0.001)

+ Combination therapy reduces HCC recurrence risk: Sorafenib and thermal ablation together lower recurrence rates
in HCC patients by 38% (OR 0.62; p = 0.04), highlighting a strong preventive benefit over ablation alone.

+ Enhanced treatment efficacy with sorafenib-based combination strategy: Overall treatment efficacy improved signifi-
cantly when sorafenib was added to thermal ablation (OR 2.53; p < 0.001), indicating superior therapeutic outcomes.

+ Meta-analysis supports combined modality for improved HCC outcomes: Evidence from 19 studies suggests that
sorafenib-ablation combination offers a powerful approach for improving prognosis in hepatocellular carcinoma,

Background

Globally, hepatocellular carcinoma (HCC) ranks
as the 6" most common malignant tumor. Each year,
approx. 700,000 people die from HCC worldwide, with
China accounting for nearly half of these deaths.!?
Current primary treatment options include liver trans-
plantation, surgical resection, radiofrequency ablation,
percutaneous ethanol injection, transarterial chemoem-
bolization, and sorafenib.? Advances in medical tech-
nology and the development of various prognostic scor-
ing systems, such as the Barcelona Clinic Liver Cancer
(BCLC) staging system and the Italian Liver Cancer (ITA.
LI.CA) tumor staging system, have expanded the range
of treatment options available to HCC patients.* Although
surgical resection is considered the first-line treatment
for HCC, factors such as multiple lesions, unfavorable
tumor location, and poor patient condition can render
surgery unfeasible.”

Because the early symptoms of liver cancer are often
subtle or absent, many patients are diagnosed at an ad-
vanced stage, missing the optimal window for surgical
intervention. The widespread use of liver transplantation
is further limited by its high cost and the scarcity of avail-
able donor organs. As a result, physical thermal ablation
has emerged as a less invasive and effective alternative
therapy. Microwave ablation and radiofrequency ablation
are the 2 main forms of physical thermal ablation used
for liver tumors. Although they rely on different physi-
cal principles, both techniques utilize imaging guidance
to accurately target the tumor and insert electrodes into
the tissue. When the tumor tissue reaches a certain tem-
perature, protein denaturation occurs, leading to tumor
destruction and shrinkage. Xu et al. conducted a meta-
analysis comparing the effects of radiofrequency ablation
and hepatic resection in the treatment of liver cancer.®
The study found that, compared to the hepatic resection
group, the radiofrequency ablation group had similar
1-year overall survival (OS), lower 5-year OS, a higher

incidence of overall recurrence, shorter hospitalization
duration, and a lower complication rate. This suggests
that thermal ablation offers the advantages of a shorter
treatment time and fewer complications compared to sur-
gery. However, patients with HCC who undergo thermal
ablation alone often face poor long-term prognosis and
high recurrence rates.” Sorafenib, a multi-targeted kinase
inhibitor, addresses some of these challenges by inhibit-
ing key components of the Ras/Raf/MEK/ERK signaling
cascade, including B-Raf, Raf-1 and other kinases, thereby
suppressing tumor cell growth and differentiation.® Ad-
ditionally, by blocking receptors such as hepatocyte cy-
tokine receptors (e.g., c-Kit), vascular endothelial growth
factor receptors (e.g., VEGFR-2), and platelet-derived
growth factor receptors (e.g., PDGFR-f), sorafenib re-
duces angiogenesis.’

According to a meta-analysis of 1,462 patients with
advanced HCC, sorafenib reduced the risk of tumor pro-
gression and death while improving the disease con-
trol rate compared to placebo.!® Numerous studies have
also demonstrated that sorafenib, whether used alone
or in combination with other treatments, can extend
the survival time of patients with HCC.!'1> However,
sorafenib may also have adverse effects on normal liver
tissue and can delay tissue healing following thermal
ablation. Therefore, when considering both the posi-
tive and negative effects of sorafenib’s therapeutic ac-
tion, the overall benefit of combining it with physical
thermal ablation must be carefully balanced. Meta-
analysis, by synthesizing disaggregated data, can pro-
vide a higher level of evidence to inform therapeutic
decision-making.'*

Objectives

We conducted a meta-analysis to evaluate the effective-
ness of sorafenib combined with physical thermal ablation
in the treatment of HCC.
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Methods
Eligibility criteria

For the purpose of creating a summary, the investiga-
tions demonstrating the effectiveness of sorafenib in com-
bination with physical thermal ablation for the treatment
of HCC were chosen.'®

Information sources

Figure 1 represents the study selection process. Litera-
ture was included when the following inclusion criteria
were met!®!7:1) The study was a randomized controlled
trial (RCT), observational, prospective, or retrospective
in design; 2) The participants had been diagnosed with
HCG; 3) The intervention included combination therapy
with physical thermal ablation and sorafenib; 4) The study
specifically evaluated the effectiveness of sorafenib com-
bined with physical thermal ablation for HCC.

Studies were excluded if they did not assess the effective-
ness of this combination therapy, focused solely on physi-
cal thermal ablation, or lacked meaningful comparative
significance.181?

Search strategy

A search protocol was established using the PICOS frame-
work, defined as follows: the population (P) consisted
of individuals with HCC; the intervention or exposure
(I) was combination therapy with sorafenib and physical
thermal ablation; the comparison (C) involved compar-
ing the combination therapy to physical thermal ablation

Records identified
through other sources

Records identified
through data search
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alone; the outcomes (O) included OS, recurrence rates and
overall efficacy; and the study design (S) was unrestricted,
with no limitations placed on study type.?°

A thorough search of the Google Scholar, Embase, Co-
chrane Library, PubMed, and OVID databases was conducted
through October 2024, using a predefined set of keywords
and additional terms, as detailed in Table 1.2522 To avoid in-
cluding studies that did not establish a clear link between
the effectiveness of sorafenib combined with physical ther-
mal ablation for HCC, duplicate records were removed.
The remaining articles were compiled into an EndNote file
(Clarivate, London, UK), and their titles and abstracts were
reassessed for relevance.?*?*

Selection process

The meta-analysis method was then used to organize
and assess the process that followed the epidemiological
proclamation.?>26

Data collection process

Some of the criteria used for data extraction included
the name of the first author, study details, year of pub-
lication, country or region, population type, study cat-
egories, quantitative and qualitative assessment methods,
data sources, outcome measures, clinical and therapeutic
characteristics, and statistical analysis approaches.?”

Data items

When a study yielded differing values, data related
to the evaluation of the effectiveness of sorafenib combined

Fig. 1. Workflow of the systematic review and meta-
analysis
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Table 1. Database search strategy

X. Wen et al. Sorafenib in hepatocellular carcinoma

Database | Search strategy
#1 "hepatocellular carcinoma” OR “overall survival”
Google Scholar #2 “recurrence rates” OR “overall efficacy” OR “physical thermal ablation” OR “sorafenib”
#3  #1 AND #2
#1 "hepatocellular carcinoma’/exp OR "overall survival”/exp OR "physical thermal ablation”
Embase #2  ‘“recurrence rates'/exp OR "overall efficacy”/exp OR “sorafenib”

#3 #1 AND #2

Cochrane Library have been searched)

#1 (hepatocellular carcinoma):ti,abkw OR (overall survival):tiab,kw OR (physical thermal ablation):ti,ab,kw (Word variations

#2 (recurrence rates):ti,ab,kw OR (overall efficacy):ti,abkw OR(sorafenib):ti,ab,kw (Word variations have been searched)

#3 #1 AND #2

#1 "hepatocellular carcinoma’[MeSH] OR “overall survival [MeSH] OR “physical thermal ablation” [All Fields]
PubMed #2 “recurrence rates’[MeSH Terms] OR “overall efficacy”[MeSH] OR “sorafenib “[All Fields]

#3  #1 AND #2

#1 "hepatocellular carcinoma’[All Fields] OR “overall survival"[All Fields] OR “physical thermal ablation"[All Fields]
OvID #2 ‘recurrence rates’[All fields] OR “overall efficacy”[All Fields] or “sorafenib’[All Fields]

#3 #1 AND #2

with physical thermal ablation for HCC were indepen-
dently extracted.

Research risk of bias assessment

Two authors independently assessed the risk of bias
in the included studies and evaluated the quality
of the methodologies employed in the papers selected for
further analysis. An unbiased review of the methods used
in each study was conducted by both authors.

Effect measures

Sensitivity analysis was limited to studies that assessed
and documented the effectiveness of sorafenib in combina-
tion with physical thermal ablation for HCC.

Synthesis methods

Using a dichotomous approach and a random or fixed-
effect model, the odds ratio (OR) and a 95% confidence
interval (95% CI) were determined. A range of 0-100%
was used to determine the 12 index. Heterogeneity was
assessed, with thresholds of 0%, 25%, 50%, and 75% indi-
cating no, low, moderate, and substantial heterogeneity,
respectively.?® To ensure that the exact model was used,
additional structures that show a high degree of similar-
ity with the related inquiry were also examined. The ran-
dom effect was used.?® A subclass analysis was performed
by splitting the original estimation into the previously
specified consequence groups. A p-value of less than 0.05
was utilized in the analysis to define the statistical sig-
nificance of differences across subcategories.

Reporting bias assessment

Both quantitative and qualitative methods were em-
ployed to measure the bias in the investigations: the Egger’s

regression test and funnel plots, which display the logarithm
of the ORs against their standard errors (SEs). The presence
of investigation bias was determined by p > 0.05.%

Certainty assessment

Each p-value was assessed using two-tailed testing.
Graphs and statistical analyses were generated using
Review Manager v. 5.3 (The Nordic Cochrane Centre,
The Cochrane Collaboration, Copenhagen, Denmark).

Results

Out of 720 identified studies, 19 papers published be-
tween 2011 and 2024 met the inclusion criteria and were
selected for this analysis.?*~*8 Table 2 presents the findings
of these studies. At baseline, the combined studies included
a total of 3,341 participants with HCC, with individual
study sample sizes ranging from 30 to 1,114 subjects.

Asillustrated in Fig. 2—4, in individuals with HCC, com-
bination therapy demonstrated significantly higher OS
(OR = 2.03; 95% CI: 1.55-2.67; p < 0.001) with moder-
ate heterogeneity (I? = 57%), lower recurrence rates
(OR =0.62;95% CI: 0.39-0.98; p = 0.04) with high hetero-
geneity (I2 = 75%), and greater overall efficacy (OR = 2.53;
95% CI: 1.61-3.96; p < 0.001) with moderate heterogeneity
(I? = 44%), compared to physical thermal ablation alone.

Due to insufficient data on variables such as age, eth-
nicity and gender, the application of stratified models
to investigate the effects of specific factors was not pos-
sible. Using both the quantitative Egger’s regression test
and visual inspection of the funnel plots, no evidence
of publication bias was detected (p = 0.89, 0.87 and 0.91,
respectively), as shown in Fig. 5-7. However, it was noted
that there was no evidence of selective reporting bias, al-
though the majority of the included RCTs exhibited poor
technical quality.
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Table 2. Qualities of the studies selected for meta-analysis

Physical thermal ablation

Country ‘ and sorafenib Physical thermal ablation
Sun J,20113° China 30 15 15
Hua and He, 20123' China 90 42 48
Zheng and Li, 20133 China 94 44 50
Feng et al, 2014 China 128 64 64
Bruix, et al,, 2015%* China 1,114 556 558
Kan et al, 2015% China 62 30 32
Guan et al, 20153 China 120 52 68
Wu et al,, 2016 China 90 45 45
Gong et al, 20173 China 90 40 50
Yu et al, 2018%° China 46 23 23
Zhu et al, 2018%° China 106 40 66
Sun et al, 201841 China 90 45 45
Fu and Xi, 2020% China 102 51 51
Liand Song, 2021% China 223 56 167
Abulimiti et al,, 202144 China 82 36 46
Wei et al, 2022% Taiwan 211 103 108
Zhou et al,, 20224 China 460 185 275
Seidensticker et al., 2023% Germany 103 54 49
Yang et al, 2024 China 100 50 50
Total 3,341 1,531 1,810

Physical thermal ablation and sorafenib ~ Physical thermal ablation Qdds Ratio Qdds Ratio

Study or Subgroup Events Total Events Total Weight M-H, Random, 95% CI Year M-H, Random, 95% CI
Sun, 2011 8 15 4 15 25% 3.14[0.88,14.50) 2011 -
Hua, 2012 28 42 25 48 54% 1841[0.78,4.33) 2012 o I
Zheng, 2013 30 44 27 50 54% 1.83[0.79,4.24) 2013 T =
Feng, 2014 32 84 20 84 8.3% 220(1.07,4.52) 2014 T —
Bruix, 2015 45 558 M 558 10.3% 1.05[0.80,1.38) 2015 T
Zhang, 2015 37 52 27 88 8.0% 375[1.73,8.11] 2015 —
Wu, 2018 10 45 3 45 3.0% 4.00[1.02,15.88) 2018 =
Geng, 2017 35 40 35 50 3.9% 3.00[0.88,9.15) 2017 T =&
Sun, 2018 33 45 2 45 52% 3.14[1.30,7.80] 2018 —Er°
Yu, 2018 18 23 11 23 3.2% 3.93[1.09,14.19) 2018 —_—
Zhu, 2018 25 40 25 86 5.7% 273[1.22,6.15) 2018 =
Fu, 2020 39 51 3 51 54% 2.10[0.89,4.94) 2020 T
Abulimiti, 2021 17 58 45 167 8.8% 1.18[0.61,2.30) 2021 -
Li, 2021 14 38 14 48 50% 145[0.58,3.84) 2021 =
Wei, 2022 18 103 14 108 8.1% 1421[067,3.03) 2022 - T
Zhou, 2022 101 185 83 275 9.3% 289(1.83,3.95 2022 O
Seidensticker, 2023 28 44 30 4 52% 0871[0.28,1.82) 2023 ===
Yang, 2024 38 50 20 50 55% 3.86[1.67,8.91) 2024 — &
Total (95% CI) 1491 1773 100.0% 2.03[1.55,2.67] <
Total events 922 848

Heterogeneity: Tau?= 0.17; Chiz=39.83,df =17 (P =0.001); = 57% —t }
Test for overall effsct: Z =5.09 (P < 0.00001) T

o
o
o
o
o
o4
o=
=3

Fig. 2. The combination therapy compared to physical thermal ablation’s forest plot influence on overall survival in hepatocellular carcinoma

Discussions demonstrated significantly higher OS, lower recurrence
rates, and greater overall efficacy compared to physical

A total of 3,341 HCC participants were included thermal ablation alone. However, further studies are re-
at baseline across the studies selected for this meta-anal- quired to confirm these findings, and caution should be

ysis.?0=%8 In individuals with HCC, combination therapy exercised when interpreting their significance, as they
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Physical thermal ablation and sorafenib ~ Physical thermal ablation Odds Ratio Odds Ratio

Study or Subgroup Events Total Events Total Weight M-H, Random, 95% CI Year M-H, Random, 95% CI

Feng, 2014 48 84 39 84 9.7% 0.25[0.09,0.74] 2014 T

Bruix, 2015 212 338 289 358 18.8% 0.89[0.70,1.13]) 2015 =

Kan, 2015 17 30 28 32 8.0% 0190005087 2015 —

Gong, 2017 8 40 17 50 9.9% 0.341[0.12,0.88) 2017 I —

Abulimiti, 2021 27 38 38 46 101% 0.83[0.30,2.33) 2021 —

Li, 2021 42 3% 124 167 13.7% 1.04 [0.52,2.09) 2021 —_—r

Zhou, 2022 94 185 198 275 17.4% 0401[0.27,0.59] 2022 il

Seidensticker, 2023 38 54 2 49 124% 1.94[0.85,4.36) 2023 T

Total (95% Cl) 1021 1241 100.0% 0.62[0.39, 0.98] L

Total events 544 718

Heterogeneity Tau?=0.29; Chi* = 28.48, df =7 (P =0.0002); I = 75% é % U:” ,i\ “0:

Test for overall effect Z =2.03 (P = 0.04) ' - 5 -
Fig. 3. The combination therapy compared to physical thermal ablation’s forest plot influence on recurrence rates in hepatocellular carcinoma

Physical thenmal ablation and sorafenib  Physical thermal ablation Odds Ratio Odds Ratio

Study or Subgroup Events Total Events Total Weight M-H, Random, 95% CI Year M-H, Random, 95% CI

Sun, 2011 8 15 4 15 6.2% 3.14(0.68,14.50) 2011 —

Hua, 2012 37 43 36 48  9.7% 2.06 [0.70, 6.07] 2012 T

Zheng, 2013 40 44 40 50 8.2% 2.50[0.72, 8.64] 2013 N T -

Feng, 2014 55 64 52 64 11.2% 1.41[0.55, 3.62) 2014 I

Zhang, 2015 49 52 54 68 7.7% 4.23[1.15,15.62) 2015 —_—

Bruix, 2015 528 556 533 558  16.6% 0.88(0.51, 1.54) 2015 —

Wu, 2016 17 45 5 45 9.4% 4.86 [1.60,14.71] 2016 o

Sun, 2018 40 45 30 45 9.3% 4.00[1.31,12.23) 2018 .

Yu, 2018 20 23 14 23 6.5% 4.29[0.98,18.72) 2018 . -

Zhu, 2018 39 40 58 66 3.7% 5.33[0.65,44.73 2018 —

Yang, 2024 4 50 28 50 11.5% 3.58(1.44,8.91) 2024 R R

Total (95% CI) 977 1032 100.0% 2.53[1.61, 3.96] L 2

Total events 874 854

Heterogeneity: Tau®= 0.24; Chi*= 18.01, df= 10 (P = 0.05); F= 44% k 4 + {

Test for overall effect: Z = 4.06 (® < 0.0001) 00z 01 %
Fig. 4. The combination therapy compared to physical thermal ablation’s forest plot influence on overall efficacy in hepatocellular carcinoma
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Fig. 5. The combination therapy compared to physical thermal ablation’s
funnel plot influence on overall survival in hepatocellular carcinoma

may affect the robustness and reliability of the reported
outcomes. .49

Chemotherapy and ablation have been employed exten-
sively in the treatment of cancer, including advanced renal cell
carcinoma and small cell lung cancer.5%¢! Physical thermal
ablation has the benefits of minimal damage, rapid recovery
and repeated application in the treatment of HCC. How-
ever, the lesion’s size and the presence of heat dissipation
malke full ablation challenging and increase the chance of lo-
cal recurrence. Recurrence is more likely when the tumor’s

Fig. 6. The combination therapy compared to physical thermal ablation’s
funnel plot influence on recurrence rates in hepatocellular carcinoma

diameter exceeds 3.0 cm.%>%3 Therefore, the goal of therapy
improvement is to lower the rate of tumor recurrence fol-
lowing thermal ablation. Radiofrequency ablation combined
with sorafenib achieves greater efficacy and survival, prolongs
the radiofrequency interval, and reduces recurrence rates.
It has been demonstrated that radiofrequency ablation
and the kinase inhibitor sorafenib work in concert. Its role
in tumors is to suppress angiogenesis, which lowers heat loss
and indirectly improves ablation. Additionally, sorafenib
itself prevents the growth and development of tumor cells.
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Fig. 7. The combination therapy compared to physical thermal ablation’s
funnel plot influence on overall efficacy in hepatocellular carcinoma

Millions of people have benefited from the first-line therapy
ofliver cancer with sorafenib, a tyrosine kinase inhibitor that
blocks several receptors, including RAF-1, VEGFR-2 and
FLT-3.11 According to studies, sorafenib may cause capil-
lary damage and VEGF and PDGF inhibition as the mecha-
nism of hand-foot skin reaction (HFSR). Direct pressure
on the hands and feet causes the vessels to become mechani-
cally injured once more, which causes an inflammatory re-
action and the development of blisters.®* As is well known,
serious side effects might result in treatment suspension
and ultimately impact the patient’s ability to survive. Stud-
ies have also indicated that diarrhea is a predictor of im-
proved OS in individuals with HCC using sorafenib.%¢>
According to Reig et al., a higher chance of survival was
linked to the occurrence of dermatological side effects
within 60 days of starting sorafenib.®® The quality of life
may be impacted, and the anti-tumor efficacy may be limited
if the adverse reaction results in a dose adjustment or inter-
ruption of sorafenib, regardless of whether it has a direct
impact on survival. Therefore, to increase the lifespan and
quality of life for patients with HCC, sorafenib dose adjust-
ments and standardized treatment are required.

Not all of the studies included in this meta-analysis
were RCTs. The number of original publications was limited,
and the retrospective cohort studies were subject to recall
and selection biases. Furthermore, the majority of the study
populations were Chinese, with only a small proportion
of Japanese and Spanish participants, making the overall
study cohort racially non-representative and limiting gen-
eralizability. Notably, HCC is the 2"! most common cause
of cancer-related mortality in China, after lung cancer, with
China accounting for approx. 27% of global cancer deaths.*”

China now has the highest prevalence of liver cancer
(about 55% of the global total rate) and the highest number
of fatalities due to hepatitis B virus infection, aflatoxin
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exposure, alcohol misuse, and environmental pollution.®®
The fact that the majority of the research participants
in this meta-analysis were Chinese may be due in large part
to the fact that China still has a long way to go in reducing
the incidence and mortality of liver cancer. The hetero-
geneity of other parameters was noteworthy, with the ex-
ception of radiofrequency interval and overall efficacy.
Variations in sample size, tumor characteristics (size and
number), patient age, and prior treatment history may ac-
count for these differences. The effectiveness of radiofre-
quency ablation in conjunction with sorafenib in patients
with HCC has also been meta-analyzed by Chen et al.®’
The best treatment for HCC is still being investigated.
According to a thorough comparative study of HCC scoring
systems published in the World Journal of Hepatology, a cus-
tomized approach for patients with HCC should be created,
and the appropriate scoring system should be chosen based
on the patient’s circumstances.* Whether a treatment is cu-
rative, palliative, or a combination of both, as in this study
(radiofrequency ablation + sorafenib), depends on the pa-
tient’s characteristics and liver function. Thus, the develop-
ment of a treatment plan for HCC requires the integration
of several fields, including oncology, interventional radiol-
ogy, and hepatobiliary surgery. Depending on the patient’s
development, side effects, and complications, customized
settings and modifications would be required at any mo-
ment. In the treatment of HCC, physical thermal ablation
in conjunction with sorafenib is superior to radiofrequency
ablation or microwave ablation alone, per the present meta-
analysis. Patients receiving combination therapy should
be regularly monitored for adverse effects. Despite the use
of random-effects models and subgroup analysis in this
investigation, the reliability of the findings may still be im-
pacted by study heterogeneity. More high-caliber research
is still required to prove that physical thermal ablation plus
sorafenib is superior than physical thermal ablation alone.

Limitations

Nevertheless, the excluded studies did not meet the nec-
essary standards to be incorporated into the meta-analysis.
Moreover, we did not have enough information to deter-
mine whether factors such as race, sex and age had an im-
pact on results. Bias may have increased as a result of the in-
corporation of incomplete or erroneous data from earlier
studies. The individuals’ age, gender, nutrition and race
were likely sources of bias in addition to their nutritional
status. Unintentionally skewed values might arise from
incomplete data and unpublished research.

Conclusions

In individuals with HCC, combination therapy demon-
strated significantly higher OS, lower recurrence rates,
and greater overall efficacy compared to physical thermal
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ablation. Further research is needed to confirm these
findings, and caution should be taken when interpret-
ing their significance. Further exploration of this issue
would have an impact on the significant of the evaluated
assessments.

Use of Al and Al-assisted technologies

Not applicable.
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Abstract

Background. The chronic progression of viral hepatitis and the terminal stage of cirrhosis impose a long-term
disease burden on patients. The assessment of liver damage can be facilitated through the measurement
of liver biomarkers.

Objectives. To conduct acomprehensive analysis of the relationship between hepatitis B virus (HBV), hepatitis
Cvirus (HCV), liver biomarkers, and cirrhosis via Mendelian randomization (MR).

Materials and methods. A bidirectional multi-sample MR approach was used to extract data from publicly
available genome-wide association studies (GWAS) databases. Information on liver biomarkers and cirrhosis,
along with data from 351,885 HBV samples containing 19,079,722 single nucleotide polymorphisms (SNPs)
and 176,698 HCV samples comprising 12,454,320 SNPs, were aggregated. The TwoSampleMR 0.5.7 package
in R language facilitated the bidirectional MR analysis, utilizing methods such as inverse-variance weighting,
weighted median and MR-Egger to investigate the causal relationships between HBV, HCV, liver biomarkers,
and cirrhosis.

Results. The MR analysis revealed potential causal relationships between cirrhosis and HBV infection,
indicating an increased probability of HBV as cirrhosis escalates (odds ratio (OR) = 1.253; 95% confidence
interval (95% (1): 1.037-1.514; p = 0.019). Additionally, a potential causal link was observed between HBY
and the level of aspartate aminotransferase (AST), with an increase in HBV leading to a gradual decrease in AST
levels (OR = 0.972; 95% (I: 0.958—0.986; p < 0.01). A similar causal relationship was identified between
HCV infection and cirrhosis, where the probability of cirrhosis significantly increases with rising HCV levels
(OR =2.213; 95% (I: 1.752—-2.796; p < 0.01). The results demonstrated no pleiotropy or heterogeneity
within the analysis.

Conclusions. This research highlights a causal relationship between HBV and AST levels, suggesting that
monitoring AST levels can indicate the extent of liver damage caused by chronic HBV infection. Additionally,
causal connections were established between HBV, HCV and cirrhosis, emphasizing that cirrhosis represents
the terminal stage of chronic HBV and HCV infections. By managing the progression of the disease, the risk
of cirrhosis can be reduced.

Key words: Mendelian randomization, cirrhosis, viral hepatitis, liver biomarkers, causal relationships
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Highlights

relationship.
tive biomarker effect.

managing chronic viral hepatitis and liver disease.

+ Bidirectional Mendelian randomization (MR) analysis was used to evaluate causal relationships between hepatitis B
virus (HBV), hepatitis C virus (HCV), liver biomarkers, and cirrhosis.

+ HCV infection is causally linked to an increased risk of liver cirrhosis, confirming its role in liver disease progression.

« Liver cirrhosis may increase susceptibility to HBV infection, suggesting a potential bidirectional or feedback

+ HBV infection is associated with decreased aspartate aminotransferase (AST) levels, indicating a potential protec-

+ These findings support the development of biomarker-driven surveillance and personalized interventions for

Background

Viral hepatitis, encompassing hepatitis B (HBV), hepa-
titis C (HCV) and hepatitis A, among others, represents
a spectrum of diseases characterized by chronic inflam-
mation of the liver. Globally, HBV and HCV infections are
the predominant causes of chronic liver disease, with an es-
timated combined carrier population exceeding 350 mil-
lion individuals."? As of 2019, an estimated 295.9 million
people were living with chronic HBV infection, and HCV
is responsible for an estimated 57.8 million chronic infec-
tions worldwide.? The progression of these infections often
results in liver fibrosis, cirrhosis, and ultimately liver fail-
ure or hepatocellular carcinoma (HCC), posing significant
health and economic burdens. Early diagnosis remains
challenging, and treatment options are often costly and
limited in efficacy, particularly in low- and middle-income
regions.*® As such, understanding the mechanisms driving
HBV and HCV progression is critical for developing more
effective prevention and treatment strategies.

In the diagnosis and monitoring of hepatitis, the levels
of liver biomarkers undergo substantial changes, including
but not limited to aspartate aminotransferase (AST), ala-
nine aminotransferase (ALT), alkaline phosphatase (ALP),
gamma-glutamyl transferase (GGT), and total bilirubin.
These markers provide critical insights into the degree
of liver inflammation, extent of damage and liver function
recovery, serving as key indicators for assessing liver func-
tion and disease progression. For instance, AST and ALT
are sensitive indicators for detecting early stages of liver
cell damage.® As the condition progresses, elevated levels
of ALP and GGT may indicate damage to the bile system,
while an increase in bilirubin levels reflects compromised
liver capacity to clear aged red blood cells. Although the role
of liver biomarkers in monitoring liver health is widely rec-
ognized, their precise causal relationships with HBV and
HCV remain to be fully elucidated. A systematic study
of liver biomarkers in the progression of cirrhosis in pa-
tients with HBV and HCV is crucial for understanding
the disease’s development mechanisms, improving early di-
agnosis and monitoring, and evaluating treatment efficacy.

In recent years, several epidemiological studies have ex-
plored the genetic and environmental determinants of HBV
and HCV susceptibility, progression and treatment out-
comes. Notably, genome-wide association studies (GWAS)
have identified numerous genetic variants associated with
the risk of chronic viral hepatitis.”8 However, the causal re-
lationships between these genetic factors and disease out-
comes remain largely unclear. Mendelian randomization
(MR) offers a powerful tool to address this gap by using
genetic variants as instrumental variables to infer causal
relationships between exposures and outcomes.” The MR
method is grounded in 3 core assumptions: 1) The genetic
variant must be associated with the exposure of interest;
2) The genetic variant should not be associated with con-
founders; and 3) The genetic variant influences the outcome
only through the exposure. By leveraging these assumptions,
MR provides an approach that is less prone to confounding
and reverse causation compared to traditional observational
studies.!®!! Mendelian randomization provides a unique
perspective by integrating large-scale cohort genetic and
phenotypic data, using genetic variation as an instrumental
variable to elucidate the causal links between HBV, HCV,
liver biomarkers, and cirrhosis. By reducing the interfer-
ence of confounding factors, this method allows for a clearer
understanding of the complex interactions between genetic
variations, viral infections and liver diseases, offering new
insights and strategies for disease prevention and treat-
ment.!?13 For viral hepatitis, MR studies have mainly focused
on genetic predispositions to HBV and HCV infection risks
rather than exploring the progression to severe outcomes like
cirrhosis.*!*> By leveraging genetic instruments associated
with liver biomarkers and disease phenotypes, MR provides
aunique opportunity to investigate whether changes in these
biomarkers causally impact the progression from viral hepa-
titis to liver cirrhosis.

Objectives

This study aims to apply a multi-sample bidirectional
MR approach to assess causal relationships between HBV,
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HCV, liver biomarkers, and cirrhosis, providing novel in-
sights into the genetic and phenotypic interactions un-
derlying liver disease progression. Unlike previous MR
studies that often focus on single biomarkers or outcomes,
our approach integrates multiple biomarkers and exam-
ines bidirectional causality, allowing for a more compre-
hensive understanding of the complex pathways involved.
By combining data from extensive GWAS and employing
robust statistical methods such as inverse-variance weight-
ing (IVW), weighted median and MR-Egger regression,
this research seeks to enhance the accuracy and reliability
of causal inferences.

Materials and methods
Study design

This study implements a bidirectional multi-sample
MR design to investigate the causal relationships be-
tween the exposure (HBV, HCV and liver biomarkers,
including ALT, AST, GGT, albumin, total bilirubin, and
direct bilirubin) and outcomes (cirrhosis). This approach
allows for the assessment of whether the exposure has
a causal effect on the outcome and vice versa. In this
method, 2 independent GWAS datasets were used: 1 for
the exposure and 1 for the outcome. The MR analysis
was conducted separately for each direction to infer
the causal relationship, following the principles of IVW
regression, which combines genetic variant-specific esti-
mates into an overall causal estimate. The MR approach
is predicated on 3 core assumptions: 1) The chosen ge-
netic variants are strongly associated with the exposure;
2) The genetic variants are independent of any confound-
ing factors that could influence the risk of HBV and HCV;
3) The genetic variants influence the risk of HBV and
HCV exclusively through exposure, without any alterna-
tive pathways.

Inclusion and exclusion criteria
for GWAS data

The GWAS datasets included in this study were selected
based on strict inclusion and exclusion criteria to ensure
the representativeness and relevance of the data. Only
GWAS with large sample sizes, well-documented methods
and European ancestry populations were included to mini-
mize population stratification and enhance comparability
between datasets. Specifically, studies with sample sizes
exceeding 10,000 participants were prioritized to ensure
statistical power.

Data were excluded if they had high levels of missing-
ness (>10%) or low-quality control metrics, such as single
nucleotide polymorphisms (SNPs) with call rates below
95%, minor allele frequencies below 1% or failure to meet
Hardy—Weinberg equilibrium (p < 1 x 10°). In addition,
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datasets with limited phenotypic information or lacking
detailed population descriptors were excluded to avoid
introducing biases related to unmeasured confounders.

Sources and GWAS samples

The data for this study were sourced from publicly ac-
cessible GWAS databases, primarily the GWAS Catalog
(https://gwas.mrcieu.ac.uk/). The selection focused on in-
formation related to liver biomarkers (ALT, AST, GGT,
albumin, total bilirubin, and direct bilirubin) and cirrhosis,
as well as samples from patients with HBV and HCV infec-
tions. Sample information is provided in Supplementary
Table 1. The data utilized in this research are publicly avail-
able and have previously received ethical approval and
informed consent within their original studies.

In this research, the samples for chronic HCV infec-
tion included 176,698 cases, covering 12,454,320 SNPs; for
chronic HCV infection, there were 351,885 cases, covering
19,079,722 SNPs. Cirrhosis samples numbered 178,726,
spanning 12,454,705 SNPs; ALT samples included 437,724
cases involving 4,231,965 SNPs.

Aspartate aminotransferase samples numbered 436,275,
totaling 4,231,525 SNPs; GGT samples encompassed
437,651 cases, totaling 4,231,983 SNPs. Albumin samples
included 357,968 cases containing 10,783,656 SNPs. To-
tal bilirubin samples covered 342,829 cases, encompass-
ing 19,046,135 SNPs; direct bilirubin samples included
372,420 cases, containing 4,206,076 SNPs.

Data quality control and cleaning process

To ensure the reliability of the results, we implemented
arigorous data cleaning and quality control process. First,
missing data were handled using multiple imputations
by chained equations (MICE), pooling results across im-
puted datasets to address uncertainty. Variables with over
10% missing data were excluded. Outliers were identified
and removed using z-score analysis. To control for popula-
tion stratification, principal component analysis (PCA) was
used without rotation, selecting components to explain
at least 95% of the variance and removing outliers exceed-
ing +3 standard deviations (SDs) on key components. Ge-
netic variants were filtered based on stringent criteria: call
rates above 95%, minor allele frequencies of at least 1%
and Hardy—Weinberg equilibrium at p > 1 x 107°. Finally,
duplicate records were removed, inconsistencies resolved
through cross-validation and logical checks, and con-
tinuous variables were normalized as necessary. These
steps minimized bias and enhanced the robustness of our
findings.

Analysis method

The selection of instrumental variables (IV) is based
on genetic variants associated with cirrhosis and liver
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biomarkers. The filtering criterion for these variables
is set at a p-value of less than 5e-08. Should no instru-
mental variables meet this threshold, the threshold is ad-
justed down to a minimum of 5e-6.1>17 These variants are
derived from multiple studies targeting specific popula-
tions, with strict linkage disequilibrium (LD) filtering ap-
plied to ensure the independence of variants, using an LD
threshold of r? < 0.001.1%% The MR analysis is conducted
using the TwoSampleMR 0.5.7 package in R language
(R Foundation for Statistical Computing, Vienna, Aus-
tria), assessing the causal relationship between cirrhosis
and liver biomarkers with HBV and HCV. The analysis
employs methods such as IVW, weighted median and
MR-Egger, integrating various statistical models to en-
hance the reliability and accuracy of the results. Sensi-
tivity analyses are conducted to assess the robustness
of the results. In cases where sensitivity analyses indicate
pleiotropy, the MR-PRESSO test is used to investigate
horizontal gene pleiotropy, excluding outliers for re-
analysis. If pleiotropy persists, such analysis is excluded.

Sensitivity analyses

We also conducted sensitivity analyses, including MR-
Egger regression and the weighted median method, to ac-
count for potential pleiotropy and assess the robustness
of the causal estimates. These techniques helped ensure
that the results were not driven by invalid instrumental
variables that might affect the outcome through pathways
other than the exposure of interest. The bidirectional na-
ture of this analysis provides a comprehensive understand-
ing of the potential feedback loop between genetic variants
and liver disease progression.

Statistical analyses

Statistical significance of study results was determined
using a combination of criteria. A result was considered
statistically significant if the p-value from methods such
as IVW, weighted median or MR-Egger regression was
less than 0.05. Additionally, positive results required beta-
directional consistency across these methods, ensuring
that the effect directions observed were consistent. This
dual criterion of p-value threshold and beta-directional
consistency helped establish the robustness of the causal
inferences.?’ A Q_pval > 0.05 indicated no significant
heterogeneity among the included studies. In such cases,
both fixed-effects and random-effects IVW models are
appropriate. Conversely, when heterogeneity is present
(Q_pval < 0.05), either the IVW random-effects model
or the weighted median method should be applied.?!
A p > 0.05 in the multivariate test means no multivariate
effects. The instrumental variables used in each analysis
are summarized, and the last column shows the F-value
of the instrumental variable, which is usually considered
a strong instrumental variable if F > 10.
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Results

Causal analysis of SNPs related to HBV
and HCV

To assess the potential causal effects of cirrhosis and liver
biomarkers on HBV and HCV infections, a multi-sample
MR analysis was initially conducted, treating cirrhosis and
liver biomarkers as the exposures and HBV and HCV infec-
tions as the outcomes. Variants demonstrating pleiotropic
effects were meticulously identified and subsequently ex-
cluded to ensure the integrity and accuracy of the causal
inference. The analysis using the IVW model depicted
in forest plots indicated a potential causal effect of cirrhosis
on HBV infection (odds ratio (OR) = 1.253; 95% confidence
interval (95% CI): 1.037-1.514; p = 0.019; Fig. 1). Further
analysis and visualization suggested that the trends from
the IVW, MR-Egger and weighted median methods were
consistent and positively correlated, with an OR greater
than 1, suggesting that cirrhosis acts as a potential risk
factor for HBV infection (Fig. 2). As the level of cirrhosis
increases, so does the probability of HBV infection.

Causal analysis of SNPs related to cirrhosis
and liver biomarkers

Subsequently, HBV and HCV were considered as expo-
sures, with cirrhosis and liver biomarkers as outcomes,
to conduct a reverse MR analysis. This approach further
examined the causal relationships between HBV, HCV,
cirrhosis, and liver biomarkers. Variants demonstrating
pleiotropic effects were meticulously identified and sub-
sequently excluded to ensure the integrity and accuracy
of the causal inference. The results indicated a potential
causal relationship between HBV and AST, with significant
findings from the IVW model (OR = 0.972; 95% CI: 0.958—
0.986; p < 0.01; Fig. 3). The trends observed in MR-Egger,
IVW and weighted median analyses were consistent and
negatively correlated, suggesting HBV acts as a potential
protective factor for AST levels, with an increasing prob-
ability of reduced AST levels as HBV increases (Fig. 4).
Similarly, a potential causal relationship was found be-
tween HCV and cirrhosis, with significant results from
the IVW model (OR = 2.213; 95% CI: 1.752-2.796; p < 0.01;
Fig. 3) and consistent trends across MR-Egger, IVW and
weighted median analyses, indicating a positive correlation
(Fig. 5). An OR greater than 1 suggests that HCV is a poten-
tial risk factor for cirrhosis, with an increasing probability
of cirrhosis as HCV levels rise.

Sensitivity analysis on the relationship
between hepatitis, cirrhosis and liver
biomarkers

The sensitivity analysis examined the robustness of as-
sociations between hepatitis B and C infections (chronic)
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Outcome Exposure Method OR(95%Cl) Pval nSNP
Chronic hepatitis B infection Albumin MR Egger 0.917 (0.433 - 1.942)) 0.822 173

Weighted median 1.084 (0.67 - 1.756 ) 0.742
Inverse variance weighted (multiplicative random effects) 1.071 (0.808 - 1.421) 0.631
Simple mode 0.973 (0.326 - 2.905 ) 0.961
Weighted mode 1.176 (0.602 - 2.298 ) 0.636
Chronic hepatitis C infection Albumin MR Egger 0.701 (0.417 - 1.179) 0.183 172
Weighted median 0.769 (0.589 - 1.004 ) 0.054
Inverse variance weighted (multiplicative random effects) 0.895 (0.756 - 1.059 ) 0.195
Simple mode 0.716 (0.397 - 1.292 ) 0.268
Weighted mode 0.716 (0.465 - 1.101) 0.13
Chronic hepatitis B infection ALT MR Egger 0.856 (0.463 - 1.584 ) 0.622 200
Weighted median 1.113(0.738 - 1.678) 0.611
Inverse variance weighted (multiplicative random effects) 1.046 (0.801 - 1.367 ) 0.74
Simple mode 0.976 (0.455 - 2.094 ) 0.951
Weighted mode 0.976 ( 0.587 - 1.622 ) 0.926
Chronic hepatitis C infection ALT MR Egger 0.785(0.538 - 1.146 ) 0.211 194
Weighted median 0.889 (0.694 - 1.137) 0.349
Inverse variance weighted (multiplicative random effects) 0.902 (0.768 - 1.058 ) 0.206
Simple mode 0.883 (0.545-1.43) 0.614
Weighted mode 0.883 (0.628 - 1.242) 0.476
Chronic hepatitis B infection AST MR Egger 1.063 ( 0.559 - 2.021) 0.853 215

Weighted median

Inverse variance weighted (multiplicative random effects)

Simple mode
Weighted mode
MR Egger
Weighted median

Chronic hepatitis B infection Cirrhosis

Inverse variance weighted (multiplicative random effects)

Simple mode
Weighted mode
MR Egger
Weighted median

Chronic hepatitis C infection Cirrhosis

Inverse variance weighted (multiplicative random effects)

Simple mode
Weighted mode
MR Egger
Weighted median

Chronic hepatitis B infection Direct Bilirubin

Inverse variance weighted (multiplicative random effects)

Simple mode
Weighted mode
MR Egger
Weighted median

Chronic hepatitis C infection Direct Bilirubin

Inverse variance weighted (multiplicative random effects)

Simple mode
Weighted mode
MR Egger
Weighted median

Chronic hepatitis B infection GGT

Inverse variance weighted (multiplicative random effects)

Simple mode
Weighted mode
MR Egger
Weighted median

Chronic hepatitis C infection GGT

Inverse variance weighted (multiplicative random effects)

Simple mode
Weighted mode
MR Egger
Weighted median

Chronic hepatitis B infection Total bilirubin

Inverse variance weighted (multiplicative random effects)

Simple mode
Weighted mode
MR Egger
Weighted median

Chronic hepatitis C infection Total bilirubin

Inverse variance weighted (multiplicative random effects)

Simple mode
Weighted mode

1.134 (0.775 - 1.661 ) 0.517
1.02(0.8-1.3) 0.875
1.481(0.623 - 3.524 ) 0.375
1.481(0.793 - 2.767 ) 0.219
1.421(0.605 - 3.337 ) 0.443 10
1.201(1.002-1.44)  0.047*
1.253 (1.037 - 1.514)  0.019*
1.192 (0.915 - 1.553 ) 0.225
1.197 (0.94 - 1.524 ) 0.179
0.942 (0.573 - 1.547 ) 0.817 12
1.116 (1.005 - 1.24 ) 0.04*
1197 (1.079-1.327)  <0.01*
1.146 (0.92 - 1.427 ) 0.25
1.064 (0.921 - 1.23) 0.415
0.979 (0.834 - 1.15) 0799 111
0.952 (0.81-1.118) 0.548
1.024 (0.904 - 1.16) 0.709
1.358 (0.602 - 3.064 ) 0.462
1.013 (0.806 - 1.272 ) 0.914
0.912(0.821 - 1.012) 0085 111
0.95 (0.861 - 1.049 ) 0.308
0.937 (0.854 - 1.029 ) 0.172
1.033 (0.612 - 1.745) 0.902
0.93(0.817 - 1.06 ) 0.278
0.992 (0.744 - 1.322) 0.956 207
1.086 (0.831 - 1.417) 0.546
1.083 (0.918 - 1.276 ) 0.344
1.051 (0.61-1.811) 0.857
1.051 (0.727 - 1.519) 0.791
1.032 (0.916 - 1.163 ) 0602 310
1.065 (0.936 - 1.212) 0.341
0.958 (0.884 - 1.039 ) 0.299
0.765 ( 0.554 - 1.056 ) 0.104
1.057 (0.88 - 1.269 ) 0.556
1.003 (0.859 - 1.17) 0974 114
0.964 (0.842 - 1.103 ) 0.593
1.006 (0.874 - 1.159) 0.928
0.6 (0.234 - 1.54) 0.29
0.922 (0.669 - 1.269 ) 0.619
0.997 (0.651 - 1.527 ) 0.99 107
0.872 (0.635 - 1.198 ) 0.398
0.932(0.755 - 1.152) 0.516
0.832 (0.444 - 1.556 ) 0.565
1.01(0.704 - 1.449 ) 0.956

Fig. 1. Forest plot illustrating the causal relationship between cirrhosis and liver biomarkers in the context of HBV and HCV infections. Liver biomarkers
include alanine aminotransferase (ALT), aspartate aminotransferase (AST), gamma-glutamyl transferase (GGT), albumin, total bilirubin, and direct bilirubin.
Each row represents a distinct outcome or exposure, with red squares indicating odds ratios (ORs) and horizontal lines representing 95% confidence
intervals (95% Cls). The number of single nucleotide polymorphisms (SNPs) used in each analysis is listed in the far-right column

and various liver biomarkers. For hepatitis B, the analysis
indicated significant heterogeneity in the associations with
albumin (Q_pval = 0.0117) and cirrhosis (Q_pval = 0.135),
but not with other biomarkers. The lack of significant plei-
otropy suggests that the associations observed are likely
not confounded by unmeasured variables. However, for
direct bilirubin, significant heterogeneity was observed
without pleiotropic effects (Table 1).

In the context of HCV, there were no significant pleio-
tropic effects across all biomarkers, indicating robust asso-
ciations. Some heterogeneity was noted, particularly with

ALT (Q_pval = 0.0014), cirrhosis (Q_pval = 0.0157) and
total bilirubin (Q_pval = 0.0416), but it was not deemed
substantial as the pleiotropy p-values remained high.
When reversing the analysis by considering HBV
and HCV as outcomes and biomarkers as exposures,
substantial heterogeneity was found across most bio-
markers for both HBV and HCV, indicated by the Q sta-
tistic. The Q_pval was notably low for cirrhosis with
HBYV infection (Q_pval = 0.0056) and for cirrhosis with
HCYV infection (Q_pval = 0.001), suggesting significant
variability in the results. The p-values for pleiotropy
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SNP effect on Cirrhosis

Fig. 2. Scatter plot from a multi-sample Mendelian randomization (MR)
analysis illustrating the effect of cirrhosis on HBV infection. The x-axis
represents the effect size of each single nucleotide polymorphism (SNP)
on cirrhosis, while the y-axis represents the corresponding effect on HBV
infection. Each black dot denotes an individual SNP, with vertical and
horizontal error bars indicating the 95% confidence intervals (95% Cls)
around the SNP effect estimates. The colored lines represent fitted
regression lines for different MR methods, visualizing the overall estimated
causal effect across analytical approaches

Table 1. Results of sensitivity analysis for hepatitis and cirrhosis in relation
to liver biomarkers

Heterogeneity Pleiotropy
Outcome Exposure

0] Q_pval p-value
Albumin 18.051 0.0117 0.5875
ALT 0.056 0.9724 0.1489
AST B ——— 16128 0.4465 0.1968
Cirrhosis hepatitis B 14.9208 0.135 0.0657
Direct bilirubin |~ ™eCTON 28595 0 08586
GGT 11.3052 0.0035 0.9658
Total bilirubin 19.0879 0.0595 0.7307
Albumin 124429 0.1895 04511
ALT 19.6837 0.0014 0.5992
AST chronic 9.7142 0.0838 03519
Cirrhosis hepatitis C 21.8921 0.0157 0.9961
Direct bilirubin | "MeCUON 4678 04563 06284
GGT 16.2286 0.0027 0.4434
Total bilirubin 18.8967 0.0416 0.7776

ALT - alanine transaminase; AST — aspartate aminotransferase;
GGT - gamma-glutamyl transferase.

remained high, indicating no substantial pleiotropic
influences (Table 2).

Discussion

The degree of liver damage in viral hepatitis can be in-
ferred through the measurement of liver biomarkers. This
study employs a bidirectional multi-sample MR approach

J. Huang et al. Hepatitis B and C virus infections

Table 2. Results of sensitivity analysis for cirrhosis in relation to liver

biomarkers and hepatitis
Heterogeneity Pleiotropy

Outcome Exposure

p-value

Q_pval
176.5458 = 03697 06619

Chronic HBV infection

albumin
Chronic HCV infection 175.9681 = 0.3609 0.3332
Chronic HBV infection AT 2124106 = 0.2295 04788
Chronic HCV infection 208.9291 @ 0.1912 0.4289
Chronic HBV infection AST 206.2573 06171 0.8918
Chronic HBV infection 216682 | 0.0056 0.7747
cirrhosis
Chronic HCV infection 29.5115 0.001 0.3552

821133 | 09745 0.2388
1454115 00113 0.2594
2930121 | 05218 0.4654
346.742 | 0.0634 0.0983
149.5429 = 0.0103 0.9017
115.0825 = 0.2357 0.7227

Chronic HBV infection direct
Chronic HCV infection | bilirubin

Chronic HBV infection
GGT
Chronic HCV infection

Chronic HBV infection total

Chronic HCV infection | bilirubin

HBV — hepatitis B virus; HCV — hepatitis C virus; ALT - alanine transaminase;
AST - aspartate aminotransferase; GGT — gamma-glutamyl transferase.

to explore the causal relationships between HBV, HCV,
cirrhosis, and liver biomarkers. Key findings include:
1) a potential causal relationship between cirrhosis and
HBYV, with an increasing likelihood of HBV as cirrhosis
levels rise; 2) a potential causal link between HBV and
AST, where higher HBV levels correspond to a gradual de-
crease in AST levels; and 3) a potential causal relationship
between HCV and cirrhosis, with an increased probability
of cirrhosis as HCV levels rise. Moreover, the MR analysis
indicates no horizontal pleiotropy or heterogeneity and
does not establish a causal relationship between HBYV,
HCYV and other liver biomarkers. This study’s approach
and findings contribute to understanding the genetic
factors underlying the progression from viral hepatitis
to liver cirrhosis, emphasizing the importance of ge-
netic research in uncovering the mechanisms of disease
progression.

During the course of viral hepatitis infections, liver
biomarkers such as levels of transaminases and biliru-
bin, among other inflammation indicators, play a pivotal
role. These markers not only serve as indicators of dis-
ease progression but may also influence the degree of vi-
ral replication and liver damage.?? Previous research into
the relationship between HBV and AST has demonstrated
a close association between AST levels in the blood and
the extent of liver damage. HBV infection damages liver
cells, triggering an immune response. This causes in-
flammation and the release of AST into the bloodstream,
raising serum AST levels.? In studies exploring liver
biomarkers and HCC, including a two-sample MR study
based on observational research, while there was no strong
evidence to suggest a causal relationship between geneti-
cally predicted levels of ALP, ALP and GGT with HCC,
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Outcome Exposure Method
Albumin Chronic hepatitis B infection MR Egger
Weighted median

Inverse variance weighted (multiplicative random effects)

Simple mode
Weighted mode
ALT Chronic hepatitis B infection MR Egger
Weighted median

Inverse variance weighted (multiplicative random effects)

Simple mode
Weighted mode
AST Chronic hepatitis B infection MR Egger
Weighted median

Inverse variance weighted (multiplicative random effects)

Simple mode
Weighted mode
Cirrhosis Chronic hepatitis B infection MR Egger
Weighted median

Inverse variance weighted (multiplicative random effects)

Simple mode
Weighted mode
Direct Bilirubin Chronic hepatitis B infection MR Egger
Weighted median

Inverse variance weighted (multiplicative random effects)

Simple mode
Weighted mode
GGT Chronic hepatitis B infection MR Egger
Weighted median

Inverse variance weighted (multiplicative random effects)

Simple mode
Weighted mode
Total bilirubin Chronic hepatitis B infection MR Egger
Weighted median

Inverse variance weighted (multiplicative random effects)

Simple mode
Weighted mode
Albumin Chronic hepatitis C infection MR Egger
Weighted median

Inverse variance weighted (multiplicative random effects)

Simple mode
Weighted mode
ALT Chronic hepatitis C infection MR Egger
Weighted median

Inverse variance weighted (multiplicative random effects)

Simple mode
Weighted mode
AST Chronic hepatitis C infection MR Egger
Weighted median

Inverse variance weighted (multiplicative random effects)

Simple mode
Weighted mode
Cirrhosis Chronic hepatitis C infection MR Egger
Weighted median

Inverse variance weighted (multiplicative random effects)

Simple mode
Weighted mode
Direct Bilirubin Chronic hepatitis C infection MR Egger
Weighted median

Inverse variance weighted (multiplicative random effects)

Simple mode
Weighted mode
GGT Chronic hepatitis C infection MR Egger
Weighted median

Inverse variance weighted (multiplicative random effects)

Simple mode
Weighted mode
Total bilirubin Chronic hepatitis C infection MR Egger
Weighted median

Inverse variance weighted (multiplicative random effects)

Simple mode
Weighted mode

2051
OR(95%Cl) Pval  nSNP

0.999 (0.99 - 1.008 ) 0.872 9
0.998 (0.994 - 1.003)  0.475
0.997 (0.992 - 1.002) 0272
0.99(0.98-1) 0.075
0.999 (0.994 - 1.004)  0.655

0.969 (0.947-0.992)  0.119 4
0.989(0.976 - 1.002)  0.084
0.993(0.978 - 1.007)  0.332
0.991(0.975-1.007)  0.369
0.988(0.976 - 1) 0.146

0.952(0.931-0.975)  0.054 4
0.969 (0.955-0.983)  <0.01*
0.972(0.958 - 0.986)  <0.01*
0.972(0.956 - 0.988)  0.041*
0.969 (0.955-0.984)  0.026*

0.937(0.773-1.134) 0518 12
1.126 (1.008-1.259)  0.036 *
1.118 (1.007 - 1.241)  0.036 *

1.08 (0.865 - 1.347) 0.512
1.095 (0.962 - 1.246) 0.196
1.002 (0.919 - 1.091) 0.974 4
1.002 (0.981 - 1.023) 0.886
0.994 (0.96 - 1.029 ) 0.726

1.023 (0.984 - 1.063 ) 0.34
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Fig. 3. Forest plot representing the bidirectional Mendelian randomization (MR) analysis between HBV/HCV infections and cirrhosis, as well as associated

liver biomarkers

elevated levels of AST were associated with an increased
risk of HCC.?* This current study, through MR analysis,
identifies a causal relationship between HBV infection and
AST levels, suggesting that HBV infection acts as a poten-
tial protective factor against elevated AST levels. Consid-
ering chronic HBV infection as a significant risk factor
for HCC, it is posited that during the acute phase of HBV
infection, AST levels rise significantly, but as the infection
transitions from acute to chronic, AST levels gradually
normalize.!® This suggests that monitoring AST levels
could provide insights into the extent of liver damage and

progression of disease in HBV patients. However, further
research is needed to corroborate the causal relationship
between HBV and AST.?>?6

In the analysis of the causal relationships between HBV,
HCV and cirrhosis, this study, employing cirrhosis and
liver biomarkers as exposures with HBV and HCV as out-
comes, identifies a causal linkage between cirrhosis and
both HBV and HCV. These viruses cause persistent dam-
age to liver cells through inflammation, leading to liver
fibrosis and, eventually, cirrhosis.?” Previous research, such
as the study by Kamiza et al. employing bidirectional MR
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Fig. 4. Scatter plot from a Mendelian randomization (MR) analysis
illustrating the relationship between HBV infection and aspartate
aminotransferase (AST) levels. The x-axis displays the effect size of each
single nucleotide polymorphism (SNP) on HBV infection, while the y-axis
shows the corresponding effect on AST levels. Each black dot represents
an individual SNP, with error bars indicating the 95% confidence intervals
(95% Cls) for the effect estimates. Colored lines represent fitted regression
lines for different MR methods. Due to the close similarity of some
estimates, the regression lines partially overlap and may not be fully
distinguishable in the plot
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Fig. 5. Scatter plot from a Mendelian randomization (MR) analysis illustrating
the relationship between HCV infection and the risk of cirrhosis. The x-axis
represents the effect size of each single nucleotide polymorphism (SNP)

on HCV infection, while the y-axis indicates the corresponding SNP effect
on cirrhosis risk. Each black dot corresponds to an individual SNP, with error
bars denoting 95% confidence intervals (95% Cls) for the estimated effects.
Colored lines represent regression lines fitted by different MR methods.
Due to the proximity of some estimates, the regression lines partially
overlap and may not be fully distinguishable in the plot

to investigate individuals of East Asian descent in South
Korea, revealed that chronic HBV infection is causally re-
lated to HCC and extrahepatic cancers, marking chronic
HBV infection as a significant risk factor for HCC.?® Ad-
ditionally, GWAS highlighted by Zeng et al. have found
that genetic loci associated with higher levels of HBV
surface antigen increase the risk of cirrhosis, providing

J. Huang et al. Hepatitis B and C virus infections

a genetic foundation for the progression of liver disease
in HBV-infected individuals.?’ The physiological mecha-
nism, which sees prolonged liver inflammation leading
to fibrosis and cirrhosis, supports the causal relationship
between cirrhosis and HBV and HCV infections. It sug-
gests that controlling the progression of HBV and HCV
infections could potentially reduce the risk of cirrhosis.

To ensure the robustness of our findings, we conducted
several sensitivity analyses, including MR-Egger regression
and the weighted median approach. The results were con-
sistent with the main findings, indicating that the observed
associations were reliable. MR-Egger showed no significant
directional pleiotropy, suggesting that the genetic instru-
ments did not introduce bias, while the weighted median
method provided similar estimates, reinforcing the valid-
ity of the results. These findings confirm that potential
biases from pleiotropy were minimal, supporting the ro-
bustness of the study’s conclusions regarding the causal
effects of HBV and HCV on liver biomarkers.

Despite the robustness of our analysis, several potential
sources of bias must be considered. Population stratifica-
tion, where genetic differences between populations may
confound the results, is a key concern, especially given
the use of GWAS data from primarily European popula-
tions. Although PCA was employed to adjust for stratifi-
cation, residual confounding could still be present. Ad-
ditionally, pleiotropy, where genetic variants influence
the outcome through pathways other than exposure, could
introduce bias into MR analyses. While sensitivity analy-
ses, including MR-Egger regression, indicated limited plei-
otropy in this study, it remains a potential source of bias.
Finally, measurement errors in GWAS data, such as inac-
curacies in phenotype classification or exposure variables,
could affect the precision of the causal estimates. Future
studies with more precise phenotypic measurements and
larger, more diverse populations will be necessary to vali-
date these findings further.

The causal links between HBV and HCV infections and
liver biomarkers, such as AST, observed in this study are
supported by well-established physiological mechanisms.
Both HBV and HCV infections are known to cause liver in-
flammation, which leads to elevated AST levels as a result
of hepatocellular injury.3%3! Aspartate aminotransferase
is released into the bloodstream when liver cells are dam-
aged, making it a key marker for liver function and disease
progression.3? Chronic viral infections, such as HBV and
HCYV, can lead to sustained liver damage, cirrhosis and
HCC, further contributing to elevated AST levels.?3 Future
research should focus on elucidating the precise biological
pathways through which HBV and HCV infections affect
liver biomarkers, providing deeper insights into poten-
tial therapeutic targets and enhancing the scientific basis
for the observed causal relationships. Such investigations
could pave the way for clinical applications aimed at moni-
toring and managing liver health in patients with chronic
viral hepatitis.
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Limitations

Despite the broad data sources used in this study, several
limitations need to be acknowledged. First, the reliance
on publicly available GWAS databases introduces a poten-
tial limitation due to the lack of racial and genetic diversity.
As a result, the findings may not be fully generalizable
to populations outside of those predominantly represented
in these datasets. Future studies should aim to incorporate
more diverse populations to assess whether the observed
causal relationships are consistent across different genetic
backgrounds.

Additionally, MR is primarily focused on genetic factors
and does not fully account for the influence of environ-
mental and lifestyle factors, which play a significant role
in the development and progression of liver diseases such
as HBV and HCV. Factors like alcohol consumption, diet and
environmental exposures are crucial contributors to liver
health, and their exclusion may limit the comprehensiveness
of the findings. Future research should consider incorporat-
ing multifactorial approaches that integrate genetic, envi-
ronmental and lifestyle factors to provide a more complete
understanding of the risks associated with liver disease.

Moreover, MR analysis is based on key assumptions,
including the strong association between genetic variants
and the exposure of interest, as well as the independence
of these variants from confounders. In practical applica-
tions, these assumptions may not always hold, potentially
introducing bias into the results.

Finally, while this study primarily focuses on genetic
factors, a more comprehensive approach involving mul-
tifactorial models could offer a deeper understanding
of the interactions between genetics, environmental fac-
tors and lifestyle in the context of HBV, HCV and liver dis-
ease progression. These approaches can help identify more
nuanced risk factors and inform targeted strategies for
prevention and treatment. In future research, expanding
the population diversity, incorporating environmental and
lifestyle data and using more advanced analytical models
will be important steps toward overcoming the limitations
identified in this study.

Conclusions

The results from this study may help identify potential
therapeutic targets for managing liver diseases in patients
with chronic viral hepatitis and contribute to the growing
field of precision medicine in hepatology. By employing
MR to analyze the causal relationships between HBYV,
HCV, liver biomarkers, and cirrhosis, this research sug-
gests that monitoring AST levels can evaluate the ex-
tent of liver damage due to HBV infection, emphasizing
the importance of controlling the progression of HBV and
HCV infections in preventing cirrhosis. It provides new
insights into the genetic basis of liver disease progression,
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paving the way for future genetic research in liver diseases.
Monitoring AST levels may serve as a valuable indicator
of liver damage progression in chronic HBV infection
and could inform treatment strategies aimed at prevent-
ing cirrhosis.
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Abstract
Background. Polycystic ovary syndrome (PCOS) is a complicated endocrinological disorder.

Objectives. We investigated the ferroptosis-requlated role of MALATT and its potential modulatory mecha-
nisms in granulosa cells (GCs).

Materials and methods. Reverse transcripton quantitative polymerase chain reaction (RT-qPCR) was
used to measure the relative expression of MALAT1/miR-155-5p/PAK2 in KGN cells after transfection. Online
bioinformatic analysis was performed to predict the interactions between MALAT1/PAK2 and miR-155-5p.
Dual luciferase assays were performed for relative luciferase activity in cell groups co-transfected with
the pmiRGLO plasmids containing wild type (wt) or mutant type (mt) of MALATT (MALAT1-wt, MALAT1-mt),
SIRNA targeting MALAT1(si-MALAT1) miR-155-5p inhibitor or their control was transfected into KGN cells
using Lipofectamine 2000. After 48 h, the transfected cells were collected for the following experiments.
Cell viability and apoptosis were measured using Cell Counting Kit-8 (CCK-8) and flow cytometry. Malo-
ndialdehyde (MDA) level and reduced glutathione (GSH) / oxidized glutathione disulfide (GSSG) ratio were
detected using commercial kits. Western blot was used to measure the relative protein changes in PAK2,
SLC7ATT and GPX4.

Results. Knockdown of MALATT decreased cell viability, increased apoptosis and ferroptosis, which was
reversed by miR-155-5p inhibition. MALATT downregulation inhibited PAK2, while miR-155-5p inhibition
activated PAK2. The increase of relative luciferase activity in cells transfected with MALAT1-wt or PAK2-wt
and miR-155-5p inhibitor suggests the bindings between miR-155-5p and MALATT or PAK2.

Conclusions. This study revealed a novel ferroptosis-modulated role of MALATT in PCOS in vitro via interac-
tions with miR-155-5p/PAK2. Further in vivo and clinical studies are needed to validate these in vitro findings
and fully assess the therapeutic potential of MALATT in PCOS.

Key words: PCOS, ferroptosis, MALATT, PAK2
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Highlights

in ovarian physiology.

network critical for granulosa-cell function.

+ MALAT]1 controls ferroptosis in KGN granulosa cells, uncovering a novel IncRNA-driven cell-death pathway

+ Reduced MALAT]1 expression links to polycystic ovary syndrome (PCOS)-associated ovarian dysfunction, high-
lighting its potential as a biomarker and therapeutic target in PCOS.
+ MALATI sponges miR-155-5p to upregulate PAK2 in KGN cells, defining a MALAT1/miR-155-5p/PAK2 ceRNA

Background

Polycystic ovary syndrome (PCOS) is a complex endo-
crinological disorder affecting 8—13% of reproductive-aged
women worldwide, with approx. 70% of cases remaining
undiagnosed.? As an ovulatory disorder, PCOS is char-
acterized by irregular menstrual patterns, metabolic dis-
turbances and hyperandrogenism. However, the precise
causes of PCOS remain unclear, and there is an urgent
need for accurate and efficient diagnostic methods.>* Be-
yond known risk factors such as obesity, elevated testos-
terone levels and male-pattern balding, previous studies
have reported numerous genetic and protein alterations
in patients with PCOS.>® An increasing body of research
suggests that noncoding RNAs may play an important
role in the pathogenesis of PCOS.” For example, long
non-coding RNA (IncRNA) BBOX1 antisense RNA1
(AS1) has been found to be upregulated in the follicular
fluid of PCOS patients and is known to promote the pro-
liferation of granulosa cells (GCs) by downregulating
miR-19b.2 LncRNA HLA-F-AS1 is downregulated, while
microRNA-613 expression is increased in the follicular
fluid of PCOS patients; overexpression of HLA-F-AS] has
been shown to promote GC proliferation by inhibiting
miR-613.° Metastasis-associated lung adenocarcinoma
transcript-1 (MALAT1) has been found to be downregu-
lated in peripheral blood leukocytes from obese PCOS
patients!® and similarly decreased in GCs from PCOS
patients.!"!2 Previous studies have demonstrated that,
in vitro, MALAT1 can regulate the viability and apopto-
sis of GCs and the human granulosa-like tumor cell line
(KGN).13In PCOS rat models, MALAT1 is also downregu-
lated in ovarian tissues, and upregulation of MALAT1 has
been shown to protect against PCOS via the miR-302d-
3p/LIF axis.* Mechanistically, MALAT1 modulates KGN
cells and GCs in vitro through miR-125b/miR-203a/TGF(
signaling pathways.!? In GCs and KGN cells, MALAT1
promotes the degradation and ubiquitination of p53,
thereby regulating cell proliferation and apoptosis.!® Re-
cently, increased ferroptosis has been identified as being
correlated with PCOS.”!¢ Ferroptosis in PCOS is associ-
ated with impaired mitochondrial dynamics, overproduc-
tion of proinflammatory cytokines and elevated oxidative
stress.t” In PCOS rat models, inhibition of ferroptosis has

been shown to significantly alleviate PCOS symptoms.”8
However, it remains unknown whether MALAT1 plays
a role in mediating ferroptosis in KGN cells or GCs.

Objectives

Interestingly, using online bioinformatic tools, we identi-
fied that PAK2 may be regulated by MALAT1 through com-
petitive binding to miR-155-5p. Downregulation of PAK2
in PCOS ovarian tissues has been shown to trigger oxidative
stress via the Nrf2/HO-1 pathway and mediate apoptosis
in KGN cells through the p-catenin/c-Myc/PKM2 signal-
ing axis.” Additionally, miR-155-5p has been reported
to enhance glycolysis in KGN cells, which may be linked
to increased cell proliferation.?’ Based on these findings,
we hypothesized that MALAT1 may play a regulatory role
in the proliferation, apoptosis and ferroptosis of KGN cells
through the miR-155-5p/PAK2 axis. This study primarily
employed in vitro experiments to validate this hypothesis.

Materials and methods
Bioinformatic analysis

The StarBase online database (https://rnasysu.com/en-
cori/agoClipRNA.php?source=IncRNA) was used to predict
the binding sites between MALAT1, PAK2 and miR-155-5p.
First, the potential binding sites between MALAT1 and miR-
155-5p were predicted using the miRNA-Target (IncRNAs)
option. Next, the binding sites between miR-155-5p and PAK2
were predicted using the miRNA-Target (nRNA) option.

Cell culture and transfection

The KGN cells (cat. No. CL-0603; Procell, Wuhan, China)
were cultured in DMEM/F12 medium supplemented with
10% fetal bovine serum (FBS) in a cell incubator (Thermo
Fisher Scientific, Waltham, USA) at 37°C with 5% CO,.
The siRNA targeting MALAT1 (si-MALAT1) and its nega-
tive control (si-NC), as well as the miR-155-5p inhibitor and
its corresponding control (Ctrl inhibitor), were designed
and synthesized by GenePharma (Suzhou, China). Cells
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were seeded in 24-well plates, and si-MALAT1, miR-155-5p
inhibitor or their respective controls were transfected into
KGN cells using Lipofectamine 2000 (cat No. 11668030;
Thermo Fisher Scientific). After 48 h, the transfected cells
were collected for subsequent experiments.

CCK-8 method

Cells were seeded into 96-well plates at a density of 2,500
cells per well. Each experimental group included at least
3 replicates, along with control wells and blank wells con-
taining culture medium only. On the 2" day, 10 uL of Cell
Counting Kit-8 (CCL-8) working solution (cat. No. G1613;
Sevicebio, Wuhan, China) was added to each well con-
taining 90 puL of culture medium. The plates were then
incubated for an additional 1.5 h in a cell incubator, af-
ter which the optical density (OD) values were measured
at a wavelength of 450 nm using a microplate reader (MK;
Thermo Fisher Scientific).

Apoptosis analysis

After transfection, cells were collected and centrifuged
at 500 g for 5 min at 4°C. Apoptosis was assessed using
the Annexin V-FITC/PI Apoptosis Kit (cat No. G1511; Ser-
vicebio). The binding buffer was precooled to 4°C and used
to resuspend the cells at a density of 3 x 10° cells/mL. To each
100 pL of cell suspension, 5 pL of Annexin V-FITC and
5 pL of propidium iodide (PI) were added. After incubating
in the dark at room temperature for 10 min, 400 pL of bind-
ing buffer was added. Cell apoptosis was then evaluated using
a flow cytometer (CytoFlex; Beckman Coulter, Brea, USA).

RNA extraction

Total RNA was extracted from the cell samples in each
group using the TRIzol Kit (cat. No. R0O016; Beyotime,
Shanghai, China). Briefly, cells were lysed in TRIzol, fol-
lowed by the addition of 100 uL of chloroform replacement
(cat. No. G3014-01; Servicebio) to every 1 mL of RNA ex-
traction mixture. After vortexing for 15 s, the mixture was
left at room temperature for 5 min and then centrifuged
at 12,000 g for 15 min at 4°C. The upper colorless aqueous
phase was carefully transferred to new centrifuge tubes,
and total RNA was precipitated using isopropanol. Sub-
sequently, 75% ethanol was added to remove residual salts
and isopropanol. The RNA pellet was dissolved in dieth-
ylpyrocarbonate (DEPC)-treated water. The concentration
and purity of total RNA were measured with ultraviolet
spectrophotometry at A260.

Reverse transcription quantitative
polymerase chain reaction

The BeyoFast™ SYBR Green One-Step RT-qPCR Kit (cat.
No. D7268S; Beyotime) was used to measure the relative
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expression of MALAT1, with GAPDH as the internal
reference, using total RNA as the template. According
to the manufacturer’s protocol, a 20 uL reaction system
was prepared for each well in a 96-well plate, consisting
of 10 uL SYBR Green One-Step Reaction Buffer (x2), 2 puL
Enzyme Mix (x10), 2 pL Primer Mix (3 uM each), 2 puL
RNA template, and RNase-free water to a final volume
of 20 pL. The reverse transcription quantitative poly-
merase chain reaction (RT-qPCR) cycling conditions were
set as follows: reverse transcription at 50°C for 30 min,
pre-denaturation at 95°C for 2 min, followed by 40 cycles
of denaturation at 95°C for 15 s and annealing/extension
at 60°C for 15-30 s. Primers used in this study were synthe-
sized by Sangon Biotech (Shanghai, China) and included
the following sequences:

MALATI1 Forward (F):
5-GCTCTGTGGTGTGGGATTGA-3}

MALATI1 Reverse (R):
5-GTGGCAAAATGGCGGACTTT-3}

GAPDH Forward (F):
5-GGTGGTCTCCTCTGACTTCAACA-3}

GAPDH Reverse (R):
5-CCAAATTCGTTGTCATACCAGGAAATG-3.

For miR-155-5p, the RT-qPCR analysis was performed
using the miRNA 1st Strand cDNA Synthesis Kit (by stem-
loop) (cat. No. MR101-01; Vazyme, Beijing, China) and
the miRNA Unimodal SYBR qPCR Master Mix Kit (cat.
No. MQ102-C1; Vazyme), with U6 as the internal refer-
ence. The cDNA synthesis reaction system included 10 puL
RNA template, 1 L RT primer (2 uM), 2 uL RT Mix, 2 pL
HiScript II Enzyme Mix, and RNase-free ddH,O to the fi-
nal volume. The reaction was carried out under the fol-
lowing conditions: 25°C for 5 min, 50°C for 15 min and
85°C for 5 min. The RT primer used for miR-155-5p was
5-GTCGTATCCAGTGCAGGGTCCGAGGTATTCG-
CACTGGATACGACAACCCC-3. The qPCR primers for
miR-155-5p were:

Forward (F): 5-CGCGTTAATGCTAATCGTGATA-3

Reverse (R): 5-AGTGCAGGGTCCGAGGTATT-3.

The qPCR reaction system consisted of 10 pL 2x miRNA
Unimodal SYBR qPCR Master Mix, 0.4 puL forward primer,
0.4 pL reverse primer, 2 pL cDNA template, and RNase-
free ddH,O to the final volume. The qPCR cycling condi-
tions were as follows: 95°C for 10 s, followed by 40 cycles
of 95°C for 10 s and 60°C for 30 s. Relative expression levels
were analyzed using the 2-24¢T method in Microsoft Excel
2013 (Microsoft Corp., Redmond, USA).

Western blot

Total proteins were extracted using RIPA with supple-
mentation of phenylmethylsulfonyl fluoride (PMSF) on ice
(cat. No. PO013B; Beyotime). The protein concentration
was determined using bicinchoninic acid (BCA) kit (Bioss,
Beijing, China). Then 5 x loading buffer was added and
the protein samples were boiled for 20 min. Sodium dodecyl
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sulfate—polyacrylamide gel electrophoresis (SDS-PAGE)
method was used to separate the proteins. The proteins
on the gel were then transferred onto polyvinylidene difluo-
ride (PVDF) membranes. Tris-buffered saline with Tween
(TBST) was used to dilute the skim milk to 5%, which was
then used to block the membranes for 1 h at 37°C. The pri-
mary antibodies were diluted using TBST at 1:1,000, which
included the anti-GPX4 (cat. No. bs-3884R; Bioss), anti-
SLC7A11(cat. No. bs-6883R; Bioss) and anti-PAK2 (cat.
No. 19979-1-AP; Proteintech, Wuhan, China). The anti-
GAPDH was diluted at 1:10,000 (cat. No. bs-10900R; Bioss).
The primary antibodies were used to incubate the mem-
branes for 1 h at 37°C. TBST was used to wash the mem-
branes for 3 times, 5 min each time. The secondary an-
tibody (cat. No. AB0101; Abways, Shanghai, China) was
diluted at 1 : 20,000 using TBST and was used to incubate
the membranes for 1 h at room temperature. The mem-
branes were washed using TBST 3 times, 8 min each time.
The eclectrochemiluminescence (ECL) kit was applied onto
the membranes, and the immunoblotting image was taken
on an ECL imaging machine (Servicebio). Image] (National
Institutes of Health (NIH), Bethesda, USA) was used to ana-
lyze the grey values.

Dual-luciferase reporter gene assays

Plasmids containing the wild-type and mutant sequences
of MALAT1 (MALAT1-wt, MALAT1-mt) and PAK2
(PAK2-wt, PAK2-mt) were constructed using the pmiR-
GLO vector (Promega, Madison, USA). The KGN cells were
transfected with MALAT1-wt/mt or PAK2-wt/mt along
with either the miR-155-5p inhibitor or control inhibitor
using Lipofectamine 2000. The Dual Luciferase Reporter
Assay Kit (cat. No. RG028; Beyotime) was used following
the manufacturer’s instructions, and dual luciferase activ-
ity was measured using a laboratory luminometer.

Analysis of MDA and GSH/GSSG ratios

The MDA Kit (cat. No. S0131S; Beyotime) and the GSH/
GSSG Ratio Detection Kit (cat. No. S0053; Beyotime)
were used following the standard procedures provided
by the manufacturer. Briefly, malondialdehyde (MDA) levels
were measured colorimetrically at 532 nm using a laboratory
spectrophotometer, according to the product instructions.
Total glutathione levels and reduced glutathione (GSH) levels
were measured on a microplate reader at 405 nm. Oxidized
GSH levels were calculated by subtracting the measured GSH
levels from the total glutathione levels.

Statistical analyses

A non-normal distribution was assumed due to the small
sample size. Briefly, the statistical significance of differ-
ences was assessed using the Kruskal-Wallis test with
Dunn’s post hoc analysis for multiple group comparisons
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and the Mann—Whitney U test for two-group compari-
sons, performed using GraphPad Prism 8 (GraphPad Soft-
ware, San Diego, USA). Statistical analysis results were
presented in the supplementary tables. All experiments
were performed in triplicate. Basic calculations, including
relative expression levels, protein expression, and lucifer-
ase activity, were conducted using Microsoft Excel 2013
(Microsoft Corp.). Figures were generated using Graph-
Pad, with triplicate data displayed as scatter plots showing
the median and range. A p < 0.05 was considered statisti-
cally significant.

Results

Downregulation of MALAT1 is associated
with increased apoptosis and ferroptosis
in KGN cells

We confirmed using RT-qPCR that MALAT1 expression
was significantly reduced in KGN cells transfected with
siRNA targeting MALATI, showing a fold change (Fc)
of 0.320 +0.040 (Fig. 1A). Downregulation of MALAT1
reduced cell viability and induced apoptosis in KGN cells
(Fig. 1B-E). Additionally, MALAT1 knockdown increased
MDA content and decreased the GSH/GSSG ratio in KGN
cells (Fig. 2A,B).

Western blot analysis was performed to assess changes
in the relative protein expression levels of the anti-ferrop-
tosis markers SLC7A11 and GPX4. The results showed that
knockdown of MALAT1 significantly inhibited the expres-
sion of both SLC7A11 and GPX4 in KGN cells (Fig. 2C-E).
Taken together, these findings indicate that MALAT1
knockdown induces both apoptosis and ferroptosis
while reducing cell viability in KGN cells. Furthermore,
MALAT1 was found to modulate PAK2 expression in KGN
cells by competitively acting as a molecular sponge for miR-
155-5p. Bioinformatic analysis using the StarBase online
database predicted the binding sites between MALAT1/
PAK2 and miR-155-5p (Fig. 3A,B). Based on the predicted
binding sites, pmiRGLO plasmids containing MALAT1-
wt/mt and PAK2-wt/mt were constructed. Dual-lucifer-
ase activity assays were performed after KGN cells were
transfected with MALAT1-wt/mt or PAK2-wt/mt along
with either the miR-155-5p inhibitor or control inhibitor.
The results revealed that relative luciferase activity was
significantly enhanced in cells transfected with MALAT1-
wt and miR-155-5p inhibitor (Fig. 3C) and was similarly in-
creased in cells transfected with PAK2-wt and miR-155-5p
inhibitor (Fig. 3D). These findings verified the direct bind-
ing interactions between MALAT1/PAK2 and miR-155-5p
in KGN cells. Furthermore, downregulation of MALAT1
in KGN cells led to a significant increase in miR-155-5p
expression (fold change, 2.39 +0.22; Fig. 3E). Inhibition
of miR-155-5p increased PAK2 mRNA expression (fold
change, 1.94 +0.15; Fig. 3F) as well as PAK2 protein levels
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Fig. 1. Downregulation of MALAT1 is associated with apoptosis and ferroptosis in human granulosa cell line (KGN cells). KGN cells were transfected with
SIRNA targeting MALAT1 (si-MALAT1) and its control (si-NC). A. Cells were collected for reverse transcription quantitative polymerase chain reaction
(RT-gPCR) analysis; B. Cell viability assessment; C-E. Apoptosis analysis. The statistical significance of differences was analyzed using the Kruskal-Wallis test
with Dunn’s post hoc for multiple group comparisons, and the Mann-Whitney U test for comparisons between 2 groups. Data are presented as scatter
plots with median and range lines; p < 0.05 was considered statistically significant

(Fig. 4B). The mRNA expression level of PAK2 was sup-
pressed by MALAT1 knockdown (fold change, 0.49 +0.05)
but was restored by co-treatment with the miR-155-5p
inhibitor (fold change, 0.92 £0.07) in KGN cells (Fig. 4A.
Similarly, MALAT1 knockdown reduced PAK2 protein
levels, which were reversed upon miR-155-5p inhibition
(Fig. 4A,C). Taken together, these results demonstrate that
MALAT]1 regulates PAK2 expression by competitively
binding to miR-155-5p.

miR-155-5p downregulation enhances
cell viability and inhibits apoptosis
and ferroptosis

Inhibition of miR-155-5p significantly increased cell
viability and reduced apoptosis in KGN cells (Fig. 5). Addi-
tionally, downregulation of miR-155-5p decreased MDA
content, increased the GSH/GSSG ratio, and elevated
the protein expression levels of GPX4 and SLC7A11
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MDA - malondialdehyde; GSH - reduced glutathione; GSSG - oxidized glutathione disulfide.

in KGN cells (Fig. 6), suggesting that miR-155-5p down-
regulation also reduces ferroptosis in KGN cells.

Downregulation of miR-155-5p reverses
the impacts of MALAT1 knockdown
in KGN cells

As described above, knockdown of MALAT1 reduced
cell viability and induced apoptosis and ferroptosis in KGN
cells. We further validated that inhibition of miR-155-5p
could reverse the effects of MALAT1 knockdown in these
cells (Fig. 7). Specifically, the reduction in cell viability

caused by MALAT1 knockdown was restored by miR-
155-5p downregulation (Fig. 7A), and the increase in apop-
tosis induced by MALAT1 knockdown was reversed
by miR-155-5p inhibition (Fig. 7B—E). The increase in MDA
content induced by MALAT1 knockdown was reversed
by miR-155-5p inhibition (Fig. 8A). Similarly, the reduc-
tions in the GSH/GSSG ratio and the relative protein ex-
pression levels of GPX4 and SLC7A11 caused by MALAT1
knockdown in KGN cells were restored by downregulation
of miR-155-5p (Fig. 8B—E). These findings demonstrate
that miR-155-5p inhibition can effectively reverse the im-
pacts of MALAT1 knockdown in KGN cells.
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Discussion

The significance of this study lies in its investigation
of MALATT’s role in regulating apoptosis and ferroptosis
in KGN cells, providing new insights into the pathophysi-
ology of PCOS. Prior research has shown that MALAT1

downregulation is associated with increased apoptosis and
decreased proliferation in GCs, contributing to ovary dys-
function in PCOS.1>* Abnormal GC death, particularly
through apoptosis, has been identified as a key factor driv-
ing disrupted folliculogenesis in PCOS, ultimately leading
to anovulation and infertility.?? Ferroptosis, a relatively
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MDA — malondialdehyde; GSH - reduced glutathione; GSSG - oxidized glutathione disulfide.
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newly characterized form of programmed cell death dis-
tinct from apoptosis, is marked by iron-dependent lipid
peroxidation.??3 In recent years, studies have found that
ferroptosis-related genes are dysregulated in GCs from
PCOS patients and that inhibition of ferroptosis can al-
leviate PCOS symptoms in animal models.”?! Interest-
ingly, another study reported that MALAT1 knockdown
promotes ferroptosis in ectopic endometrial stromal cells
in endometriosis, suggesting a potential connection be-
tween MALAT1 and ferroptosis regulation.?

In PCOS, ferroptosis-related genes have been linked
to impaired oocyte quality.?* Enhanced ferroptosis in ovar-
ian GCs from PCOS patients is associated with oocyte
dysmaturity, increasing the risk of infertility.?® GPX4 acts
as a key antioxidant regulator of ferroptosis by reducing
reactive oxygen species (ROS) accumulation and enhanc-
ing cellular resistance to ferroptosis.?” Additionally, GSH
is synthesized from cysteine via the System Xc~ (compris-
ing SLC7A11 and SLC3A2) and the transsulfuration path-
way, with GSH consumption leading to GPX4 inactiva-
tion.?® SLC7A11, an upstream modulator of ferroptosis,

inhibits lipid peroxidation accumulation and protects cells
from ferroptosis by increasing cysteine availability and
facilitating GSH synthesis.?

Recent studies have begun exploring ferroptosis-related
regulatory mechanisms in PCOS using both cell and
animal models. For example, PPAR-a has been shown
to inhibit ferroptosis in GCs by interacting with FADS2,
reducing MDA levels, and increasing GSH and GPX4 ex-
pression.??> miR-93-5p has been identified as a potential
target in PCOS, as it can promote apoptosis and ferroptosis
in GCs.3%3! However, to date, no studies have specifically
examined the role of MALATT1 in ferroptosis regulation
within the context of PCOS. In this study, we demon-
strated that downregulation of MALAT1 in KGN cells
reduces GSH, GPX4 and SLC7A11 levels, thereby promot-
ing ferroptosis. This reveals a previously uncharacterized
ferroptosis-related function of MALAT1 in the pathophys-
iology of PCOS in vitro. Furthermore, our research builds
on previous findings by elucidating a novel MALAT1/
miR-155-5p/PAK2 regulatory axis in KGN cells, expand-
ing the understanding of MALAT’s role as a competing
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endogenous RNA (ceRNA). While the ceRNA function
of MALAT1 has been established in various biological
contexts, e.g., sponging miR-211-5p to regulate FOXO3
in H,O,-induced GCs,3? regulating the MALAT1/miR-
212-5p/MyD88 axis in osteoarthritis,® and controlling
the MALAT1/miR-216a-5p/FOXA1 pathway in prostate
cancer,® our study is the first to report MALAT1’s modu-
lation of miR-155-5p and its downstream effects on PAK2
in KGN cells.

Previous studies have shown that miR-155-5p is differ-
entially expressed in follicular fluid exosomes from PCOS
patients and is involved in glycolysis-related pathways
in KGN cells, potentially influencing cell proliferation and
apoptosis.?’ Additionally, PAK2 has been shown to upregu-
late PKM2, a key glycolysis indicator, thereby mediating
cell proliferation.®® In the context of PCOS, PAK2 has been
implicated in regulating KGN cell apoptosis and prolifera-
tion via the B-catenin/c-Myc/PKM2 signaling pathway.'*3
PAK2 regulates glycolytic processes and cell proliferation
through the B-catenin/c-Myc/PKM2 signaling pathway
in PCOS, underscoring the importance of altered glucose
metabolism in the pathological mechanisms driving PCOS
development.

Limitations

This study has several limitations. Obtained in vitro,
our findings may not fully capture the complex conditions
within the ovary environment in vivo, limiting their direct
applicability to PCOS. Additionally, while we examined
apoptosis and ferroptosis, other cell death pathways, such
as autophagy, might also play roles in GC dysfunction.
Lastly, the absence of clinical validation means the rel-
evance of MALAT1 as a therapeutic target remains uncer-
tain. Future studies should use in vivo models and patient
samples to confirm these results.

Conclusions

This study reveals that MALAT1 regulates apoptosis and
ferroptosis in KGN cells through the miR-155-5p/PAK2
pathway, providing new insights into GC dysfunction
in PCOS. Our findings highlight MALAT1 as a potential
therapeutic target, suggesting that targeting the MALAT1/
miR-155-5p/PAK2 axis could mitigate cellular damage
in PCOS. Further research in animal models and clinical
settings is needed to validate these findings and explore
MALATT’s potential as a treatment target.

Supplementary data

The supplementary materials are available at https://
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Supplementary Table 2. Results of Kruskal-Wallis test
with Dunn’s post hoc test.
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Abstract

Background. Breast cancer (BC) is now the most common malignancy in women. Early detection and
precise diagnosis are essential for improving survival.

Objectives. To develop an integrated computer-aided diagnosis (CAD) system that automatically detects,
segments and classifies lesions in mammographic images, thereby aiding BC diagnosis.

Materials and methods. We adopted YOLOVS5 as the object-detection backbone and used the Curated
BreastImaging Subset of the Digital Database for Screening Mammography (CBIS-DDSM). Data augmentation
(random rotations, crops and flips) increased the dataset to 5,801 images, which were randomly split into
training, validation and test sets (7: 2 : 1). Lesion-classification performance was evaluated with the area
under the receiver operating characteristic (R0C) curve (AUC), precision, recall, and mean average precision
ata 0.5 confidence threshold (mAP@0.5).

Results. The CAD system yielded an mAP@0.5 of 0.417 and an F1-score of 0.46 for lesion detection, achieved
an AUC of 0.90 for distinguishing benign from malignant lesions, and processed images at 65 ps.

Conclusions. The integrated CAD system combines rapid detection and classification with high accuracy,
underscoring its strong clinical value.

Key words: machine learning, mammography, diagnosis, breast cancer
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Highlights

classification in a single pipeline.

diagnostic accuracy.

aided diagnosis.

+ YOLOV5-powered, end-to-end system delivers real-time lesion detection, precise segmentation and malignancy
+ Malignancy classifier posts an area under the curve (AUC) of 0.90 on the independent test set, underscoring strong

+ Precision—recall and F1 curves verify high object-detection performance across a broad spectrum of lesion types.
+ Sub-second inference pairs high accuracy with fast processing, making the platform ideal for clinical computer-

Background

According to the latest statistics from the World Health
Organization (WHO), the number of new breast cancer (BC)
cases worldwide has surpassed that of lung cancer, making
BC the most prevalent cancer among women and account-
ing for nearly 15% of female cancer-related deaths in 2020.!
The etiology of BC encompasses genetic predispositions,
environmental exposures and behavioral factors such as re-
productive history and lifestyle choices. Early detection and
accurate diagnosis are critical for effective treatment and
personalized therapeutic strategies.? Breast cancer diagnosis
can be classified into invasive and noninvasive approaches.
To minimize unnecessary biopsies and reduce patient harm,
low-risk imaging modalities such as mammography, breast
ultrasound and breast magnetic resonance imaging (MRI)
are preferred.? While breast ultrasound demonstrates high
sensitivity for soft tissue masses, it struggles to precisely
delineate the margins of small lesions and detect morpho-
logical changes in microcalcifications, requiring substantial
operator expertise. Although breast MRI provides high-
resolution images, its high cost and lengthy examination
time limit its utility as a routine screening tool. In contrast,
mammography offers advantages such as affordability, rapid
examination times and sensitivity in detecting breast masses
and calcifications, enabling early identification of small
tumors. It is currently recognized as one of the primary
early screening methods for BC.* The American Cancer
Society (ACS) recommends annual mammographic screen-
ing for women aged 45 and older, transitioning to biennial
screening at age 55 and beyond.” Despite its advantages,
accurate diagnosis with digital mammography is hindered
by the lesions’ irregular shapes and their subtle density dif-
ferences from surrounding normal tissue. Moreover, manual
review of mammographic images is labor-intensive, time-
consuming, and prone to variability based on the profes-
sional expertise of different radiologists, potentially leading
to misdiagnoses. Studies indicate that approx. 10-30% of BC
cases are overlooked during mammography, with miss rates
reaching up to 50% depending on lesion type and breast
density.® Another study revealed that approx. 50% of prior
mammograms could retrospectively identify lesions upon
follow-up and diagnosis.”

To alleviate the workload of radiologists, enhance
screening efficiency and minimize missed or incorrect
diagnoses caused by subjective factors, computer-aided
diagnostic (CAD) systems have emerged as essential
auxiliary tools for radiologists. These systems integrate
medical imaging with computer vision techniques to as-
sist in the early detection and precise treatment of breast
lesions. Early CAD technologies relied on large-scale
data analysis and training based on patients’ pathological
features, constructing detection and recognition models
through statistical inference. However, the diagnostic ac-
curacy of these methods was relatively limited. In recent
years, with advancements in technology, numerous studies
have incorporated the concept of neural networks into
CAD systems, introducing deep learning — a multi-layer
neural network-based approach for model training.® Deep
learning models possess the capability to directly extract
high-level image features from raw input images. Several
studies” ! have developed CAD systems tailored for breast
lesion detection, segmentation or classification, achiev-
ing remarkable success in identifying and categorizing
lesions in mammographic images. The models commonly
referenced in the literature are predominantly variations
of Convolutional Neural Networks (CNNs), such as Re-
gion-based Convolutional Neural Networks (R-CNN), Fast
R-CNN and Faster R-CNN.12

However, these models often struggle to detect small le-
sions and exhibit limited real-time detection speed, which
fails to meet clinical requirements. Rapid detection and
accurate classification of lesions in medical images re-
main a pressing issue that require immediate attention
in current research. In 2016, Redmon et al.!® introduced
the initial version of the You Only Look Once (YOLO)
object detection model, and in June 2020, the You Only
Look Once v. 5 (YOLOv5) model was released. The YOLO
model is categorized as a 1-stage object detection algo-
rithm, which completes recognition in a single pass, con-
trasting with the 2-stage detection models. YOLOV5 is cur-
rently recognized as one of the fastest image recognition
algorithms in the field of artificial intelligence (AI) and
has been extensively studied in industrial applications.!*
However, its application in the medical field remains rela-
tively underexplored.
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Objectives

The aim of our study is to develop an integrated CAD
system that incorporates lesion detection, segmentation
and classification using the YOLOv5 model. This model
performs both detection and classification tasks simulta-
neously, features low memory requirements and offers fast
processing speed, thereby facilitating the clinical applica-
tion of CAD systems.

Materials and methods
Study design

Considering that the classification problem is generally
easier than the object detection problem, we first designed
a high-accuracy classification model to directly infer
whether the lesion in the image is benign or malignant,
and then developed an auxiliary object detection model
to provide detailed localization of benign and/or malignant
areas within the image. The YOLOvV5 model was selected
as the base framework due to its efficient architecture and
strong performance in object detection tasks. It uses a sin-
gle neural network to perform both object detection and
classification, making it faster and more efficient compared
to previous versions of YOLO.

In this study, we utilized the Curated Breast Imaging
Subset of the Digital Database for Screening Mammogra-
phy (CBIS-DDSM) (https://www.cancerimagingarchive.
net/collection/cbis-ddsm) as our dataset. This dataset rep-
resents an updated and standardized version of the DDSM
dataset. The DDSM dataset comprises digital mammo-
grams from 2,620 patients, collected across 4 institutions
in the USA. It includes images of both left and right breasts,
categorized into 4 classes: normal, benign, malignant, and
other. Additionally, the dataset provides metadata such
as patient age, breast density and lesion type. The CBIS-
DDSM collection consists of a curated subset of DDSM
data selected by a trained mammographer. The images
have been decompressed and converted to the DICOM
format. Updated region-of-interest (ROI) segmentations,
bounding boxes and pathologic diagnoses for the training
data were also included. For this research, we employed
the CBIS-DDSM database, which encompasses 1,644 ex-
aminations from 1,566 individuals, with 891 cases involv-
ing masses and 753 related to calcifications.’ In our study,
we focused exclusively on mammograms with confirmed
masses. Among the 891 examinations associated with
masses, the majority provided 2 distinct views: the me-
diolateral oblique (MLO) and the craniocaudal (CC).
By incorporating both viewing angles, the total number
of mammographic images increased to 1,592.

To implement our method, we first needed to convert
the original data format into the form required by YOLO.
This involved 3 components: the detection image,
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the corresponding object bounding box and the image
label. Subsequently, the dataset was divided into 3 parts:
the training set, validation set and testing set. The next
step involved training the classification and object detec-
tion models using the training set data. The validation set
data were utilized to select the model with the best per-
formance. Finally, the testing dataset was used to generate
the final results. By leveraging our classification and object
detection models, breast surgeons can better interpret
patient symptoms.

Data preprocess and setting

The CBIS-DDSM dataset was selected as the data-
set for the tumor detection model due to its substantial
sample size, encompassing both benign and malignant
cases of mammograms. However, the original structure
of the dataset is complex, with multiple nested folders con-
taining DICOM files for each mammogram and associ-
ated tumors. These files are named inconsistently, making
it challenging to logically group data based on individual
mammograms and their corresponding ROIs. To address
this issue, a batch sequential architecture was employed
to preprocess the CBIS-DDSM data into a usable format.
A metadata file containing relevant information, such
as filenames and local file paths, was generated and sub-
sequently used to create a single CSV file for training,
testing and validation purposes. The resulting dataset pro-
vides all the necessary information for developing a model
while simplifying the file structure. Generally, the accu-
racy of a deep learning model improves with an increase
in the number of training samples.

After creating the new data structure, we proceeded
to process the data itself. The mammograms in the CBIS-
DDSM dataset contain visual noise, such as annotations
and tape marks, introduced during the original sampling
process. Additionally, the mammograms include large
areas of background, which can unnecessarily extend
processing time. To improve the quality of the mammo-
grams, we removed unwanted noise using morphologi-
cal opening and cropped the images around the breast
region to eliminate excess background. Furthermore,
the mammograms were enhanced to improve the contrast
between intense tumor areas and subtle background tis-
sue. Contrast Limited Adaptive Histogram Equalization
(CLAHE) was employed to enhance image contrast. This
well-established image processing algorithm has proven
effective in improving mammogram detection perfor-
mance.’® The bounding box coordinates for each tumor
in the mammograms were calculated based on the pro-
vided ground truth masks.

Generally speaking, providing a larger number of sam-
ples to a deep learning model tends to improve its accu-
racy. However, this relationship is not always strictly linear
due to factors such as data quality and model complexity.
To prevent overfitting and enhance network performance,
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the training images were subjected to data augmentation
techniques. Specifically, we augmented the dataset by ap-
plying random rotation, random cropping and random
flipping. As a result, the total number of samples was in-
creased to 5,801.

Statistical methods and model
construction

The classification model and the object detection model
in our method share similarities, as both are based on YO-
LOV5. The network structure of the YOLOV5 classification
model is described as follows:

Input layers: The YOLOVS5 classification model accepts
an image of fixed size as input. The input image under-
goes preprocessing and normalization to meet the model’s
requirements.

Backbone network: The backbone network of YOLOvV5
is a CNN designed to extract features from the input im-
age. It consists of several blocks, each containing multiple
convolutional layers with batch normalization and activa-
tion functions.

Neck: The neck component of YOLOv5 aggregates fea-
tures extracted by the backbone network across different
layers. It comprises multiple upsampling and concatena-
tion operations, which merge features from different scales
to enhance multi-scale representation.

Classification head: The classification head of YOLOV5
includes fully connected layers that take the aggregated

BackBone

Neck&Head
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features from the neck as input. This head performs
the classification task by predicting the probability
of the input image belonging to each class.

Output layers: The output layers of YOLOvV5 generate
the final classification results. These layers apply post-
processing operations such as softmax to convert the out-
put scores into probabilities, thereby producing the final
class prediction.

Figure 1 presents an overview of the network archi-
tecture and components of the YOLOv5 model, clearly
illustrating its processing pipeline and utilized modules.
The BottleneckCSP module embodies the residual struc-
ture of the network, enabling the extraction of deep se-
mantic information from images and integrating feature
maps across different scales to enhance network depth.
Additionally, the YOLOv5 model incorporates a simpli-
fied version of the BottleneckCSP (False) module, which
consists of 2 concatenated convolutional layers. The spa-
tial pyramid pooling (SPP) module performs spatial pyr-
amid pooling, involving convolutional operations both
before and after the module. At its core, the SPP layer
includes 4 branches: 3 branches perform max-pooling
operations with kernel sizes of 5 x 5,9 x 9 and 13 x 13,
while 1 branch bypasses pooling entirely. The outputs
from these 4 branches are concatenated via the Con-
cat module and then passed through a convolutional
layer to produce the final output. This design enables
the SPP module to extract critical contextual features
without compromising the model’s speed. In the YOLOvV5
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Fig. 1. Overview of the network architecture and key components of the YOLOv5 model
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network, the path-aggregation network (PANet) module
serves as the header, incorporating 2 upsampling stages
followed by 2 downsampling stages post-convolution.
This sampling mechanism facilitates the fusion of fea-
ture values at various scales, thereby enriching the feature
information.

Experiment

The classification and object detection tasks have dis-
tinct evaluation measures. In the medical field, classifica-
tion evaluation often employs the area under the curve
(AUC), a widely used metric in machine learning for assess-
ing the performance of binary classification models. Area
under the curve quantifies the model’s ability to distin-
guish between positive and negative classes across various
classification thresholds.

In a binary classification problem, the model outputs
a probability score for each sample, representing the like-
lihood of it belonging to the positive class. By adjusting
the classification threshold (i.e., the cut-off probabil-
ity score above which a sample is classified as positive),
the model can generate different combinations of true
positive and false positive rates.

The AUC is computed by determining the area under
the receiver operating characteristic (ROC) curve, which
plots the true positive rate (on the y-axis) against the false
positive rate (on the x-axis) at various classification thresh-
olds. The AUC value ranges from 0 to 1, with higher values
indicating superior model performance.

Object-detection models are typically assessed with
4 key metrics: precision (Pr), recall (Rc), mean average
precision (mAP), and intersection over union (IoU).

Precision: Precision measures the proportion of true
positive detections among all positive predictions. In other
words, it indicates the fraction of predicted detections that
are actually correct. Precision is calculated as:

Pr=TP /(TP + FP)).

Recall measures the proportion of true positive detec-
tions among all actual positive instances in the dataset.
In other words, it indicates the fraction of actual objects
that were correctly detected. Recall is calculated as:

Rc = TP/ (TP + EN)).

Mean average precision (mAP) is a widely adopted
evaluation metric for object detection models, account-
ing for both precision and recall across various confidence
thresholds. Essentially, it quantifies the average precision
achieved by a model at different recall levels. A higher
mAP score signifies superior performance. It is computed
by determining the area under the precision-recall curve.
mARP is calculated as:

Results

The YOLOvV5-based integrated CAD system we devel-
oped for automatic detection, segmentation and classifi-
cation of breast X-ray masses demonstrates outstanding
performance. In the mass-classification task, the system
achieves an AUC of 0.90, underscoring its strong abil-
ity to distinguish among different mass types (Fig. 2A).
The confusion matrix is a critical tool for evaluating clas-
sification model performance, enabling us to identify areas
where the model struggles with predictions. Each column
of the matrix corresponds to an actual category, while
each row represents a predicted category. As illustrated
in Fig. 2B, the horizontal axis denotes “True” categories,
and the vertical axis denotes “Predicted” categories. In this
matrix, the values within each cell represent normalized
probabilities rather than absolute counts, as column-wise
normalization has been applied to transform the raw
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Fig. 2. Area under the curve (AUC) and confusion matrix results for
computer-aided diagnostic (CAD) based on YOLOVS. A. Classification
AUC plot; B. Object detection confusion matrix
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counts into predicted probabilities. These normalized re-
sults are automatically generated by the YOLOv5 model
during the prediction process. For benign lesions, the Rc
is calculated as 0.37/(0.37 + 0.06 + 0.57) = 0.37, while for
malignant lesions, the Rc is 0.42/(0.42 + 0.25 + 0.33) = 0.42.
Notably, the diagonal values of the confusion matrix corre-
spond to the Re for each category. As evident from the data,
the Rc for malignant lesions (0.42) is higher than that for
benign lesions (0.37).

In terms of object detection, we employ the F1 curve,
precision—confidence curve and precision—recall curve
to evaluate the system’s performance. The F1 curve in Fig. 3A
represents the harmonic mean of precision and recall, pro-
viding a comprehensive reflection of the detection system’s
performance. As shown in Fig. 3A, the F1 score reaches its
peak value of 0.46 at a confidence threshold of 0.520. Con-
sequently, this value can be regarded as the optimal confi-
dence threshold. The precision—confidence curve in Fig. 3B
depicts the relationship between precision and confidence.
Higher precision indicates a greater proportion of true posi-
tive samples among those predicted as positive by the model.
By analyzing the precision (P) curve, we can assess the mod-
el’s accuracy across various confidence thresholds. It is evi-
dent that as the confidence level increases, the detection
accuracy also improves correspondingly. Additionally,
the precision—recall curve in Fig. 3C serves as a visual tool
to illustrate the trade-off between precision and recall for
the classification model. By plotting the precision-recall
curve, we can evaluate and compare the model’s perfor-
mance under different classification thresholds and calculate
the mAP to measure overall performance. Here, mAP@0.5
denotes the average mAP value when the Intersection over
Union (IoU) threshold equals 0.5. As depicted in Fig. 3C,
the mAP@0.5 value of our object detection model is 0.417,
indicating that the model performs well.

To visually demonstrate the performance of the CAD
system, Fig. 4 presents a comparison between predicted
results and actual results for several cases. From these
comparison figures, it is evident that the CAD system
successfully detected masses in most cases and classified
them with high accuracy. These results strongly validate
the high performance and practicality of our integrated
CAD system for automatic detection, segmentation and
classification of breast X-ray masses based on YOLOV5.

Discussion

In our study, the integrated CAD system demonstrated
excellent performance in the detection, segmentation and
classification of breast lesions. Indeed, breast lesion detec-
tion is the most critical task in any CAD system, as accurate
identification of suspicious lesions significantly enhances
diagnostic accuracy. In this study, the YOLOV5 deep learn-
ing model, a CNN-based region of interest (ROI) model,
utilizes the features of the entire image to predict bounding
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Fig. 4. Predicted results of case studies using YOLOvV5. A. Ground truth labels for object detection; B. Predicted labels for object detection

boxes for all target classes, enabling end-to-end training
and real-time inference while maintaining high average
accuracy.'* The YOLOv5-based detection model has proven
effective for breast lesion detection in the DDSM database,
capable of directly detecting lesions and accurately an-
choring bounding boxes within mammographic images.
One study had shown that YOLO can handle challenging
detection tasks, such as identifying lesions located within
chest muscles or dense tissues.!” Compared to other mod-
els, the YOLO detection framework demonstrates a lower
false positive rate and significantly reduced testing time and
memory usage, making it more efficient than more complex
deep learning architectures.!® End-to-end lesion detection
and segmentation are essential for reducing false positives
and negatives, thereby enhancing CAD system performance.

Breast lesion classification represents the final stage
of a CAD system, where the primary objective is to clas-
sify breast lesions as either benign or malignant. Deep
learning has become the most widely adopted technol-
ogy for this task. Currently, various architectures of CNN
models, along with stacked autoencoders, have been em-
ployed for the classification of benign and malignant le-
sions in mammographic images. Arevalo et al.!® utilized
a CNN combined with a Support Vector Machine (SVM)
classifier to classify breast masses in mammographic im-
ages, achieving an AUC of 0.86. In contrast, when manually
extracted features were combined with an SVM classifier,

the AUC was only 0.799. This demonstrates that deep
learning-based feature extraction methods, particularly
those based on CNNs, significantly outperform tradi-
tional handcrafted feature extraction techniques, result-
ing in substantially improved classification performance.
Ribli et al.?° proposed a CAD system based on Faster R-
CNN for the detection and classification of benign and
malignant breast lesions. Their model was evaluated and
tested using the INbreast database, achieving an overall
classification accuracy of 95%. However, there have been
relatively few studies exploring the application of YOLO
in breast lesion classification. Our developed target clas-
sification model, based on YOLOVS5, was trained, validated
and tested on the CBIS-DDSM database, achieving an AUC
value of 0.9 in the test set. This result confirms that YO-
LOV5 also exhibits excellent classification performance.
In recent years, several studies have developed integrated
CAD systems based on deep learning that can simultane-
ously perform breast lesion detection, segmentation and
classification. Kooi et al.! developed a CAD system that
integrates deep features with imaging features. This system
first employs conditional random fields (CRF) for lesion de-
tection, followed by region growing to segment the lesion
boundary, and finally uses a CNN for breast lesion classifi-
cation. The CAD system demonstrates excellent diagnostic
performance, achieving an AUC of 0.941. Another study??
proposed an integrated CAD system for breast masses
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that adopts a complex deep learning cascade structure
for lesion detection and segmentation. It utilizes a stan-
dard feedforward CNN to classify breast lesions as benign
or malignant, exhibiting strong diagnostic performance.
Despite the success of these CAD systems in breast mass
diagnosis, certain limitations remain, such as high stor-
age requirements, long prediction times and challenges
in meeting clinical application needs. Our integrated CAD
diagnostic system, developed based on YOLOV5, achieves
a mAP@0.5 of 0.417 in breast lesion detection, an AUC
of 0.9 in breast lesion benign/malignant classification, and
a processing speed of 65 fps. It is characterized by high
detection accuracy and fast processing speed, making
it suitable for clinical applications. YOLO’s high recall
across most categories can be attributed to its single-stage
architecture, grid-based prediction mechanism, utilization
of anchor boxes, balanced trade-offs between speed and
accuracy, end-to-end training approach, extensive data
augmentation techniques, and a carefully designed loss
function. These features collectively enhance YOLO’s abil-
ity to detect objects of various sizes, shapes and positions
with high precision and recall. Notably, the YOLO algo-
rithm has demonstrated high recall in the development
and application of numerous tumor diagnosis models,?3-2
which aligns closely with our research findings.

We applied YOLOvS5, which demonstrates significant
advancements in optimizing and streamlining neural
network architectures. These improvements not only en-
hance the computational efficiency and real-time perfor-
mance of models but also strengthen their robustness and
generalization capabilities. Therefore, we did not further
narrow down the neural network structures. In the evolu-
tion of the YOLO series of algorithms, optimizations and
reductions in neural network architectures are primarily
reflected in 3 key areas. First, efficiency improvements
through layer reduction: Although the number of layers
increased from YOLOvI to YOLOVS5 (e.g., Darknet-53 has
more layers than Darknet-19%°), overall efficiency and real-
time performance were significantly improved by adopt-
ing more efficient convolutional layers and feature extrac-
tion methods. Second, multi-scale prediction and feature
fusion: Starting with YOLOv3 and continuing through
YOLOV4, these versions introduced multi-scale predic-
tion and feature fusion techniques, enhancing the model’s
ability to detect objects of varying sizes and improving
detection accuracy.?”” Lastly, lightweight design: The YOLO
series emphasizes maintaining model performance while
reducing complexity and computational load through
strategies such as using more efficient convolutional ker-
nels and eliminating redundant layers.?®

Limitations
There are still some limitations in this study that warrant

discussion. First, the CBIS-DDSM database used in this study
comprises traditional film-based mammograms that were
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digitized using a scanner. As a result, the images are subject
to high noise levels and represent an incomplete spectrum
oflesion types. Second, the YOLOvV5 model employed in this
study was published in 2022. In recent years, the YOLO series
algorithms have undergone rapid development, with notable
advancements such as YOLOX,% YOLOR,?° PP-YOLO se-
ries,?33 YOLOV6,* YOLOvV7,%> and YOLOv8.3® Whether
these newer models can achieve superior performance in BC
detection and classification remains unexplored in this pa-
per. Third, the training parameters of YOLOv5 were not
fine-tuned in this study, which may limit the model’s po-
tential for further performance improvement.

Conclusions

This study developed an integrated CAD system based
on YOLOV5, encompassing detection, segmentation and
classification tasks, for the automatic diagnosis of breast
lesions in mammographic images. The system demon-
strates high diagnostic accuracy and fast processing speed.
We conclude that the integrated CAD system holds sig-
nificant potential for breast lesion diagnosis. In the fu-
ture, the CAD system proposed in this study will undergo
practical testing to validate its true effectiveness. Future
practical validation will be required to confirm the CAD
system’s real-world clinical effectiveness.
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Abstract

Background. Despite legal advances and the depathologization of transgender identities, transgender
individuals still face significant barriers and discrimination within healthcare systems. A pervasive lack
of training in gender diversity among healthcare professionals often results in uncomfortable, even hostile,
dlinical encounters, exacerbating physical and mental health vulnerabilities. Consequently, fear of stigma and
discrimination leads many transgender people to avoid seeking care, placing their wellbeing at further risk
due to delayed or foregone medical attention.

Objectives. To explore transgender individuals” perceptions of healthcare professionals’ awareness and
responsiveness to their care and support needs in the Valencian Community (Spain).

Materials and methods. We conducted a descriptive qualitative study with a phenomenological ap-
proach in the Valencian Community. Using convenience sampling, we recruited 14 participants. Data were
collected between April and June 2022 via in-depth, semi-structured, open-ended interviews. The study
comprised 2 sequential phases: An initial focus group session, followed by individual interviews conducted
using a snowhall sampling technique.

Results. We identified 3 thematic domains: T1: Experiences of professional care among transgender individu-
als; T2: Impact of cisgender-centric regulations within the healthcare system; T3: Gender diversity education
needs for healthcare professionals.

Conclusions. The transformation of the health system is urgent to ensure inclusive and equitable care for
transgender people. According to the interviews, they consider that better training of professionals will improve
their care. In addition, they highlight the need to reduce bureaucratic barriers, create specific protocols, and
improve access to specialized treatment. Implementing inclusive public policies will contribute to a fairer
and more accessible system.

Key words: qualitative research, social determinants of health, transgender, health disparities, gender
diversity


https://www.doi.org/10.17219/acem/208133

2078

A. Martinez-Sabater et al. Gender identity stories

Highlights

services despite progressive legal reforms.

issues leads to substandard patient experiences.

» Transgender healthcare access in Spain remains restricted: Persistent barriers undermine respectful, equitable
+ Healthcare provider gender diversity training gaps compromise care quality: Insufficient education on transgender

+ Transphobic practices and pathologization persist in the health system: Stereotypes, discriminatory protocols, and
the misclassification of trans identities continue to harm outcomes.

+ Urgent need for targeted professional development and streamlined protocols: Calls for mandatory gender-diversity
curricula, trans-specific clinical guidelines, and reduced bureaucratic hurdles.

« Inclusive public policies and safe care environments are critical: Implementing comprehensive equity-focused
policies and fostering respectful clinical settings will enhance transgender health in Spain.

Background

Despite regulatory advances and the depathologization
of transgender identities, transgender people continue
to face barriers and gaps in access to adequate health-
care.? Although the World Health Organization (WHO)
eliminated “gender dysphoria” as a mental disorder in its
International Classification of Diseases (ICD-11) in 2019,
the reality of healthcare shows that transphobic practices
and widespread ignorance on the part of healthcare person-
nel persist.? The lack of training in sexual and gender di-
versity issues in health sciences careers translates into poor
and sometimes disrespectful care towards this population.*

Stigma remains a fundamental barrier in the healthcare
environment, where the perception of transgender people
as “different” or “problematic” influences the treatment
offered. According to reports from organizations such
as Lambda and FELGTB (Federacién Estatal de Lesbianas,
Gays, Transexuales y Bisexuales), many transgender people
are questioned about their identity or transition process
during medical consultations, which generates an invasive
and dehumanizing experience.® In some cases, healthcare
professionals refer to patients by their name assigned at birth
(or “deadname”), completely ignoring their gender iden-
tity and generating an environment of vulnerability and
mistreatment.®’ These deficiencies profoundly impact
the healthcare system.®? The lack of trained professionals
to address the specific needs of transgender people, such
as psychological accompaniment, hormone support, or care
during the transition period, leads to insufficient and poorly
informed care.!!! From a healthcare approach perspective,
addressing the needs of transgender individuals requires not
only clinical competence but also an institutional commit-
ment to equity.'® This involves the integration of inclusive
care models that ensure continuity, accessibility, and person-
centered services. An affirmative healthcare model recog-
nizes gender diversity, avoids pathologization and fosters
safe spaces where people can receive holistic care, includ-
ing physical, emotional and social wellbeing, without fear
of discrimination.!* This situation affects both the quality

of healthcare and the confidence of transgender patients
in the healthcare system, who often prefer to avoid medical
consultations so as not to expose themselves to situations
of discrimination or discomfort.> Low adherence to medical
treatment becomes therefore a serious risk, as fear of mis-
treatment or misunderstanding leads to many health prob-
lems remaining undiagnosed or untreated.'®

Given this reality, it would be a priority to design inclusive
healthcare protocols and promote the training of health-
care professionals from a trans-inclusive perspective.>!3
Transgender people need to be cared for in a respectful
and safe environment that recognizes their diversity with-
out questioning or pathologizing them.'* For healthcare
professionals, comprehensive training is essential to im-
prove specific clinical knowledge and to foster attitudes
that ensure dignified and empathetic treatment of sexual
and gender diversity, including the proper use of inclusive
language. It should also provide a basic understanding
of the legislation regulating aspects of transgender health,
such as Law 4/2023 of February 28, aimed at ensuring
the accurate and effective equality of transgender people
and safeguarding the rights of LGTBI+ individuals.'® These
actions are essential to build a fairer and more respectful
healthcare system capable of adequately serving everyone,
regardless of gender identity.!

The impact of these shortcomings goes beyond the physi-
cal. Discrimination and stigma in health services gener-
ate a situation of vulnerability that has serious repercus-
sions on the mental health of transgender people.” Several
studies have shown that constant exposure to transphobia
in healthcare settings is related to an increased risk of de-
veloping disorders such as anxiety, depression and increased
rates of suicide and self-harm.'®1 This reality is linked
to the phenomenon known as “minority stress”, which re-
fers to the psychological impact experienced by transgen-
der people as a result of social exclusion, discrimination,
and lack of support. In addition, fear of rejection, mistreat-
ment, or misinformation from health professionals leads
many transgender people to avoid seeking healthcare. This
often results in delayed visits and postponed treatment.
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This avoidance, motivated by previous experiences of dis-
crimination or the perception that professionals are not pre-
pared to care for them adequately, prevents early detection
of diseases, access to crucial treatments® and, in some cases,
the recourse of these patients to unsafe centers or resources.
In the long term, this reluctance to seek medical care results
in a general deterioration of the person’s health. It also in-
creases the risk of untreated chronic diseases, complications
such as infections, and severe mental health problems.?2!

At the structural level, there are also barriers to access
to specialized services and resources.?? Despite attempts
by some autonomous communities to implement trans-
inclusive protocols, many of these initiatives are insuffi-
cient or limited in scope. Transgender people sometimes
have to travel long distances to access gender identity
units or specialized services, which aggravates the pre-
cariousness of their care. Decentralization in the design
and implementation of public health policies generates in-
equalities in the coverage and quality of services, depending
on the territory where they reside. It is urgent to design
inclusive healthcare protocols and promote the training
of health professionals from a trans-inclusive perspective.??
Transgender people need to be cared for in a respectful and
safe environment that recognizes their identities without
questioning or pathologizing them.?* For healthcare profes-
sionals, comprehensive training is required, encompassing
both specific medical knowledge and sensitization to ensure
the dignified and empathetic treatment of sexual and gender
diversity.?> These actions are essential to build a fairer and
more respectful healthcare system capable of adequately
caring for all people, regardless of gender identity.

Objectives

To explore the perceptions of transgender people on
the awareness of healthcare personnel concerning their care
and accompaniment in the Valencian Community, Spain.

Materials and methods
Study design

A descriptive qualitative study with a phenomenologi-
cal approach was conducted to explore and understand
individual human experience within its specific context.?®
This study was based on the theory of relativism, which
holds that all perspectives are personal and valid, and has
been used previously in studies such as Eckstrand et al.?”
Under this approach, it is recognized that people with
LGTBI+ identities have diverse experiences, not a single
reality.?® This study followed the Consolidated Criteria
for Communicating Qualitative Studies (COREQ)* and
the Standards for Communicating Qualitative Research
(Supplementary File 1).
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Experience or role of researchers

The research team consisted of 5 women and 6 men, in-
cluding 4 nurses with qualitative research design experience
(E.G.C.-B, AT-R, P.D.P-H, and M.A.-B) and 2 researchers
with clinical and mental health research experience (P.D.P-
H and J.C.-R). The data were triangulated by 2 external re-
searchers (G.M.-N and R.J.-V). None of the research team
members had any previous relationship with the partici-
pants. At the start of the study, the position of the research-
ers was determined based on their beliefs, previous experi-
ences, theoretical framework, and motivation for the study.

Participants and setting

We employed purposive convenience sampling, recruit-
ing volunteer members of the Transgender group from
Lambda in the Valencian Community. Data saturation was
achieved by the 14" participant, after which no new infor-
mation emerged, rendering further coding unnecessary.?°
Initially, a focus group was conducted with 10 participants.
Subsequently, individual interviews were conducted using
the snowball method until data saturation was reached.
The researchers did not consider it necessary to recruit
more participants. Table 1 presents the demographic data
of the participants.

Data collection instrument

The data were collected in 2 complementary phases
from April to June 2022. First, a focus group was held
at the headquarters of Lambda Valencia, facilitated by 2 re-
searchers (M.A.-B and N.C.-R). The session, which lasted
90 min, allowed for a collective exploration of the partici-
pants’ experiences and perceptions of the study phenom-
enon. We developed a focus group (FG) discussion guide,
informed by existing literature, to address specific topics
of interest (Table 2). Given the subject’s sensitivity, partici-
pants were informed that they could interrupt their par-
ticipation anytime if they experienced emotional discom-
fort. In the 2" phase, semi-structured in-depth interviews
were conducted, following the same guide of questions
used in the focus group. The interviews were conducted
face-to-face, individually, in a comfortable environment
for the participants, with an average duration of 49 min.
Their flexible nature allowed the interviewees to express
themselves freely while the researchers inquired about
emerging aspects. Notes were taken during both phases
to record contextual observations, interactions and meth-
odological reflections. The transcripts of the focus groups
and interviews generated 158,760 written words, providing
a substantial volume of data for analysis. The transcripts
were returned to the participants for additional com-
ments. Finally, all data were securely stored in a digital
location with restricted access, ensuring the confidential-
ity of the information collected (Table 2).
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Table 1. Participant characteristics (n = 14)
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Interviews (1)

interviewees

gender

Focus group (FG)
participants (P) gender
P1 transgender woman 30
P2 transgender woman 25
P3 transgender woman 45
P4 transgender woman 55
P5 transgender man 25
P6e transgender woman 25
P7 transgender man 45
P8 transgender man 25
P9 transgender woman 45
P10 transgender man 25

n transgender woman 35
12 transgender woman 55
13 transgender man 25
14 transgender man 25

P — participant; | - interview.

Table 2. Semi-structured question script

Interview questions

in recent years?

community in general?

does this affect your experience in the healthcare system?

and how did it impact your perception of the healthcare system?

appropriate care?

influenced your trust in the healthcare system?

1. What word or term do you think best represents your gender identity and why? How has your relationship with that term changed over time?
2. How would you describe your overall experience in the healthcare system? Have you noticed any improvements or changes in care for trans people

3. Have you felt respected in terms of your gender identity by healthcare and administrative staff?
4. What difficulties have you faced when trying to access medical services? How do you think these barriers affect the health of the transgender

5. Have you experienced situations in which you have been questioned about your gender identity unrelated to the reason for the consultation? How

6. If you have been hospitalized, what was the experience like in terms of ward assignment and treatment concerning your gender identity?
7. Do you feel that you have ever been pressured to undergo reassignment surgery or other types of treatment? How did that situation make you think,

8. What do you consider essential aspects that healthcare personnel should understand about the reality of transgender people to provide more

9. What aspects would you like to be considered every time you go to a doctor’s office?
10. Can you share a time when you felt discriminated against or, on the contrary, supported in a healthcare setting? How do you think that experience

Data analysis

An iterative and inductive thematic analysis approach
was carried out based on the methodology described
by Braun and Clarke.?! This process allowed data analy-
sis from focus groups, in-depth interviews and field notes,
ensuring the triangulation of information to strengthen
the study’s validity. First, 2 researchers (M.A.-B and
N.C.-R) familiarized themselves with the data by repeat-
edly listening to the audio and independently reading
the focus group transcripts and interviews. In parallel,
they reviewed the field notes taken during data collec-
tion, which provided additional information about the par-
ticipants’ context, interactions and behaviors. During
this initial phase, they made handwritten annotations
to identify connections, key phrases and emerging pat-
terns in the participants’ discourses, enriching the under-
standing of the phenomenon studied. They then proceeded
to highlight and classify statements that directly addressed
the research question, ensuring that the selection of frag-
ments was comprehensive and representative of the vari-
ous perspectives collected. Statements that directly

addressed the research question were then highlighted
and categorized, ensuring that the selection of excerpts
was comprehensive and representative of the multiple
perspectives collected. These fragments were coded us-
ing short phrases or keywords to synthesize their core
meaning. For this purpose, the qualitative data analysis
software ATLAS-ti.3? was used, facilitating the informa-
tion’s organization and structuring.

In the following analysis stage, the codes generated were
grouped into preliminary categories, from which the first
themes began to emerge. This process was carried out col-
laboratively, with the participation of 3 researchers (E.G.C.-
B, AT-R and P.D.P-H). The data triangulation between
interviews, focus groups and field notes made it possible
to identify convergences and divergences in the narratives,
providing a more robust and profound vision of the phe-
nomenon being analyzed. To ensure the coherence and
validity of the analysis, any discrepancies in the interpre-
tation of the data were discussed within the team until
a consensus was reached. This reflective and dynamic pro-
cess allowed the initial themes to be reorganized and rede-
fined according to the connections and nuances identified
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in the data. Finally, a comprehensive review of the identi-
fied themes was conducted to verify their relevance and
consistency with the research question. Combining mul-
tiple data sources and methodological triangulation con-
tributed to an enriched interpretation, ensuring a more
complete and nuanced understanding of the phenomenon
studied.

A qualitative analysis of each interview and the research-
ers’ field notes was conducted using an inductive thematic
approach. Codes were generated to identify the most de-
scriptive content, which was then reduced and grouped
to identify common categories representing meaningful
content units. This process led to the emergence of thematic
areas describing the experiences of study participants.

Three researchers (E.G.C.-B, A.T-R and P.D.P-H) con-
ducted independent double coding of each interview
and each field note. They then met to discuss, compare
and refine their findings. Subsequently, the same pro-
cess was carried out with the themes. In addition, joint
meetings were held to consolidate the results of the anal-
ysis, as well as an external audit with an independent
researcher to ensure confirmability. All coding were dis-
cussed by the research team until a consensus was reached
on the main categories and themes, creating a final matrix
of categories.

To control the rigor and reliability of the qualitative data,
the criteria of Guba and Lincoln *° were applied (Table 3).

Ethical approval

This study was conducted in accordance with
the Declaration of Helsinki and received approval from
the Ethics Committee of the University of Valencia (ap-
proval No. UV-INV_ETICA-2662329; verification code
S126XGMF60UWV255). All participants were briefed
on the study’s objectives and signed written informed
consent before participating in interviews and focus
groups, with assurance of their right to withdraw at any
time without penalty. Data collection was anonymous,
voluntary and confidential; sessions were audio-re-
corded with participants’ permission and transcribed
verbatim, and no personal identifiers were documented.
The information obtained was treated anonymously and

Table 3. Rigor criteria

Criteria |

Credibility by the researchers were conducted.

Transferability

Reliability/Trustworthiness

Confirmability

Team meetings were held to compare analyses and identify categories and themes with the rest of the team.
Triangulation of data collection methods: focus groups, semi-structured interviews and field notes collected

Validation by participants (member-checking): participants were offered the opportunity to review the audio recordings
to confirm their experience. No additional comments were made by any of the participants.

Detailed descriptions of the study conducted, specifying the characteristics of the researchers, participants, contexts,
sampling strategies, and data collection and analysis procedures.

External investigator audit: The data were triangulated by 2 external researchers (G.M.-N and R.J.-V), who evaluated
the research protocol, focusing on the methods applied and the study design.

Triangulation of researchers, validation by participants and triangulation in data collection.
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confidentially, complying with the General Data Protec-
tion Regulation (EU) 2016/679 of the European Parlia-
ment and Organic Law 3/2018. The investigators did not
declare ethical, moral or legal conflicts, nor did they
receive financial compensation, just as the participants
did not receive compensation for their collaboration
in the study.

Results

Of the 14 focus group participants, 8 (57%) identi-
fied as transgender women and 6 (42%) as transgender
men. The mean age was 34.6 years (standard deviation
(SD) = 12.84).

Three thematic blocks with their categories were identi-
fied: (T1) Experience of professional care for transgender
people; (T2) Impact of cisgender regulations in the Health
System; and (T3) Need for education in gender diversity
for health professionals (Table 4).

Theme 1. Experiences of healthcare
professionals in caring for transgender
people

Quality of treatment received

Healthcare and perceptions of gender identity are criti-
cal to the wellbeing of transgender people, but unfortu-
nately, the experience is not always the same for everyone.
While some people find adequate and respectful treat-
ment, others face significant obstacles in their interaction
with the healthcare system, often due to prejudice or lack
of training on gender issues: [ have generally had a good
experience in my process because I have gone to the same
health center every time, and they have attended to me
well, both the one who attends to me on the phone and
the family doctor who makes me feel comfortable (FG_P3).
This type of experience shows the importance of lon-
gitudinal care that ensures constant and personalized
treatment by the same professionals, allowing patients
to feel comfortable and safe, ensuring more fluid access

Techniques and procedures used
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Table 4. Themes and categories

Themes (T)

T1: Experience of health professionals’care for transgender people

T2: Impact of cisgender regulations on the health system

T3: Gender diversity education needs for health professionals

A. Martinez-Sabater et al. Gender identity stories

Categories

Quality of treatment received
Professional skills and training
Access to specialized treatment

Expectations of gender expression
Lack of inclusive spaces
Obsolete diagnoses and pathologization

Formal diversity training
Empathy and respect in the consultation
Strategies for normalization

to the medical care they need. However, some face serious
difficulties, and seeking support in these services points
to poor or even discriminatory treatment: One girl I know
who went to the Gender Unit encountered a nurse who did
not respect her gender identity and did not treat her well
at all (FG_P1). Others emphasize how specialized gender
services do not meet the expectations of empathy. They
even report situations in which healthcare personnel do
not respect the gender identity of transgender people:
I have to say that, curiously, I find better treatment outside
the Gender Unit than inside. In fact, I have had awful expe-
riences (FG_P2). Lack of sensitivity may also be reflected
in erroneous or derogatory diagnoses: I had to change my
family doctor. When I went to tell him what was wrong with
me and that I wanted to have surgery, his conclusion was
that I wanted to remove my boobs because they were too
big, and since they were not big enough to have surgery, he
was not going to send me to any specialist and that I should
go home (FG_P5).

Bureaucracy, waiting lists, and a lack of resources are
persistent barriers within the healthcare system. In con-
trast, some patients have relatively quick access to the care
they need. The reality remains a constant struggle for
many others to overcome these obstacles, highlighting
the urgent need to reform the system to ensure that all
patients, regardless of their situation, receive the care they
require without having to wait unnecessarily.

Professional skills and training

The experiences shared by transgender people regarding
healthcare reflect a notable disparity in the sensitivity and
preparation of the staff. On the one hand, some profes-
sionals show an attitude of skepticism toward the gender
identity of their patients: With my family doctor, she kind
of denies me, she doubts me all the time asking me if [ am
really sure (FG_P6). In contrast, other more empathetic
professionals have respected the patient’s name and pro-
nouns, showing active support by referring them to safe
spaces. For some people, the lack of respect for their iden-
tity is perceived as a conscious choice by the professional:
Idon’t think it’s complicated either: My name is X, call me
X, call me X.” The person knows what you are telling them
and when they don’t respect it, they know what you are

telling them. The person knows what you are saying, and
when they don’t respect it on purpose, it is because they don’t
feel like it (FG_P2). This lack of understanding can cause
transgender people to feel out of place in medical settings:
The truth is that you feel a bit alien (FG_P10).

Lack of knowledge about the transgender reality and
lack of training in gender diversity are significant barri-
ers in healthcare: Because they have no idea how it affects.
1t is noticeable that they lack knowledge about the trans-
gender reality, and the gender issue is not deepened in their
studies (FG_P7). Some patients have had to assume
the role of educators, instructing the professionals about
their needs and experiences: It is noticeable that they lack
knowledge about the transgender reality, the professionals
ask many questions, to try to inform the patient directly
(I2). This type of comment not only denotes a clear igno-
rance of the needs and experiences of transgender people.
Itis observed that, although some healthcare professionals
do not have specialized training in issues related to trans-
gender people, such as the correct use of inclusive language,
what makes the difference is their willingness to learn and
adapt to the specific needs of these patients. Unfortunately,
stereotypes and misunderstandings persist among health-
care personnel, as reflected in this comment: I've heard
it more than once: ‘Look, not a man, not a woman.” But
the truth is, that’s not how it is... I know I'm not what they
say (14). This type of prejudice perpetuates an unsafe en-
vironment for transgender patients.

Access to specialized treatment

Access to healthcare for transgender people continues
to be a problem that affects many people: With the endo-
crinology part, I have had very poor treatment because
you need them to be there, and they are not (FG_P2).
In addition, many people must share the same doctor due
to the lack of professionals: It is that practically all of us
have the same doctor (FG_P1). This situation directly im-
pacts the quality of care and delays necessary treatments.
Waiting times can be disproportionately long, affecting
the quality of life of those seeking treatment: The first time
I got an appointment, I had to wait 9 months... By the time
1 started hormone therapy, I was starting university and
had to go through all my changes there (11). These ideas
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reflect the slowness of the process, which can generate
distress and frustration in patients. In turn, the lack of ac-
cess to the public system means that those with economic
resources can access the same doctors through private
consultations, which raises an ethical question: Deep
down, they’re all the same... What really matters is getting
money, and that’s not ethical (12).

Hormone treatment, in addition to being a lifelong pro-
cess for many people, involves side effects and important
decisions: They told me I wouldn’t become infertile until
5 or 10 years later and that I could start hormone ther-
apy and then freeze my eggs... The thing is, everyone said
something different (FG_P8). The side effects of treatment
can generate emotional instability and notable physical
changes: Each one affects us differently, but of course it af-
fects us psychologically (13).

In some cases, they delay the start of their treatment
to preserve their fertility: Even though they asked me
the typical question about whether I want to have kids,
and at 20 or 21, I honestly had no idea. That really messed
me up, to be honest. Since  was so unsure about what to do,
I ended up freezing my eggs to use them when the time
comes (FG_ P8). Surgical procedures are also a key point
in the transition process, with experiences varying regard-
ing results and recovery: There are many surgeries because
at minimum one operation to construct the penis, another
to place the testicular implants, and another surgery so you
can have an erection. After all that, if you manage to have
some sensitivity (FG_P5). However, these procedures may
involve prolonged pain and discomfort. Voice therapy
is also fundamental for many people in their transition
process: There’s something about my voice that doesn’t feel
right — I'm not sure if it should be stronger or softer. I'm
working on it... That’s why I'm in voice therapy (12). The im-
portance of voice in gender identity highlights the need for
equal access to this type of therapy.

Many people describe the transition process as an emo-
tional [...] roller coaster: You always feel a mix of emotions;
as a child, I used to cry because I couldn’t be who I wanted
to be (FG_P1). However, the support of the environment can
malke a big difference. While some people have had a favor-
able environment, others have experienced social rejection
and loss of relationships: There are people who are with you
at first, but then disappear... In the end, the ones that matter
remain (12). Despite the challenges, the shared experiences
also reflect the importance of self-determination and per-
sonal struggle: You know something’s wrong, but until you
name it, you don’t understand it. And when you recognize
yourself and fight for yourself, it feels amazing (13).

Theme 2. Impact of cisgender regulations
in the health system

Prevailing cisnormative regulations within the health-
care system impose significant barriers on transgender
individuals, compelling them to conform to restrictive
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gender-expression standards to access treatment and ser-
vices. These requirements not only perpetuate discrimi-
nation but also undermine both the right to health and
the affirmation of one’s gender identity.

Expectations of gender expression

One of the main problems faced by transgender peo-
ple within the healthcare system is the need to conform
to a stereotypical image of the gender with which they
identify to receive care: Here, to get something, you have
to show that you are a woman; you have to wear long hair,
dresses and heels; otherwise, it is very difficult to be referred
(FG_P2). This statement underscores the implicit expecta-
tion that individuals conform to conventional standards
of femininity in order to attain social recognition. Other
participants reinforce this idea by advising other transgen-
der women about the importance of appearing normative
gender to be accepted in medical consultations: I tell all
the transgender girls I know to lie on the test and wear
the best dress. If you have heels, wear them, if you have
makeup, wear it. Until there’s a change, that’s the way it’s
goingto be (FG_P1). This statement highlights that, beyond
gender identity, validation within the healthcare system
depends on the ability to fit into a pre-designed image
of femininity or masculinity. Such circumstances place
an added burden on transgender individuals, compelling
them to alter their appearance and behavior to access es-
sential medical care.

The impact of cisgender normativity also extends
to the legal recognition of gender identity, affecting access
to adequate medical services: The trans person still hasn’t
changed their gender on their ID (FG_P3). Without docu-
ments that correspond to their identity, many transgender
people face constant questioning about their gender, which
makes healthcare complex. In other cases, despite having
updated documents, they face bureaucratic obstacles and
resistance from staff.

Lack of inclusive spaces

The existence of significant barriers for people who do not
conform to gender binarism is evident, especially in areas
where segregation by sex continues to be the norm. This lack
of recognition and adaptation to the diversity of identities
generates situations of exclusion and discomfort, directly
affecting the wellbeing and dignity of the people concerned.
One of the main problems pointed out is the invisibilization
of non-binary people in environments structured under
astrict binary scheme: Ifit is already difficult to be accepted
when you do not fit into the traditional categories of man
and woman, imagine what it means for a non-binary person:
They simply stop taking you into account (FG_P4).

Distributing spaces in institutions such as hospitals
or nursing homes poses an additional difficulty. Allocating
rooms solely on the basis of legal or biological sex creates
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uncomfortable situations and does not respect the identity
of many people: I don’t think it’s appropriate for rooms
to be divided into male and female only. But, if that is how
it should be, they should at least allow each person to be
in the one that corresponds to their identity (FG_P5).
The absence of inclusive bathrooms represents another
essential barrier. The obligation to choose between a male
or female restroom can be an unpleasant or even stig-
matizing experience for many transgender people. In this
sense, one solution suggested by the interviewees would be
the implementation of shared bathrooms accessible to all:
The ideal would be to have a common bathroom (FG_P4).
Another problem identified is the constant need to explain
and justify one’s identity in institutional settings. The lack
of clear protocols in many institutions is highlighted,
which generates improvisation and resistance on the part
of the staff. This situation not only creates uncertainty but
also perpetuates discrimination.

Obsolete diagnoses and pathologization

Across many settings, particularly in healthcare, trans-
gender and gender-diverse individuals often encounter ar-
bitrary treatment by providers, resulting in inequitable and
distressing experiences: Something that also makes me very
angry is that, in any field, whether this is health or admin-
istrative or whatever, in the end, you are exposed to the ar-
bitrariness of the person who touches you (FG_P1). Medi-
cal decisions, diagnoses and treatments can depend more
on the beliefs or prejudices of the professional on duty than
on a criterion that is really based on the patient’s welfare.
A clear example of this point is the persistence of obsolete
diagnoses in clinical records, which is not only a technical
problem but has real consequences for the care and treat-
ment received: In my medical records from October of last
year, they still put ‘Dual-role transvestism’ as my diagnosis
(FG_P5). This term, in addition to being outdated, rein-
forces a pathologizing view of transgender and non-binary
identities by classifying gender experiences as disorders
instead of recognizing them as part of human diversity.
Pathologization is especially evident when a transgen-
der individual’s gender identity is referenced in clinical
contexts where it is irrelevant: If you go to the emergency
because you've dislocated a shoulder, you're going to get:
“Transsexualism’ (FG_P1). This phenomenon illustrates
that the lack of updating of healthcare personnel can make
transgender identity ubiquitous data, even when it has no
relation to the reason for consultation.

Conversely, requiring a formal diagnosis to access cer-
tain specialized health services underscores the enduring
medicalized, biologicist approach: That is true, and at least
you have to have a diagnosis before you can be sent to a spe-
cialist. In the Unit, we use the current manual, the ICD-11,
I think (14). Although ICD-11 has advanced by removing
pathologizing terms such as “transsexualism” and replac-
ing them with “gender incongruence”, in practice, barriers
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still exist: Ugh, it’s all pretty rough, I mean, there are a lot
of things that just aren’t right... (FG_P4) This comment
suggests that, despite theoretical improvements in the ap-
proach to transgender health, in practice, there are still gaps,
inconsistencies, and resistance on the part of healthcare
personnel.

Theme 3. Gender diversity education
needs for health professionals

Formal diversity training

Education on gender diversity is an essential component
of healthcare professional training. Healthcare should focus
not only on clinical factors but also on empathy and proper
treatment of patients, ensuring an inclusive and respect-
ful approach: Periodic training to health personnel, both
on purely medical issues and on issues of empathy and treat-
ment of patients (FG_P1). Regular training activities must
be aimed at healthcare personnel, strictly covering clinical
knowledge, communication, and inclusive treatment skills.
Including these topics in the curricula and continuing edu-
cation would improve care for people with diverse gender
identities. For example, in Argentina, in some medical uni-
versities, “treatment of transgender people” has already
been incorporated into the curriculum, which represents
a significant advance in the training of future health pro-
fessionals: My daughter, who is in her 4" year of medical
school in Argentina, told me that just this year they have
a part of the subject that is “Treatment of transgender people’
(FG_P3). This initiative highlights the importance of in-
tegrating content on gender diversity in formal education.
Any profession should have basic training in sexual, gender
and family diversity, but especially the medical field should
have an exclusive subject on that (FG_P5).

In this sense, all health-related professions require basic
training in sexual, gender, and family diversity. In health-
care, this training should be mandatory, integrated across
all curricula, and include dedicated modules that compre-
hensively address gender diversity issues.

And there are many things out there that we still have to
cope with, within society, health professionals, at the legal
level... (12). Despite progress, there are still many challenges
within society and the healthcare professional commu-
nity regarding inclusive care and understanding of gen-
der diversity. Ongoing training and the implementation
of diversity education policies would significantly reduce
discrimination and enhance healthcare quality.

Empathy and respect in the consultation

Treatment in the healthcare environment is a funda-
mental element in guaranteeing dignified and quality
care. Empathetic, respectful medical consultations im-
prove patient experience and foster trust in the healthcare
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system. However, the testimonies collected show that
practices that generate discomfort still persist, which
underlines the need to improve staff training in terms
of diversity and sensitization. One of the most relevant
aspects pointed out is the importance of asking the per-
son’s name and pronouns in a natural way, without as-
suming information based on official documents or ap-
pearance. Asking for this not only avoids uncomfortable
situations but also represents an essential gesture of re-
spect and recognition of each patient’s identity. Simply
ask for the name, regardless of the name you may have
on the registry. Ask for the name and pronouns as a mat-
ter of course (FG_P1).

On the other hand, experiences are mentioned in which
healthcare personnel ask unnecessary or invasive ques-
tions, such as the previous registry name, anatomy, or sur-
gical procedures that a person may or may not have un-
dergone. Such questions are often irrelevant to the clinical
encounter and can be intrusive, leaving patients feeling
exposed or vulnerable: Don’t ask me what my name was,
don’t ask me what I have between my legs, don’t ask me
if I am going to have surgery, it’s none of your business
(FG_P9). In this sense, it is emphasized that the focus
should be kept on the real reason for the consultation,
without diverting the conversation to personal aspects un-
related to the health problem for which the person comes
to the medical center.

Similarly, reports indicate that the inherent dynamics
of healthcare settings can cause patient discomfort. For
example, in gynecological consultations, a person may feel
part of the environment until their name is called out loud.
At this point, they experience looks of judgment or surprise
from other people present: Like when you go to the gyne-
cologist, and you are surrounded by women and, while you
are sitting down, you may be accompanying a woman, but
the moment they call your name, and you stand up, every-
one looks at you (14). These experiences highlight the need
to rethink specific procedures so everyone feels comfort-
able and safe in these spaces. Finally, although some health-
care professionals show sensitivity and care in their treat-
ment, they sometimes make mistakes or overlook specific
fundamental details to ensure respectful care. Insufficient
training and awareness of these issues lead to inconsis-
tent patient experiences — some consultations proceed
smoothly, while others induce significant stress or anxiety.
This anxiety is expressed in experiences about the process
of psychological accompaniment in the context of gender
transition, which seems to be marked by a mixture of sup-
port and pressure, together with institutional bureaucracy.
The importance of good information and psychological
follow-up is emphasized. However, it is mentioned that this
follow-up should not be interpreted as an external valida-
tion of a person’s identity, but as ongoing support. This
perspective reflects a critique of the validation approach,
suggesting that accompaniment should be a tool for well-
being, not a barrier to personal identity. They reflect how
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the process of psychological support for transgender people
is an experience that varies greatly depending on the pro-
fessionals involved and the institutional structures: Having
that psychological support makes me feel much calmer, and
for the first time in my life, I can open up and share what
I've been through with someone (12).

Strategies for normalization

The testimonies collected reflect a consensus on the im-
portance of education as a central axis for normalization.
The need to implement courses in companies and health-
care centers to generate knowledge and promote structural
changes in society is highlighted: Regarding education,
which we all consider crucial to establish knowledge and
standardization, I think we could take advantage of it and
give courses in companies and medical centers (FG_P7).

Despite progress in some regions, such as the Valencian
Community, forms of discrimination persist, underscoring
the urgency of strengthening education as a key tool for
social change. The Valencian Community is doing well, but
there is still discrimination, and we cannot relax; we have
to tighten up, and the only way out is education (FG_P3).
In this sense, it is pointed out that the educational system,
including the training of medical personnel, continues
to reproduce a normative vision that perceives what is dif-
ferent as not acceptable. The educational system, including
education to future medical personnel, maintains a style
of society that understands that anything different outside
of normativity is dangerous (FG_P4).

The lack of a unified registry that allows documenting
and addressing existing problems in a structured man-
ner was identified, which evidences the need for a shared
database to improve the institutional response: Sure, but
it should be registered. So a complaint is that there should
be a common database (11). Finally, the lack of adequate
knowledge in certain areas is highlighted, reinforcing that
education is a fundamental factor in advancing standard-
ization. The truth is, there are terms they’ve never even
heard of they just don’t understand them (I1).

These results reflect the complexity of understanding
the experiences of transgender people. Figure 1 allows us
to establish the following themes: (T'1) Experience of profes-
sional care for transgender people; (T2) Impact of cisgender
regulations in the healthcare system; (T3) Gender diversity
education needs for healthcare professionals. The program
ATLAS-ti was used to code and synthesize the data, and
a graphic designer prepared the results in the form of a map
of agents and interactions, as shown in Fig. 1.3

Discussion

At the beginning of the study, we set out to learn about
the experiences of transgender people in their relation-
ship with the healthcare system. Access to adequate and
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Fig. 1. Qualitative data analysis

respectful healthcare is a fundamental right, especially
for transgender people, who often face significant barriers
within the healthcare system. These barriers can mani-
fest in healthcare personnel’s lack of knowledge about this
population’s specific needs, explicit or implicit discrimina-
tion in health services, and the scarcity of adequate clinical
protocols for their care.

The results of this study show contrasting experi-
ences in the healthcare of transgender people, reflecting
both advances in awareness and persistent deficiencies
in the quality of treatment received. While some profes-
sionals have demonstrated greater openness and willing-
ness to provide respectful care, attitudes and practices
persist that generate mistrust and discomfort in transgen-
der patients. This, in turn, may discourage their timely ac-
cess to medical care. Healthcare providers must cultivate
a safe, supportive and empathetic environment grounded
in clinical expertise, ensuring that transgender individu-
als receive care free from prejudice and unnecessary bar-
riers. Incorporating gender identity content throughout
all stages of healthcare training, including continuing
nursing education, is essential for delivering truly inclu-
sive, high-quality care.?® Such training equips healthcare
professionals with the competencies to provide compre-
hensive, respectful care that addresses the unique needs
of transgender individuals.?*

One key finding is the wide variability in care quality:
While some transgender individuals describe encoun-
ters with empathetic, eager-to-learn professionals, oth-
ers recount experiences of discrimination, disrespect and

education needs for
health professionals.

Expectations of gender
expression

Strategies for
normalization

Empathy and respect in
the consultation

a lack of awareness regarding their specific needs.?® This
finding could be attributed to the influence of stereotype
threat in the healthcare setting, 3¢ as well as the fear that,
in the medical office, harmful stereotypes about trans-
gender people are reinforced. Additionally, there is con-
cern that an individual’s social group identity may influ-
ence how healthcare professionals perceive, evaluate and
treat them.3> This idea suggests the need to strengthen
the training of healthcare personnel in gender diversity
and to implement institutional strategies to ensure equi-
table, human rights-based care.?” Health systems should
establish periodic training for professionals to be updated
on best practices in inclusive care and to prevent the per-
petuation of stereotypes and prejudices in healthcare.®
Another relevant aspect is the impact of bureaucracy
and scarcity of resources on the quality of care. A lack
of sufficient public resources was identified; transgender
people face long waiting lists and difficulties in access-
ing transgender health specialists. This point reinforces
the need to increase investment in specialized health ser-
vices and ensure timely access without discrimination.
In addition, access to hormone treatments and gender-
affirming surgeries is often hindered by overly restrictive
criteria, prolonging the distress of those seeking profes-
sional assistance.?? Allocating additional resources to men-
tal health programs for the transgender community, and
supporting research to develop adaptable, evidence-based
interventions, is essential for expanding our understanding
of clinical efficacy, improving mental health outcomes, and
ensuring the long-term sustainability of these initiatives.*°



Adv Clin Exp Med. 2025;34(12):2077-2089

Providing culturally competent and gender-affirmative
care is a relevant aspect for various disciplines. How-
ever, evidence points to insufficient preparation and lim-
ited knowledge about the specific needs and challenges
of transgender individuals.’” The findings show that
healthcare professionals who seek to inform themselves
and adapt their practice to the needs of transgender pa-
tients generate more positive and satisfying experiences.
This finding is consistent with literature highlighting
the importance of gender diversity training as an essen-
tial tool to improve the relationship between patients and
healthcare professionals.**? Student-led initiatives have
effectively enhanced peers’ knowledge and confidence
in providing transgender-affirming healthcare.** Encour-
aging the development of tools tailored to the transgender
community that address their unique needs and support
an interdisciplinary treatment approach is essential.** Ad-
ditionally, establishing support networks and safe spaces
for transgender individuals can foster more comprehen-
sive, patient-centered care. Implementing these enhance-
ments would not only benefit transgender individuals, but
also strengthen the healthcare system’s ability to equitably
and respectfully address the diverse needs of all users.
In the long term, establishing specialized, multidisci-
plinary units — staffed by experts in endocrinology, men-
tal health, surgery, and social support — could profoundly
advance transgender people’s right to health.

Limitations

This study offers valuable insights into the healthcare
experiences of transgender individuals in Spain, under-
scoring the challenges they face and the urgent need for
more inclusive clinical protocols. Training healthcare per-
sonnel in gender diversity, removing bureaucratic barriers,
and creating safe spaces are key strategies to improve their
access to healthcare. In addition, the expansion of special-
ized resources and cooperation with organizations working
to defend their rights is essential.

Despite these advances, the study has limitations, such
as the small sample size and the need for further research
to generalize the findings. In addition, the results may not
be generalizable to other parts of the world due to cul-
tural complexities. Participants may not have disclosed
very sensitive information. Implementing change requires
political will, adequate resources, and overcoming resis-
tance from some healthcare sectors. Continued advocacy
for public policies that ensure equitable and respectful
healthcare for all individuals is essential, guaranteeing
that gender identity does not impede access to quality
services.

Furthermore, one important limitation noted by the re-
viewers is the lack of analysis regarding differences in dis-
course between trans men and trans women. That is,
the study does not include a gender perspective within
the trans population itself. It is possible that the needs
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of both groups differ and that they face distinct challenges,
which future research should address to ensure more in-
clusive and nuanced approaches.

Conclusions

The conclusions of this study highlight the urgent need
to transform the healthcare system to guarantee inclu-
sive and equitable care for transgender people. The people
interviewed expressed the need for this transformation
to feel better cared for and accompanied throughout their
entire process. Awareness raising and training of health-
care personnel, the design of specific protocols, and the re-
duction of bureaucratic barriers are essential to achieve
a fairer health system. It is also crucial to improve acces-
sibility to specialized treatment and create safe spaces that
respect each person’s gender identity. Equally important
is training professionals in the care of transgender people,
strengthening their knowledge of specific health needs,
and facilitating better access to resources. In addition,
the development and implementation of inclusive public
policies are key to ensuring that healthcare is a guaran-
teed right, thus promoting wellbeing and equity in access
to health.
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Abstract

Background. Porphyromonas gingivalis is amajor human oral opportunistic pathogen and a key etiological agent
of periodontal disease, contributing to inflammation and bone loss in the oral cavity. Periodontitis is not limited
tooral health complications; it has also been associated with a range of systemic conditions, including coronary heart
disease (CAD), respiratory disease, rheumatoid arthritis, chronic kidney disease (CKD), and certain types of cancer.

Objectives. Immunization-based prevention of periodontitis appears to be a promising strateqy; however,
no vaccine is currently available for commercial use. In the present study, a novel vaccine candidate against
P gingivalis was proposed, consisting of a P. gingivalis protein, gingipain, glycosylated with the carbohydrate
moiety of . gingivalis lipopolysaccharide (LPS).

Materials and methods. Glycosylation of gingipain was achieved in £scherichia coli by introducing the Cam-
pylobacter jejuni N-glycosylation system, the P. gingivalis LPS biosynthetic pathway and the gingipain gene.

Results. The neoglycoprotein was purified using column chromatography to a purity exceeding 99%, yielding
asoluble antigen. The modified protein was recognized by commercial antibodies targeting the protein backbone,
the carbohydrate moiety, and a custom monoclonal antibody specific to the purified LPS of P gingivalis American Type
Culture Collection (ATCC) 33277. The glycoprotein was used to immunize mice, and the resulting sera were analyzed
for their ability to opsonize bacterial cells. The absence of detectable opsonization suggests that the elicited antibod-
ies are more likely directed against the protein component of the vaccine rather than the glycan surface antigen.

Conclusions. The final product was most likely assembled correctly, as it was recognized by LPS-specific
antibodies. Further evaluation in an animal mode! of induced periodontitis is necessary to determine whether
the elicited antibodies can effectively inhibit gingipain released by the pathogen. If this vaccine candidate
demonstrates protective efficacy, the approach could accelerate and enhance the safety of vaccine design
against a wide range of other pathogens.

Key words: vaccine, glycoconjugates, Porphyromonas gingivalis, gingipain, periodontosis
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Highlights

LPS in a modified E. coli strain.

techniques.

.

anti-LPS antibodies.

sylation for vaccine development.

-

and other bacterial infections.

+ Anovel P. gingivalis vaccine candidate was engineered by glycosylating gingipain with the O-antigen of P. gingivalis
+ The antigen was successfully expressed in E. coli and purified to over 99% purity using advanced chromatography
Western blot analysis confirmed efficient glycosylation, with the antigen recognized by both anti-gingipain and
+ This innovative strategy eliminates the need for chemical conjugation, enabling precise, recombinant LPS glyco-

If proven effective in animal models, this approach could accelerate the development of vaccines for periodontitis

Background

Porphyromonas gingivalis is a common human op-
portunistic pathogen of the oral cavity. The bacterium
is a facultative anaerobe responsible for the destruction
of dental tissue, leading to periodontosis.! It is highly diffi-
cult to culture in vitro, which hampers studies on its physi-
ology and virulence. However, with the recent advances
in genome sequencing and systems biology, it has been
possible to elucidate a large part of its metabolic path-
ways.? The recently published corrected DNA sequence®
of the original data* on P. gingivalis and the other pub-
lished sequences enabled a comparison with the metabolic
pathways of other systems, specifically the well-known
Escherichia coli genome and metabolome.>® The analy-
sis identified multiple therapeutic targets and potential
prophylactic strategies.” The last aspect of the analysis
isimportant as it is more cost-efficient to prevent the dis-
ease than to treat it.

There is no commercially available vaccine against peri-
odontitis or P. gingivalis. Existing strategies rely on a com-
bination of gingipains with other components, most likely
fimbriae®13 or hemagglutinin adhesion.® A capsular
polysaccharide was also tested and was found superior
to the pure protein antigens.**

Analysis of DNA genomes of P. gingivalis showed that
the pathogen produces at least 2 proteases, the Arg-type
gingipain and the Lys-type gingipain.!” The proteins are
highly homologous and used by the bacterium to cleave
host proteins, including bone tissue of teeth,'¢ leading
to the destruction of periodontal tissue.!” The gingipain
protein sequences also contain adhesin motifs, poten-
tially responsible for the recognition and attachment
to the host’s cell surfaces.!® Research performed by other
groups identified a type IX secretion system (T9SS) re-
sponsible for gingipains’ secretion.’*2° The blockade of this
system was proposed as an indirect strategy for the preven-
tion of periodontitis caused by P. gingivalis.**

Objectives

Systems biology analysis of the metabolic network has
identified conserved pathways involved in the lipopolysac-
charide (LPS) synthesis in P. gingivalis.> The LPS is a major
constituent of the outer membrane of Gram-negative bacte-
ria. Glycoconjugates composed of the carbohydrate portion
of LPS coupled to carrier protein have been employed as vac-
cine candidates in numerous studies, while glycoconjugates
of capsular polysaccharides of Hemophilus influenzae type
B, Neisseria meningitis and Streptococcus pneumoniae are
already successfully implemented into vaccination regime.
Considering studies on the role of LPS in P. gingivalis in-
fection and seroprotection,’*~7 we commonly reasoned
that LPS is a good antigenic target for a vaccine against
P. gingivalis. We also proposed using gingipain as a dual-
function component, serving both as a carrier for the LPS
carbohydrate moiety and as a proteinaceous antigen.1%22-24
However, the metabolic pathways involved in LPS biosyn-
thesis have not been fully elucidated through experimental
studies. The pathogen produces 2 distinct types of LPS, one
carrying the O-polysaccharide and the A-LPS containing
anionic polysaccharide (APS), with different repeating unit
structures.?>2¢ The synthesis pathways of the outer carbohy-
drate O- and A-antigens are poorly understood. Therefore,
a comparison with other systems is used to assign putative
roles to genes and assemble operons responsible for the syn-
thesis of similar structures in other pathogens.?”~%

Glycans are generally poor antigens, and require con-
jugation with proteins, most notably the inactivated tox-
oids from different bacterial species, in order to render
T-dependent antigenic character and elicit an effective
immune response.?® Currently, 5 carrier proteins are li-
censed as components of glycoconjugate vaccines: a geneti-
cally modified cross-reacting material (CRM) of diphtheria
toxin, tetanus toxoid (T'), meningococcal outer membrane
protein complex (OMPC), diphtheria toxoid (D), and H. in-
fluenzae protein D (HiD).3!

In the USA, the only adjuvant approved by the U.S. Food
and Drug Administration (FDA) for primary vaccination



Adv Clin Exp Med. 2025;34(12):2091-2103

is aluminum hydroxide, which significantly limits the ef-
fectiveness of carbohydrate-based vaccine components.?
Other adjuvants, based on the synthetic LPS component
monolauryl phosphate (MLP) or synthetic cytosine-phos-
phate-guanine (CpG) nucleotides, have been underrepre-
sented in licensed vaccines.?? Adjuvants based on squalene
oil, a natural product derived from marine mammals, are
not recommended due to their animal source, despite being
used in commercial vaccines against influenza.*

Standard methods for the formation of glycoconjugates
are based on the chemical coupling of carbohydrates with
a protein via various chemical strategies. This approach
raises many issues that have to be addressed in the produc-
tion process, like reproducibility, yield, purification from un-
desired chemical modifications, and others. There is an area
for improvement, but addressing these challenges may re-
quire innovative strategies beyond traditional approaches.

An alternative strategy to couple carbohydrate antigens
to peptide or protein is based on the utilization of Campylo-
bacter jejuni undecaprenyl-diphosphooligosaccharide-pro-
tein-glycotransferase (PglB) glycosyltransferase.?* The en-
zyme catalyzes carbohydrate transfer to the side-chain
amide of Asparagine (Asn) in the recipient peptide with
a defined acceptor sequence D/E-X-N-X-S/T. The trans-
fer process is relatively inefficient, and numerous stud-
ies have been conducted to improve its efficiency. Finally,
a double mutant (RR — DL) in the original PglB sequence
was identified, exhibiting broad transfer specificity for
the Asp-Tyr-Asn-Ala-Thr (DYNAT) acceptor sequence.3>3
The final step involved removing the competing O-antigen
ligase (WaaL in E. coli) to eliminate the native pathway
responsible for transferring the host-synthesized O-antigen
to the lipid core. This strategy has been successfully dem-
onstrated using the Burkholderia mallei O-antigen to cre-
ate a recombinant vaccine covalently linked to a protein.?”
Additionally, N-glycan transfer-based technology has been
applied in the development of other vaccines.38-%0

In the current work, a novel strategy has been used
to design a genetic system to produce a vaccine candidate
against P. gingivalis. The genes synthesizing O-antigen
in P. gingivalis have been identified computationally using
various software, transferred into E. coli and co-expressed
with a mutated C. jejuni pglB gene and the P. gingivalis
antigens, termed pl, fused with the recognition sequence
for the PglB transferase. The construct produced a modi-
fied antigen which was recognized by antibodies raised
to all fragments of the derivatized protein.

Materials and methods
Microbial strains
Campylobacter jejuni strain RM1221* was obtained from

Prof. Anna Pawlik at the Hirszfeld Institute of Immunol-
ogy and Experimental Therapy of the Polish Academy
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of Sciences, Wroctaw, Poland. Porphyromonas gingivalis
strain DSM 20709 (American Type Culture Collection
(ATCC) 33277) was obtained from the Leibniz Institute
DSMZ (German Collection of Microorganisms and Cell
Cultures GmbH, Braunschweig, Germany). Escherichia coli
cloning strains were purchased from 2 suppliers (Lab—]Jot sp.
z 0.0., Warsaw, Poland; Life Technologies sp. z 0.0., Warsaw,
Poland). Saccharomyces cerevisiae cloning strain MaV203
was supplied with the GeneArt High-Order Genetic As-
sembly Kit (Life Technologies sp. z 0.0.). The E. coli protein
expression strains BL21(DE3) and its variants were pur-
chased from Merck (Merck Life Sciences sp. z 0.0., Poznan,
Poland) or from New England Biolabs (Lab-Jot sp. z 0.0.).

Microbial growth media

Bacterial media were purchased from Sigma-Aldrich
(Merck Life Sciences sp. z 0.0.) or BTL (BTL Sp. z 0.0., 1.6dZ,
Poland). Antibiotics for bacterial selection were obtained
from Merck (Merck Life Sciences sp. z 0.0.). Auxotrophic
yeast selection medium Complete Supplement Mixture
(CSM) was supplied with the GeneArt High-Order Genetic
Assembly Kit (Life Technologies sp. z 0.0.). Yeast cells were
grown on CSM medium supplied with glucose, included
in the GeneArt High-Order Genetic Assembly Kit, at 30°C
for 3 days.

Culture od P. gingivalis for LPS isolation

Porphyromonas gingivalis ATCC 33277 strain was re-
vitalized after lyophilization under anaerobic conditions
(BD GasPak EZ Anaerobe Container System, ref. 260678;
BD Biosciences, Franklin Lakes, USA) on Columbia Agar
(Sigma-Aldrich, Merck Life Sciences sp. z 0.0.) plates sup-
plemented with 5% defibrinated sheep blood. The bacte-
rial growth was carried out at 37°C for 5-7 days. Bacterial
mass was collected, suspended in Columbia Broth (Bio-
World, Dublin, Ireland), centrifuged at 5,000 x g for 30 min
(HERMLE Labortechnik Z36HK, Wehingen, Germany)
and the bacterial pellet was freeze-dried (Lablyo Freez-
edrier, York, UK).

Bacteria were typically selected on Miller—Hinton agar
plates with appropriate antibiotics: ampicillin (50 pg/L), ka-
namycin (50 pg/mL), spectinomycin (50 ug/mL), or chlor-
amphenicol (25 pg/L). Bacteria were grown on an appropri-
ate selection plate or in a Luria—Bertani liquid medium
supplied with appropriate antibiotics at 37°C for 12—24 h.
Longer growth times for bacteria were needed for con-
structs in the final phases of assembly.

Chemical reagents

Common chemical reagents were purchased from
Sigma—Aldrich (Merck Life Sciences sp. z 0.0.). Chro-
matography columns were bought from Sigma-Aldrich
(Merck Life Sciences sp. z 0.0.) or VWR (VWR sp. z o0.0.,
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Gdanisk, Poland). Imidazole (p.a.) was purchased from
Sigma-Aldrich (Merck Life Sciences sp. z 0.0.). TCEP-HCl
was obtained from Sigma-Aldrich (Merck Life Sciences
Sp. Z 0.0.).

Primary and secondary antibodies

Mouse a-6 x Histidine (His) monoclonal antibody and
biotin-conjugated goat a-mouse IgM secondary antibody
were purchased from Life Technologies (Life Technologies
sp. z 0.0.). Mouse a-P. gingivalis strain W83 monoclonal
antibody was obtained from Creative Diagnostics (CD Bio-
sciences, Shirley, USA). Rabbit polyclonal a-P. gingivalis and
a-gingipain R1 (a.a. 228-720) antibodies were purchased
from antibodies on-line (antibodies on-line, Aachen, Ger-
many). The streptavidin-HRP conjugate was bought from
Sigma Aldrich (Merck Life Sciences sp. z 0.0.).

Monoclonal antibodies against P. gingivalis LPS were
raised using P. gingivalis ATCC 33277 strain bacterial
mass as an immunogen and a purified LPS as an antigen
for screening in enzyme-linked immunosorbent assay
(ELISA) . The LPS was prepared from a dry mass (35 mg)
of P. gingivalis via extraction with Trizol reagent according
to the protocol described by Yi and Hackett.*> The genera-
tion of the hybridoma cell lines was performed using a stan-
dard procedure,*® with some minor modifications. Briefly:
7-week-old Balb/c mice were immunized 4 times at 2-week
intervals with 50 pg of dry bacterial mass suspended
in 100 pL of phosphate-buffered saline (PBS) and emulsi-
fied with an equal volume of Freund’s incomplete adjuvant;
2 x 50 puL was given into a skin fold in the lumbar region
and the remaining portion intraperitoneally. The final boost
(4" injection) was administered intraperitoneally without
adjuvant. Two days later, the animals were euthanized and
spleens harvested for cell isolation. Splenocytes were fused
with Sp2/0-Agl4 myeloma cells according to the standard
method with polyethylene glycol (PEG). Hybridoma colo-
nies were screened using ELISA on 96-well microtiter plates
coated with P. gingivalis LPS. Positive wells were subjected
to repeated cloning (3 times) using the limiting dilution
method to ensure monoclonality. Hybridoma clones were
expanded and adapted to grow in hybridoma serum-free
medium (CD Hybridoma Medium, CD Biosciences; Thermo
Fisher Scientific, Waltham, USA) for antibody production.
Antibody class was estimated using the Mouse typer iso-
typing kit (Bio-Rad, Hercules, USA), indicating IgM class.
Finally, a portion of the antibody was purified in an Maltose-
binding protein (MBP) agarose column (Pierce, Rockford,
USA), according to manufacturer protocol.

Animal experiments obtained approval from the Com-
mittee for Animal Experiments at Hirszfeld Institute
of Immunology and Experimental Therapy, Polish Acad-
emy of Sciences (approval No. 062/2023). Porphyromonas
gingivalis and C. jejuni were grown on Q (a specialized
culture medium used for the isolation and growth of P. gin-
givalis) agar plates under anaerobic conditions at 37°C.

E. Brzozowska et al. Reconstructed vaccine against P. gingivalis

Typically, bacteria were grown for 3—4 days and the num-
ber of bacteria from 1 agar plate was enough for isolation
of genomic DNA.

Cloning vectors

Yeast shuttle cloning vector pYES1 linearized (pYES1L)
was supplied with the GeneArt High-Order Genetic As-
sembly Kit (Life Technologies sp. z 0.0.). Bacterial subclon-
ing vectors were obtained from the TOPO XL-2 Cloning
Kit (Life Technologies sp. z 0.0.) or the NEB PCR Clon-
ing Kit (Lab-Jot sp. z 0.0.). Destination vectors: pACYC-
DUET-1, pETDUET-], pRSFDuet-1, and pCDFDuet-1 were
purchased from Merck (Merck Life Sciences sp. z 0.0.).

Site-directed mutagenesis

The procedure was performed with GeneArt Site-
Directed Mutagenesis Kit (Life Technologies sp. z 0.0.)
on plasmids with size up to 13 kb or with Q5 Site-Directed
Mutagenesis Kit (Lab-Jot sp. z 0.0.) on longer plasmids.

Bioinformatics analysis

Reconstructed metabolic networks of bacteria were
obtained from the BioCyc database.® Pathways involved
in cell wall biosynthesis were selected for E. coli as a ref-
erence and compared with P. gingivalis pathways. Due
to a later revision of the originally deposited genome as-
sembly for P. gingivalis ATCC 33277, the hits were cor-
rected manually. Genes identified as potential hits were
analyzed with PathwayTools software available within
the BioCyc database to identify operons and other genes
potentially involved in LPS biosynthesis in P. gingivalis.

Since the database does not have identified pathways for
LPS biosynthesis besides for E. coli, an additional search
was performed within the Prokaryotic Operon Database
ProOpDB* to identify genes involved in LPS biosynthesis.

The final assignment was performed by comparing whole
genomes with the Mauve tool?® using E. coli K-12 as a refer-
ence strain and P. gingivalis W83 strain, in which some genes
involved in LPS biosynthesis have already been identified.?8

Genomic DNA isolation

Whole genome nucleic acids were isolated from a single
Q agar plate using a Genomic Mini kit from A&A Biotech-
nology (A&A Biotechnology, Gdynia, Poland).

DNA cloning and assembly

Genes assigned as having roles in LPS biosynthesis were
amplified with Platinum Superfine (Life Technologies sp.
z 0.0.) or Q5 Hot Start (Lab-Jot sp. z 0.0.) DNA polymer-
ases according to manufacturer’s instructions, separated
on an agarose gel, excised, and extracted with Monarch
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DNA Gel Extraction kit (Lab-Jot sp. z 0.0.). Polymerase chain
reaction (PCR)-amplified genes were used directly for subas-
sembly of smaller parts or subcloned into appropriate vec-
tors using the TOPO XL-2 Cloning Kit (Life Technologies
sp. z 0.0.) or the NEB PCR Cloning Kit (Lab-Jot sp. z 0.0.).

pPACYC/pET/pCDFDuet-1 vectors assembly

Assembly of fragments was performed with the GeneArt
High-Order Genetic Assembly System (Life Technolo-
gies sp. z 0.0.) according to manufacturer’s instructions.
The 1% assembly was performed in the yeast strain MaV203
with up to 6 inserts/vector and the fragment order was
verified with a single colony PCR amplification using prim-
ers spanning putative fragment junctions. The product size
was selected not to exceed 600-700 bp due to the known
restrictions of the PCR approach. In the 2" round,
the fragments were reassembled into the yeast pYESIL
vector to obtain a single fragment. The 3'¢ assembly stage
used that fragment and the destination vector. As before,
the verification was performed with a single colony PCR.
The final construct was verified using Sanger DNA se-
quencing on fragments amplified by PCR.

The strategy with the yeast shuttle vector created prob-
lems at the 3¢ assembly stage when moving the con-
structs into E. coli. Therefore, it was decided to use up
to 3 fragments per assembly directly in E. coli employing
the GeneArt Plus Seamless Assembly System (Life Tech-
nologies sp. z 0.0.). Fragments were amplified directly from
genomic DNA with the 2" fragment typically preceded
by an internal ribosome entry sites (IRES) sequence and as-
sembled into the expression vectors according to the manu-
facturer’s instructions. Gene order was verified with PCR
of junction sequences and the ends were verified by partial
DNA sequencing. Due to the length of constructs and gen-
eral difficulties with amplification of long DNA fragments,
attempts to fully sequence the constructs were not success-
ful. The final strategy was as follows: The gene fragment pI,
corresponding to the modified antigen for the pRSFDuet-1
vector, was codon-optimized for E. coli and synthesized
using GenScript. The pglB gene was cloned from C. jejuni
genomic DNA using NEB PCR cloning kit (New England
Biolabs), mutated to contain RR>DL replacement® and as-
sembled into pRSFDuet-1 using GeneArt Genetic Assembly
System (Life Technologies sp. z 0.0.) according to the manu-
facturer’s instructions. The remaining genes for pACYC-
Duet-1, pCDFDuet-1 and pETDuet-1 vectors were cloned
from the genomic DNA of P. gingivalis ATCC 33277 strain
(gingipain fragments, LPS biosynthetic pathway genes) us-
ing standard molecular biology techniques.

Protein expression and purification
Plasmids pACYCDuet-1, pETDuet-1, pRSFDuet-1,

and pCDFDuet-1 with cloned inserts were transformed
into BL21(DE3) chemically competent cells according
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to the manufacturer’s instructions. Clones were selected
on Luria—Bertani or Miller—Hinton agar plates supple-
mented with chloramphenicol (25 pg/mL), ampicillin
(50 pg/mL), kanamycin (50 g/umL), and spectinomycin
(50 pg/mL).

To express proteins, a single colony from the selection
plate was added to 3 mL of lysogeny broth (LB) medium
supplemented with antibiotics and grown at 37°C with
constant shaking (150 rpm; Excella 24R; Excella, Hamburg,
Germany) overnight. The next day, 300 pL of the culture
was added to a fresh 30 mL LB medium supplemented with
antibiotics and grown at 37°C with constant shaking for
about 2-3 h to become visibly turbid (optical density (OD)
600 = 0.4-0.6). The culture was added to 3 L of Terrific
Broth (TB; Thermo Fisher Scientific) medium in baffled
flasks supplemented with antibiotics and grown as before
to reach OD600 = 0.4-0.6. At this point, the culture was
cooled down at room temperature for about 30 min and
isopropyl p-D-1-tiogalatopyranoside (IPTG) was added
to a final concentration of 0.2 mM. The culture was in-
cubated again at 18°C with vigorous shaking (300 rpm;
Excella 24R) for 16—20 h. The cells were harvested by cen-
trifugation at 12,000 x g, 4°C for 30 min (Sorvall Lynx
6000 centrifuge, and Fiberlite F12- 6x500 LEX rotor;
Thermo Fisher Scientific). The combined cell paste was
stored at —80°C for processing.

The frozen cells from a 3L bacterial culture were thawed
by warming at room temperature for about 30 min and
resuspended in 200 mL of ice-cold extraction buffer
(20 mM Tris-HCI, pH = 8.0, 0.5 M NaCl, 10% v/v glycerol,
20 mM imidazole, pH = 8.0, 1 mM tris(2-carboxyethyl)
phosphine (TCEP)-HCI, 1 mM ethylenediaminetetraacetic
acid (EDTA)) supplemented with Complete EDTA-Free
(Roche, Basel, Switzerland) protease inhibitor cocktail ac-
cording to manufacturer’s recommendations. The cells
were disrupted by sonication on ice (3 cycles of a 30 s burst
followed by a 30-s cooling period; Ultrasonic Disintegrator
model UD-11, power level 4; Techpan sp. z o.0., Putawy,
Poland) and centrifuged at 50,000 x g at 4°C for 1 h using
a Sorvall LYNX 6000 (A27-8x50 rotor; Thermo Fischer
Scientific) centrifuge.

The supernatant was collected, and MgCl, was added
to a final concentration of 5 mM to complex with EDTA.
The mixture was loaded directly onto a preequilibrated
Ni-agarose column (5 x 5 mL HisTrap crude + 1 x HisPrep
FF 16/10) connected to an AKTA START (GE Healthcare,
Chicago, USA) system at 1-2 mL/min flow rate of the load-
ing buffer (20 mM Tris-HCI, pH = 8.0, 0.5 M NaCl, 10%
v/v glycerol, 20 mM imidazole, pH = 8.0, 1 mM TCEP-
HCI), and the column was washed with 5 column volumes
(CV) of the loading buffer and developed with a stepwise
elution by imidazole: 5 CV of loading buffer with 20, 250
and 500 mM imidazole, pH = 8.0. Fractions were analyzed
with sodium dodecyl sulfate—polyacrylamide gel electro-
phoresis (SDS-PAGE), subjected to rapid buffer exchange
on desalting columns (2 x HiPrep 26/20 Desalting) against
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buffer A (10 mM Tris-HCI, pH = 8.0, 10% v/v glycerol, 1 mM
TCEP-HCI) and loaded onto Q Sepharose anion exchanger
(5 x 5 mL HiTrap Q Sepharose HP) at 2 mL/min flow rate.
The column was washed with 5 CV of buffer A and devel-
oped with a 0-100% gradient of buffer B (buffer A+ 1M
NaCl) over 20 CV at 2 mL/min flow rate. Column fractions
were examined with SDS-PAGE, and positive fractions,
as judged by molecular weight and western blotting results
with anti-gingipain and anti-His antibodies, were diluted
with an equal volume of hydrophobic interactions chroma-
tography (HIC) buffer A (2 M ammonium sulfate, 10% glyc-
erol v/v, 10 mM Tris-HCI, pH = 8.0, 1 mM TCEP-HCI) and
loaded onto HiScreen Phenyl HP column (1 x 4.7 mL; GE
Healthcare) at 1 mL/min flow rate. The column was washed
with 3 CV of HIC buffer A and developed with a 0-100%
gradient of HIC buffer B (HIC buffer A without ammonium
sulfate) at 1 mL/min flow rate. Fractions were examined
using SDS-PAGE for molecular weight and reactivity with
anti-His and anti-gingipain antibodies. Positive fractions
were pooled and stored at —20°C for further examinations.

SDS-PAGE and western blotting

The protein electrophoresis was routinely performed
on 10% acrylamide gels using the FastCast premixed solu-
tions (Bio-Rad) or MiniProtean TGX precast 4-20% 10-
well minigels (Bio-Rad) according to the manufacturer’s
recommendations. All gels were run under reducing condi-
tions and protein detection was performed with NOVEX
Colloidal Blue Staining Kit (Life Technologies sp. z 0.0.).
To detect proteins by specific antibodies, the gels were
transferred to a 0.22-um Whatman Westran S polyvinyli-
dene difluoride (PVDF) (Sigma-Aldrich, Merck Life Sci-
ences sp. z 0.0.) or a 0.45-um Pierce nitrocellulose (Life
Technologies sp. z 0.0.) membrane using a MiniProtean
Western Blotting wet transfer module (Bio-Rad) either
overnight or for 1 h, according to the manufacturer’s
recommendations.

Western blotting

Following wet transfer, samples were incubated with
primary antibodies in blocking buffer (3% non-fat dry
milk, 0.05% Tween-20 in 1x Tris-buffered saline, pH 8.0)
for at least 2 h at room temperature or overnight at 4 °C.
The antibodies were used at the following dilutions: a-His
—1:2,000; a-gingipain — 1:5,000; a-LPS IgG — 1:5,000; and
a-LPS IgM - 1:2,000.

After washing 5 times with 10 mL 1 x TBST for 5 min,
the membranes were incubated with secondary antibodies
coupled to biotin diluted 1:10,000 for 2 h at room tempera-
ture, washed again with 1 x Tris-buffered saline with Tween
(TBST) as before and incubated with a 1:500,000 diluted
streptavidin-horseradish peroxidase (HRP) conjugate for
2-3 h at room temperature. The membranes were washed
7 times with 10 mL of 1 x TBST and additionally 2 times
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with 1 x TBS. Drained membranes were overlaid with TMB
Enhanced One Component HRP Membrane Substrate
(Sigma-Aldrich, Merck Life Sciences sp. z 0.0.) or Pierce
1-Step ULTRA Blotting Solution (Life Technologies sp.
z 0.0.), according to the manufacturer’s recommendations.
Developed membranes were visualized using an in-house
imaging system based on Nikon D7100 camera equipped
with an AF-S Micro Nikkor 60 mm 1:2.8 G ED lens (Nikon
Corp., Tokyo, Japan). Images were transferred to a laptop
with NikonTransfer2 software, converted to a *tiff format
with Adobe CS2 software (Adobe Inc., San Jose, USA) and
saved for further manipulation. Due to the overall blue
background of the TMB substrate, the images were mini-
mally enhanced to remove the background.

Results
General strategy

The overall concept for the formation of neoglycocon-
jugate composed of P. gingivalis gingipain and O-antigen
is presented in Fig. 1. The original biosynthetic pathway
responsible for the synthesis of O-specific antigen (Fig. 1A)
was identified via systems biology analysis and then trans-
ferred into E. coli. The host’s waalL ligase gene was removed
and replaced with an engineered pglB glycosyltransferase
gene from C. jejuni (Fig. 1B).

Genome analysis and pathways
identification

Analysis of the genome of P. gingivalis strain ATTCC
33277 was performed with BioCyc software PathwayTools.>
The search identified conserved genes based on the pu-
tative function assignment according to the Kyoto En-
cyclopedia of Genes and Genomes (KEGG) database
of metabolic pathways.*® However, the analysis was lim-
ited in scope as the similarity of genes between the Bio-
Cyc reference, E. coli K-12 strain and the P. gingivalis
ATCC 33277 genome was too low to have an unambigu-
ous assignment. Therefore, the P. gingivalis genome was
analyzed again using the prokaryotic operon database
ProOpDB** to identify putative operons involved in LPS
biosynthesis (KEGG pathway 0540). The performance
was verified on known E. coli genomes and the cataloged
pathways available in EcoCyc® and KEGG databases.*¢
The result of the analysis of the P. gingivalis genome was
again compared with the genome of E. coli K-12 strain
to identify genes with a function similar to the E. coli
genes involved in LPS synthesis (EcoCyc database).
The results were compared by whole genome alignment
of E. coli and P. gingivalis W83, W50 and ATCC 33277 ge-
nomes to find potential rearrangements. The final results
identified 36 genes belonging to 8 metabolic pathways
(Table 1). Only 1 gene was identified directly as involved
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Fig. 1. A simplified scheme of the proposed strategy for genetically engineering Escherichia coli to produce recombinant O-antigens of Porphyromonas
gingivalis. A. In the parental £. coli strain, lipopolysaccharide (LPS) biosynthesis begins with the assembly of the O-specific polysaccharide unit on the carrier
lipid undecaprenyl phosphate. This unit is subsequently transported to the periplasm, where polymerization occurs and the completed O-antigen chain

is transferred to the lipid A-core by the endogenous Waal ligase. B. In the engineered E. coli strain, the native O-antigen biosynthetic genes are deleted

and replaced with a gene cluster encoding the P. gingivalis O-antigen. In this modified background, O-antigen chains are no longer transferred to the lipid
A-core via Waal, but instead conjugated to a recombinant gingipain (GP) protein engineered to contain an N-glycosylation motif. This enables transfer

of the O-antigen to the protein via the Campylobacter jejuni PgIB oligosaccharyltransferase, resulting in the formation of a gingipain—-O-antigen glycoconjugate

in O-antigen biosynthesis (pgn0223) and 2 in capsular
antigen biosynthesis (pgnl1524->pgni525). The Lipid
IVA biosynthesis genes (pgn0206, pgn0544), as well
as the dTDP-L-rhamnose biosynthetic pathway I genes
(pgn0546->pgn0549) were also identified. The former
is a part of a broader lipid IVA biosynthesis pathway,
while the latter is the common enterobacterial antigen
biosynthesis pathway identified using the PathwayTools
software in the BioCyc database.

The pgni1243 gene product (Table 1) is involved in O-
antigen biosynthesis in many Gram-negative bacteria.
The gene is part of a larger operon pgn1245->pgni240 (Bio-
Cyc database, PathwayTools prediction). In E. coli, the or-
tholog of pgn1243 is involved in the production of colanic
acid,*” a part of the E. coli capsular antigen. Transposon
mutagenesis of P. gingivalis showed that the gene is es-
sential for LPS biosynthesis.*8

Gene pgnl251 has a dual function in type A and type
O LPS biosynthesis in P. gingivalis.* It is also essential for
pathogen growth.>*>! Genes pgn0361, pgn1239->pgni240
and pgn1668 have been shown to be involved in type A LPS
biosynthesis.”? Due to technical problems with assem-
bling different operons in E. coli (described later), the genes
pgn0361 and pgnl668 are not listed in Table 1 despite hav-
ing been identified in the ProOpDB search.

Genes pgn0223->pgn0244 form an operon (BioCyc, Path-
wayTools). The pgn0223 ortholog is involved in lipid and
common enterobacterial antigen biosynthesis in E. coli.>?
Genes pgn0224->pgn0229 are part of an operon (BioCyc
database, PathwayTools software) whose members (WecC,
RfaB) have orthologs in E. coli genome and are involved
in bacterial lipid biosynthesis (KEGG pathways database).

Gene pgn0234 (Table 1) codes an enzyme involved
in the biosynthesis of the common enterobacterial

in E. coli.>*>® The E. coli operon has orthologs correspond-
ing to only 2 genes, pgn0233 and pgn0234, from the P. gin-
givalis ATCC 33277 strain genome (BioCyc database, Path-
wayTools software).

Gene pgn0206 is part of a lipid IVA biosynthesis path-
way (PGN_RS00965). The pathway is highly conserved
in bacteria and could easily be identified in P. gingivalis
due to the protein sequence similarity (BioCyc database,
PathwayTools software).

Antigen identification and engineering

The choice of antigen for the vaccine construct was
based on the literature data. Porphyromonas gingivalis
secretes gingipains, Kgp and Rgp, which have been shown
to be responsible for bone destruction and a general host
protein proteolysis.l” Gingipains also contain cell adhesion
domains that interact with proteins in the gum matrix,
facilitating bacterial colonization.>® Since the whole gin-
gipain is too large a protein for seamless recombination,
fragments corresponding to the catalytic domain of Rgp
gingipain have been used in fusion with the cell adhesion
fragments (Fig. 2).

The O-specific antigen is a substrate for the WaaL ligase
that transfers the newly synthesized polysaccharide onto
lipid A core oligosaccharide, a key step in LPS synthesis
(Fig. 1). Short forms of LPS (composed of Lipid A and core
oligosaccharide) are present in rough serotypes of Gram-
negative bacteria. Therefore, WaalL activity is not requisite
for survival. To prevent O-antigen attachment to the LPS,
the waal gene was removed. The resulting strain of modi-
fied E. coli BL21(DE3) exhibited poor growth and was not
stable in the presence of ampicillin, despite having an en-
gineered -lactamase gene as a resistance marker. Since



2098

Table 1. Partial list of genes identified in database searches
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| Predicted pathway

Gene ID | Predicted gene function
Pgn0545 LTN synthase
Pgn0546 glucose-1-phosphate thymidyltransferase rmlA
Pgn0547 dTDP-4-dehydrorhamnose 3,5-epimerase
Pgn0548 NAD(P)-dependent oxidoreductase
Pgn0549 dTDP-glucose 4,6-dehydratase
Pgn1239 glycosyltransferase family 2
Pgn1240 glycosyltransferase RfaB
Pgn1241 MULTISPECIES: hypothetical proteinpgn_RS05960
Pgn1242 exopolysaccharide biosynthesis protein (EpsG)
Pgn1243 UDG-glucose 6-dehydrogenase
Pgn1244 protein release chain factor B
Pgn1245 long-chain-fatty-acid-Co-A ligase
Pgn1246 hypothetical protein PGN_RS05985
Pgn1250 hypothetical protein PGN_RS05990
Pgn1251 glycosyltransferase RfaB
Pgn1523 polysaccharide export outer membrane protein
Pgn1524 capsule biosynthesis protein (CapM)
Pgn1525 capsular polysaccharide biosynthesis protein
Pgn0223 undecaprenyl—phosphg;istéarZS;y\Lgété;osaminel 1-phosphate
Pgn0224 UDP-N-acetyl-D-mannosamine dehydrogenaseWecC
Pgn0225 glycosyltransferase
Pgn0226 hypothetical protein PGN_RS01085
Pgn0227 glycosyltransferase family 1 RfaB
Pgn0228 coenzyme F390 synthetase
Pgn0229 histidinol phosphate phosphatase
Pgn0230 serine O-acetyltransferase
Pgn0231 aminolaevulinic acid dehydrogenase
Pgn0232 glycosyltransferase family 2
Pgn0233 glycosyltransferase
Pgn0234 UDP-N-acetylglucosamine 2-epimerase (non-hydrolyzing)
Pgn0206 lipid-A-disaccharide synthase
Pgn0376 3-deoxy-8-phosphooctulonate synthase
Pgn0544 3-deoxy-D-manno-octulosonic acid transferase
Pgn0696 HAD-IIIA family hydrolase
Pgn1750 3-deoxy-manno-octulosonate cytidylyltransferase
Pgn2086 lysophospholipid acyltransferase family protein

none
dTDP-L-rhamnose biosynthesis |
dTDP-L-rhamnose biosynthesis |
dTDP-L-rhamnose biosynthesis |
dTDP-L-rhamnose biosynthesis |
LPS type A biosynthesis>
LPS type A and type O biosynthesis>?
none
none

UDP-a-D-glucuronate biosynthesis
(from UDP-glucose)

none
multiple (fatty acids biosynthesis)
none
none
type A and type O LPS biosynthesis*®
polysaccharide transport
capsule biosynthesis

capsule biosynthesis
O-antigen biosynthesis/lipid biosynthesis

UDP-N-acetyl-a-D-mannosaminouronate biosynthesis
none
none
none
none
L-histidine biosynthesis
none
none
none
none
UDP-N-acetyl-a-D-mannosaminouronate biosynthesis
lipid [Va biosynthesis
LPS biosynthesis
lipid IVa biosynthesis
none
LPS biosynthesis
lipid A biosynthesis

LTN — lysine-tRNA ligase; rmlA — rhamnose metabolism locus; dTDP - deoxythymidine diphosphate; NAD(P) — nicotinamide adenine dinucleotide
(phosphate); LPS - lipopolysaccharide; RfaB - lipopolysaccharide glucosyltransferase I; UDP — uridine diphosphate; WecA — undecaprenyl-phosphate alpha-
N-acetylglucosaminy! 1-phosphate; WecC — UDP-N-acetyl-D-mannosamine dehydrogenase; HAD — haloacid dehalogenase.

the final construct was supposed to have multiple vectors,
each with a separate resistance marker and a replication
origin, it was decided to abandon the strategy assuming
removal of the waal gene from E. coli. Instead, the protein
acceptor was modified with a removable 6xHis affinity
tag to facilitate product purification on His tag affinity
column.

Attachment of O-antigen was engineered to proceed
to a triplicate DYNAT sequence previously used for gly-
cosylation in bacteria. The strategy used here employed
a modified C. jejuni pglB gene having a DL (aspartic
acid, leucine) mutation introduced to relax the transfer
specificity and increase the efficiency of produced glyco-
conjugates.®>3¢ Finally, the engineered E. coli BL21(DE3)
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Fig. 2. Map of the pRSFDuet vector containing the cloned Porphyromonas
gingivalis antigen gene pl and the Campylobacter jejuni glycosyltransferase
gene protein glycosylation locus B (pglB). The pl gene is a synthetic
construct codon-optimized for expression in Escherichia coli.

The pglB gene was cloned from C. jejuni genomic DNA and modified

by introducing a double RR — DL mutation, as detailed in the Materials
and Methods section

R - arginine D - aspartic acid L- leucine.

strain has 2 parallel active pathways for the attachment
of O-antigen in the original E. coli pathway and the modi-
fied pathway from P. gingivalis exerted by the mutated PglB
protein. Since the PglIB is a membrane protein, the origi-
nal antigen containing gingipain sequence fragments was
modified to include a periplasmic secretion signal pelB
attached to the N-terminus (Fig. 2).

Genetic assembly and pathway reconstruction

The number of genes and the length of the potential con-
struct were not optimal for a single vector. It was decided that
the genes would be split into 4 separate vectors: pRSFDuet-1,
pETDuet-1, pCDFDuet-1, and pACYCDuet-1. The vectors
allow stable co-expression of up to 8 gene fragments under
the control of separate T7 promoters®” and the strategy has
been used in the past by different groups.”®>

The sequences were arranged to conserve transcription
order with linkers followed by ribosomal binding sites at-
tached to new reading frames. The final gene arrangements
in the pCDFDuet, pETDuet and pACYCDuet vectors, each
containing genes involved in P. gingivalis LPS biosynthesis,
are presented in Fig. 3.

Protein expression, purification and analysis

Assembled plasmids were used for protein expression
in E. coli BL21(DE3) strain. The presence of all 4 plasmids
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significantly reduced bacterial growth. Initial attempts
to grow the cells at 37°C during the induction phase were
not successful due to protein degradation. Also, the main
protein band detected in total cell lysate corresponded
to alower molecular weight species when examined using
anti-His antibodies. Therefore, the cells were grown in TB
medium at 37°C without induction and cooled down
to room temperature before adding IPTG. The growth
temperature was also lowered to 18°C to allow for protein
induction while preventing protein degradation. The strat-
egy resulted in a soluble protein after the first Ni-agarose
purification.

However, the main anti-His band corresponded to a lower
molecular weight, most likely the non-glycosylated prod-
uct. Due to the low sensitivity of anti-LPS antibodies,
the potentially derivatized antigen band at around 70 kDa
was not visible on the same blot. The main protein fraction
eluting at 250 mM imidazole was subsequently dialyzed
and further purified using an anion exchange column.
At this stage, the protein could be detected in the fractions
eluting at around 150 mM NaCl concentration (Fig. 4A).

The pooled fractions were subsequently applied to a high-
resolution hydrophobic interaction chromatography (HIC)
column — HiScreen Phenyl Sepharose. The protein eluted
near the end of the salt gradient (Fig. 4B), indicating a high
degree of hydrophobicity. This observation was supported
by computational modeling and molecular dynamics (MD)
simulations, which suggested that the protein likely forms
a stable dimer.

Final protein purity was assessed with SDS-PAGE us-
ing the Colloidal Blue Staining Kit (Life Technologies sp.
2 0.0.). The purified protein exceeded 99% purity (Fig. 4A,
Q) and displayed an apparent molecular weight of approx.
70 kDa (Fig. 4G). It was also successfully derivatized with
the O-antigen from P. gingivalis strains W83 (Fig. 4C) and
ATCC 33277 (Fig. 4D), and incorporated the fused pI an-
tigen (Fig. 4F).

Discussion

Periodontal diseases are an increasingly prevalent health
concern influenced by multiple factors. Chief among
these are poor oral hygiene and high consumption of re-
fined sugars, especially in children, which together foster
the proliferation of pathogenic oral microbiota, ultimately
contributing to alveolar bone resorption and dental car-
ies.®%6! At least 3 major bacterial pathogens are implicated
in human periodontal disease, with P. gingivalis emerging
as one of the most prominent.®? Currently, no commercial
vaccine is available, and ongoing research is focused on de-
veloping effective vaccination strategies.?>6%6* Several
protein antigens have been proposed as vaccine targets.
Notably, studies on vaccines against other Gram-negative
bacteria have demonstrated that bacterial polysaccharides,
particularly when conjugated to a protein carrier, can serve



2100

»H % l/@
17 termi\natOr / c\,&o/~
LERONN

p,-o%ook

(4
vec-F N ‘}o

o

\

lact promote’

1246-1239 pCDF
15 943 bp

= :
57-1;a9 \‘ f1 opj
T7 termii
P ' “ator: 4,,,7,7:/‘) /‘Q
\ vec-F D'b/),

1230WO:

RBS
|
W

F1
7 Promoter

Vec-R |

pETDuet-223-234-rbs-1250-1251
19 570 bp

as highly effective immunogens. The O-antigen portion
of LPS is particularly preferred, as it is highly strain-spe-
cific. Targeting the O-antigen helps minimize the risk
of generating antibodies that cross-react with commensal
bacterial flora.

Vaccine design strategies based on systems biology ap-
proaches to reconstruct putative bacterial pathways re-
main in the early stages of development. In particular,
efforts to map carbohydrate biosynthetic pathways are
often constrained by the limited experimental validation
of in silico predictions, leading to significant gaps in avail-
able data.
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Fig. 3. Map of expression vectors carrying putative Porphyromonas
gingivalis lipopolysaccharide (LPS) biosynthetic pathway genes.

A. pCDFDuet; B. pACYCDuet; C. pETDuet. Each vector contains selected
genes involved in the synthesis of the variable region of P. gingivalis LPS,
based on homology to known enterobacterial biosynthetic pathways

In silico metabolic reconstruction of P. gingivalis polysac-
charide biosynthetic pathways began shortly after the or-
ganism’s genome was sequenced.? These analyses predicted
the existence of 3 major extracellular carbohydrate com-
ponents; however, to date, experimental evidence has con-
firmed only 2: type A and type O LPS.2>26 The identifica-
tion of additional components involved in LPS biosynthesis
has largely been based on gene-level analysis, focusing
on genes homologous to those in the well-characterized
LPS biosynthetic pathways of enterobacteria (Table 1).

To facilitate the identification of vaccine candidates
against P. gingivalis, the pathogen’s complete metabolome
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His — Histidine; Arg — Arginine; LPS - lipopolysaccharide; IgG — immunoglobulin G; Q — quaternary amine, HP— high-performance.

was reconstructed using in silico methods. Genes associ-
ated with the synthesis of the variable region of LPS were
selected and introduced into E. coli (Table 1). Because many
biosynthetic components are conserved between E. coli and
P, gingivalis, gene selection was deliberately limited to reduce
vector load and maintain plasmid stability (Fig. 2,3). Antigen
conjugation was also designed in E. coli by the inclusion
of a mutated PglB enzyme to couple synthesized carbohy-
drate coats to the antigen (Fig. 1). Unfortunately, removal
of the competing waalL ligase gene from E. coli was not pos-
sible due to its detrimental effect on the survival of the host.
Therefore, the mixture of the pI antigen derivatized with
P. gingivalis and E. coli carbohydrates were separated chro-
matographically to a very high degree and the purified an-
tigen was confirmed to contain the P. gingivalis O-antigen
(Fig. 4C,D). Due to a low amount of protein, attempts to de-
termine carbohydrate structure were not undertaken.
While experimental verification of the full biosynthetic
pathways proposed in this study was not conducted, se-
lected components have been identified by other researchers

(Table 1 and the Results section). The final product was
most likely assembled correctly, as it was recognized by
LPS-specific antibodies (Fig. 4C,D). This strategy provides
a proof-of-concept for designing future vaccine candidates
without the need for toxoid conjugation or large-scale cul-
tivation of pathogenic bacteria to isolate LPS. If the candi-
date demonstrates protective efficacy in an animal model
of periodontitis, the approach could enable faster and safer
vaccine development for a wide range of pathogens. Prepa-
rations for in vivo verification of the proposed periodontitis
vaccine candidate are currently underway.

Conclusions

Although we faced some issues during experimenta-
tion, the final product was most likely assembled cor-
rectly, as the LPS-specific antibodies recognized it. De-
spite the lack of bacterial opsonization by the generated
antibodies, their specificity suggests that the antigenic
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presentation was successful, primarily targeting the pro-
tein component. If the candidate is confirmed to offer
protection in an animal model of periodontosis, the design
of future vaccines could be performed faster and more
safely for many other pathogens.
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Abstract

Background. Many studies reported positive effects of physical exercise on the condition of dialysis patients.
The insufficient value of those changes makes it difficult to interpret their clinical relevance.

Objectives. This study aimed to assess the influence of selected training (endurance, resistance, tai chi)
on cardiopulmonary fitness and muscle function, as well as to analyze the factors having the most significant
effect on cardiopulmonary fitness in a group of dialysis patients.

Material and methods. Ninety-eight patients agreed to participate in the study. Selection of the type
of training was done by cluster randomization. Group Twere patients in a cluster with an endurance exercise
program, and group 2 in a cluster with resistance exercises. Group 3 consisted of patients who took part
in a tai chi program (non-cluster randomization). Exercise programs with each of the 3 groups were con-
ducted for a period of 6 months, 3 times a week (groups 1and 2) and twice a week (group 3), up to 60 min
for 1 session.

Results. The full exercises was completed by 45 patients: group 1 — 16; group 2 — 15; group 3 — 14.
The significance of the observed difference in the cardiopulmonary function was confirmed only in endurance
group for absolute oxygen concumption (V0,) and heart rate (HR). Measurements of peak torque (PTQ) and
total work (TW) performed at a speed of 60°/s showed a significant increase in the measured values only
in the resistance training group. Measurements of PTQ and TW performed at 180 showed a significant
increase in the measured values in the endurance and resistance group.

Conclusions. The 6 months of training resulted in a slight improvement in cardiopulmonary parameters
only in the endurance group. The above results seem to confirm the observed limited potential for improv-
ing aerobic capacity in dialysis patients. The results of strength and speed parameters shows the specificity
of each training, expressed by selective improvements in isometric and hoth isokinetic tests.

Key words: hemodialysis, endurance training, strength training, muscle function, spiroergometry
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Highlights

exercise group.

+ A 6-month exercise program — aerobic, ressistance and tai chi — was conducted in a cohort of end-stage renal
disease patients with significantly lower levels of physical capacity.
+ After a 6-month exercise program, limited increase in cardiorespiratory function was observed in the aerobic

« After a 6-month resistance exercise program, changes in strength and speed parameters, were observed.
+ Resistance training demonstrates superior functional relevance in a group of dialysis patients.
+ A long-term rehabilitation program can be succesfully implemented in a group of dialysis patients.

Background

Chronic kidney disease (CKD) is a rapidly emerging
public health concern worldwide and is now recognized
asa civilization disease. Over the past 2 centuries, the aver-
age human life expectancy has more than doubled, leading
to a significant increase of the elderly population. Aging
processes contribute to structural and functional changes
in all organs, including the kidneys.

The rise in CKD cases can also be attributed to life-
style factors. The prevalence of CKD is steadily increasing,
particularly in rapidly developing countries, likely driven
by the concurrent epidemics of diabetes and cardiovascu-
lar diseases.?> These changes are undoubtedly reflected
in the epidemiology of kidney disease.?® Unfortunately,
the early stages of kidney disease can be secretive, even
latent. The final stage of kidney failure, the end-stage renal
disease (ESRD), is often referred to as “silent epidemy”.3

Patients with ESRD show significantly lower levels
of physical activity and associated physical capacity than
the population average.*~® The process of physical impair-
ment begins with the initial changes in renal function,
although it may not be subjectively noticeable in the early
stages.” This poses a serious problem because the level
of physical activity correlates significantly with physical
capacity (oxygen uptake rate) and is independently asso-
ciated with mortality.”® The VO,max index, also known
as maximal oxygen consumption or oxygen capacity,
is a widely adopted measure of physical fitness used to as-
sess both healthy individuals and patients with various
medical conditions. Decreased aerobic capacity levels are
evident even in the earlier stages of kidney failure® and
become significantly lower in patients with ESRD, averag-
ing 15-21 mL/min/kg, compared to the general population
average of 30—40 mL/min/kg.>1°

Adequate muscular strength is essential for maintain-
ing the proper function of the musculoskeletal system,
enabling individuals to engage in necessary daily activi-
ties, including professional work and fulfilling basic needs,
as well as intentional and recreational physical activities.
Several studies suggest a significant correlation between
muscle strength and various factors influencing individual
fitness, particularly gait speed,”? as well as the incidence
of balance disorders, risk of falls and fractures,'>!? and

frequency of hospitalization.!'1? Consequently, a reduction
in muscle strength and power contributes to decreased
physical activity!3-!® and is an important factor in the de-
velopment of disability.!11215

Patients with CKD show a reduction in muscle strength
already in the early stages of the disease, correlating
with a decrease in the glomerular filtration rate (GFR).
The most significant decline in strength occurs in ESRD,
potentially hindering physical functioning even after
transplantation.’>!® The mechanism of these changes
can be both primary, due to uremic myopathy, as well
as secondary, due to a number of factors: comorbidities,
lifestyle and age-related sarcopenia.l” This combination
of the aforementioned variables leads to significant altera-
tions in the muscle tissue structure of dialysis patients.
Magnetic resonance imaging (MRI) scans of hemodialysis
patients reveal pronounced atrophic changes in the mus-
cles, along with an increased presence of non-contractile
muscle elements, which significantly impacts muscle
functionality.'

The recommendations and clinical guidelines estab-
lished by experts in 2016, including the European Renal
Best Practice Guideline (ERBPG) and the expert team
of the rehabilitation section of the Polish Society of Ne-
phrology, highlight the importance of evaluating patient’s
functional status. They emphasize the need to implement
individualized physical training programs to enhance
the functional capacity of patients with ESRD.!%:20

Many studies reported positive effects of physical
exercise on the condition of dialysis patients. The evi-
dence supports the integration of structured exercise
programs into routine care for dialysis patients, em-
phasizing the need for healthcare providers to promote
physical activity as a vital component of comprehensive
CKD management. Despite that, the insufficient value
of those changes makes it difficult to interpret their clini-
cal relevance.?! There is also no consensus on which form
of physical training offers the greatest potential for im-
proving the widest range of physical fitness aspects in this
patient group. Tailored exercise programs that consider
individual patient capabilities and preferences are essen-
tial for maximizing the therapeutic benefits of physical
activity in this population.
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Objectives

The primary aim of this study was to assess the influ-
ence of selected training modalities (endurance, resistance
and tai chi) on cardiopulmonary fitness and muscle func-
tion in ESRD patients. The secondary aim was to analyze
the factors that most significantly impact cardiopulmo-
nary fitness within this group of patients.

Materials and methods
Trial design

This study was designed as a parallel cluster intervention
trial. Two care providers delivered specific exercise pro-
grams to 3 groups of ESRD patients. Group 1 participated
in a cluster with an endurance exercise program, while
group 2 engaged in a cluster with resistance exercises.
Group 3 (tai chi) consisted of patients who wanted to take
a part in workouts on their non-dialysis days (not subject
to cluster randomization). All care providers were selected
by project leader, based on their experience in their field.
Care provider 1, a physiotherapist and instructor in resis-
tance and endurance training, supervised the exercise pro-
grams in groups 1 and 2. Care provider 2, a physiotherapist
and instructor, who specializes in yoga and tai chi exercise
programs, supervised group 3.

This research was conducted in line with the recommen-
dations of the Declaration of Helsinki. The research project
received a positive opinion from the Senate Committee
on Research Ethics at the Wroclaw University of Health
and Sport Sciences issued on January 18, 2012.

Participants

Ninety-eight patients with ESRD at the dialysis sta-
tion of the Department of Nephrology, Transplant
Medicine and Internal Medicine of Wroclaw Medical
University (Poland) agreed to participate in the study.
All training participants were qualified by a nephrolo-
gist and a cardiologist. Written informed consent was
obtained from the patients to participate in the tests
and workouts, which was preceded by an explanation
of the purpose and conduct of the workouts, assurances
of the confidentiality of the data obtained, and informa-
tion that the patients could withdraw from the project
upon request.

Inclusion criteria

— Diagnosed end-stage renal failure;

— renal replacement therapy with hemodialysis for
at least 6 months;

— adequate dialysis therapy: dialysis adequacy index
Kt/V > 1.2 (K — dialyzer clearance of urea, t — dialysis time,
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V — volume of distribution of urea, approximately equal
to patient’s total body water);

— protein catabolism ratio-polymerase chain reaction
(PCR) 0.8-1.4 g protein/kg body weight/day;

— age 40-80 years.

Exclusion criteria

— The presence of contraindications to the exercise test
and physical training;

— kidney transplant;

— no final tests;

— adherence to training units below 70%;

— malnutrition expressed by hypoalbuminemia (<3 g/dL)
and <17 points in the assessment of nutritional status with
the Mini Nutritional Assessment (MNA) questionnaire*;

— lack of patient consent.

*The MNA scale is a simple nutrition screening and
assessment tool, designed to determine the possibility
of malnutrition.

Intervention

Exercise programs with each of the 3 groups were con-
ducted for a period of 6 months, 3 times a week (groups 1
and 2) and twice a week (group 3), up to 60 min for 1 session.
Group 1 comprised undergoing controlled endurance train-
ing during a hemodialysis procedure. Group 2 consisted
of undergoing controlled strength (resistance) training dur-
ing a hemodialysis procedure. Group 3 were participating
in tai chi training 2 times a week on non-dialysis days.

Physical training

The trainings were conducted at the Dialysis Cen-
ter of the University Hospital in Wroctaw and the gym
of the Wroclaw University of Health and Sport Sciences
(tai chi training). The exercises for groups 1 and 2 were
conducted during the first 2 h of hemodialysis while the pa-
tients remained seated in their dialysis chairs. The work-
outs took place under the constant supervision of a ne-
phrologist and a physiotherapist. Each training session was
divided into 3 parts: 1. The introductory part, which was
ashort warm-up of about 5 min. It included active exercises
of the lower limbs in the supine position. 2. The main part
took lasted 10—50 min. In this part, depending on the as-
signed training, group 1 performed endurance training, and
group 2 performed strength (resistance) exercises. 3. The fi-
nal part, or cool-down, lasted about 5 min and included
limb relaxation exercises, as well as breathing exercises.

Endurance training
Group 1 performed endurance training on the Reck MO-

TOmed® letto2 rotor (Reck-Technik, Betzenweiler, Ger-
many), which allows for riding in a supine or semi-recumbent
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position. This rotor allows for the adjustment of set param-
eters to modulate the intensity of the workout: speed of rota-
tion [rpm] and degree of mechanical resistance 1-11 [nm)].

Training intensity was assessed using a subjective 10-de-
gree Borg scale. The premise of the training was to achieve
load progression from low intensity (1-3 on the Borg scale)
in the 1% week, through medium (4-7) to high intensity
(>7 on the Borg scale). The aerobic training commenced
with a brief 5-min warm-up at a moderate rotation speed,
without mechanical resistance, before transitioning
to the main session.

During the main session, based on the patient’s subjec-
tive reaction, as well as the parameter of average power [W],
the physiotherapist increased the intensity of the training
in 10-min stages, modulating the speed of rotation and me-
chanical resistance. The training was conducted until par-
ticipants experienced a clear, subjective feeling of fatigue, fol-
lowed by a 5-min cooling phase to conclude the session, with
areduction (approx. 50%) of mechanical resistance and rota-
tion, until the patient’s breathing calmed down significantly.

After the workout, the physiotherapist wrote down
the training parameters from the rotor: training dura-
tion [min], speed [rpm], motor power [W], and total work
(TW) cost [J]. These formed the basis for determining
the training load progression for subsequent workouts.
The physiotherapist encouraged patients to progressively
increase their workload in each session or, at a minimum,
maintain the same level as in the previous workout.

Strength training

Group 2 performed resistance exercises using weights,
balls and elastic bands under individual supervision
of the physiotherapist (care provider 1). The exercises pri-
marily targeted the lower limbs and the upper limb that was
not affected by the arteriovenous fistula. Each movement
pattern included 1 exercise, performed in 45 sets. The 1%
set was light, consisting of 20 repetitions, while sets 2—5 were
standard, ranging from 10 to 20 repetitions, continuing until
significant fatigue was reached. The intensity was adjusted
based on subjective perception, with the appropriate selec-
tion of resistance bands’ color or the weight of the dumbbells.
If the patient demonstrated clear tolerance to the exercise,
the training load was increased and maintained at a con-
stant level for at least 3 training sessions (1 week) to allow
adaptation to the new load. If the patient demonstrated clear
progression, the training load was increased in the following
week. The exercise was performed until a clear, subjective
feeling of fatigue was achieved (at the beginning of train-
ing sessions 5—6 according to the 10-point Borg scale), but
not to “muscle breakdown” (to avoid the risk of injuries
in the area of tendons, muscle attachments, etc.). The time
of exercise unit, intensity (weights and color of elastic bands
used) and volume (numbers of repetitions and sets of single
exercises) were noted. The duration of the actual part gradu-
ally increased from 10 min in the initial training period,
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up to 50 min. In addition to the training time, the training
intensity and volume increased, depending on the patients’
responses to the physical effort.

Tai chi training

Group 3 participated in tai chi training, which took
place twice a week for 6 months on non-dialysis days.
The training took place under the constant supervision
of a physiotherapist (care provider 2) and the attending
physician. The training was divided into 3 parts: prelimi-
nary — warm-up, main and final. The warm-up and final
part lasted about 10 min each, while the main part lasted
up to 40 min.

Exercises were conducted in a standing position, requir-
ing no instruments or utensils. Exercises for the lower
limbs in “soft” high positions required continuous muscle
engagement, stimulating increased lower limb strength.
The training intensity and duration were assessed using
the subjective 10-point Borg scale. Intensity was adjusted
by extending the duration of specific positions and in-
corporating new exercises. The training protocol aimed
for a gradual progression in load intensity, starting from
low intensity (1-3 on the Borg scale) in the 1% week, pro-
gressing through moderate intensity (4—7) and ultimately
reaching high intensity (>7 on the Borg scale).

Outcomes/research methods

Primary outcomes were the changes in cardiopulmo-
nary function expressed with oxygen consumption (peak
VO,max) and muscle force of lower limbs (speed-strength
parameters). The secondary outcome was to assess
the strongest predictors of oxygen consumption in this
patient population.

The primary objective of this study was to assess the po-
tential risks and feasibility of exercise therapies by evaluat-
ing adherence, side effects and tolerance. Preliminary and
final examinations were carried out at the Mikulicz-Ra-
decki University Hospital in Wroclaw and the Functional
Research Laboratory of the Department of Rehabilitation
in Internal Diseases at the Wroclaw University of Health
and Sport Sciences. To assess the impact of the interven-
tion, the following tests were performed on each patient
at the beginning of the program (pre-test) and the end
of the 6-month training program (post-test):

The Cardio-Pulmonary Exercise Test (CPET) was per-
formed on a Cosmed K4b2 ergospirometer (Cosmed, Rome,
Italy), on a Kettler cycloergometer, by an experienced exer-
cise physiologist. The following parameters were used for
analysis: absolute oxygen consumption — VO, [mL/min],
relative oxygen uptake — VO, max [mL/min/kg], and maxi-
mum heart rate HR [bpm].

Lower limb strength was assessed using a Biodex Multi-
Joint 4 isokinetic test stand by an experienced researcher.
Isokinetic testing included the calculation of peak torque
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(PTQ) [nm] from 5 repetitions at 60°/s and 20 repetitions
at 180°/s, as well as TW [J] at both 60°/s and 180°/s. Iso-
metric testing assessed the maximum peak torque (static
PTQ) [nm].

Randomization

The selection of the training type and allocation to groups
(1 and 2) was carried out using cluster randomization.
A cluster was a group of patients in 1 room on a specific
shift of dialysis sessions (e.g., Tuesday 3" shift). The rule
ensured that each cluster (patients in the same room dur-
ing a specific dialysis shift) received only 1 type of train-
ing. Clusters were randomized by evenly selecting and
assigning pairs of clusters to either strength or endurance
training across all dialysis shifts over a 1-week period.
Group 1 consisted of patients assigned to a cluster with
an endurance exercise program, while group 2 participated
in a cluster with strength exercises. Both groups were su-
pervised by care provider 1. Group 3 (tai chi), supervised
by care provider 2, included patients who voluntarily par-
ticipated in workouts on their non-dialysis days and were
not subject to cluster randomization.

Blinding

Blinding was not feasible in this study. Participants were
informed that the study aimed to compare the 3 different
forms of training, but they were not informed of all the re-
search hypotheses. There was no blinding of care provid-
ers, as they were specialists in their field. To limit the bias,
data collection, pre-and post-tests and data analysis were
performed by a blinded researcher, i.e., a team member
who did not provide any intervention to the participants.

Statistical analyses

The normality of the distribution of the analyzed char-
acteristics was evaluated using the Shapiro—Wilk test. For
a matched-pair analysis, normality of the distribution was
assessed for the differences between the paired values. De-
scriptive statistics were calculated. Depending on the re-
sult of the normality of the distribution test, the mean
and standard deviation (SD) or median and quartile range
(IQR) were used. For nominal variables, counts and per-
centages were calculated.

The analysis of differences between the 1% and 2™ stud-
ies was conducted using either the Wilcoxon paired rank
test or Student’s t-test for dependent samples, depending
on the distribution of the data. The analysis of differences
between groups of subjects was performed depending
on the type of variables using analysis of variance. For
quantitative variables with a normal distribution, a one-
way analysis of variance (ANOVA) was performed. In cases
where the distribution was non-normal or the variables
were ordinal, the Kruskal-Wallis test was used, followed
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by the Dunn—Bonferroni—-Holm post hoc test for multiple
comparisons. Multivariate regression analysis was also em-
ployed. Statistical significance was determined at p < 0.05.
In the case of multiple comparisons, the Bonferroni correc-
tion was applied by dividing the assumed significance level
by the number of comparisons (0.05/4 = 0.0125). The value
of rc (rc = Z/Nn) was used as the effect size for the Wilcoxon
pairwise order test.?? Effect size for the T-test for dependent
pairs was calculated using Hedges’ g-factor. According
to the template, Hedges’ g is calculated as follows:

_ pl—p!
g - 2 2
\/SD?+SD3~2:SD; D,

where:

py and p, — mean values; SD1 and SD2 — standard devia-
tions; r — Pearson correlation coefficient.??

The effect size for the Kruskal-Wallis ANOVA was de-
termined using n? and subsequently converted to Cohen’s
d coefficient.?* Statistical calculations were performed us-
ing Statisticav. 13.1 (TIBCO Software Inc., Palo Alto, USA)
and PQstat 1.8.2 (StatSoft Polska, Cracow, Poland).

Results

Ninety-eight patients with ESRD met the inclusion crite-
ria, consented to participate in the study and were assigned
to the respective groups: 33 participants in group 1 (endur-
ance), 35 participants in group 2 (resistance) and 30 partici-
pants in group 3 (tai chi). Twelve participants were excluded
from the study. The trial group comprised 86 patients who
engaged in pre-tests and commenced the 6-month exercise
intervention as per the prior allocation. The intervention
included 45 patients: group 1 had 16 participants, group 2
had 15 and group 3 had 14 (Fig. 1). The characteristics
of the patients who completed the exercise program, under-
went final examinations and were included in the statistical
analysis are presented in shared data.

Spiroergometric test

In the post-training assessment (study 2), all groups, ex-
cept for group 3, demonstrated an increase in VO,, VO,/kg
and heart rate (HR) compared to the baseline assessment
(study 1). However, the observed differences were statisti-
cally significant only in group 1 for VO, and HR. Addition-
ally, a strong effect size was noted in both cases (Table 1).
A statistically significant difference in VO, levels was ob-
served between group 2 and group 3 in both study 1 and
study 2. In study 1, group 2 had a significantly higher av-
erage VO, value compared to group 3, and this difference
became more pronounced in study 2. Also, the HR value
in study 2 in group 2 was significantly higher compared
to group 3 (Table 1,2).

Measurements of PTQ and TW performed under iso-
kinetic conditions at a movement speed of 60°/s in study 2
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Assessed for eligibility (n = 98)

Consent to participation in the research and met inclusion criteria

!

|

Group 1
Endurance exercise (n = 33)

CLUSTER RANDOMIZATION

Group 2
Strength exercise (n = 35)

Group 3 (non-dialysis)
Tai chi exercise (n = 30)

Excluded (n=2)

e Exclusion criteria (n = 2)

\AA 4

Excluded (n =5)

e Exclusion criteria (n =2)
e Resignation (n =2)
o Transplantation (n=1)

Excluded (n =5)

e Exclusion criteria (n = 2)
e Resignation (n = 3)

\4

Pre-test

CPET and dynamometry test of the lower limbs

Group 1
Received endurance exercise
(n=31)

Care provider 1

Group 2
Received resistance exercise
(n=30)

Care provider 1

Group 3
Received tai chi exercise
(n=25)

Care provider 2

Discontinued intervention (n = 13)

Transplantation (n = 2)
Resignation (n = 4)

Discontinued intervention (n = 13)

Transplantation (n = 2)
Resignation (n = 3)

Discontinued intervention (n = 9)

Resignation (n = 5)
Training adherence <70% (n = 3)

Training adherence <70% (n = 3) Training adherence <70% (n = 4) Died (n=1)
Died (n =4) Died (n=4)
Post-test

CPET and dynamometry test of the lower limbs

Analyzed (n = 16)

Post-test absence (n = 2)

Analyzed (n = 15)

Post-test absence (n = 2)

Analyzed (n = 14)

Post-test absence (n = 2)

Table 1. Spiroergometric parameters before and after the training cycle

Fig. 1. A detailed process
of patient recruitment for
the study

CPET - Cardio-Pulmonary
Exercise Test.

Wilcoxon test

Variable Fretest

median (0]
VO, [mL/min] 975.50 394.50

Group 1 VO,/kg [mL/min/kg] 12.84 461
HR bpm 101.50 1450
VO, [mL/min] 1403.00 781.00

Group 2 VO,/kg [mL/min/kg] 18.20 10.63
HR bpm 109.00 44.00
VO, [mL/min] 892.00 510.00

Group 3 VO,/kg [mL/min/kg] 12.75 191
HR bpm 99.00 18.00

Post-test
median (0] T
1002.50 445.00 10.000
13.50 4.3 26.000
104.00 10.50 1.500
1585.00 810.00 30.000
19.50 13.18 27.000
118.00 30.00 17.000
875.00 590.00 22.000
12.85 4.65 41.000
100.00 18.00 17.500

p-value
0.003* 0.75
0.029 0.54
0.001* 0.80
0.088 0.44
0.061 048
0.015 0.63
0.056 0.51
0470 0.19
0.050 0.52

Group 1 - endurance training; group 2 — resistance training; group 3 - tai chi; VO, — oxygen consumption; HR — heart rate; IQR - interquartile range;
T — Wilcoxon test value; rc — rank correlation coefficient; *p < 0.012

showed a significant increase in values for both the extensor
and flexor muscles of the knee joint, but only in the group
that participated in resistance training (group 2). A strong
effect size was also observed for these variables (Table 3).

The analysis of results between the subject groups re-
vealed significant differences, particularly in study 2.
In the study performed after the end of the training cy-
cle, significantly higher values were observed in group 2
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Table 2. Comparison between groups of spiroergometric test results

Kruskal-Wallis

ANOVA

Research Variable

VO, [mL/min] 9.20 0.010*

Pre-test VO,/kg [mL/min/kg] 4.03 0.133
HR [bpm] 232 0313

VO, [mL/min] 10.31 0.006*

Post-test VO,/kg [mL/min/kg] 532 0.070
HR [bpm] 961 0.008*

Post hoc test (p-value)

Cohen’sd

0.044 0.511 0.013* 091
0.167 0.712 0.275 045
0.668 0.668 0.398 0.18
0.023 0.594 0.009* 0.99
0.125 0.880 0.125 0.59
0.031 0577 0.012* 0.94

Group 1 - endurance training; group 2 - resistance training; group 3 - tai chi; ANOVA - analysis of variance; VO, — oxygen consumption; HR — heart rate;

*p < 0.012.

Table 3. Values of peak torque and total work at 60%s before and after the training cycle

Pre-test
Variable
median IQR
PTQE 60 R [nm] 55.30 16.35
PTQE60L [nm] 60.30 2840
PTQ F 60 R [nm] 29.80 11.15
PTQF 60 L [nm] 28.25 11.90
Group 1
TWEG0R[J] 287.45 122.70
TWE6OL[J] 286.35 13240
TWF60R[J] 131.80 74.00
TWEe0L[J] 130.95 55.75
PTQE 60 R [nm] 99.80 46.70
PTQE60L [nm] 95.60 51.90
PTQF 60 R [nm] 44.70 23.80
PTQF 60 L [nm] 44.40 18.70
Group 2
TWEG60R[J] 476.40 199.40
TWEeOL[J] 432.30 292.90
TWF60R[J] 225.10 91.30
TWFeoL[J] 201.20 81.80
PTQE 60 R [nm] 61.90 3230
PTQE60 L [nm] 60.75 49.60
PTQF 60 R [nm] 29.15 13.00
PTQF 60 L [nm] 30.75 11.30
Group 3
TWE60R [J] 334.35 149.80
TWEG0L[J] 300.50 126.00
TWF60R [J] 147.15 47.50
TWF 60 L [J] 136.40 89.00

Post-test Wilcoxon test
median IQR T p-vlaue
56.90 16.15 66.00 0918 0.03
58.15 30.05 61.00 0717 0.09
28.55 12.00 68.00 1.000 0.00
25.90 13.00 56.00 0.535 0.16
277.25 124.00 54.00 0.469 0.18
276.65 139.30 54.00 0.469 0.18
130.65 74.70 46.00 0.255 0.28
123.60 61.60 34.50 0.083 043
129.90 62.10 0.00 0.001* 0.88
120.60 64.70 0.00 0.001* 0.88
59.10 28.80 0.00 0.001* 0.88
54.30 26.90 0.00 0.001* 0.88
543.00 267.80 0.00 0.001* 0.88
530.11 256.00 0.00 0.001* 0.88
270.50 18240 0.00 0.001* 0.88
251.30 13520 0.00 0.001* 0.88
66.25 39.40 21.00 0.048 0.53
66.20 56.00 2850 0.132 040
3260 2040 24.00 0.133 040
33.30 15.20 29.00 0.140 0.39
340.05 156.10 14.00 0.016 0.65
308.10 12940 16.00 0.022 061
147.95 45.60 30.00 0.158 0.38
140.30 101.30 24.50 0.079 047

Group 1 - endurance training; group 2 — resistance training; group 3 — tai chi; PTQ — peak torque; TW — total work; E — knee extensors; F — knee flexors;
R —right limb; L - left limb; 60 — movement velocity 60%s; IQR — interquartile range; T — Wilcoxon test value; rc — rank correlation coefficient; *p < 0.012.

compared to group 1. The significance of the differences
between the groups was also shown for some of the vari-
ables in the preliminary study. In study 2, the magnitude
of the differences was increased. Group 2 demonstrated
higher results in study 2 compared to group 3. The signifi-
cance of the differences was confirmed for the PTQ values
of the knee flexors and the TW performed by the knee
extensor muscles on the right side (Table 3,4).

Measurements of PTQ and TW performed under iso-
kinetic conditions at 180°s showed in study 2 a significant
increase in the values obtained for both the extensor and
flexor muscles of the knee joint in the group participating
in endurance (group 1) and resistance (group 2) train-
ing. In all of those variables, a strong effect size was also
noted (Table 5). Analysis of the differences between groups
highlighted significant differences between the values



Table 4. Comparison between groups of isokinetic test results (60%5)

Kruskal-Wallis Post hoc test (p-value)
Research Variable ANOVA Cohen’sd

PTQE60R [nm] 10.72 0.005% 0.004* 0.300 0.072 1.02

PTQEG6OL [nm] 891 0.012*% 0.011* 0403 0.091 0.89

PTQF 60 R [nm] 7.68 0.022 0.032 0.782 0.056 0.79

PTQF60L [nm] 744 0.024 0.024 0484 0.121 0.77

pretest TWEG60R [J] 10.92 0.004* 0.005* 0477 0.035 1.04
TWEG60 L [J] 842 0.015 0.016 0.557 0.070 0.85

TWF60R [J] 8.15 0.017 0.019 0.556 0.077 0.83

TWF60 L[] 8.69 0013 0.010* 0.220 0.220 0.87

PTQE 60 R [nm] 14.02 0.001* 0.001* 0.283 0.026 1.28

PTQEGOL [nm] 14.86 0.001* 0.001* 0.291 0.019 133

PTQF 60 R [nm] 16.87 0.001* 0.000* 0404 0.006* 148

bosttest PTQF 60 L [nm] 16.79 0.001* 0.000* 0316 0.009* 148
TWEG0R [J] 14.80 0.001* 0.001* 0.406 0.012* 132

TWEG0L[J] 13.86 0.001* 0.001* 0457 0.013 1.26

TWF60R[J] 12.54 0.002* 0.002* 0.407 0.025 1.16

TWF60L [J] 1325 0.001* 0.001* 0.169 0.064 1.21

Group 1 - endurance training; group 2 — resistance training; group 3 - tai chi; PTQ — peak torque; TW - total work; E — knee extensors; F — knee flexors;
R = right limb; L - left limb; 60 — movement velocity 60%s; H — Kruskal-Wallis test value; ANOVA — analysis of variance; *p < 0.012.

Table 5. Values of peak torque and TW at 180°%s before and after the training cycle

T Pre-test Post-test Wilcoxon test
median IQR median IQR T p-value

PTQE 180 R [nm] 4430 13.95 49.00 19.15 0.00 0.001* 0.88

PTQE 180 L [nm] 3935 24.90 4530 25.30 0.00 0.001* 0.88

PTQF 180 R [nm] 24.70 9.25 27.35 1335 0.00 0.001* 0.88

PTQF 180 L [nm] 23.90 7.95 2820 12.05 1.00 0.001* 0.87

e TWE 180 R [J] 671.90 290.20 690.05 301.05 0.00 0.001* 0.88
TWE 180 L [J] 674.75 414.35 693.50 42340 0.00 0.001* 0.88

TWF 180 R [J] 332.35 152.10 342.80 152.95 0.00 0.001* 0.88

TWF 180 L [J] 313.10 12255 324.85 134.70 0.00 0.001* 0.88

PTQE 180 R [nm] 59.20 34.10 63.00 35.10 5.00 0.002* 0.81

PTQE 180 L [nm] 64.10 29.70 69.40 32.00 9.00 0.004* 0.75

PTQF 180 R [nm] 33.80 13.60 35.60 16.00 13.00 0.008* 0.69

PTQF 180 L [nm] 27.30 12.30 31.20 13.90 18.00 0.017 0.62

Group 2 TWE 180R [J] 1137.60 314.10 1150.00 333.60 10.00 0.005* 0.73
TWE 180 L [J] 1070.10 469.40 1103.00 472.60 5.00 0.002* 0.81

TWF 180 R [J] 575.90 255.60 595.30 249.60 13.00 0.008* 0.69

TWF 180 L [J] 464.80 308.00 498.70 304.90 12.00 0.006* 0.70

PTQE 180 R [nm] 43.65 19.60 43.05 27.50 40.00 0433 0.21

PTQE 180 L [nm] 39.80 25.60 38.25 30.50 39.00 0397 0.23

PTQF 180 R [nm] 2495 11.60 24.00 14.90 32.00 0.198 0.34

PTQF 180 L [nm] 2340 7.70 2255 11.10 2550 0.090 045

Group 3 TWE180R [J] 779.15 436.00 770.35 441.00 36.00 0.300 0.28
TWE180L [J] 767.20 357.60 749.55 379.80 19.00 0.036 0.56

TWF 180 R [J] 371.30 173.30 355.15 17530 27.00 0.109 043

TWF 180 L [J] 37215 230.30 347.35 22390 11.00 0.009* 0.70

Group 1 —endurance training; group 2 - resistance training; group 3 - tai chi; PTQ — peak torque; TW — total work; E — knee extensors; F — knee flexors;
R = right limb; L — left limb; 180 — movement velocity 180°%s; IQR — interquartile range; T — Wilcoxon test value; rc — rank correlation coefficient; *p < 0.012
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Table 6. Comparison between groups of isokinetic test results (180%s)

Post hoc test (p-value)

Kruskal-Wallis

ANOVA

Research Variable Cohen’sd

PTQE 180 R [nm] 5.19 0.075 0.103 0.794 0.147 0.57

PTQE 180 L [nm] 7.82 0.020 0.035 0.897 0.042 0.80

PTQF 180 R [nm] 538 0.068 0.099 0.839 0.126 0.59

PTQF 180 L [nm] 592 0.052 0.098 0.992 0.098 0.64

prectest TWE 180R [J] 10.80 0.005* 0.003* 0.228 0.098 1.03
TWE180L [J] 10.49 0.005* 0.004* 0.286 0.082 1.01

TWF180R[J] 8.30 0.016 0.015 0424 0.106 0.84

TWF 180 L [J] 597 0.051 0.044 0.358 0.358 0.65

PTQE 180 R [nm] 7.64 0.022 0.116 0.386 0.022 0.79

PTQE 180 L [nm] 7.65 0.022 0.147 0.315 0.020 0.79

PTQF 180 R [nm] 6.05 0.049 0.324 0.324 0.043 0.65

Dost-test PTQF 180 L [nm] 7.23 0.027 0.293 0.293 0.022 0.75
TWE180R[J] 9.87 0.007* 0.006* 0.368 0.074 0.86

TWE180L [J] 10.61 0.005* 0.005* 0417 0.048 1.02

TWF 180R [J] 8.23 0.016 0.022 0.695 0.054 0.84

TWFE180L[J] 549 0.064 0.068 0.542 0.217 0.60

Group 1 - endurance training; group 2 — resistance training; group 3 - tai chi; PTQ — peak torque; TW - total work; E — knee extensors; F — knee flexors;
R —right limb, L - left limb; 180 — movement velocity 180°%/s; H — Kruskal-Wallis test value; ANOVA — analysis of variance; *p < 0.012.

Table 7. Values of maximum peak torque (static conditions) before and after the training cycle

T Pre-test Post-test Wilcoxon test
median IQR median IQR T p-value
static PTQ ER [nm] 76.35 42.85 75.90 44.55 64.50 0.698 0.10
static PTQ E L [nm] 72.00 30.30 70.65 32.60 61.50 1.000 0.00
D static PTQ F R [nm] 35.20 18.25 33.15 21.55 61.00 0.737 0.08
static PTQ F L [nm] 31.70 18.20 29.25 18.55 66.00 0.737 0.08
static PTQ ER [nm] 112.80 72.80 136.10 69.70 1.00 0.001* 0.87
static PTQ E L [nm] 103.80 5840 12440 73.90 1.00 0.001* 0.87
Group 2 static PTQ F R [nm] 53.40 23.30 60.70 24.30 1.00 0.001* 0.87
static PTQ F L [nm] 46.00 16.50 53.00 2520 1.00 0.001* 0.87
static PTQ E R [nm] 7545 20.50 79.50 26.50 18.00 0.056 051
static PTQ E L [nm] 76.70 23.90 77.80 28.90 20.00 0.026 0.60
Eetlps static PTQ F R [nm] 33.65 14.30 38.00 17.80 30.00 0.052 0.52
static PTQ F L [nm] 3265 8.20 3745 13.00 21.00 0.064 0.50

Group 1 - endurance training; group 2 — resistance training; group 3 - tai chi; static PTQ — maximum peak torque; E — knee extensors; F — knee flexors;
R —right limb; L — left limb; IQR — interquartile range; *p < 0.012.

of the TW obtained for the knee joint extensor muscles
in both measurements. In group 2, the values obtained
were significantly higher compared to group 1 (Table 5,6).

Tests of the PTQ under static conditions showed an in-
crease in the obtained values in study 2 in groups 2 and 3.
However, the observed differences proved to be signifi-
cant in group 2 participating in resistance training. Also,
a strong effect size is noted only for group 2 (Table 7).
In group 2, the values obtained proved to be the high-
est in both study 1 and study 2 compared to the results

of groups 1 and 3. Study 2 showed the significance of differ-
ences between all static measurements in groups 1 and 2,
as well as between the results obtained for the flexor mus-
cles in groups 2 and 3. In study 1, the significance of dif-
ferences concerned only the maximum PTQ of the right
knee flexors (Table 7,8).

Multivariate regression analysis was performed to indi-
cate which variables have a significant effect on personal
VO,/kg. Analysis of the results obtained before the train-
ing program indicated a significant effect of age, body
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Table 8. Comparison between study groups of static measurement results

Kruskal-Wallis

ANOVA

Research Variable

static PTQ ER [nm] 8.18 0.017

static PTQ E L [nm] 8.08 0.018
Pre-test

static PTQ F R [nm] 10.53 0.005*

static PTQ F L [nm] 7.82 0.020

static PTQ E R [nm] 11.54 0.003*

static PTQ E L [nm] 12.37 0.002*
Post-test

static PTQ F R [nm] 14.90 0.001*

static PTQ F L [nm] 12.82 0.002*

Post-hoc test p-value

Cohen’sd

0.020 0.624 0.065 0.83
0.016 0.388 0.128 0.82
0.012* 0.829 0.012* 1.01
0.035 0.886 0.043 0.80
0.003* 0479 0.028 1.08
0.002* 0.279 0.045 1.46
0.001* 0.809 0.003* 133
0.003* 0.726 0.009% 1.18

Group 1 —endurance training; group 2 — resistance training; group 3 - tai chi; static PTQ — maximum peak torque; E — knee extensors; F — knee flexors;

R = right limb; L — left limb; ANOVA — analysis of variance; *p < 0.012.

Table 9. Multivariate regression model indicating predictors of VO,/kg (for study 1)

Dependent variable VO,/kg ‘

e ‘ +95% Cl Student's t-test

Gender -2.1 147
Age [years] -0.2 0.06
BMI [kg/m?] -0.34 0.13
Years of dialysis -0.02 0.17
Number of comorbidities -043 0.5
1 static PTQ 75 E R [nm] 0.04 0.02
R 0.74 =
R? adjusted 047 -
Standard error of estimation 3.89 =
F 7.58 -
p-value <0.001* -

value p-value
-5.09 0.88 -143 0.165
-032 -0.08 -338 0.002*
-0.61 -0.07 -253 0.016*
-0.36 032 -0.13 0.894
-144 0.58 -0.87 0392
0 0.07 203 0.050*

Gender: female 0; male 1; static PTQ 75 E R — maximum peak torque (test 1), E — extensors; R - right limb; F - F test value; VO, — oxygen consumption;
SE - standard error; 95% Cl - 95% confidence interval; BMI - body mass index; *p < 0.05.

mass index (BMI) and maximum knee extensor torque
on VO,/kg. There was a negative direction of the rela-
tionship between age and BMI and a positive static PTQ.
According to this model, increasing age by 1 year will de-
crease VO,/kg by 0.02, increasing BMI by 1 unit will induce
a decrease in VO,/kg by 0.34, and increasing static PTQ
will result in an increase in VO,/kg by 0.04 (Table 9,10).
A very similar model was obtained for the results
of study 2. There was also a negative significant relation-
ship between VO,/kg, and age and BMI, and a positive
one with isokinetic PTQ at 60°/s. However, there was no
significant effect of any training model (Table 10).

Discussion

The accumulation of traditional (e.g., age, hyperten-
sion, smoking, dyslipidemia) and non-traditional (e.g.,
hyperphosphatemia, conductance, vascular stiffness, years
of dialysis therapy) cardiovascular risk factors in a dialysis

patient with a sedentary lifestyle raises questions about
an appropriate (safe and effective) rehabilitation program.
Given the challenge of maintaining full attendance in this
patient group, the final analysis included only those pa-
tients who completed at least 70% of the training sessions.
This accounted for 45.9% of the total qualifying group,
totaling 45 patients. Adherence serves as a key indicator
of the practical efficacy of the rehabilitation approach.
However, it is important to acknowledge that this was
an extensive 6-month training program conducted among
a cohort of patients with a significantly higher average
age. Shorter training programs provide higher results and
are associated with a lower average age of the patients
examined.?

In this research project, the most common reasons
for discontinuing training were a lack of motivation and
health-related events unrelated to exercise. These factors
contributed to inconsistencies in participation and a lack
of regularity in the training program. During the first
month of the program, the most common reasons for
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Table 10. Multivariate regression model indicating others predictorsof VO,/kg (for study 2)

Dependent variable VO,/kg

Student's t-test

Gender 272 1.50
Endurance training -0.29 1.81
Tai chi -1.73 1.63
Age [years] -0.22 0.07
BMI [kg/m?] -041 0.16
Years of dialysis -0.06 0.18
Number of comorbidities -0.27 0.52
PTQE60R [nm] 0.05 0.02
R 0.81 =
R? adjusted 0.58 -
Standard error of estimation 3.84 -
F 8.61 -
p-value <0.001* -

-95% Cl ‘ +95% Cl

value p-value

=57/ 0.83 -147 0.149
-3.97 338 -0.16 0.872
-5.03 1.57 -1.06 0.295

-0.36 -0.09 -3.35 0.002*
-0.72 -0.09 -261 0.013*
-042 0.30 -0.34 0.734
1|32 0.79 -0.51 0.611

0.00 0.10 2.09 0.044*

Endurance training and tai chi compared to resistance training, Gender: female 0, male 1, static PTQ 75ER — max peak torque (test 2); E — extensors;
R —right limb; VO, — oxygen consumption; SE — standard error; 95% Cl — 95% confidence interval; BMI — body mass index.

patient dropout were discomfort with post-exercise fatigue
and a low subjective perception of the exercise’s appeal.
As the program progressed, the group size remained stable,
with subsequent dropouts primarily due to health-related
events, kidney transplant surgery or death.

Evaluation of spiroergometric parameters

The oxygen uptake capacity (oxygen ceiling; VO,max)
can be viewed as a determinant of the body’s ability to per-
form maximal work.?® After a 6-month exercise program,
an increase in minute oxygen uptake (VO,), VO,/kg and
HR was demonstrated in each of the study groups, com-
pared to study 1. The significance of the observed differ-
ence was confirmed only in group 1 for VO, and HR, with
a strong effect size.

In the available literature, the results vary depending
on the training model, duration and anthropometric pa-
rameters of the participants, ranging from no significant
changes in VO,max aerobic capacity?”?® to substantial
improvements of up to 40%.2%3° Scapini et al. observed
a greater increase in VO,max, reaching 3.35 mL/kg/min.3!
Matsuzawa et al. analyzed a population of elderly pa-
tients with ESRD and found a statistically significant
mean change in VO,max of 0.62 mL/kg/min after various
workout programs, including those following a day-off
model.3? Young et al. conducted a meta-analysis evaluat-
ing the effects of cycloergometer training during dialysis
on spiroergometric parameters. Other authors highlighted
the limited potential of this intervention to improve exer-
cise capacity (oxygen uptake), pointing to an unmeasured
increase in the VO,max parameter of only 1.19 mL/kg/
min in the entire collected cohort of dialysis patients.?!
Groussard et al. reported that, following a 3-month

aerobic training program, VO,max decreased from
14.7 +2.1 mL/kg/min to 14.3 +2.3 mL/kg/min.?8 Reboredo
et al., after a 3-month rotor training program (n = 12, age
50.7 + 10.7 years, initial VO,max 25.8 + 5.5 mL/kg/min,
BMI 22.8 + 2.3), recorded a significant increase in VO,max
to 29 +7 mL/kg/min.?

The analysis of the cited works indicates the dependence
of performance on baseline fitness, age and BMI. This was
also confirmed by the results of the regression analysis,
which showed that age and BMI had the greatest effect
on VO,/kg in the study group of dialysis patients. Studies
on populations with a higher average age and lower initial
VO,mayx, often accompanied by increased BMI,?"?8 gen-
erally do not report significant changes. However, when
conducted on younger patients with higher initial VO,max
values and a normal BMI, the results demonstrate a sig-
nificant positive effect.333* Advanced age and prolonged
dialysis therapy significantly impair the body’s physiologi-
cal adaptive capacity and exacerbate sarcopenic changes.
Reduced aerobic capacity and increased body fat mass
(negatively impacting VO,max) are indicative of reduced
physical condition from the outset, which in turn impacts
the patient’s adaptive capacity and motivation to maintain
training intensity and regularity. Older patients are more
likely to experience fatigue during dialysis and shortness
of breath, which further discourages them from engaging
in physical activity.?

Based on the study’s findings and those of other research-
ers, it can be inferred that younger individuals in better phys-
ical condition and those with a shorter duration of dialysis
therapy benefited the most from the implemented training
cycle. In our study, group 3, which participated in tai chi
training on non-dialysis days (“day-off”), showed nonsig-
nificant improvements in the assessed fitness parameters.
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The minimal gains in fitness indices are likely attributed
to the participants’ age, as well as the methodology and spe-
cific characteristics of tai chi training. The resultant VO,max
following 6 months of endurance training in group 1, con-
sidering the individuals’ average age and beginning fitness
levels, was comparable to findings from previous studies.
Hence, the results of our study confirm the reported chal-
lenges of rehabilitation and highlight the unique characteris-
tics of this patient group, including the accumulation of both
traditional and non-traditional risk factors.?

Evaluation of strength
and speed parameters

Endurance training is mainly used to increase fitness
and improve cardiovascular function and is not the pre-
ferred intervention to induce functional muscle improve-
ment. However, depending on an individual’s age, activity
level and physical fitness, it can also enhance strength and
speed parameters.3®%” After 6 months of training on cycle-
ergometers, nonsignificant increases in peak force moments
of the knee extensors and flexors on isometric testing were
recorded in group 1. In contrast, significant observations were
noted in the isokinetic test at 180°/s. In group 1, there was
a significant overall improvement in force-velocity param-
eters, with a significant increase in peak force moments for
the extensors and flexors of the knee joint. In rehabilitation
and biomechanical studies on elderly individuals, a significant
reduction in neuromuscular reaction speed during dynamic
movements has been observed, which can increase the risk
of falls and injuries.?® Improving neuromuscular excitability
and PTQ during dynamic movements through simple rotor
training may offer potential benefits in injury prevention.
Consistent with scientific findings, enhancing muscular en-
durance, as reflected in TW, could contribute to improved
daily functioning.!!

Group 2 recorded the greatest changes in strength and
speed parameters, both in isometry and isokinetic testing
at 60%s. In contrast, at 180°/s, group 2 had a weaker but
significant improvement compared to the endurance group
(group 1). To the best of the authors’ knowledge, no studies
have been conducted using comparable direct dynamom-
etry measurements. Most researchers assess strength using
indirect measures and report percentage changes, making
direct comparisons unfeasible. Consequently, only general
conclusions can be drawn.

Chen et al. reported significant increases in knee exten-
sor muscle strength of 44.9 +26.3% after a 6-month train-
ing intervention following a similar model. However, this
measurement was conducted using a hand dynamometer
under isometric conditions.? In contrast, Thompson et al.,
using a similar training methodology but a shorter 12-week
program (n = 7, age 59.7 (45.9—-81.4) years), observed no
significant improvement in strength. However, strength
was assessed using the one-repetition maximum (1RM)
method.*® Cheema et al., following a similar training
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model during dialysis, observed an improvement in muscle
strength, including knee extensors, under isometric condi-
tions after 3 months of training.*! Kirkman et al. reported
a 7% increase in isometric muscle strength after 12 weeks
of resistance training (n = 12; age 48 +18 years). It should
be noted that Kirkman implemented a high-resistance
training program using a specially designed resistance
platform mounted to the dialysis chair.*?> Headley et al.
reported a 12.7% improvement in knee extensor strength
after 3 months of training in a day-off resistance training
model, but only for the slowest speed tested, i.e., 90°/s.43

Group 3 engaged in 6 months of tai chi training, a super-
vised exercise program that does not require specialized
equipment. The key advantage of tai chi lies in its diverse
set of movement sequences, with gradually increasing
difficulty levels that necessitate the adaptation of mus-
cle strength and motor control. This practice enhances
balance, coordination and overall functional stability.
The group exhibited a slight improvement in both static
and dynamic strength moments, though these changes
were not statistically significant. However, it is important
to consider that group 3 participated in sessions only twice
per week, whereas the other groups followed a 3-times-per-
week training model. This difference in training frequency
may explain the nonsignificant gains observed in the bio-
mechanical parameters. Currently, there are no published
studies on this specific patient group using an analogous
method for measuring muscle strength.

Changetal. conducted a 12-week tai chi program involving
21 ESRD patients (mean age 54.2 +15.2 years). Lower limb
strength was assessed using the sit-to-stand (STS) test, which
included the 5- and 10-repetition tests (STS5 and STS10)
measured by time, as well as the 60-second test (STS60)
performed for the maximum number of repetitions. After
12 weeks of training, a significant improvement was observed
only in the STS60 test, which the authors attributed to en-
hanced lower limb muscular endurance. The STS5 and STS10
tests, requiring 5 and 10 repetitions of the “stand up/sit down”
movement, assess the ability to generate power and muscle
speed. In contrast, the STS60 test, performed over 60 s, al-
lows for a slower movement pace with less demand for ago-
nist-antagonist muscle control, making it a better indicator
of endurance rather than explosive strength.4*

Limitations

The main limitation of this study is the lack of a non-
exercise control group. This is due to the specificity of this
group of patients. The CPET and dynamometry tests
are highly demanding assessments. It was not possible
to get enough patients to do these tests without a tradeoff
in the form of therapy intervention. We used the clus-
ter randomization method which has some drawbacks
— it does not give a precise picture of the whole population.
The studied groups were relatively small and the results
require confirmation using a larger group of patients.
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Also, an important aspect of the planned workouts was
the tradeoff between maintaining adequate training in-
tensity and its safety for patients and the hemodialysis
process. It should be noted that the task of the conducted
research was not to determine the maximum adaptive
capacity of patients with ESRD (expressed in spiroergo-
metric and strength-velocity parameters), but to establish
an effective, safe and pragmatic model — possibly acces-
sible to all patients. In addition, tai chi training, for orga-
nizational reasons, took place twice a week, on a day with-
out dialysis. In contrast, resistance training, for reasons
of safety and correctness of execution, requires individual
supervision of a physiotherapist during exercise, which
could increase the sense of safety and have a motivating
effect on the patient, potentially increasing the intensity
of training and greater acceptance of the progression be-
ing introduced.

Conclusions

The above results seem to confirm the observed limited
potential for improving aerobic capacity in patients with
ESRD. The strongest determinants of exercise capacity,
aside from age and BMI, were the strength of the lower
limbs. Enhancing performance in this area is challenging
and warrants further research. However, greater poten-
tial for improving patients’ overall condition is associated
with the incorporation of resistance training. The analysis
of strength and speed parameters highlights the specific-
ity of each training modality, as evidenced by selective
improvements in isometric and isokinetic test perfor-
mance. These changes could have a protective influence
on the risk of falls. Activities of daily living, such as walk-
ing, climbing stairs, lifting objects, and performing manual
work, require overcoming the resistance of body weight
and involve muscle groups of the trunk and upper limbs.
In this context, resistance training demonstrates supe-
rior functional relevance due to its engagement of nearly
the entire muscular system and the notable improvements
in muscle strength it produces.

Data availability

The datasets generated and/or analyzed during the cur-
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Abstract

Background. A group of inflammatory spindle cell lesions (ISCLs) includes many nosological entities
with a common histological image consisting of spindle-shaped cells and inflammatory infiltrate. Diverse
diseases indicate different prognoses that can be difficult to predict. The most well-known neoplasm from
the group is an inflammatory myofibroblastic tumor (IMT) that harbors tyrosine kinase gene rearrangement
frequently affecting ALK, ROST, RET, PDGFRB, NTRK, and IGFIR genes. In contrast, a reactive mass-forming
lesion is regarded as an inflammatory pseudotumor (IPT).

Objectives. This study aimed to: 1) investigate the accuracy of the primary diagnosis of IMT and IPT with
the diagnostics using extended analysis of clinical data, re-evaluation of histopathological slides and next-
generation sequencing (NGS); and 2) to establish prognostic and diagnostic factors.

Materials and methods. Finally, 46 cases of ISCLs were retrieved. The authors revised diagnoses and
performed NGS based on ribonucleic acids isolated from selected paraffin blocks. Clinical and paraclinical
data were also collected. The final diagnoses were made as a result of available information integration.

Results. The sequencing confirmed 4 IMTs and detected 4 fusion gene types — EML4-ALK, RANBP2-ALK, and
ETV6-NTRK3. Additionally, 1 afunctional EGFR-PPARGCTA rearrangement was found in gastric inflammatory
fibroid polyp. A subset of reactive lesions also contained some mutations, which is consistent with actual
knowledge. Neoplasms with ganglion-like cells, nuclear atypia and increased mitotic activity gave local
recurrences. A higher percentage of necrosis indicated IMTs and patients who died in the analyzed period.
No relation between genetic alterations and relapse was found.

Conclusions. A final diagnosis can be made based on all clinical and paraclinical data. The prognosis after
the treatmentis dependent on the pathological diagnosis, disease location and resection completeness, pres-
ence of ganglion-like cells, nuclear atypia, mitotic index, and necrosis. Not only neoplastic but also reactive
lesions can recur. The presence of gene rearrangements and necrosis can have diagnostic value.

Key words: next-generation sequencing, receptor tyrosine kinase, inflammatory myofibroblastic tumors,
inflammatory pseudotumors, inflammatory spindle cell lesions
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morphology for this rare entity.
pseudotumors (IPTs).

changes.

diagnosis.

index, necrosis, and gene rearrangements.

+ Inflammatory spindle cell lesions (ISCLs) feature spindle cells mixed with inflammatory infiltrates — hallmark
+ ISCL spectrum ranges from neoplastic inflammatory myofibroblastic tumors (IMTs) to reactive inflammatory
+ Neoplastic and reactive ISCLs alike can exhibit aggressive histology, oncogenic mutations and clonal genetic
+ Tyrosine receptor kinase gene rearrangement testing (ALK, ROS1, NTRK) is mandatory for a definitive IMT

» Pathology reports should list prognostic and diagnostic markers — ganglion-like cells, cytologic atypia, mitotic

Background

Inflammatory spindle cell lesions (ISCLs) represent a his-
tologically defined group of disorders. Microscopically,
they are characterized by the presence of spindle-shaped
cells interspersed with a dense inflammatory infiltrate
(Fig. 1). This group is heterogeneous in nature, encompass-
ing a range of distinct pathological entities.!~* Initially,
ISCLs were divided into 2 subgroups: 1) a neoplastic le-
sion — an inflammatory myofibroblastic tumor (IMT); and
2) areactive lesion — an inflammatory pseudotumor (IPT).!
Subsequently, the group was gradually expanded.>°>~18 Any

secondary inflamed spindle cell neoplasm may be included
in this group. However, establishing an accurate diagnosis
can be challenging.t’

Inflammatory spindle cell lesions may occur in any re-
gion of the human body, with symptoms and signs de-
pending on the location.? Radiological imaging is often
heterogeneous and nonspecific.?’ Correlation of histologi-
cal features, molecular genetic testing, clinical history, and
radiological data is essential for accurate diagnosis.

Inflammatory myofibroblastic tumors are intermediate-
grade neoplasms characterized by a relatively high recur-
rence rate and low metastatic potential. Under a light

Fig. 1. Histopathological image of an inflammatory spindle cell lesion is composed of spindle cells (red arrows) and inflammatory infiltrate. Blue arrows:
lymphocytes, green arrows: plasma cells, yellow arrows: eosinophils
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microscope, 3 major histopathological patterns can be
distinguished: classical, hypocellular and hypercellular.
A hypercellular pattern, high mitotic activity, presence
of myxoid stroma, ganglion-like cells, multinucleated gi-
ant cells, necrosis, lymphovascular invasion, and infiltra-
tive growth are considered adverse prognostic factors.>2!
Approximately 50-60% of IMTs harbor ALK gene rear-
rangements. Other gene fusions — such as ROS1, PDG-
FRB, RET, NTRK1/3, and IGFIR — occur less frequently.
Prior to the identification of these driver fusion genes,
the terms IMT and IPT were sometimes used interchange-
ably by clinicians.?

Objectives

The aim of the study was to: 1) investigate the accuracy
of primary diagnoses of IMT and IPT by incorporating
extended clinical data analysis, re-evaluation of histo-
pathological slides and next-generation sequencing (NGS);
2) determine whether pathological diagnoses, disease loca-
tion, histological features, and genetic changes influence
local recurrence of ISCLs.

Materials and methods
Participants

Eighty-five cases of ISCLs, initially diagnosed as IMT
or IPT, were retrieved from the Department of Medical
Pathomorphology, Medical University of Bialystok (Po-
land) database. After excluding 39 cases, 46 patients were
included in the study (22 men and 24 women; most com-
mon lesion locations: abdomen and orbit). Based on the fi-
nal histopathological diagnoses, the cases were classified
into 2 groups: neoplastic (n = 24) and reactive (n = 22).
Clinical and paraclinical data collected before and after
diagnosis were analyzed for both groups.

Design and settings

The study was approved by Guidelines for Good Clini-
cal Practice by the Bioethical Committee at the Medical
University of Bialystok (approval No. APK.002.339.2020).
First, archival formalin-fixed paraffin-embedded (FFPE)
blocks were prepared using the Leica TP1020 tissue pro-
cessor (Leica Camera AG, Wetzlar, Germany) and the His-
toCore Arcadia H + C embedding system (Leica Camera
AG) before the study. At this stage, standard reagents, in-
cluding 10% buffered neutral formalin, xylene (isomeric
mixture), ethanol, and paraffin wax, were used. Then, us-
ing the HistoCore AUTOCUT microtome (Leica Camera
AG), 4-5 pm-thick sections were prepared and placed
on SuperFrost Plus base glasses (Thermo Fisher Scientific,
Waltham, USA). Hematoxylin and eosin (H&E) staining

PAVA

was performed using the ST5010 Autostainer XL (Leica
Camera AQG). Finally, histopathological slides were covered
using CV5030 Glass Coverslipper (Leica Camera AG).

The initial evaluation of H&E-stained histopathologi-
cal slides was performed by the 1°* pathologist (K.S.) us-
ing a light microscope (Olympus BX43; Olympus Corp.,
Tokyo, Japan). A second opinion was provided for each
case by the 2" pathologist (J.R.G.). Final assessments were
based on consensus between the 2 specialists. The histo-
pathological evaluation included the following criteria:

- overall pattern (classical, hypocellular or hypercel-
lular);

- degree of nuclear atypia, assessed according to the cri-
teria proposed by Weir et al.??;

— percentage of necrosis;

- mitotic index, defined as the number of mitoses per
10 high-power fields (HPF);

— intensity of the inflammatory infiltrate, graded ac-
cording to the method presented by Klintrup et al.??;

- predominant type of inflammatory cells within the in-
filtrate;

- presence of ganglion-like cells, angioinvasion and
perineural invasion.

Two pathology specialists reviewed all cases and selected
46 for the NGS procedure. Genomic RNA was extracted
from the macrodissected FFPE material using the AllPrep
DNA/RNA FFPE Kit (Qiagen, Hilden, Germany). Quan-
tity and quality of isolated RNA were determined using
the NanoDrop 1000 UV Spectrophotometer (Thermo
Fisher Scientific) and Qubit Fluorometer (Thermo Fisher
Scientific).

Sample analysis was performed by NGS technology
with the Archer® Fusion Plex® Lung Kit v. P1028.1 (Ar-
cherDX, Inc, Boulder, USA) on the Illumina MiSeq plat-
form. The NGS-based targeted sequencing assay allows
detection of known and novel gene fusions, single nucleo-
tide variations (SN'Vs), insertion/deletion polymorphism
(indels), splicing, and gene expression. The kit contains
163 GSPs targeting 14 genes. The unique molecular on-tar-
getisabove 93%. The assay targets are presented in Table 1.
The recommended number of reads for all targets was
500,000. Data were analyzed using the Lung Target Region
File and vendor-supplied software (Archer Analysisv. 6.2.7;
Integrated DNA Technologies Inc.). The limit of detection
(LoD) was defined as a minimum of 5 reads with at least
3 unique sequencing start sites spanning the breakpoint
regions. The read length was paired-end, with a cut-off
of 5% for variant allele frequency (VAF). The median cov-
erage for all samples was 1,350.

Criteria

Following the analysis of clinical and paraclinical data,
histopathological slide assessments and NGS results,
the final diagnoses were established by 2 pathologists
based on the World Health Organization (WHO) soft
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Table 1. Next-generation sequencing target genes

Gene Exons

NM_004304 exon 22, 23, 25 mutations

ALK NM_004304 exon 2,4, 6, 10,16, 17,18, 19, 20, 21, 22, 23, 26
fusions 5
NM_004333 exon 15 mutation (V600)
BRAF NM_004333 exon 2,7,8,9, 10, 11,12, 15, 16 fusion 5’

NM_004333 exon 1, 3,7, 8,10, 13 fusion 3'
NM_005228 exon 18, 19, 20, 21 mutations
NM_005228 exon 7, 8,9, 16, 19, 20, fusion 5’
EGFR NM_005228 8 exon 2-7 skipping (EGFRvIII) 5’
NM_005228 exon 1, 24, 25 fusion 3’
NM_005228 1 exon 2-7 skipping (EGFRvIII) 3’
NM_015850 exon 2, 3,4, 5,6,7,8,9,10, 11, 17 fusions 5’

FGFRIT
NM_015850 exon 12, 17 fusion 3’
NM_000141 exon 2,5, 7, 8,9, 10 fusion 5’
FGFR2
NM_000141 16, 17 fusion 3’
NM_000142 exon 3,5, 8, 9, 10 fusion 5
FGFR3

NM_000142 exon 16, 17, 18 fusion 3’
KRAS NM_004985 exon 2, 3 mutation
NM_000245 exon 2,4, 5,6, 13,14, 15,16, 17, 21 fusion 5'
NM_000245 15 exon 14 skipping 5

MEr NM_000245 exon 2, 13 fusion 3'
NM_000245 13 exon 14 skipping 3’
NM_013957 exon 1, 8 fusion 5’
NRG1 NM_004495 exon 1, 2, 3, 4, 6 fusion 5’
NM_013962 exon 1 fusion 3'
NTRK1 NM_002529 exon 2,4, 6,8, 10, 11, 12,13 fusion 5’
NTRK2 NM_006180 exon 5,7,9,11,12,13, 14, 15,16, 17 fusion 5
NM_002530 exon 4,7, 10, 12, 13, 14, 15, 16 fusion 5'
NTRK3 NM_001007156 exon 15 fusion 5’
NM_002530 exon 13, 14, 15 fusion 3’
NM_020630 exon 15,16 mutation
R NM_020630 exon 2,4, 6, 8,9, 10, 11,12, 13, 14 fusion 5’
NM_002944 exon 38 mutation
ROS1

NM_002944 exon 2,4, 7,31, 32, 33, 34, 35, 36, 37 fusion 5'

ALK — anaplastic lymphoma kinase; BRAF — B-type rapidly accelerated
fibrosarcoma; EGFR — epidermal growth factor receptor; FGFR - fibroblast
growth factor receptor; KRAS - Kirsten rat sarcoma; MET — mesenchymal-
to-epithelial transition factor; NRG1 — neuregulin 1; NTRK — neurotrophic
tyrosine receptor kinase; RET — rearranged during transfection;

ROS1 - v-ras avian UR2 sarcoma virus oncogene homolog 1.

tissue tumor classification criteria®® (Fig. 2). The inclu-
sion criteria were: 1) primary histopathological diagno-
sis of IMT or IPT; 2) presence of FFPE blocks; 3) spindle
cell morphology with inflammatory infiltrate resembling
IMT; and 4) RNA integrity number (RIN) with a mini-
mum value of 2. Cases were excluded if FFPE material was
unavailable, if histopathological features differed from
the study criteria, or if the RNA integrity number (RIN)
was below 2.
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Diagnoses identified from
database:

—IMT (n = 27);

—IPT (n =58).

Period: 2003-2022

Excluded cases
(n=239)

{

Collected cases

State Information

which fulfilled Technology Center
the inclusion criteria (17t November 2023)
(n = 46) — Alive (n = 36)
* — Dead (n=10)
Slide and clinical
1 data assessment
(n =46)
Y
RNA quantity and . .
quality evaluation . Evaluat|(_)n1 failed
(n = 46) (n=1)
Y
NGS (n = 45)
Reassessment
> and final diagnosis -

Fig. 2. Diagram depicting the data collection and work schedule

FFPE — formalin-fixed paraffin-embedded; IMT — inflammatory
myofibroblastic tumor; IPT — inflammatory pseudotumor.

Statistical analyses

The statistical parameter formulas and definitions used
for diagnostic verification are outlined in Fig. 3. Dichoto-
mous division was used at each stage of the analysis, e.g.,
neoplasms compared to other diseases, IMTs compared
to other ISCLs, recurrent compared to non-recurrent
cases, and patients who died compared to those who
survived. To assess the impact of the dichotomous clas-
sification, odds ratios (ORs) and 95% confidence intervals
(95% Cls) for the 2 proportions were calculated using
the method described by Tenny et al.?> These statistical
parameters were selected because they effectively quan-
tify the strength of association between the 2 groups (with
and without events) in retrospective studies.?® Probability
values (p-values) were calculated using the MedCalc on-
line calculator (https://www.medcalc.org).

All numerical data (e.g., necrosis percentage, mitotic
index) obtained through light microscopy represented
subjective assessments by the pathologists. While these
should be considered continuous variables, they could not
be assumed to follow a normal distribution. The data ob-
tained using NGS should be treated similarly. At each stage
of the analysis, values were categorized into 1 of 2 groups;
therefore, a nonparametric test was selected to account for
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Parameter

neoplasm diagnosis  Primary diagnosis
correctness

Final diagnosis

TP +TN
TP +FP +TN +FN

2TP
2TP + FP+FN

IMT diagnosis
correctness

Primary diagnosis Final diagnosis

Fig. 3. A. Statistical parameter formulas; B. Definitions used during verification of neoplasm diagnosis correctness; C. Definitions used during verification

of inflammatory myofibroblastic tumor diagnosis correctness

FN - false negative; FP — false positive; IMT — inflammatory myofibroblastic tumor; TN — true negative; TP — true positive.

Fig. 4. Tissue pattern. A. Classical (case 4); B. Hypercellular (case 5); C. Hypocellular (case 2). Hematoxylin and eosin (H&E) slides, x200 magnification

the data distribution. A two-tailed Mann—Whitney U test
was conducted at a 5% significance level using the Statistics
Kingdom online calculator (https://www.statskingdom.
com). Outlier values were included in the analysis.

Results
Histopathological assessment

The predominant tissue patterns were classical (41.3%),
mixed (30.4%) and hypocellular (17.4%) (Fig. 4). Nuclear
atypia was observed in 17 cases (37%), mostly mild, while
3 cases (6.5%) contained ganglion-like cells. Necrosis was
present in 26 cases (56.5%). Approximately % of the lesions
showed no mitoses. Chronic inflammatory infiltrates, pri-
marily composed of lymphocytes and plasma cells, dom-
inated among the cases. Angiovascular and perineural
invasion were not observed.

The ORs for the presence of atypia and mitoses in neo-
plastic lesions compared to reactive lesions were statisti-
cally significant at the 95% confidence level: OR = 7.48
(95% CI: 1.74-32.17, p = 0.007) and OR = 7.14 (95% CI:

1.35-37.75, p = 0.021), respectively. These values were
calculated using the method described by Tenny et al.?®

The estimated necrosis percentage in IMTs (cases 1,
2, 3, 4, and 46) compared to other ISCLs was evaluated
using the Mann—Whitney U test (U = 162.5, p = 0.028).
A statistically significant difference was observed, with
the 1% group exhibiting a mean value of 34.2% compared
to 11.9% in the 2™ group, at the 95% CI (Fig. 5). Based
on histopathological features and clinical data, 46 cases
were qualified for molecular diagnostics.

Molecular diagnostics
Gene fusions

One sample (case 46) failed RNA quality and quantity
control because the RIN value was below 2. Fusion genes
were identified in 5 cases. Among them, 4 cases were ulti-
mately diagnosed as IMTs due to the presence of tyrosine
kinase rearrangements. Cases 1 and 2 presented an EML4-
ALK fusion, while case 3 displayed a RANBP2-ALK fu-
sion, which led to the diagnosis of epithelioid inflamma-
tory myofibroblastic sarcoma (EIMS) — a more aggressive
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Histogram Individual value plot
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Fig. 5. Histogram (left) depicts the distribution of necrosis percentage values among inflammatory myofibroblastic tumors (IMTs; blue) and other
inflammatory spindle cell lesions (ISCLs; grey). The arithmetic mean values are marked with vertical lines. Axes: abscissa — necrosis percentage intervals

in the histopathological slides: [0-20%], [20-40%), [40-60%), [60-80%), and [80-100%]; ordinate — number of cases. Individual value plot (right) shows a dot
for the actual value of each observation in both groups. The median values are marked with squares. Axes: abscissa — groups of cases (blue: IMTs, grey:
other ISCLs); ordinate — necrosis percentage

Table 2. Collective description of fusion genes diagnosed in neoplasms during the study

Inflammato- | Dominating Obser-
Pat- . Ne- . . . .
Atypia . ry infiltrate inflamma- Breakpoints vation
tern crosis 4 . .
intensity tory cells period
i (+): SMA; Chr(ifsr? 2123?56
) ) o L : ; :
1 the exter @ mild 10% severe histiocytes () 5100 EML4-ALK chr2:29446394 1 year 7 years
nal nose
(exon 18)
) ég“ésw’ chr2:42492091
2 hepatic /) none 1% severe neutrophils (-): CKCD 10, EML4-ALK (éxon 6) none 8 years
IMT chr2:29446394
CD31,CD34; (exon 18)
Ki67: low
EIMS of vmohocytes (+): SMA; ALK chr2:110449532
3 sl C mod- o moderate yIaspma cizllsl eIl RANBP2- (nienis) none | 7years
sphenoid erate ° ";eu k| (hCK (D34 ALK chr2:29443649 Y
sinus P Ki67: 10% (exon 23)
IMT of lymphocytes, ETV6- chr1é:>102r(])§903
) ) 5
4 the rlght C mild 80% moderate plasma ce!ls, not performed NTRK3 chr15:88483984 = None 1 year
orbit neutrophils
(exon 15)
(+):CD34, SMA; chr7:55087048
gastric =) etz EGFR- (exon 1)
) 0 : ) ) )
5 IFp T mild 1% mild eosinophils H-caldesmon, PPARGCIA | chrd23926271 none 4 years
ALK, CK, CD117, Eon )
DOGI

| = hypocellular; 1 - hypercellular; (-) - negative; (+) — positive; ALK — anaplastic lymphoma kinase; C — classical; CD — cluster of differentiation; CK - (pan)
cytokretin; EGFR — epidermal growth factor receptor; EML4 — echinoderm microtubule-associated protein-like 4; ETV6 — ETS variant transcription factor 6;

F — female; IFP — inflammatory fibroid polyp; IMT — inflammatory myofibroblastic tumor; IHC — immunohistochemistry; M — male; NTRK — neurotrophic
tyrosine receptor kinase; PPARGC1A - peroxisome proliferator-activated receptor gamma, coactivator 1 alpha; RANBP — RAN-binding protein; SMA — smooth
muscle actin; vim — vimentin.

variant of IMT. Case 4 was characterized by a translo-
cation involving the NTRK3 and ETV6 genes. In case 5,
an EGFR-PPARGCIA rearrangement, which was deemed
nonfunctional due to the absence of a promoter, was iden-
tified in a gastric inflammatory fibroid polyp (Table 2).

Gene variants
Eighty-four genetic changes, including substitutions, in-

sertions, duplications, and deletions, were identified across
58 gene variants through RNA NGS analysis. According

to the Varsome database (https://varsome.com), these vari-
ants were classified as follows: 15 pathogenic, 17 likely patho-
genic, 38 of uncertain significance, and 14 benign (Table 3).
The most frequently observed pathogenic variants were nu-
cleotide substitutions at positions 34-and 35 of the KRAS gene.
These mutations were detected in multiple cases, including
EIMS (case 3), Langerhans cell histiocytosis (case 11), inflam-
matory fibroid polyp (case 16), and IPTs (cases 21, 24 and 27).

Additionally, the most commonly identified likely patho-
genic variant involved a cytosine-to-thymine substitu-
tion at position 2975 of the MET gene. The mutation was


https://varsome.com

Adv Clin Exp Med. 2025;34(12):2119-2135

2125

Table 3. List of gene variants detected using of NGS and their significance according to the Varsome database (https://varsome.com/)

Case Diagnosis

number

VAF

Gene variant

Recurrence

(fusion gene)

1 IMT (EML4-ALK)

2 IMT (EML4-ALK)

3 EIMS (RANBP2-ALK)

4 IMT (ETV6-NTRK3)
inflammatory

5 fibroid polyp

(EGFR-PPARGCTA)

6 granular cell tumor

7 plasma cell myeloma

8 fibroma

9 anaplastic
meningioma

10 submucosal

fibromatosis

Langerhans cell
histiocytosis

- desmoid
fibromatosis
sarcomatoid

13 : }

urothelial carcinoma
plexiform

14 .
fibromyxoma

15 angiosarcoma

16 inflammatory fibroid

polyp

17 inflammatory fibroid

polyp

18 inflammatory fibroid

polyp

MET
RET
RET
none
EGFR
KRAS
NTRK3

none

none

FGFR3

BRAF

EGFR

EGFR

RET

FGFR3

EGFR

MET

EGFR

none

none

KRAS
ALK
ALK
RET

EGFR

BRAF

FGFR3

KRAS
BRAF
ALK

BRAF

BRAF

BRAF

BRAF

ALK

MET

p.Asn375Ser
p.Val25Ala
p.Leu27Ser
p.GIn276Ter
p.Gly12Cys

p.Leu449Phe

p.Val642_

Leu645delinslleHisHislle

p.Gly315AspfsTer57

p.Glu746Val

p.Leu747_
Pro753delinsSer

p.Leu27Ser
p.Val642_

Leu645delinslleHisHislle

p.Ser768lle
p.Thro92lle

p.Gly719Ala

p.Gly12Val
p.Met1199lle
p.Met1199lle

p.Leu27Ser

p.His870Tyr

p.Lys591Glu

p.Val642_

Leu645delinslleHisHislle

p.Gly12Cys
plle572Val
p.Thr1026Pro

p.Arg603Ter

p.Arg603Ter

p.Arg444GIn

p.Ser446_
Ser447delinsLeuAsn

p.Thr1026Pro

p.Thro92lle

c.1124A>G
c.74T7>C
c.80T>C

c.826C>T
c.34G>T
c.1345C>T

€.1924_1933delinsATTCACCACA

c.944del
c2237A>T
€.2240_2257del
c80T>C
€.1924_1933delinsATTCACCACA
c.2303G>T
€.2975C>T

€2156G>C

c35G>T
c.3597G>A
¢.3597G>A

c80T>C

c.2608C>T

c1771A>G

€.1924_1933delinsATTCACCACA

C.34G>T
c1714A>G
¢.3076A>C

c.1807C>T

c.1807C>T

c.1331G>A
€.1337_1340delinsTGAA

€.3076A>C

c2975C>T

0.663
0.051
0.050

0.090
0.067
0.051

0.956

0.564

0.071

0.067

0.052

0.897

0.569

0.552

0.529

0.065
0.063
0.058
0.051

0.063

0.065

0.981
0.167
0.119

0.081

0.556

0.357

0.294

0.105

0.889

significance

benign
benign
uncertain
uncertain
pathogenic

uncertain

uncertain
likely
pathogenic

uncertain
pathogenic

uncertain

uncertain

pathogenic

likely
pathogenic

pathogenic

pathogenic
uncertain
uncertain

uncertain

uncertain

pathogenic

uncertain

pathogenic
uncertain
benign

likely
pathogenic

likely
pathogenic

uncertain
uncertain

benign

likely
pathogenic

1 year

no

no

no

no

6 years

no

no

4 months

no

no

no

1541 year,
27 6 years

155 1 month,
27 2 months

no

no

no

no

no
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Table 3. List of gene variants detected using of NGS and their significance according to the Varsome database (https://varsome.com/) — cont.

Case Diagnosis Gene variant
) VAF . Recurrence
number (fusion gene) significance
19 GIST MET pThro92lle €2975C>T 0060 el 2 years
pathogenic
20 neurofibroma BRAF p.Asn581Tyr c1741A>T 0.579 pathogenic no
KRAS p.Gly12Cys c34G>T 0.331 pathogenic
91 PT EGFR p.GIn1020Ter €3058C>T 0.082 uncertain o
NTRK3 pPros14leu C1541CT 0054 ety
pathogenic
BRAF p.Gly469Ala €.1406G>C 0438 pathogenic no
22 IPT NTRK2 p.Pro50Leu c.149C>T 0.063 uncertain no
FGFR3 p.Arg124Trp c.370C>T 0.051 uncertain no
23 IPTEROERIE TN | e pPro151Ser C451C>T 0.056 el no
small cell carcinoma) pathogenic
KRAS p.Gly12Val c35G>T 0.402 pathogenic
24 IPT FGFR3 pVal364TrpfsTer30 €1090del 0.192 el no
pathogenic
MET p.His1079Tyr €3235C>T 0.188 uncertain
25 IPT ROS1 PSer1891LysfsTer18 c5671dup 0.054 uncertain no
likely
BRAF p.Gly315AspfsTer57 c.944del 0.406 .
26 IPT pathogenic no
RET p.Leu27Ser c.80T>C 0.068 uncertain
KRAS p.Gly12Ala c35G>C 0.248 pathogenic
p.Serd46_ . .
BRAF Seraa7delinsLeuAsn €.1337_1340delinsTGAA 0.192 uncertain
27 infective IPT BRAF p.Arg603Ter C1807C>T 0208 likely no
pathogenic
BRAF p.Arg444GIn c1331G>A 0.179 uncertain
FGFRT pThr724lle C71CT 0077 likely
pathogenic
28 IPT — dacryoadenitis BRAF p.Asn581Tyr c1741A>T 0.579 pathogenic no
BRAF p.lle617Phe €.1848_1849delinsTT 0.714 uncertain
likely
29 IPT BRAF p.Arg603Ter c.1807C>T 0.24 . no
pathogenic
BRAF p.Trp619Cys c1857G>T 0.083 pathogenic
RET p.Arg886Trp Cc.2656C>T 0.549 uncertain
30 infective IPT likely no
MET p.Thr992lle c2975C>T 0469 '
pathogenic
31 infective IPT FGFR1 p.GIn762Ter €2284C>T 0.1 uncertain 1 year
BRAF p.Pro367Leu c.1100C>T 0.140 uncertain
NTRK1 p.Thr434Met c1301C>T 0.109 benign
32 IPT no
EGFR p.GIn40Ter c118C>T 0.078 uncertain
BRAF p.Pro301Leu c902C>T 0.059 benign
ALK p.Thr1026Pro ¢3076A>C 0.086 benign
likely
BRAF p.Arg603Ter c.1807C>T 0.076 .
pathogenic
ALK p.His1030Pro €.3089A>C 0.065 benign
BRAF p.His539Tyr c1615C>T 0.058 uncertain
33 IPT no
BRAF p.Glu533Ter c.1597G>T 0.057 uncertain
BRAF p.Phe583Val c17477>G 0.057 uncertain
BRAF p.Phe548Ser c.1643T>C 0.056 uncertain
) likely
BRAF p.Lys591Glu c.1770_1771delinsGG 0.05 )
pathogenic
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Table 3. List of gene variants detected using of NGS and their significance according to the Varsome database (https:/varsome.com/) — cont.

Case Diagnosis Gene variant
" VAF . Recurrence
number (fusion gene) significance
NTRK3 p.Val308Met C922G>A 0.559 benign
34 IPT no
EGFR p.Ser229Cys C.685A>T 0.095 uncertain
ALK p.Thr1026Pro c.3076A>C 0.333 benign
35 IPT —aneurysm wall no
ALK p.His1030Pro €.3089A>C 0.079 benign
. xanthogranuloma- BRAF p.Gly32_Ala33dup ¢95_100dup 0431 benign
i no
tous pyelonephritis ALK p.Thr1026Pro c3076A>C 0.145 benign
37 infective IPT BRAF p.Ala349del c.1046_1048del 0.051 uncertain no
ischemic fasciitis
38 (CRERE MET pThrog2lle €2975C>T 0.06 ety no
with mammary pathogenic
carcinoma)
FGFR1 p.Ala411Val c1232C>T 0.152 uncertain
KRAS p.Ser39Phe c116C>T 0.096 uncertain
39 IPT FGFR1 p.Arg716Cys c2146C>T 0.078 pathogenic no
EGFR p.Phe44Ser c131T>C 0.073 benign
KRAS p.GIn43Ter c127C>T 0.056 uncertain
IPT (associated
40 with colon FGFR3 p.Ser779Asn C.2336G>A 0.06 uncertain no
adenocarcinoma)
41 spindle cell SCC none - - - - 6 months
“ solitary fibrous hone _ B 5 3 o
tumor
43 leiomyoma none - - - - 1 month
24 IPT (after treatment hone N N N B o
of DLBCL)
45 IPT = sinusitis none - - - - no
46 IMT/PMP NGS not performed = 1 month

ALK - anaplastic lymphoma kinase; BRAF — B-type rapidly accelerated fibrosarcoma; DLBCL - diffuse large B-cell lymphoma; EGFR - epidermal growth
factor receptor; EIMS - epithelioid inflammatory myofibroblastic sarcoma; FGFR - fibroblast growth factor receptor; GIST - gastrointestinal stromal
tumor; HGVSc - Human Genome Variation Society coding sequence name; HGVSp — Human Genome Variation Society protein sequence name;

IMT — inflammatory myofibroblastic tumor; IPT — inflammatory pseudotumor; KRAS - Kirsten rat sarcoma; MET — mesenchymal-to-epithelial transition
factor; NGS - next-generation sequencing; NTRK — neurotrophic tyrosine receptor kinase; PMP — pseudosarcomatous myfibroblastic proliferation;
RET - rearranged during transfection; ROS1 - v-ras avian UR2 sarcoma virus oncogene homolog 1; SCC — squamous cell carcinoma; VAF — variant allele

frequency.

found in several cases, including orbital fibroma (case 8),
inflammatory fibroid polyp (case 18), gastrointestinal stro-
mal tumor (GIST - case 19), infective IPT (case 30), and
ischemic fasciitis (case 38). Substitutions at position 1807
of the BRAF gene were also detected in inflammatory fi-
broid polyps (cases 16 and 17) and IPTs (cases 27, 29 and 33).

Clonality

The NGS gene panel revealed clonality in a majority
of the neoplasms studied. At least 1 gene variant with
a VAF value greater than 0.5 or a functional gene rear-
rangement was identified in 50% of the neoplasms. Lower
values of VAF and no functional rearrangement were found
in 29% of patients. Only 21% of examined neoplasms did
not present either mutation or rearrangement. Moreover,
genetic alterations were identified in 82% of inflammatory

lesions, cases with VAF values exceeding 0.5 in 18% of in-
flammatory lesions and with a VAF range of 0—0.5 in 64%.
The OR for the presence of at least 1 functional rearrange-
ment or genetic alteration with a VAF of 0.5 or higher
in the neoplastic group compared to the reactive group
was approx. 5.85. This result was statistically significant
at the 95% confidence level (95% CI: 1.50-22.83, p = 0.011),
calculated using the method described by Tenny et al.?®

Clinical follow-up

The maximum observation for the study was 17 years.
During this time, 10 patients (21.7%) died within a maxi-
mum of 6 years following the surgery. The causes of deaths
were related to severe neoplastic diseases, including plasma
cell myeloma (case 7), anaplastic meningioma (case 9), des-
moid fibromatosis (case 12), angiosarcoma (case 15), and
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Table 4. Collective description of histological features of recurrent lesions during the study

Case Final diaa- Gangli- Atvo- | Ne- Mitotic | Inflamma- | Dominating Recur- Period
num- [ Location 'ag on-like YP . activ- | toryinfiltrate | inflamma- of obser-
nosis ia crosis . . . rence .
ber intensity tory cells vation
1 efggzal IMT C (=) mild 10% =) severe histiocytes 1 year 7 years no
right frontal | granular cell )
6 sinus umor C (=) none | none (=) severe lymphocytic 6 years 13 years no
right occipi- anaplastic . se- o 20/10 . ) 1 year
? tal region meningioma e ®) vere 40% HPF e VIm(EACEYIE | A mieiis 4 months yes
) ) . 1541 year,
12 right a4><|IIary ) desmoid ) @ (+) mod- 40% 1710 moderate histiocytes 2nd: 6 years yes
region fibromatosis erate HPF
6 years
st.
urinar sarcomatoid se- 19/10 1 m]oﬁth
13 o dgr urothelial C I I B T A mild mixed e, 7years no
carcinoma :
2 months
small intes- ) 1710 ) )
— v}
19 tine GIST i =) mild 3% HPF mild lymphocytic | 2 years 2 years yes
31 left orbit infective IPT C (=) mild 10% (=) severe mixed 6 months 2 years yes
spindle cell o 6/10
41 larynx squamous cell | mixed (=) vere 10% LpE moderate neutrophils | 6 months 1 year no
carcinoma
43 mesentery leiomyoma 1/C =) none | none () moderate lymphocytic = 1 month 2 years no
urinary = ) o 1/10 ) )
46 bladder IMT/PMP C (=) mild 40% HPE mild neutrophils 1 month 12 years no

1 - hypocellular; (=) - absent; C — classical; IMT — inflammatory myofibroblastic tumor; IPT — inflammatory pseudotumor; HPF — high-power fields;

PMP — pseudosarcomatous myofibroblastic proliferation.

intestinal GIST (case 19). One patient (case 35) died post-
surgery due to an abdominal aortic rupture. The overall
odds of death were 0.33 in the neoplastic group and 0.22
in the reactive group.

During the surveillance period, which ranged from 1
to 13 years, 10 patients (21.7%) experienced local recurrence
of their disease (Table 4). Nine of these cases were neoplas-
tic in origin, including IMT (case 1), granular cell tumor
(case 6), anaplastic meningioma (case 9), desmoid fibroma-
tosis (case 12), sarcomatoid urothelial carcinoma (case 13),
intestinal GIST (case 19), spindle cell squamous cell car-
cinoma (case 41), leiomyoma (case 43), and IMT/pseudo-
sarcomatous myfibroblastic proliferation (PMP) (case 46).
Episodes of double recurrence were observed in desmoid
fibromatosis (case 12) and sarcomatoid urothelial carci-
noma (case 13). One reactive lesion, classified as infective
IPT (case 31), also presented a recurrence. The overall odds
of recurrence were 0.6 in the neoplastic group and 0.048
in the reactive group. The OR for recurrence (12.6) was
statistically significant at the 95% confidence level (95%
CI: 1.44-10.32, p = 0.022), calculated based on method de-
scribed by Tenny et al.?® Four patients died following local
recurrence, including those with anaplastic meningioma
(case 9), desmoid-type fibromatosis (case 12), intestinal
GIST (case 19), and infective IPT (case 31).

Patients diagnosed with IMTs survived until the end
of the study with observation periods lasting between 1
and 8 years. Recurrence was noted in only 1 IMT with

the EML4-ALK fusion gene (case 1), occurring 1 year after
the initial surgery. No distant metastases were observed
during the follow-up period.

Clinicopathological relation
Histopathological features and local recurrence

Ganglion-like cells were identified in specimens from
3 patients with recurrent neoplastic tumors (Table 4), in-
cluding anaplastic meningioma of the right occipital region
(case 9), desmoid fibromatosis of the right axillary region
(case 12) and sarcomatoid urothelial carcinoma of the uri-
nary bladder (case 13) (Fig. 6).

The OR for the presence of nuclear atypia in the group with
recurrent disease compared to the non-recurrent group was
12, which was statistically significant at the 5% level (95% CI:
2.14-67.24, p = 0.005), calculated using the method described
by Tenny et al.?® This suggests that nuclear atypia is associ-
ated with an adverse prognosis and an increased risk of dis-
ease recurrence. Four cases showed severe nuclear atypia
(Table 4). Three of them, anaplastic meningioma of the right
occipital region (case 9), sarcomatoid urothelial carcinoma
of the urinary bladder (case 13) and spindle cell squamous
cell carcinoma of the larynx (case 41), presented recurrence.
One patient with angiosarcoma of the ileum (case 15) died
within 3 days after the operation. Desmoid fibromatosis
(case 12) presented moderate atypia and recurred twice.
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Fig. 6. Ganglion-like cells (blue arrows) — hematoxylin and eosin (H&E) staining. A. Anaplastic meningioma of the right occipital region (case 9), x1000
magnification; B. Desmoid fibromatosis of the right axillary region (case 12), x1000 magnification; C. Sarcomatoid urothelial carcinoma of the urinary
bladder (case 13), X630 magnification
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HPF — high-power fields.

Anincreased mitotic rate (>5 mitoses per 10 high-power
fields) was observed in 3 recurrent cases: anaplastic menin-
gioma (case 9), sarcomatoid urothelial carcinoma (case 13)
and spindle cell squamous cell carcinoma (case 41). Recur-
rence occurred in all 3 cases within 6 months (Table 4). Sta-
tistical analysis using the Mann—Whitney U test (U = 269,
p = 0.002) revealed a significant difference in mitotic index
values between recurrent lesions (mean: 4.8/10 HPF) and
non-recurrent lesions (mean: 0.17/10 HPF), confirming
statistical significance at the 5% level (Fig. 7).

Although no statistically significant relationship was
found between necrosis and recurrence, the necrosis per-
centage differed significantly between patients who died
during the study and patients who survived. It was assessed
using the Mann—Whitney U test (U = 253, p = 0.043), which
showed a statistically significant difference between 1%
(arithmetic mean: 22.3%) and 2" group (arithmetic mean:
12.14%) at the 95% CI (Fig. 8).

Genetic alterations and local recurrence

Disease recurrence was observed in 6 patients with iden-
tified genetic alterations (Tables 2,3). One IMT (case 1)

harbored a fusion gene EML4-ALK and benign or uncer-
tain mutations in the MET and RET genes. However, recur-
rences were not observed in case with other fusion genes.
A recurrence was noted in intestinal GIST (case 19), which
presented a likely pathogenic substitution in the MET gene.
Four additional cases with genetic alterations of uncertain
significance also experienced relapses. Notably, desmoid
fibromatosis (case 12) and sarcomatoid urothelial carci-
noma (case 13), both with genes of unknown significance,
exhibited double recurrence during the follow-up period.

Diagnosis correctness verification

Following final diagnosis verification, patients were cate-
gorized into neoplastic and inflammatory groups (Table 5).
Diagnostic accuracy for neoplasms was highly satisfactory
with a sensitivity of 0.708, specificity of 0.818, accuracy
of 0.761, precision of 0.81, and an F1 score of 0.756. Neo-
plastic lesions were subsequently classified into specific
nosological entities. However, diagnostic performance
for IMT was significantly lower with a sensitivity of 0.6,
specificity of 0.537, accuracy of 0.543, precision of 0.136,
and an F1 score 0.222 (Table 6, Fig. 9).
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Table 5. Quantity of diagnosed entities

Neoplastic lesions Number

Inflammatory myofibroblastic tumor 5
Inflammatory fibroid polyp 4
Leiomyoma 1
Plexiform fibromyxoma 1
Gastrointestinal stromal tumor 1
Desmoid fibromatosis 1
Solitary fibrous tumor 1
Fibroma 1
Angiosarcoma 1
Neurofibroma 1
Anaplastic meningioma 1
Submucosal fibrosis 1
Sarcomatoid urothelial carcinoma 1
Spindle cell squamous cell carcinoma 1
Granular cell tumor 1
Langerhans cell histiocytosis 1
Plasma cell myeloma 1
Reactive lesions
IPT, not otherwise specified 12
Infective IPT 4
IPT associated with a neoplasm 2
IPT — wall of aneurysm 1
Xanthogranulomatous pyelonephritis 1
Chronic dacryoadenitis 1
Ischemic fasciitis 1

IPT - inflammatory pseudotumor.

Discussion

Inflammatory spindle cell lesions appear to represent
an artificial and heterogeneous group of entities, and
the term is rarely used in contemporary literature. Many
distinct diseases can be differentiated from within this

category.>26-28 Establishing an accurate diagnosis is ex-
tremely challenging and requires clinicopathological cor-
relation, genetic testing and considerable time, as also dem-
onstrated by the findings of this study. Moreover, making
a definitive diagnosis without ancillary tests is nearly impos-
sible, as noted in previous reports.!31%2%3% Unfortunately,
such diagnostic tools are typically available only in highly
specialized medical centers. Therefore, the term “inflam-
matory spindle cell lesion” may be appropriately used in pa-
thology departments with limited diagnostic resources,
where molecular techniques are unavailable. However,
the final diagnosis should ideally be confirmed in special-
ized soft tissue pathology centers using molecular assays.

Entities from the ISCL group are a rare occurrence, mak-
ing it difficult to collect a sufficient number of cases to
standardize research protocols.?° In this study, we aimed
to gather as many tumors as possible and successfully
included 46 cases. Inflammatory myofibroblastic tumor
(IMT) remains the most representative entity within
the ISCL spectrum,! which is why our focus was placed
on investigating tyrosine kinase gene rearrangements.
The final diagnosis of IMT requires a typical histopath-
ological image and the presence of certain fusions. De-
tection of tyrosine kinase gene fusions using FISH, PCR
or NGS plays a crucial role in confirming the diagnosis
and assessing the prognosis of IMT.2%3! However, only
NGS can provide comprehensive information about novel
fusion genes.32-34

Interestingly, our cohort was predominantly composed
of middle-aged and older adults, which contrasts with
the typical age distribution reported for IMT in the ex-
isting literature.? As the population ages, the prevalence
of certain diseases increases, some of which can be severe
and contribute to higher mortality. In older populations,
comparing local recurrence rates is more relevant, as re-
currence appears to be influenced by the final pathological
diagnosis, anatomical location and type of surgical re-
section. Literature supports an association between these
factors and local recurrence.®
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Table 6. Confusion matrices of diagnosis correctness verification

Diagnosis correctness verification

IMT vs other diseases

Neoplasm vs other diseases

Predicted condition actual condition
Total population (n = 46)
TP (n=17)

FN(n=7)

FP(n=4)
TN (n=18)

Positive (n = 21)

Negative (n = 25)

positive (n =24) = negative (n =22)

Predicted condition Actual condition

total population (n = 46) positive (n = 5)
TP (n=3)

FN (n=2)

negative (n =41)
FP (n=19)
TN (n=22)

positive (n =22)
negative (n = 24)

FN - false negative; FP — false positive; IMT — inflammatory myofibroblastic tumor; TN — true negative; TP — true positive.

W Neoplasms vs. reactive lesions
B IMTs vs. other ISCLs

0.9

Fig. 9. Column chart presents
the diagnosis correctness values

0.8

of neoplastic lesion (blue) and
inflammatory myofibroblastic tumor

0.7 -

(IMT; red)

0.6 -

05 -

0.4 -

03 -+

0.2 -

01 -

Sensitivity

Specificity Accuracy

In this study, primary histopathological diagnoses were
compared to final diagnoses, which were based on clinical
and paraclinical data. The results indicate that histopatho-
logical diagnostics are highly satisfactory for distinguish-
ing between neoplastic and reactive lesions. However,
primary recognition of IMT was inconsistent with the fi-
nal diagnosis. The low values of precision, F1 score and
sensitivity highlight the risk of diagnostic inaccuracies,
even within academic medical centers. This aligns with
prior publications highlighting the risk of misdiagnosis
in histopathological evaluation of ISCLs.1%3¢-*1 Our find-
ings underline the prevalence of this problem.

In IMT histopathological slides, the presence of inter-
cellular mucus, ganglion-like cells, giant cells, necrosis,
increased mitotic activity, and high cellularity are con-
sidered adverse prognostic factors.>*? In this study, local
recurrences were observed in other neoplastic ISCLs con-
taining ganglion-like cells, nuclear atypia and increased
mitotic activity (Table 4). Statistical analysis revealed that
the OR of these histological features significantly separated
neoplastic from reactive groups within a 95% CI. Although
no association was found between tissue pattern, necro-
sis or inflammatory infiltrate intensity and local recur-
rence as prognostic factors, a higher estimated necrosis
percentage was observed in patients who died compared
to those who survived with the difference being statisti-
cally significant. Thus, the presence of ganglion-like cells,
nuclear atypia, increased mitotic activity, and necrosis
should be noted in pathological reports as negative prog-
nostic factors.

Precision

Flscore

No relationship between genetic changes and clinical
outcomes was identified (Tables 2,3). Consistent with
the literature, ALK gene fusions were the most frequent,?°
present in 75% of IMTs confirmed with sequencing
in this study (Table 2). Only 1 neoplasm (case 4) exhibited
an NTRK3-rearrangement and EML4-ALK fusion genes
were detected in 2 IMTs (cases 1 and 2). This fusion gene
has also been identified in anaplastic large cell lymphoma,
as well as colorectal and breast cancers.*® It contributes
to tumorigenesis by producing a transcript that includes
the intracellular kinase domain of ALK and the trimeriza-
tion domain of EML4, enabling constitutive ALK activa-
tion through oligomerization and autophosphorylation.
Tumors harboring this fusion are generally responsive
to treatment with tyrosine kinase inhibitors.**

RANBPI-ALK, RANBP2-ALK and RRBPI-ALK rear-
rangements are characteristic of EIMS, a malignant IMT
variant with an aggressive clinical course.?*> These fu-
sions produce distinctive nuclear membrane or perinu-
clear accentuation patterns in ALK immunohistochemical
staining.*” In case 3, the RANBP2-ALK gene was associated
with focal nuclear membranous ALK positivity. Complete
surgical removal of the neoplasm resulted in no recurrence
over a 7-year follow-up period.

The ETV6 gene, a member of the ETS transcription
factor family, regulates gene expression by nuclear bind-
ing. NTRK genes encode tropomyosin receptor kinases,
which are crucial for neuronal tissue development and
functioning.'”?® The ETV6-NTRKS3 fusion gene has been
detected in several neoplasms, including ALK-negative
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IMT, congenital infantile fibrosarcoma, acute myeloblastic
leukemia, secretory breast carcinoma, mammary analog
secretory carcinoma of the salivary gland, papillary thy-
roid carcinoma, and congenital mesoblastic nephroma.
Differentiation between IMT and congenital infantile fi-
brosarcoma can be challenging, as both tumors may ex-
hibit similar behavior. Histopathological features, such
as classical pattern, inflammatory infiltrate and patients
age above 1 year suggest an IMT rather than congenital
infantile fibrosarcoma.*” Both tumors may also respond
to tyrosine kinase inhibitors, underscoring the overlap
in their management. Histologically, the term “inflam-
matory fibrosarcoma” has even been used synonymously
with IMT.30

In the urinary bladder, pseudosarcomatous myofibro-
blastic proliferations (PMPs) typically present grossly
as nodular or polypoid ulcerative masses and exhibit mi-
croscopic features that closely resemble those of classical
IMTs.* Pseudosarcomatous myofibroblastic proliferations
occur mainly in slightly older populations, are more cel-
lular, and have shorter cells and fewer plasma cells than
IMTs. While PMP tends to follow a slightly more aggres-
sive course, both lesions can exhibit ALK fusions. However,
the ALK breakpoint differs, being situated in exons 18 or 19
for PMP and exon 20 for IMT. In this study, differentia-
tion between the 2 entities in case 46 was not possible due
to low-quality RNA in the FFPE block. The histopathologi-
cal findings and ALK-positivity in immunohistochemical

‘ g
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N

assays were consistent with both entities (Fig. 10). Treat-
ment for PMP and IMT is similar,2*® and some authors
consider them synonymous.*

Case 5 was ultimately diagnosed as a gastric inflam-
matory fibroid polyp containing the EGFR-PPARGCIA
fusion gene. This rearrangement has previously been
reported only in chronic sun exposure-related cutane-
ous squamous cell carcinoma.”® In this case, the fu-
sion appeared to be nonfunctional due to the absence
of the EGFR gene promoter kinase domain (exon 20).5!
In certain IMTs, the coexistence of an EML4-ALK re-
arrangement and an activating EGFR mutation plays
a significant role in resistance to tyrosine kinase inhibi-
tors.** Since the EGFR gene is located on the short arm
of chromosome 7 and the PPARGCIA gene on the short
arm of chromosome 4, this fusion may result from a chro-
mosomal translocation.

Indeed, IPT is thought to be a reactive lesion,! but it can
recur after surgical resection, especially when an incom-
plete excision is performed.>*2 Moreover, if a causative
agent persists in the organism, the recurrence may take
place, as a result of ineffective antibiotic therapy in infec-
tions or insufficient suppressive treatment in autoimmune
diseases. Such a situation was also observed in this study
(case 31). However, the OR of relapse in our neoplastic
compared to reactive group is approx. 12.6 and statistically
significant within the 95% CI, which suggests local relapse
tends to be more common for neoplasms.
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Fig. 10. Case 46. A. Hematoxylin and eosin (H&E) staining, x200 magnification; B. H&E staining, x400 magnification; C. Immunohistochemical staining
against smooth muscle actin, x200 magnification; D. Immunohistochemical staining against anaplastic lymphoma kinase (ALK), x1000 magnification
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In this study, neoplasms exhibited features such as gan-
glion-like cells, atypical cells and mitoses more frequently
than reactive lesions. Ganglion-like cells, according
to the literature, may occur in benign,> intermediate and
malignant neoplasms,® but are also found in reactive le-
sions like proliferative myositis and necrotizing fasciitis.>
The presence of nuclear atypia is typically associated with
a worse prognosis and is more commonly found in neo-
plastic lesions.>® In the neoplastic group, the presence
of mitoses is associated with worse outcomes. Also, atypi-
cal mitotic figures can be found in neoplasms.”” Reactive
lesions can also contain multiple mitoses, but are never
atypical.>8

Necrosis, calcifications and extravasated erythrocytes
are rare in IMTs.>® Hohne et al. noted the presence of ne-
crosis both in IMTs and IPTs but did not define a differ-
entiating percentage.®® In this study, IMTs showed a sig-
nificantly higher necrosis percentage than other ISCLs,
as confirmed using the Mann—Whitney U test. Further-
more, a higher necrosis percentage was statistically associ-
ated with increased mortality.

Certain benign non-neoplastic lesions with histopatho-
logical features, like hypercellularity, cytological atypia and
increased mitotic activity, are classified as psuedosarco-
mas.%! Integrating clinical and paraclinical data can help
avoid misdiagnosing inflammatory lesions as sarcomas.

Interestingly, mutations were also observed in reac-
tive lesions. While genetic clonality is a hallmark of neo-
plasms,*” clonal expansion is possible in non-cancerous
lesions. The presence of driver mutations in these tissues
may indicate an early tumorigenesis, which does not al-
ways progress to neoplasm development.®? Factors like ag-
ing, chronic inflammation and environmental exposures
support clonal expansion.®?%3 Neoplasm development and
progression require the accumulation of genetic muta-
tions and epigenetic alterations, so a single change may
not be sufficient to induce a real tumorigenesis.® In this
study, 82% of inflammatory lesions exhibited genetic clon-
ality, which is consistent with this theory. The number
of functional fusion genes with frequencies above 50% and
variants with VAF values greater than 0.5 distinguished
neoplastic from reactive lesions using the Mann—Whitney
U test.

Limitations

This study has several limitations: 1) all cases were di-
agnosed within a single pathology department, potentially
limiting generalizability; 2) only cases initially diagnosed
as IMT or IPT were included, which may have introduced
selection bias; 3) it was not possible to retrieve all FFPE
blocks and histological slides; and 4) a limited targeted
NGS gene panel was used. Detailed comparisons are pro-
vided in Supplementary Table 1.

2133

Conclusions

This study underscores the importance of integrat-
ing clinical and paraclinical data to achieve an accurate
diagnosis. Prognosis is influenced more significantly
by the final pathological diagnosis, anatomical location
of the lesion and completeness of surgical resection than
by isolated histopathological or genetic findings. How-
ever, neoplastic etiology and some of the features, such
as the presence of ganglion-like cells, nuclear atypia and
increased mitotic activity, can occur in lesions that present
local recurrences. The study strongly supports the theory,
which assumes that not only neoplasms but also reactive
diseases can present worrisome histological features,
pathogenic mutations and genetic clonality. However, neo-
plastic ISCLs more frequently exhibited ganglion-like cells,
nuclear atypia, elevated mitotic index, and the presence
of functional gene rearrangements or point mutations with
a VAF > 0.5 compared to reactive lesions. Notably, both
lesion types may recur if the underlying causative factor
persists following excision. Among the detected functional
gene rearrangements, the most frequent involved ALK and
NTRK3 genes, which are considered key drivers in inflam-
matory myofibroblastic tumors.

Confirmation of tyrosine receptor kinase gene rearrange-
ments is necessary for diagnosing IMTs, which showed
a higher necrosis percentage than other ISCLs. A higher
necrosis percentage was also linked to increased mortality.
In summary, this study confirms the prognostic signifi-
cance of a neoplastic diagnosis, presence of ganglion-like
cells, nuclear atypia, elevated mitotic index, and increased
necrosis percentage. It also highlights the diagnostic value
of ganglion-like cells, nuclear atypia, higher mitotic activ-
ity, and functional gene rearrangements or point mutations
with a VAF > 0.5. These features should be consistently
reported in pathology assessments to support informed
clinical decision-making.

Supplementary data

The supplementary materials are available at https://
doi.org/10.5281/zenodo.15034538. The package includes
the following files:

Supplementary Table 1. Full dataset of the study.

Data availability

The datasets generated and/or analyzed during the cur-
rent study are available from the corresponding author
on reasonable request.

Consent for publication

Not applicable.


https://doi.org/10.5281/zenodo.15034538
https://doi.org/10.5281/zenodo.15034538

2134

Us

e of Al and Al-assisted technologies

Not applicable.

ORCID iDs

Krzysztof Siemion
Joanna Kisluk
Natalia Wasilewska
Joanna Reszec-Gielazyn

Ann

Tomasz Ltyson
Zenon Mariak

https://orcid.org/0000-0003-2354-9891
https://orcid.org/0000-0002-1668-0288
https://orcid.org/0000-0001-6327-8526
https://orcid.org/0000-0002-0169-0897
https://orcid.org/0000-0002-6488-4832
https://orcid.org/0000-0002-9757-8276
https://orcid.org/0000-0003-4132-9278

a Korzynska

References

1.

Kutok JL, Pinkus GS, Dorfman DM, Fletcher CDM. Inflammatory pseu-
dotumor of lymph node and spleen: An entity biologically distinct
from inflammatory myofibroblastic tumor. Hum Pathol. 2001;32(12):
1382-1387. doi:10.1053/hupa.2001.29679

Irani S, Rabbani Anari M, Yazdani Bioki F, Nasirmohtaram S, Kaedi Z,
Alipour S. Inflammatory myofibroblastic tumor: Two cases in head
and neckregion. Indian J Otolaryngol Head Neck Surg. 2022;74(Suppl 3):
6394-6399. doi:10.1007/512070-022-03119-9

Siemion K, Reszec-Gielazyn J, Kisluk J, Roszkowiak L, Zak J, Korzynska A.
What do we know about inflammatory myofibroblastic tumors? A sys-
tematic review. Adv Med Sci. 2022;67(1):129-138. d0i:10.1016/j.advms.
2022.02.002

Chavez-Pedn Berle E, Hallman C, Kleinhenz K, Plattner BL. Multifocal
spinal inflammatory myofibroblastic tumors in a juvenile paraparetic
dog. Vet Radiol Ultrasound. 2023;64(2):E14-E18. d0i:10.1111/vru.13195
Moro A, De Angelis P, Gasparini G, et al. Orbital desmoid-type fibro-
matosis: A case report and literature review. Case Rep Oncol Med.
2018;2018:1684763. doi:10.1155/2018/1684763

Hu G, Chen H, Liu Q, et al. Plexiform fibromyxoma of the stomach:
A clinicopathological study of 10 cases. Int J Clin Exp Pathol. 2017;
10(11):10926-10933. PMID:31966436. PMCID:PMC6965819.

Kai K, Miyosh A, Aishima S, et al. Granulomatous reaction in hepat-
ic inflammatory angiomyolipoma after chemoembolization and
spontaneous rupture. World J Gastroenterol. 2015;21(32):9675-9682.
doi:10.3748/wjg.v21.i32.9675

Hornick JL, Sholl LM, Dal Cin P, Childress MA, Lovly CM. Expression
of ROS1 predicts ROST gene rearrangement in inflammatory myofi-
broblastic tumors. Modern Pathol. 2015;28(5):732-739. doi:10.1038/
modpathol.2014.165

Acosta AM, Demicco EG, Dal Cin P, Hirsch MS, Fletcher CDM, Jo VY.
Pseudosarcomatous myofibroblastic proliferations of the urinary
bladder are neoplasms characterized by recurrent FN1-ALK fusions.
Modern Pathol. 2021;34(2):469-477.doi:10.1038/s41379-020-00670-0

. Volker HU, Scheich M, Holler S, et al. Differential diagnosis of laryngeal

spindle cell carcinoma and inflammatory myofibroblastic tumor:
Report of two cases with similar morphology. Diagn Pathol. 2007;2:1.
doi:10.1186/1746-1596-2-1

. Lopez-Beltran A, Montironi R, Raspollini MR, Cheng L, Netto GJ.

latrogenic pathology of the urinary bladder. Semin Diagn Pathol.
2018;35(4):218-227. doi:10.1053/j.semdp.2018.03.001

. Arslan ME, Li H, Fu Z, Jennings TA, Lee H. Plexiform fibromyxoma:

Review of rare mesenchymal gastric neoplasm and its differential
diagnosis. World J Gastrointest Oncol. 2021;13(5):409-423. doi:10.4251/
wjgo.v13.i5.409

. Croce S, Hostein I, McCluggage WG. NTRK and other recently described

kinase fusion positive uterine sarcomas: A review of a group of rare
neoplasms. Genes Chromosomes Cancer. 2021;60(3):147-159. doi:10.
1002/gcc.22910

. Tarig MU, Din NU, Abdul-Ghafar J, Park YK. The many faces of solitary

fibrous tumor: Diversity of histological features, differential diagnosis
and role of molecular studies and surrogate markers in avoiding mis-
diagnosis and predicting the behavior. Diagn Pathol. 2021;16(1):32.
doi:10.1186/513000-021-01095-2

. Zhang BX, Chen ZH, Liu Y, Zeng YJ, Li YC. Inflammatory pseudotu-

mor-like follicular dendritic cell sarcoma: A brief report of two cases.
World J Gastrointest Oncol. 2019;11(12):1231-1239. doi:10.4251/wjgo.
v11.i12.1231

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

K. Siemion et al. NGS study of ISCLs focused on RTK gene

. Khatri A, Agrawal A, Sikachi R, Mehta D, Sahni S, Meena N. Inflamma-

tory myofibroblastic tumor of the lung. Adv Respir Med. 2018;86(1):
27-35. doi:10.5603/ARM.2018.0007

Antonescu CR. Emerging soft tissue tumors with kinase fusions:
An overview of the recent literature with an emphasis on diagnostic
criteria. Genes Chromosomes Cancer. 2020;59(8):437-444. doi:10.1002/
gcc.22846

. Dall Bello AG, Severo CB, Guazzelli LS, Oliveira FM, Hochhegger B,

Severo LC. Histoplasmosis mimicking primary lung cancer or pul-
monary metastases. J Bras Pneumol. 2013;39(1):63-68. doi:10.1590/
$1806-37132013000100009

. Armstrong V, Khazeni K, Rosenberg A, Swain SK, Moller M. Inflam-

matory pseudotumor secondary to urachal cyst: A challenging clin-
ical case report. Int J Surg Case Rep. 2020;66:360-364. doi:10.1016/j.
ijscr.2019.12.029

Gros L, Dei Tos AP, Jones RL, Digklia A. Inflammatory myofibro-
blastic tumour: State of the art. Cancers (Basel). 2022;14(15):3662.
doi:10.3390/cancers14153662

Coffin CM, Hornick JL, Fletcher CDM. Inflammatory myofibroblastic
tumor: Comparison of clinicopathologic, histologic, and immunohis-
tochemical features including ALK expression in atypical and aggres-
sive cases. Am J Surg Pathol. 2007;31(4):509-520. d0i:10.1097/01.pas.
0000213393.57322.c7

Weir MM, Rosenberg AE, Bell DA. Grading of spindle cell sarcomas
in fine-needle aspiration biopsy specimens. Am J Clin Pathol. 1999;
112(6):784-790. doi:10.1093/ajcp/112.6.784

Klintrup K, Makinen JM, Kauppila S, et al. Inflammation and prognosis
in colorectal cancer. EurJ Cancer. 2005;41(17):2645-2654. d0i:10.1016
/j.€jca.2005.07.017

World Health Organization (WHO). Soft Tissue and Bone Tumours.
5thed. Geneva, Switzerland: World Health Organization (WHO); 2020.
ISBN: 978-92-832-4502-5, 978-92-832-4503-2.

Tenny S, Hoffman MR. Odds ratio. In: StatPearls. Treasure Island, USA:
StatPearls Publishing; 2025:Bookshelf ID: NBK431098. http://www.
ncbi.nlm.nih.gov/books/NBK431098. Accessed March 19, 2025.
Shah A, Pey E, Achonu JU, Bai JDK, Khan F. Inflammatory myofibro-
blastic tumor 12 years after treatment for synovial sarcoma: A case
report. Orthop Res Rev. 2021;13:163-169. doi:10.2147/ORR.S333124
Hisaoka M, Shimajiri S, Matsuki Y, et al. Inflammatory myofibroblastic
tumor with predominant anaplastic lymphoma kinase-positive cells
lacking a myofibroblastic phenotype. Pathol Int. 2003;53(6):376-381.
doi:10.1046/j.1440-1827.2003.01484.x

Yamamoto H, Nozaki Y, Kohashi K, Kinoshita |, Oda Y. Diagnostic utility
of pan-Trkimmunohistochemistry for inflammatory myofibroblastic
tumours. Histopathology. 2020;76(5):774-778. doi:10.1111/his.14010
Tauziede-Espariat A, Duchesne M, Baud J, et al. NTRK-rearranged
spindle cell neoplasms are ubiquitous tumours of myofibroblastic
lineage with a distinct methylation class. Histopathology. 2023;82(4):
596-607. doi:10.1111/his.14842

Al Shenawi H, Al-Shaibani SA, Al Saad SK, et al. An extremely rare
case of malignant jejunal mesenteric inflammatory myofibroblas-
tic tumor in a 61-year-old male patient: A case report and litera-
ture review. Front Med (Lausanne). 2022;9:1042262. doi:10.3389/fmed.
2022.1042262

Giannaki A, Doganis D, Giamarelou P, Konidari A. Epithelioid inflam-
matory myofibroblastic sarcoma presenting as gastrointestinal
bleed: Case report and literature review. JPGN Rep. 2021;2(1):e019.
doi:10.1097/PG9.0000000000000019

Antonescu CR, Suurmeijer AJH, Zhang L, et al. Molecular characteriza-
tion of inflammatory myofibroblastic tumors with frequent ALK and
ROST gene fusions and rare novel RET rearrangement. AmJ Surg Pathol.
2015;39(7):957-967. doi:10.1097/PAS.0000000000000404

Strom SP. Current practices and guidelines for clinical next-genera-
tion sequencing oncology testing. Cancer Biol Med. 2016;13(1):3-11.
doi:10.28092/j.issn.2095-3941.2016.0004

Drilon A, Jenkins C, lyer S, Schoenfeld A, Keddy C, Davare MA.
ROS1-dependent cancers: Biology, diagnostics and therapeutics.
Nat Rev Clin Oncol. 2021;18(1):35-55. d0i:10.1038/s41571-020-0408-9
Cantin J, McNeer GP, Chu FC, Booher RJ. The problem of local recur-
rence after treatment of soft tissue sarcoma. Ann Surg. 1968;168(1):
47-53. doi:10.1097/00000658-196807000-00005


https://www.doi.org/10.1053/hupa.2001.29679
https://www.doi.org/10.1007/s12070-022-03119-9
https://www.doi.org/10.1016/j.advms.2022.02.002
https://www.doi.org/10.1016/j.advms.2022.02.002
https://www.doi.org/10.1111/vru.13195
https://www.doi.org/10.1155/2018/1684763
https://pubmed.ncbi.nlm.nih.gov/31966436
https://www.ncbi.nlm.nih.gov/pmc/articles/6965819
https://www.doi.org/10.3748/wjg.v21.i32.9675
https://www.doi.org/10.1038/modpathol.2014.165
https://www.doi.org/10.1038/modpathol.2014.165
https://www.doi.org/10.1038/s41379-020-00670-0
https://www.doi.org/10.1186/1746-1596-2-1
https://www.doi.org/10.1053/j.semdp.2018.03.001
https://www.doi.org/10.4251/wjgo.v13.i5.409
https://www.doi.org/10.4251/wjgo.v13.i5.409
https://www.doi.org/10.1002/gcc.22910
https://www.doi.org/10.1002/gcc.22910
https://www.doi.org/10.1186/s13000-021-01095-2
https://www.doi.org/10.4251/wjgo.v11.i12.1231
https://www.doi.org/10.4251/wjgo.v11.i12.1231
https://www.doi.org/10.5603/ARM.2018.0007
https://www.doi.org/10.1002/gcc.22846
https://www.doi.org/10.1002/gcc.22846
https://www.doi.org/10.1590/S1806-37132013000100009
https://www.doi.org/10.1590/S1806-37132013000100009
https://www.doi.org/10.1016/j.ijscr.2019.12.029
https://www.doi.org/10.1016/j.ijscr.2019.12.029
https://www.doi.org/10.3390/cancers14153662
https://www.doi.org/10.1097/01.pas.0000213393.57322.c7
https://www.doi.org/10.1097/01.pas.0000213393.57322.c7
https://www.doi.org/10.1093/ajcp/112.6.784
https://www.doi.org/10.1016/j.ejca.2005.07.017
https://www.doi.org/10.1016/j.ejca.2005.07.017
http://www.ncbi.nlm.nih.gov/books/NBK431098
http://www.ncbi.nlm.nih.gov/books/NBK431098
https://www.doi.org/10.2147/ORR.S333124
https://www.doi.org/10.1046/j.1440-1827.2003.01484.x
https://www.doi.org/10.1111/his.14010
https://www.doi.org/10.1111/his.14842
https://www.doi.org/10.3389/fmed.2022.1042262
https://www.doi.org/10.3389/fmed.2022.1042262
https://www.doi.org/10.1097/PG9.0000000000000019
https://www.doi.org/10.1097/PAS.0000000000000404
https://www.doi.org/10.28092/j.issn.2095-3941.2016.0004
https://www.doi.org/10.1038/s41571-020-0408-9
https://www.doi.org/10.1097/00000658-196807000-00005

Adv Clin Exp Med. 2025;34(12):2119-2135

36.

37.

38.

39.

40.

41.

42.

43,

44,

45,

46.

47.

48.

Agaimy A, Markl B. Inflammatory angiomyolipoma of the liver:
An unusual case suggesting relationship to IgG4-related pseu-
dotumor. Int J Clin Exp Pathol. 2013;6(4):771-779. PMID:23573326.
PMCID:PMC3606869.

Taylor MS, Chougule A, MacLeay AR, et al. Morphologic overlap
between inflammatory myofibroblastic tumor and IgG4-related dis-
ease: Lessons from next-generation sequencing. Am J Surg Pathol.
2019;43(3):314-324. doi:10.1097/PAS.0000000000001167

Tran TAN, Chang KTE, Kuick CH, Goh JY, Chang CC. Local ALK-posi-
tive histiocytosis with unusual morphology and novel TRIM33-ALK
gene fusion. Int J Surg Pathol. 2021;29(5):543-549. doi:10.1177/1066
896920976862

Lee J,Singh A, Ali SM, Lin DI, Klempner SJ. TNS1-ALK fusion in a recur-
rent, metastatic uterine mesenchymal tumor originally diagnosed
as leiomyosarcoma. Acta Med Acad. 2019;48(1):116. doi:10.5644/ama
2006-124.248

Carballo EV, Pham TV, Turashvili G, Hanley K, Starbuck KD, Meisel JL.
Recurrent uterine inflammatory myofibroblastic tumor previously
managed as leiomyosarcoma has sustained response to alectinib.
Gynecol Oncol Rep. 2022;43:101062. doi:10.1016/j.gore.2022.101062
Kojima M, Nakamura S, Ohno Y, Sugihara S, Sakata N, Masawa N.
Hepatic angiomyolipoma resembling an inflammatory pseudotu-
mor of the liver: A case report. Pathol Res Pract. 2004;200(10):713-716.
doi:10.1016/j.prp.2004.08.001

Choi M, Kim W, Cheon MG, Lee CW, Kim JE. Polo-like kinase 1 inhibitor
BI2536 causes mitotic catastrophe following activation of the spindle
assembly checkpointin non-small cell lung cancer cells. Cancer Lett.
2015;357(2):591-601. doi:10.1016/j.canlet.2014.12.023

Roskoski R. Anaplastic lymphoma kinase (ALK): Structure, oncogenic
activation, and pharmacological inhibition. Pharmacol Res. 2013;
68(1):68-94. doi:10.1016/j.phrs.2012.11.007

Hunt AL, Nutcharoen A, Randall J, et al. Integration of multi-omic data
in a molecular tumor board reveals EGFR-associated ALK-inhibitor
resistance in a patient with inflammatory myofibroblastic cancer.
Oncologist. 2023;28(8):730-736. doi:10.1093/oncolo/oyad129

Lee JC, Li CF, Huang HY, et al. ALK oncoproteins in atypical inflam-
matory myofibroblastic tumours: Novel RRBP1-ALK fusions in epi-
thelioid inflammatory myofibroblastic sarcoma. J Pathol. 2017;241(3):
316-323. doi:10.1002/path.4836

Takahashi A, Kurosawa M, Uemura M, Kitazawa J, Hayashi Y. Ana-
plastic lymphoma kinase-negative uterine inflammatory myofibro-
blastic tumor containing the ETV6-NTRK3 fusion gene: A case report.
JInt Med Res. 2018;46(8):3498-3503. d0i:10.1177/0300060518780873
Lindberg MR, ed. Diagnostic Pathology: Soft Tissue Tumors. 3" ed.
Philadelphia, USA: Elsevier; 2019. ISBN:978-0-323-71149-4.

Harik LR, Merino C, Coindre JM, Amin MB, Pedeutour F, Weiss SW.
Pseudosarcomatous myofibroblastic proliferations of the bladder:
A clinicopathologic study of 42 cases. Am J Surg Pathol. 2006;30(7):
787-794. doi:10.1097/01.pas.0000208903.46354.6f

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

2135

TanakaT,UedaT, Yokoyama T, Harada S, Hatakeyama K, Yoshimura A.
Pseudosarcomatous myofibroblastic proliferation of the appendix
with an abdominal abscess due to diverticulum perforation: A case
report. Surg Case Rep. 2020;6(1):144. doi:10.1186/540792-020-00901-1
Egashira S, Jinnin M, Ajino M, et al. Chronic sun exposure-related
fusion oncogenes EGFR-PPARGCTA in cutaneous squamous cell car-
cinoma. Sci Rep. 2017;7(1):12654. doi:10.1038/541598-017-12836-z
WangF, Li C, Wu Q, Lu H. EGFR exon 20 insertion mutations in non-small
celllung cancer. Transl Cancer Res. 2020;9(4):2982-2991. d0i:10.21037
/tcr.2020.03.10

Goto T, Akanabe K, Maeshima A, Kato R. Surgery for recurrent inflam-
matory pseudotumor of the lung. World J Surg Oncol. 2011;9(1):133.
doi:10.1186/1477-7819-9-133

Coffin CM, Alaggio R. Fibroblastic and myofibroblastic tumorsin chil-
dren and adolescents. Pediatr Dev Pathol. 2012;15(1 Suppl):127-180.
doi:10.2350/10-12-0944-PB.1

Barak S, Wang Z, Miettinen M. Immunoreactivity for calretinin and
keratins in desmoid fibromatosis and other myofibroblastic tumors:
Adiagnostic pitfall. Am J Surg Pathol. 2012;36(9):1404-1409. doi:10.1097
/PAS.0b013e3182556def

Domanski HA, Qian X, Akerman M, Stanley DE. Soft tissue. In: Doman-
skiHA, ed. Atlas of Fine Needle Aspiration Cytology. Cham, Switzerland:
Springer International Publishing; 2019:465-551. doi:10.1007/978-3-
319-76980-6_14

Hunis AP, Hunis M. Soft tissue sarcomas. J Inter Med Emer Res. 2022;
3(3):1-51. doi:10.37191/Mapsci-2582-7367-3(3)-049

Kallen ME, Hornick JL. The 2020 WHO classification: What’s new in
soft tissue tumor pathology? Am J Surg Pathol. 2021;45(1):e1-e23.
doi:10.1097/PAS.0000000000001552

Gobbi H, Tse G, Page DL, Olson SJ, Jensen RA, Simpson JF. Reactive
spindle cell nodules of the breast after core biopsy or fine-needle
aspiration. AmJ Surg Pathol. 2000;113(2):288-294. d0i:10.1309/RPW4-
CXCC-1JHM-0TL7

Surabhi VR, Chua S, Patel RP, Takahashi N, Lalwani N, Prasad SR. Inflam-
matory myofibroblastic tumors. Radiol Clin North Am. 2016;54(3):
553-563. doi:10.1016/j.rcl.2015.12.005

Hohne S, Milzsch M, Adams J, Kunze C, Finke R. Inflammatory pseudo-
tumor (IPT) and inflammatory myofibroblastic tumor (IMT): A repre-
sentative literature review occasioned by a rare IMT of the transverse
colon ina9-year-old child. TumoriJ. 2015;101(3):249-256. doi:10.5301/
tj.5000353

Rosenberg AE. Pseudosarcomas of soft tissue. Arch Pathol Lab Med.
2008;132(4):579-586. d0i:10.5858/2008-132-579-POST

Kakiuchi N, Ogawa S. Clonal expansion in non-cancer tissues.
Nat Rev Cancer. 2021;21(4):239-256.d0i:10.1038/s41568-021-00335-3
Hibino S, Kawazoe T, Kasahara H, et al. Inflammation-induced tumor-
igenesis and metastasis. Int J Mol Sci. 2021;22(11):5421. doi:10.3390/
ijms22115421


https://pubmed.ncbi.nlm.nih.gov/23573326
https://www.ncbi.nlm.nih.gov/pmc/articles/3606869
https://www.doi.org/10.1097/PAS.0000000000001167
https://www.doi.org/10.1177/1066896920976862
https://www.doi.org/10.1177/1066896920976862
https://www.doi.org/10.5644/ama2006-124.248
https://www.doi.org/10.5644/ama2006-124.248
https://www.doi.org/10.1016/j.gore.2022.101062
https://www.doi.org/10.1016/j.prp.2004.08.001
https://www.doi.org/10.1016/j.canlet.2014.12.023
https://www.doi.org/10.1016/j.phrs.2012.11.007
https://www.doi.org/10.1093/oncolo/oyad129
https://www.doi.org/10.1002/path.4836
https://www.doi.org/10.1177/0300060518780873
https://www.doi.org/10.1097/01.pas.0000208903.46354.6f
https://www.doi.org/10.1186/s40792-020-00901-1
https://www.doi.org/10.1038/s41598-017-12836-z
https://www.doi.org/10.21037/tcr.2020.03.10
https://www.doi.org/10.21037/tcr.2020.03.10
https://www.doi.org/10.1186/1477-7819-9-133
https://www.doi.org/10.2350/10-12-0944-PB.1
https://www.doi.org/10.1097/PAS.0b013e3182556def
https://www.doi.org/10.1097/PAS.0b013e3182556def
https://www.doi.org/10.1007/978-3-319-76980-6_14
https://www.doi.org/10.1007/978-3-319-76980-6_14
https://www.doi.org/10.37191/Mapsci-2582-7367-3(3)-049
https://www.doi.org/10.1097/PAS.0000000000001552
https://www.doi.org/10.1309/RPW4-CXCC-1JHM-0TL7
https://www.doi.org/10.1309/RPW4-CXCC-1JHM-0TL7
https://www.doi.org/10.1016/j.rcl.2015.12.005
https://www.doi.org/10.5301/tj.5000353
https://www.doi.org/10.5301/tj.5000353
https://www.doi.org/10.5858/2008-132-579-POST
https://www.doi.org/10.1038/s41568-021-00335-3
https://www.doi.org/10.3390/ijms22115421
https://www.doi.org/10.3390/ijms22115421




Comparative study of the protective effects of adenosine triphosphate
and resveratrol against amiodarone-induced potential liver damage

and dysfunction in rats

Muhammed Talha Karadogan'*®-F, Bulent Yavuzer*=F, Cebrail Gursul*®-"F, Gulbaniz Huseynova**®F,
Gulce Naz Yazici*®-2F, Mine Gulaboglu®8-2F, Furkan Yilmaz’A<2F, Ali Sefa Mendil®#-2F, Halis Suleyman®*¢-F

' Department of Pediatrics, Faculty of Medicine, Erzincan Binali Yildirim University, Turkey

2 Department of Pharmacology, Faculty of Medicine, Erzincan Binali Yildinm University, Turkey

3 Department of Physiology, Faculty of Medicine, Erzincan Binali Yildirim University, Turkey

* Department of Pharmacology, Azerbaijan Medical University, Baku, Azerbaijan

5 Department of Histology and Embryology, Faculty of Medicine, Erzincan Binali Yildirim University, Turkey
6 Department of Biochemistry, Faculty of Pharmacy, Atatiirk University, Erzurum, Turkey

7 Department of Pediatrics, Esenyurt Necmi Kadioglu State Hospital, Istanbul, Turkey

8 Department of Pathology, Faculty of Veterinary Medicine, Erciyes University, Kayseri, Turkey

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
Halis Suleyman
E-mail: halis.suleyman@gmail.com

Funding sources
None declared

Conflict of interest
None declared

Received on April 14, 2024
Reviewed on October 14, 2024
Accepted on February 18,2025

Published online on August 19, 2025

Citeas

Karadogan MT, Yavuzer B, Gursul C, et al. Comparative
study of the protective effects of adenosine triphosphate
and resveratrol against amiodarone-induced potential
liver damage and dysfunction in rats. Adv Clin Exp Med.
2025;34(12):2137-2152. doi:10.17219/acem/202011

Dol
10.17219/acem/202011

Copyright

Copyright by Author(s)

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

Adv Clin Exp Med. 2025;34(12):2137-2152

Abstract

Background. Amiodarone is the most commonly used class ll antiarrhytmic drug with antiarrhytmic and
vasodilator properties. Adenosine triphosphate (ATP) serves as a crucial source of intracellular energy, while
resveratrol is known for its potent antioxidant activity.

Objectives. This study aimed to biochemically, histopathologically and immunohistochemically evaluate
the effects of ATP, resveratrol and their combination on potential liver damage and dysfunction induced
by amiodarone in rats.

Materials and methods. The rats were divided into 6 groups: healthy control (HG), amiodarone alone
(ADG), amiodarone + ATP at 2 mg/kg (AAG-2), amiodarone + ATP at 5 mg/kg (AAG-5), resveratrol +
amiodarone (RAG), and resveratrol + amiodarone + ATP at 2 mg/kg (RAA-2). Amiodarone (50 mg/kg, orally),
ATP (2 mg/kg and 5 mg/kg, intraperitoneally) and resveratrol (25 mg/kg, orally) were administered once
daily for 14 days. Following treatment, liver tissues were excised for biochemical analysis. Oxidative stress
was assessed by measuring malondialdehyde (MDA) levels, while antioxidant status was evaluated through
total glutathione (GSH), superoxide dismutase (SOD) and catalase (CAT) levels. To assess liver function, alanine
aminotransferase (ALT) and aspartate aminotransferase (AST) activities were measured in serum samples
collected from the animals’ tail veins. In addition, liver tissues were subjected to histopathological and im-
munohistochemical examination to evaluate structural and molecular changes associated with treatment.

Results. Amiodarone administration led to a significant increase in oxidative stress markers and a reduction
in antioxidant levels in rat liver tissue. Additionally, serum levels of ALT and AST were elevated, indicating liver
dysfunction. Histopathological and immunohistochemical analyses revealed severe (grade 3) oxidative damage
in theliver tissue. All biochemical parametersin the 5 mg/kg ATP and resveratrol 4 2 mg/kg ATP treatment groups
were comparable to those observed in the HG group. Histopathological and immunohistochemical evaluations
showed a reduction in liver damage severity to grade 2 in the groups treated with ATP (2 mg/kg) and resveratrol
alone, and to grade 1in the groups receiving ATP (5 mg/kg) or the combination of resveratrol + ATP (2 mg/kg).

Conclusions. The results of the present study suggest that adjusting the ATP dosage or using a combina-
tion of ATP and resveratrol may be effective strategies for minimizing amiodarone-induced liver damage.

Key words: rats, resveratrol, amiodarone, adenosine triphosphate, oxidative liver damage


https://www.doi.org/10.17219/acem/202011

2138

M.T. Karadogan et al. ATP and resveratrol in amiodarone-induced liver injury

Highlights

ries a risk of hepatotoxicity.
munohistochemical analyses.
ing oxidative stress.

ATP production.

induced hepatic injury.

» Amiodarone as a leading class III antiarrhythmic agent combines antiarrhythmic and vasodilator effects but car-
» Amiodarone induces severe oxidative liver damage in rats, confirmed by biochemical, histopathological, and im-
+ Mitochondrial dysfunction underlies hepatocyte injury, with reduced ATP content and elevated ROS levels driv-
» Exogenous ATP and resveratrol supplementation mitigate liver damage, with resveratrol enhancing intracellular

» Optimizing ATP dosing or combining ATP with resveratrol may offer a protective strategy against amiodarone-

Background

Amiodarone, a benzofuran derivative with antiarrhyth-
mic and vasodilator properties, is the most commonly used
Vaughan-Williams class III antiarrhythmic drug today.!
Amiodarone is approved by the U.S. Food and Drug Admin-
istration (FDA) for the treatment of ventricular arrhythmias.
However, it is also used off-label for the treatment of supraven-
tricular tachyarrhythmias, such as atrial fibrillation (AF), and
for the prevention of ventricular tachyarrhythmias in high-
risk patients.? According to the European Society of Cardi-
ology’s (ESC) 2020 guideline, amiodarone is recommended
in addition to B-blockers to prevent AF following cardiac sur-
gery, regardless of risk factors.? Although B-blockers are often
used as first-line antiarrhythmic therapy, amiodarone may
be needed in some cases.! Amiodarone’s ability to block so-
dium, potassium and calcium channels as well as adrenergic
receptors* may be an important reason for its need. However,
serious and potentially life-threatening side effects can occur
with long-term treatment with amiodarone.® It is known to be
toxic to organs and tissues such as the thyroid, lungs, heart,
liver, eyes, skin, and central and peripheral nervous system.®’
Previous studies have suggested that the formation of reactive
oxygen species (ROS) leading to lipid peroxidation (LPO) and
oxidative stress is an important component of amiodarone
toxicity.® In addition, mitochondrial adenosine triphosphate
(ATP) content in hepatocytes was found to decrease in paral-
lel with the amiodarone-induced increase in mitochondrial
ROS.? However, amiodarone has been shown to significantly
reduce cellular ATP levels and cell viability even at low con-
centrations.'® Adenosine triphosphate is recognized as one
of the most vital molecules for cellular function, playing criti-
cal roles both intracellularly and extracellularly. Itis a crucial
component in the biosynthesis of nucleic acids and a signifi-
cant source of intracellular energy.!! The literature suggests
that amiodarone-induced tissue damage may be linked to in-
creased production of ROS caused by ATP deficiency. Ad-
enosine triphosphate is known to play a role in the synthesis
of antioxidants that scavenge and neutralize ROS.*> Adenosine
triphosphate also acts as an energy source for the antioxidants

synthesis.!* Additionally, resveratrol — a natural polyphenol
—isincluded in this study to evaluate its potential protective
effect against amiodarone-induced liver damage.'* Resvera-
trol was first extracted from the Vera oleifera root by the Japa-
nese scientist Takaoka in 1939.1* Resveratrol can currently be
obtained from over 70 different plants, including peanuts,
grapes, Polygonum cuspidatum, and mulberries.'*!> It has
demonstrated a wide range of biological activities, includ-
ing anti-inflammatory, antioxidant, cardioprotective, anti-
carcinogenic, anti-diabetic, anti-obesity, neuroprotective, and
anti-aging effects.!® Resveratrol is also known to enhance
intracellular ATP production.'”

Objectives

The literature suggests that oxidative liver damage in-
duced by amiodarone may be related to increased produc-
tion of ROS due to ATP deficiency. In addition, the litera-
ture suggests that ATP, resveratrol, and their combination
— referred to as ATP-resveratrol combinations (ARCs)
— may offer therapeutic benefits in the treatment of ami-
odarone-induced oxidative liver injury. Furthermore, there
are no available data on the protective effects of ATP, res-
veratrol and ARCs against oxidative liver damage induced
by amiodarone. Therefore, the aim of our study was to in-
vestigate and compare the protective effects of ATD, res-
veratrol and ARCs against potential amiodarone-induced
liver damage and dysfunction in rats.

Materials and methods
Animals

The experiment involved 60 male albino Wistar-type rats
weighing 280-292 g and aged 9-10 weeks. Animals were
purchased from the Experimental Animals Application and
Research Centre (Erzincan Binali Yildirim University, Erz-
incan, Turkey). The animals were randomized into 6 groups
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so that the average body weight of each group was similar
to the others. Prior to the experiment, the rats were housed
in groups of 10 in wire cages under laboratory conditions,
maintained at 22°C with 30-70% humidity and a 12-h light/
dark cycle. Animals were given tap water and standard pellet
feed (Experimental Animal Feed; Bayramoglu Co., Erzurum,
Turkey) ad libitum. All experiments were carried out accord-
ing to the guidelines of Directive 2010/63/EU of the Euro-
pean Parliament and Council (approval No. 2016-24-199)
and the Animal Research: Reporting of In Vivo Experiments
(ARRIVE) guidelines.’® All procedures were carried out with
the approval of Erzincan Binali Yildirim University Ani-
mal Experiments Local Ethics Committee (meeting date:
November 30, 2023, meeting No. 2023/11, decision No. 39).

Chemical substances

The chemicals used in the experiment were thiopen-
tal sodium supplied by IE Ulagay (Istanbul, Turkey), ATP
purchased from Zdorove Narodu (Kharkiv, Ukraine) and
resveratrol obtained from Sigma-Aldrich (St. Louis, USA).

Experimental design

The minimum number of animals was selected in ac-
cordance with the Reduction, Refinement, Replacement,
Responsibility (4R) guidelines to ensure ethical and re-
sponsible use of experimental subjects.!” Animals display-
ing signs such as hunched posture, reduced movement
or injury caused by other animals were excluded from
the experiment and corresponding data points were omit-
ted from the analysis. There were no exclusions during
the experiment. A random numbers table was used to gen-
erate the randomization sequence. Cages and animals were
numbered to minimize potential confounding factors.

Experimental groups

Six groups of rats were used in the experiment: healthy
control (HG), amiodarone alone (ADQG), amiodarone
+ 2 mg/kg ATP (AAG-2), amiodarone + 5 mg/kg ATP
(AAG-5), amiodarone + resveratrol (RAG), and amioda-
rone + resveratrol + 2 mg/kg ATP (RAA-2).

Experimental procedure

The AAG-2 group (n = 10) was administered an intra-
peritoneal (i.p.) injection of ATP at a dose of 2 mg/kg, while
the AAG-5 group (n = 10) was administered the same injec-
tion at a dose of 5 mg/kg. The RAG group (n = 10) received
resveratrol at a dose of 25 mg/kg orally via gastric gavage.
The RAA-2 group (n = 10) was administered resveratrol
(25 mg/kg) and ATP (2 mg/kg) as described above. Distilled
water was used as the solvent for both the HG (n = 10) and
ADG (n = 10) groups. One hour after the administration
of ATP, resveratrol, or distilled water, amiodarone was
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administered orally by gastric gavage to the ADG, AAG-2,
AAG-5, RAG, and RAA-2 groups at a dose of 50 mg/kg.
Over a period of 14 days, the procedures were repeated
once a day. Animals were sacrificed under high-dose thio-
pental sodium anesthesia (50 mg/kg), and liver tissues were
excised at the end of this period. In the excised liver tis-
sues, levels of malondialdehyde (MDA), total glutathione
(tGSH), superoxide dismutase (SOD), and catalase (CAT)
were measured. Blood samples were collected from the tail
veins of the animals prior to euthanasia, and the activities
of alanine aminotransferase (ALT) and aspartate amino-
transferase (AST) were measured to assess liver function.
Additionally, histopathological and immunohistochemi-
cal examinations were conducted on liver tissues from
6 rats randomly selected from each experimental group
of 10 animals. The biochemical, histopathologic and im-
munohistochemical results of the experiment were com-
pared and evaluated between groups.

Biochemical analyses
Preparation of samples

Initially, the tissue samples were rinsed with physiologi-
cal saline, then pulverized in liquid nitrogen and subse-
quently homogenized. The protein levels of MDA, tGSH,
SOD, and CAT were determined in the supernatants.

Determination of the protein levels of MDA,
tGSH, SOD and CAT

Commercially available rat enzyme-linked immunosor-
bent assay kits (MDA product No. 10009055; tGSH product
No. 703002; SOD product No. 706002; Cayman Chemical
Co., Ann Arbor, USA) were purchased for the measure-
ment of MDA, tGSH and SOD parameters. The method
suggested by Go6th was applied to perform CAT deter-
mination.?? Protein concentration was determined using
the Bradford method, with absorbance measured spectro-
photometrically at 595 nm.?!

Measurement of ALT and AST activities

Venous blood samples were collected into anticoagu-
lant-free tubes for serum separation. Serum was separated
by centrifuging after blood clotting and kept at —80°C
until the assay was performed. Liver function tests were
performed by measuring serum ALT and AST activities
spectrophotometrically using commercially available
kits on a Cobas® 8000 auto-analyzer (Roche Diagnostics
GmbH, Mannheim, Germany).

Histopathological examination

Tissue samples were fixed in 10% formaldehyde so-
lution for 72 h. After fixation, the tissues were placed
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in cassettes and rinsed under running water for 24 h.
They were then dehydrated by passing through a series
of increasing degrees of alcohol (70%, 80%, 90%, and
100%). The xylol-transparent liver tissues were embed-
ded in paraffin blocks, and 4—5-pm-thick sections were
taken. The sections were stained with hematoxylin and
eosin (H&E) double stain and evaluated and photographed
using the Olympus DP2-SAL firmware program (Olym-
pus Corp., Tokyo, Japan). In the serial sections obtained,
six areas (1 central and 5 peripheral) were selected per
section for each experimental group. At a x100 magni-
fication, deviations from normal histological structure
were scored based on hepatocyte vacuolization, necrosis,
vascular dilatation/congestion, and polymorphonuclear
leukocyte (PMNL) infiltration. Each of the above criteria
was scored on a scale from 0 to 3 (0 — none, 1 — mild,
2 — moderate, 3 — severe). Histopathological evalua-
tions were performed by a histologist who was blinded
to the experimental group assignments.

Immunohistochemical examination

Briefly, 4 um-thick sections mounted on polylysine-
coated slides were deparaffinized in xylene and rehydrated
through a graded alcohol series. After rinsing with phos-
phate-buffered saline (PBS), endogenous peroxidase activ-
ity was blocked by incubating the sections in 3% hydrogen
peroxide (H,0O,) for 10 min. In order to reveal the antigen
in the tissues, it was treated with antigen retrieval solution
at 500 W for 2 x 5 min. Later, cleaved caspase-3 (product
No. E-AB-30004; Elabscience, Houston, USA) and tumor
necrosis factor alpha (TNF-a; product No. sc-133192;
Santa Cruz Biotechnology, Inc., Santa Cruz, USA) were
incubated overnight with primary antibodies (dilution
1/200). Large Volume Detection System (anti-polyvalent,
horseradish peroxidase (HRP); product No. TP-125-HL;
Thermo Fisher Scientific Inc., Waltham, USA) was ap-
plied as recommended by the manufacturer. Subsequently,
3-amino-9-ethylcarbazole (AEC) was used as the chromo-
gen. The sections were then counterstained with Mayer’s
hematoxylin, mounted with an aqueous mounting me-
dium, and examined under a light microscope. Immuno-
reactivities were semi-quantitatively evaluated as none (0),
mild (1), moderate (2), and severe (3).

Statistical analyses

All statistical analyses were carried out using IBM SPSS
v. 27.0 (IBM Corp., Armonk, USA). Figures were gener-
ated using GraphPad Prism v. 8.0.1 (GraphPad Software,
San Diego, USA). All biochemical results are expressed
as mean tstandard deviation (mean +SD) along with
the 95% confidence interval (95% CI) of the mean. The as-
sumption of normality was evaluated with Shapiro—Wilk
test and the assumption of homogeneity of variances was
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evaluated with Levene’s test. One-way analysis of variance
(ANOVA) or Welch’s ANOVA test was used to assess dif-
ferences in means between groups. Pairwise comparisons
regarding these tests were made with Tukey’s honestly sig-
nificant difference (HSD) and Games—Howell test, respec-
tively. All histopathological and immunohistochemical
results are presented as median and minimum and maxi-
mum. In the histopathological and immunohistochemical
evaluation, the difference between the groups in terms
of median values was determined using the Kruskal-Wal-
lis test, a nonparametric test. Dunn’s test with Bonferroni
correction was used for pairwise comparisons between
groups, and adjusted p-values are presented. A p < 0.05
was deemed statistically significant.

Results
Biochemical findings
MDA analysis results of liver tissue

The MDA levels in liver tissue were higher in the amio-
darone-treated group than in the healthy group, as shown
in Fig. 1 and Table 1,2. The difference in the levels
of MDA in the liver tissue between the healthy group
and the group treated with amiodarone was statisti-
cally significant. In addition, ATP 2 mg/kg and 5 mg/kg,
resveratrol, and resveratrol + ATP 2 mg/kg treatment
significantly suppressed the amiodarone-induced rise
in MDA levels in liver tissue. In the groups treated with
ATP 2 mg/kg and resveratrol, a statistically significant
difference in MDA levels was found in the liver tissues
compared to the healthy group. However, the difference
in MDA levels between the healthy group and the groups
treated with ATP 5 mg/kg and resveratrol + ATP 2 mg/kg
was not statistically significant.

tGSH analysis results of liver tissue

As shown in Fig. 1 and Table 1,2, the levels of tGSH
in the liver tissue were lower in the group treated with
amiodarone than in the HG. The difference in liver
tGSH levels between the HG and the amiodarone-
treated group was statistically significant. Furthermore,
the amiodarone-induced reduction in liver tGSH lev-
els was significantly attenuated by treatment with ATP
at 2 mg/kg and 5 mg/kg, resveratrol alone, and the com-
bination of resveratrol + ATP at 2 mg/kg. In the ATP
2 mg/kg and resveratrol-treated groups, a statistically
significant difference in tGSH levels was found in liver
tissue compared to HG. However, the difference in tGSH
levels between the HG and the groups treated with ATP
5 mg/kg and resveratrol + ATP 2 mg/kg was not statisti-
cally significant.
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Fig. 1. Effects of amiodarone, adenosine triphosphate and resveratrol on MDA and tGSH levels in rat liver tissue. Data are presented as mean values and 95%

confidence intervals (95% Cls). Statistical analyses were performed using one-way analysis of variance (ANOVA) test followed by Tukey’s honestly significant
difference (HSD) test as post hoc test. For all groups n = 10
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HG - healthy group; ADG - amiodarone alone-administered group; AAG-2 — 2 mg/kg adenosine triphosphate + amiodarone-administered group;
AAG-5 - 5 mg/kg adenosine triphosphate + amiodarone-administered group; RAG - resveratrol + amiodarone-administered group; RAA-2 — resveratrol
+ 2 mg/kg adenosine triphosphate + amiodarone-administered group; MDA — malondialdehyde; tGSH - total glutathione.

Table 1. Effects of amiodarone, adenosine triphosphate and resveratrol on oxidant and antioxidant levels in rat liver tissue and liver enzyme activities
in blood serum

Biochemical variables

Groups and 95% Cl for mean MDA tGSH SOD CAT
(nmol/mg protein) | (nmol/mg protein) (U/mg protein) (U/mg protein)
HG 240+0.26 647 +£0.23 831+0.16 745+0.23 2320+266 = 27.10£3.98
ADG 5.64 £0.22 2.52 +£0.25 3.22+£0.10 3.28 £0.09 76.70 £4.67 191.90 £6.61
AAG-2 445 +0.20 347 £0.15 4.23 £0.09 461033 52004333 | 107.90 +7.85
Etes AAG-5 2594028 6.34 +£0.20 8114025 730 £0.21 27604406 | 3020+6.36
RAG 4.75+0.23 345+0.15 4.22+0.14 323+0.10 67.80+747 17540 +4.50
RAA-2 2.56 +0.22 6.30 £0.15 8.15 +0.06 7.34+0.35 26.70 £2.41 31.90 £4.36
lower 22153 6.3004 8.1978 7.2820 21.30 24.25
e upper 2.5847 6.6356 8.4202 76160 25.10 29.95
lower 54811 23419 3.1498 3.2132 73.36 187.17
hoe upper 5.7989 2.7001 32962 3.3488 80.04 196.63
AAGH lower 4.3099 33592 41717 4.3699 49.62 102.28
95% Cl for upper 459071 3.5768 4.2943 4.8441 54.38 11352
mean MG lower 23921 6.1885 7.9307 7.1482 24.70 25.65
upper 2.7879 64815 8.2933 7.4498 30.50 34.75
lower 4.5874 3.3451 4.1120 3.1578 6246 17218
e upper 49126 3.5629 4.3180 3.2982 73.14 17862
lower 24011 6.1938 8.1088 7.0925 24.98 2878
fAR-2 upper 27189 6.4142 8.1932 7.5875 2842 35.02

The results are presented as mean + standard deviation (SD). For all groups n = 10. HG - healthy group; ADG - amiodarone alone-administered group;
AAG-2 - 2 mg/kg adenosine triphosphate + amiodarone-administered group; AAG-5 — 5 mg/kg adenosine triphosphate + amiodarone-administered
group; RAG - resveratrol + amiodarone-administered group; RAA-2 — resveratrol + 2 mg/kg adenosine triphosphate + amiodarone-administered
group; MDA — malondialdehyde; tGSH - total glutathione; SOD - superoxide dismutase; CAT — catalase; ALT — alanine aminotransferase; AST — aspartate
aminotransferase; 95% Cl - 95% confidence interval.
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Table 2. Effects of amiodarone, adenosine triphosphate and resveratrol on oxidant and antioxidant levels in rat liver tissue and liver enzyme activities
in blood serum; comparison of p-values

Post hoc test p-values

Group comparisons

SOD** CAT**
HG vs ADG <0.001 <0.001 <0.001 <0.001 <0.001 <0.001
HG vs AAG-2 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001
HG vs AAG-5 0470 0.653 0.340 0.664 0.098 0.836
HG vs RAG <0.001 <0.001 <0.001 <0.001 <0.001 <0.001
HG vs RAA-2 0.652 0428 0.092 0.958 0.060 0.440
ADG vs AAG-2 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001
ADG vs AAG-5 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001
ADG vs RAG <0.001 <0.001 <0.001 0.818 0.055 <0.001
ADG vs RAA-2 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001
AAG-2 vs AAG-5 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001
AAG-2 vs RAG 0.064 >0.999 0.999 <0.001 <0.001 <0.001
AAG-2 vs RAA-2 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001
AAG-5 vs RAG <0.001 <0.001 <0.001 <0.001 <0.001 <0.001
AAG-5 vs RAA-2 >0.999 0.999 0.996 0.999 0.989 0.986
RAG vs RAA-2 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001
F-value 348.705 845.219 5227.768° 1222.962° 288.257° 1721.094
df (df1/df2) 5/54 5/54 5/24.453 5/24.288 5/24.827 5/54
p-value <0.001 <0.001 <0.001° <0.001P <0.0010 <0.001

* Statistical analyses were performed using the one-way analysis of variance (ANOVA) test followed by Tukey's honestly significant difference

(HSD) test as post hoc. ** Statistical analyses were performed using the Welch's ANOVA test followed by Games—Howell test as post hoc test.

@ means of asymptotically F distributed. ® means of Welch’s ANOVA p-values. HG — healthy group; ADG - amiodarone alone-administered group;

AAG-2 - 2 mg/kg adenosine triphosphate + amiodarone-administered group; AAG-5 - 5 mg/kg adenosine triphosphate + amiodarone-administered
group; RAG - resveratrol + amiodarone-administered group; RAA-2 — resveratrol + 2 mg/kg adenosine triphosphate + amiodarone-administered
group; MDA — malondialdehyde; tGSH - total glutathione; SOD — superoxide dismutase; CAT — catalase; ALT — alanine aminotransferase; AST — aspartate
aminotransferase; df — degree of freedom.

SOD analysis results of liver tissue

The activities of SOD in the liver tissue were lower
in the group treated with amiodarone than in the HG,
as shown in Fig. 2 and in Table 1,2. The difference in liver SOD
activities between the HG and the group treated with amio-
darone was statistically significant. In addition, ATP 2 mg/kg,
ATP 5 mg/kg, resveratrol and resveratrol + ATP 2 mg/kg
treatment significantly suppressed the amiodarone-induced
decrease in SOD activities in liver tissue. In the groups
treated with ATP at 2 mg/kg and resveratrol, liver SOD ac-
tivity showed a statistically significant difference compared
to the HG group. However, the difference in SOD activity
between the HG and the ATP 5 mg/kg and resveratrol + ATP
2 mg/kg treatment groups was not statistically significant.

CAT analysis results of liver tissue

As shown in Fig. 2 and Table 1,2, the activities of CAT
in the liver tissue were lower in the group treated with
amiodarone than in the HG group. The difference in liver
CAT activities between the HG group and the amiodarone-
treated group was statistically significant. Treatment with
ATP at 2 mg/kg, ATP at 5 mg/kg, and the combination

of resveratrol + ATP at 2 mg/kg significantly suppressed
the amiodarone-induced decrease in CAT activity in liver
tissue, whereas resveratrol alone did not produce a sig-
nificant effect. In the groups treated with ATP 2 mg/kg
and resveratrol, a statistically significant difference in liver
CAT activities was observed compared to the HG group.
However, the difference in CAT activity between the HG
and the ATP 5 mg/kg and resveratrol + ATP 2 mg/kg treat-
ment groups was not statistically significant.

ALT and AST analysis results of blood serum

The ALT activity in blood serum was higher in the ami-
odarone-treated group than in the HG group, as shown
in Fig. 3 and Table 1,2. The difference in serum ALT ac-
tivity between the HG group and the amiodarone-treated
group was statistically significant. Notably, treatment with
ATP at 2 mg/kg, ATP at 5 mg/kg, and the combination
of resveratrol + ATP at 2 mg/kg significantly attenuated
the amiodarone-induced increase in serum ALT levels,
whereas resveratrol alone did not produce a significant
effect. A statistically significant difference in blood se-
rum ALT activity was observed in the groups treated with
ATP 2 mg/kg and resveratrol compared to the HG group.
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Fig. 2. Effects of amiodarone, adenosine triphosphate and resveratrol on SOD and CAT activities in rat liver tissue. Data are presented as mean values and

95% confidence intervals (95% Cls). Statistical analyses were performed using Welch's analysis of variance (ANOVA) test followed by Games—Howell test
as post hoc test. For all groups n = 10

HG — healthy group; ADG — amiodarone alone-administered group; AAG-2 — 2 mg/kg adenosine triphosphate + amiodarone-administered group;
AAG-5 - 5 mg/kg adenosine triphosphate + amiodarone-administered group; RAG — resveratrol + amiodarone-administered group; RAA-2 — resveratrol
+ 2 mg/kg adenosine triphosphate + amiodarone-administered group; SOD - superoxide dismutase; CAT — catalase.
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Fig. 3. Effects of amiodarone, adenosine triphosphate and resveratrol on ALT and AST activities in rat blood serum. Data are presented as mean values

and 95% confidence intervals (95% Cls). Statistical analyses were performed using a Welch's analysis of variance (ANOVA) test, followed by a Games-Howell
post-hoc test for ALT, and a one-way ANOVA test, followed by a Tukey’s honestly significant difference (HSD) post-hoc test, for AST. For all groups n = 10

HG - healthy group; ADG — amiodarone alone-administered group; AAG-2 — 2 mg/kg adenosine triphosphate + amiodarone-administered group;
AAG-5 - 5 mg/kg adenosine triphosphate + amiodarone-administered group; RAG - resveratrol + amiodarone-administered group; RAA-2 — resveratrol
+ 2 mg/kg adenosine triphosphate + amiodarone-administered group; ALT — alanine aminotransferase; AST — aspartate aminotransferase.

However, the difference in ALT activity between the HG As shown in Fig. 3 and Table 1,2, the activity of AST
and the treatment groups with ATP 5 mg/kg and resvera- in the blood serum was higher in the group treated with
trol + ATP 2 mg/kg was not statistically significant. amiodarone than in the HG group. The difference in serum
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AST activities between the HG and the amiodarone
treatment group was statistically significant. In addition,
treatment with ATP 2 mg/kg, ATP 5 mg/kg, resveratrol
and resveratrol + ATP 2 mg/kg significantly suppressed
the amiodarone-induced increase in serum AST activity.
In the groups treated with ATP 2 mg/kg and resveratrol,
a statistically significant difference in blood serum AST
activity was observed compared to the HG group. How-
ever, the difference in AST activity between the HG and
the ATP 5 mg/kg and resveratrol + ATP 2 mg/kg treatment
groups was not statistically significant.

Histopathological findings

The liver tissue sections of the HG group exhibited nor-
mal hepatic cords with radial arrangement in the hepatic
lobule, with a central vein in the center. The general tissue
arrangement of the liver was also normal (Fig. 4A). Histo-
pathological damage was classified as grade 3 in the group
treated with amiodarone alone. Upon analysis of the liver
tissue from this group, severe dilatation and congestion
were observed in both the central artery and the sur-
rounding blood vessels. It was observed that the hepatic
cords lost their radial arrangement and became irregular
and spiralized cords. Severe lipid infiltration was observed
in the irregularly arranged hepatocyte cords around
the central vein, with the cell content almost completely
filled with lipid and becoming vacuolized. The liver tissue
exhibited necrosis in some of the hepatocytes, and there
was PMNL infiltration throughout the tissue, along with
other accompanying findings (Fig. 4B). The histopatho-
logical damage was grade 2 in the group that received

amiodarone and 2 mg/kg ATP. In this group, while ne-
crotic nuclei were decreased compared to the amioda-
rone group, the hepatic cords remained disorganized,
hepatocytes were severely vacuolized. Vascular structures
showed severe dilation and congestion, and PMNL in-
filtration was seen in the areas surrounding the vessels
(Fig. 5A). In the group administered amiodarone and
ATP at a dose of 5 mg/kg, hepatic damage was evaluated
as grade 1. The liver tissue of this group showed a de-
crease in lipid infiltration in hepatocytes forming irregular
hepatic cords, a decrease in necrotized nuclei compared
to the previous group, and the presence of mild PMNL in-
filtration was remarkable. Vessels were moderately dilated
but did not show congestion (Fig. 5B). The liver damage
severity in the group treated with amiodarone and res-
veratrol was classified as grade 2. When the liver tissues
of this group were examined, it was observed that the lipid
infiltration of the hepatocytes was at a moderate level
and the hepatic cords were arranged in a regular pattern.
The amount of necrotic cell nuclei and the distribution
of PMNLSs were similar to the ADG group, while there was
severe dilatation and congestion in the vessels (Fig. 5C).
The liver tissue of the group treated with amiodarone,
2 mg/kg ATDP, and resveratrol showed similarities to that
of the HG group (grade 0-1). Mild lipid accumulation
was observed in the hepatocytes, forming regular hepatic
cords in this group. Necrotized cells and PMNLSs were not
observed throughout the tissue. However, moderate dila-
tation of the vascular structures was observed, but they
were not congested (Fig. 5D). Histopathological grading
data obtained from rat liver tissue and comparison of p-
values are presented in Table 3,4.

Poass YAt - TP

=> - severely vacuolized hepatocytes;

4% - necrotized cell nuclei;

2 -irregularities in the hepatic cords;

» - polymorphonuclear cell infiltration;

* - severely dilated and congested blood vessels
(H&E, x200 magnification)

=> - hepatocyte;
* - blood vessel (H&E, X200 magnification)

Fig. 4. Hematoxylin and eosin (H&E)-labeled liver tissue. A. In the healthy control group (HG); B. In the group receiving amiodarone alone (ADG). For all
groupsn==6
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=> - severely vacuolized hepatocytes;
% - necrotized cell nuclei;

2 - irregularities in the hepatic cords;

» - polymorphonuclear cell infiltration;

* — severely dilated and congested blood vessels

=> — mild to moderately vacuolized hepatocytes;

% - necrotized cell nuclei;

2 - irregularities in the hepatic cords;

» — mild polymorphonuclear cell infiltration;

* - severely dilated blood vessel (H&E, X200 magnification);

(H&E, x200 magnification);

= - moderately vacuolized hepatocytes;

< - necrotized cell nuclei;

< - regular hepatic cords in some areas;

» - polymorphonuclear cell infiltration;

* - severely dilated and congested blood vessels
(H&E, X200 magnification)

=> - slightly vacuolized - normal hepatocytes;
2 - regular hepatic cords;
* — mild - moderately dilated blood vessels

(H&E, X200 magnification)

Fig. 5. Hematoxylin and eosin (H&E)-labeled liver tissue. A. In the 2 mg/kg ATP + amiodarone-administered group (AAG-2); B. In the 5 mg/kg ATP +
amiodarone-administered group (AAG-5); C. In the resveratrol + amiodarone-administered group (RAG); D. In the resveratrol + 2 mg/kg ATP + amiodarone-

receiving group (RAA-2). For all groupsn =6

Immunohistochemical findings

Immunohistochemical examinations for caspase-3 (Fig. 6)
and TNF-a (Fig. 7) revealed statistically significant dif-
ferences between the groups (Table 5,6; p < 0.05). No
significant caspase-3 and TNF-a immunopositivity was
found in the HG group. Among the treatment groups,
strong caspase-3 and TNF-a immunopositivity was ob-
served in the ADG group, moderate immunopositivity

inthe AAG-2 and RAG groups, and mild immunopositivity
in the AAG-5 and RAA-2 groups.

Discussion

This study investigates the protective effects of ATD,
resveratrol and their combination (ARCs) against amiod-
arone-induced liver injury and dysfunction in rats, using
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Table 3. Analysis of histopathological grading data from rat liver tissue

Histopathological grading data

PMNL infiltration

vascular dilatation /congestion

Groups
lipid infiltration/vacuolization necrosis
HG 0(0-0) 0(0-0)
ADG 3(2-3) 3(2-3)
AAG-2 2(2-3) 2(1-3)
AAG-5 2(2-3) 2(1-3)
RAG 2(2-3) 2(1-3)
RAA-2 2(0-2) 1(0-2)

0(0-0) 0(0-0)
3(2-3) 2(1-3)
3(2-3) 2(0-3)
2(1-3) 2(1-3)
2(2-3) 2(0-3)
1(1-2) 0(0-1)

The results are presented as median (minimum-maximum). Values indicate histopathological damage grades: 0 - none, 1 — mild, 2 - moderate,

and 3 - severe. For all groups n = 6. HG — healthy group; ADG — amiodarone alone-administered group; AAG-2 — 2 mg/kg adenosine triphosphate

+ amiodarone-administered group; AAG-5 — 5 mg/kg adenosine triphosphate + amiodarone-administered group; RAG - resveratrol + amiodarone-
administered group; RAA-2 — resveratrol + 2 mg/kg adenosine triphosphate + amiodarone-administered group; PMNL - polymorphonuclear leukocyte.

Table 4. Comparison of p-values of histopathologic grading data obtained from rat liver tissue

Post hoc test p-values

PMNL infiltration

vascular dilatation/congestion

Group
comparisons lipid infiltration/vacuolization necrosis

HG vs ADG <0.001 <0.001
HG vs AAG-2 <0.001 <0.001
HG vs AAG-5 <0.001 <0.001
HG vs RAG <0.001 <0.001
HG vs RAA-2 <0.001 0.281

ADG vs AAG-2 >0.999 0.769
ADG vs AAG-5 0.104 0.034
ADG vs RAG 0.953 0.269
ADG vs RAA-2 <0.001 <0.001
AAG-2 vs AAG-5 >0.999 >0.999
AAG-2 vs RAG >0.999 >0.999
AAG-2 vs RAA-2 <0.001 <0.001
AAG-5 vs RAG >0.999 >0.999
AAG-5 vs RAA-2 0.017 <0.001
RAG vs RAA-2 0.001 <0.001
KW 140.283 155.641
p-value <0.001 <0.001

<0.001 <0.001
<0.001 <0.001
<0.001 <0.001
<0.001 <0.001
0.004 >0.999
>0.999 >0.999
0.014 0018
0.313 >0.999
<0.001 <0.001
0.104 0.206
>0.999 >0.999
<0.001 <0.001
>0.999 0.037
0.012 <0.001
<0.001 <0.001
155.106 152433
<0.001 <0.001

All statistical analyses were performed using the Kruskal-Wallis (KW) test followed by Dunn'’s test with Bonferroni correction. For all groups n = 6.

HG — healthy group; ADG — amiodarone alone-administered group; AAG-2 — 2 mg/kg adenosine triphosphate + amiodarone-administered group;
AAG-5 - 5 mg/kg adenosine triphosphate + amiodarone-administered group; RAG - resveratrol + amiodarone-administered group; RAA-2 — resveratrol
+ 2 mg/kg adenosine triphosphate + amiodarone-administered group; PMNL — polymorphonuclear leukocyte.

biochemical, histopathological and immunohistochemi-
cal approaches. Previous studies have reported a decrease
in ATP content in parallel with the increase in mitochon-
drial ROS associated with amiodarone.® Furthermore,
it has been emphasized that amiodarone causes a signifi-
cant decrease in cellular ATP and cell viability. The re-
sults of our biochemical analyses revealed that amiodarone
treatment led to an increase in MDA, tGSH, SOD, and
CAT levels in liver tissue. It is well established that MDA
is a byproduct of the oxidation of polyunsaturated fatty
acids, including arachidonic acid.?? In simpler terms, MDA
serves as a marker of LPO and is widely used as a reliable in-
dicator of oxidative damage severity.?® Literature data and

our experimental results suggest that amiodarone treat-
ment increases ROS production and induces LPO reaction
in liver tissue. Previous studies have indicated that amioda-
rone-induced toxicity is primarily driven by the generation
of ROS, leading to oxidative stress and LPO.®

As previously stated, amiodarone has been linked
to toxic effects in various organs and tissues, including
the liver.®” Furthermore, long-term use of amiodarone may
result in life-threatening side effects.> However, Jiang et al.
reported that acute liver injury can occur due to paren-
teral administration of amiodarone and that antioxidant
treatment was effective in relieving the hepatotoxicity.?
Akbay et al. reported a decrease in glutathione (GSH),
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Fig. 6. A. HG group, caspase-3 immune negativity in healthy liver tissue, immunohistochemistry (IHC); B. ADG group, severe caspase 3 immunopositivity
(arrow) in liver tissue, IHC; C. AAG-2 group, moderate caspase-3 immunopositivity (arrow) in liver tissue, IHC; D. AAG-5 group, mild caspase-3
immunopositivity (@rrow) in liver tissue, IHC; E. RAG group, moderate caspase-3 immunopositivity (arrow) in liver tissue, IHC; F. RAA-2 group, mild caspase-3
immunopositivity (@rrow) in liver tissue, IHC. For all groups n =6

HG - healthy group; ADG - amiodarone alone-administered group; AAG-2 - 2 mg/kg adenosine triphosphate + amiodarone-administered group;
AAG-5 - 5 mg/kg adenosine triphosphate + amiodarone-administered group; RAG - resveratrol + amiodarone-administered group; RAA-2 — resveratrol
+ 2 mg/kg adenosine triphosphate + amiodarone-administered group.

a key endogenous antioxidant, in cases of amiodarone- an endogenous antioxidant composed of 3 amino acids.?
induced hepatotoxicity, and demonstrated that antioxi- Furthermore, GSH serves as a key marker of cellular re-
dant supplementation alleviated the resulting liver injury.?® dox status in various diseases and cell death processes,

Amiodarone hepatotoxicity has been assessed using tGSH, and plays a critical role in regulating numerous cellular



2148 M.T. Karadogan et al. ATP and resveratrol in amiodarone-induced liver injury

Fig. 7. A. HG group, TNF-a immune negativity in healthy liver tissue, immunohistochemistry (IHC); B. ADG group, severe TNF-a immunopositivity (arrow)
in liver tissue, IHC; C. AAG-2 group, moderate TNF-a immunopositivity (arrow) in liver tissue, IHC; D. AAG-5 group, mild TNF-a immunopositivity (arrow)

in liver tissue, IHG; E. RAG group, moderate TNF-a immunopositivity (arrow) in liver tissue, IHC; F. RAA-2 group, mild TNF-a immunopositivity (arrow) in liver
tissue, IHC. For all groups n =6

HG — healthy group; ADG — amiodarone alone-administered group; AAG-2 — 2 mg/kg adenosine triphosphate + amiodarone-administered group;
AAG-5 - 5 mg/kg adenosine triphosphate + amiodarone-administered group; RAG - resveratrol + amiodarone-administered group; RAA-2 — resveratrol
+ 2 mg/kg adenosine triphosphate + amiodarone-administered group; TNF-a — tumor necrosis factor alpha.

functions.?” Similar to the findings of the literature, our In liver tissue treated with amiodarone, the enzymatic
study showed a significant reduction in the amount defense systems, including SOD and CAT, showed a de-
of tGSH in the liver tissue of amiodarone-treated animals. crease in their antioxidant activity. Superoxide dismutase
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Table 5. Analysis of immunohistochemical grading data from rat liver
tissue

Immunohistochemical grading data

caspase-3
HG 0(0-1) 0(0-1)
ADG 3(2-3) 3(2-3)
AAG-2 2(2-2) 2(1-2)
AAG-5 1(1-2) 1(1-2)
RAG 2(2-2) 2(1-2)
RAA-2 1(1-2) 1(1-1)

The results are presented as median (minimum-maximum).

Values indicate immunohistochemical damage grades: 0 — none,

1 —mild, 2 — moderate, and 3 - severe. For all groups n = 6.

HG - healthy group; ADG — amiodarone alone-administered group;
AAG-2 - 2 mg/kg adenosine triphosphate + amiodarone-administered
group; AAG-5 - 5 mg/kg adenosine triphosphate + amiodarone-
administered group; RAG - resveratrol + amiodarone-administered group;
RAA-2 — resveratrol + 2 mg/kg adenosine triphosphate + amiodarone-
administered group; TNF-a — tumor necrosis factor alpha.

Table 6. Comparison of p-values of immunohistochemical grading data
obtained from rat liver tissue

Post hoc test p-values

Group comparisons

caspase-3 TNF-a
HG vs ADG <0.001 <0.001
HG vs AAG-2 0.012 0.013
HG vs AAG-5 0.968 >0.999
HG vs RAG 0.012 0.013
HG vs RAA-2 >0.999 >0.999
ADG vs AAG-2 >0.999 >0.999
ADG vs AAG-5 0.035 0.048
ADG vs RAG >0.999 >0.999
ADG vs RAA-2 0.009 0.013
AAG-2 vs AAG-5 >0.999 >0.999
AAG-2 vs RAG >0.999 >0.999
AAG-2 vs RAA-2 0.877 0.751
AAG-5 vs RAG >0.999 >0.999
AAG-5 vs RAA-2 >0.999 >0.999
RAG vs RAA-2 0.877 0.751
KW 29.866 28657
p-value <0.001 <0.001

All statistical analyses were performed using the Kruskal-Wallis (KW)

test followed by Dunn'’s test with Bonferroni correction. For all groups

n =6.HG - healthy group; ADG - amiodarone alone-administered group;
AAG-2 - 2 mg/kg adenosine triphosphate + amiodarone-administered
group; AAG-5 - 5 mg/kg adenosine triphosphate + amiodarone-
administered group; RAG - resveratrol + amiodarone-administered group;
RAA-2 —resveratrol + 2 mg/kg adenosine triphosphate + amiodarone-
administered group; PMNL — polymorphonuclear leukocyte.

TNF-a - tumor necrosis factor alpha.

enzymes are recognized as the first line of defense against
ROS, catalyzing the dismutation of superoxide radicals
into oxygen and hydrogen peroxide.?® Superoxide dis-
mutase catalyzes the transformation of the superoxide
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anion free radical (O,'") to hydrogen peroxide (H,O,)
and molecular oxygen (O,). Subsequently, CAT enzyme
reduces H,O, to water.?’ Therefore, SOD is used in vari-
ous pathologies to neutralize ROSs. Some studies have
reported that amiodarone may exhibit gastroprotective
effects by mitigating the reduction of SOD activity and
limiting the increase of CAT activity under certain condi-
tions.?° However, it has also been reported that amiodarone
decreases SOD and CAT activities in the optic nerve, lead-
ing to optic neuropathy.?!

In this study, we found that the group administered
amiodarone alone had significantly higher levels of ALT
and AST in their blood serum compared to the HG group.
It is important to note that in healthy individuals, the cir-
culating levels of liver enzymes are primarily due to cyto-
plasmic leakage.32 While ALT is typically found in the he-
patocyte cytoplasm, AST is present in both the hepatocyte
cytoplasm and mitochondria.®®3* The literature and our
experimental results suggest that the amiodarone group
experienced damage to both hepatocyte cytoplasm and mi-
tochondria. These findings are consistent with the results
of the study by Nagata et al. on amiodarone-induced hepa-
totoxicity.?® Felser et al. reported that amiodarone induced
toxic effects, including a reduction in intracellular ATP
levels, accumulation of ROS in hepatocyte mitochondria,
and inhibition of mitochondrial function.!* Furthermore,
it has been demonstrated that the amiodarone-associated
increase in mitochondrial H,O, production correlates with
a reduction in ATP levels.®®

As previously stated, amiodarone has been shown
to increase ROS production in hepatocyte mitochon-
dria, leading to a significant decrease in ATP content
and cell viability.>!° The literature suggests that ATP
may be a potential treatment for hepatotoxicity in-
duced by amiodarone. The experimental results show
that ATP at a dose of 5 mg/kg was more effective in in-
hibiting the amiodarone-induced rise in MDA and re-
duction in tGSH, SOD and CAT, in liver tissue com-
pared to 2 mg/kg. No studies investigating the effect
of ATP on amiodarone-induced liver damage were found
in the literature. However, literature reports indicate that
ATP may protect rat liver tissue from acetaminophen-
induced damage by preventing an increase in oxidants
and a decrease in antioxidants.?”

Drug-induced hepatotoxicity is commonly caused by mi-
tochondrial damage and dysfunction, which can lead to he-
patocellular damage. As a result, ALT and AST levels are
used to determine the extent of hepatocellular damage.38
In accordance with the literature, our biochemical results
revealed that ATP inhibited the amiodarone-induced in-
crease in serum ALT and AST levels in rats. Previous stud-
ies have indicated that elevated serum ALT and AST levels
in liver injury are associated with decreased hepatocellular
ATP content.?® Kog et al.*” reported that ATP adminis-
tration prevented the elevation of serum ALT and AST
levels in rats treated with paracetamol. They also found
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that ATP protected the normal structure of the liver from
paracetamol-induced damage.

The literature suggests that not only exogenous ATP
but also drugs that increase intracellular ATP produc-
tion may be beneficial in the treatment of amiodarone-
induced hepatotoxicity. In our study, we investigated
the effect of resveratrol on amiodarone-induced hepato-
toxicity. Resveratrol is a well-known antioxidant that has
been shown to exert beneficial effects on various organs
and tissues.! It has also been shown to be an enhancer
of intracellular ATP production.'” Consistent with previ-
ous studies, our experimental results demonstrate that
resveratrol significantly attenuated amiodarone-induced
increases in oxidative stress markers, as well as serum ALT
and AST levels. No information investigating the effect
of resveratrol on amiodarone-induced hepatotoxicity was
found in recent studies. However, it has been reported that
resveratrol prevents vancomycin-induced increases in oxi-
dative stress and reductions in antioxidant levels in liver
tissue, as well as elevations in serum ALT and AST levels.*

In this study, the biochemical findings in amiodarone,
ATP, resveratrol, ARCs, and the healthy rat group were
consistent with the histopathologic findings. In the ami-
odarone-only group, characterized by elevated oxidant,
ALT, and AST levels and reduced antioxidant levels, liver
tissue showed severely dilated and congested blood vessels,
irregular hepatocytes with lipid-filled vacuoles and necro-
sis, as well as widespread infiltration of PMNLSs. However,
the histopathological damage caused by amiodarone was
evaluated as grade 2 in the 2 mg/kg ATP group (AAG-2),
grade 1 in the 5 mg/kg ATP group (AAG-5), grade 2
in the resveratrol group (RAG), and grade 1 in the 2 mg/kg
ATP + resveratrol group (RAA-2). Previous studies have
reported the presence of lipid droplets of different sizes
in patients treated with amiodarone,?® supporting our his-
topathological findings. Furthermore, elevated oxidant
levels have been reported to induce hepatocyte apoptosis
and/or necrosis.!® In addition to hepatocyte necrosis, liver
tissue has been reported to show signs of lymphocytic cell
infiltration, hepatocyte enlargement, vacuolization, and
nuclear hypertrophy.?®

Furthermore, the biochemical and histopathological
findings observed in the amiodarone, ATP, resveratrol,
ARC, and healthy rat groups were consistent with the cor-
responding immunohistochemical results. Grade 3 level
caspase-3 and TNF-a immunopositivity was detected
in the liver of the group receiving amiodarone alone. It was
observed that this caspase-3 and TNF-a immunoposi-
tivity was alleviated to grade 2 in the 2 mg/kg ATP and
resveratrol groups, and to grade 1 in the 5 mg/kg ATP
and 2 mg/kg ATP + resveratrol groups. A recent study
reported that amiodarone induces apoptosis by caus-
ing caspase-3 activation in liver cells.*! These literature
data support our immunohistochemical caspase-3 find-
ings. Amiodarone decreases intracellular ATP and Ca,
+ in hepatocytes, causing endoplasmic reticulum stress
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and lipid accumulation.*? The toxic effects of amiodarone
on the liver consist of mitochondrial toxicity, apoptosis
and necrosis. Mitochondrial damage leads to activation
of caspase-9, and binding of death receptors activates
caspase-8. Activation of both caspase-9 and caspase-8
leads to propagation of the cascade of downstream effector
caspases, including caspase-3. In conclusion, amiodarone
induces apoptosis in hepatocytes by activating the mi-
tochondrial apoptotic pathway, involving caspase-2, -3
and -9.4243 It has been previously demonstrated that amio-
darone causes immune dysregulation in liver tissue, which
leads to an increase in the proportion of Th17 and Thl
cells and causes a significant increase in inflammatory
factors such as TNF-a.** In hepatocytes, mitochondria
play a central role in linking caspase-8 activation to cas-
pase-9, ultimately leading to the activation of effector cas-
pases such as caspase-3 and caspase-7. Loss of mitochon-
drial membrane potential, generation of ROS, formation
of the mitochondrial permeability transition pore and
release of cytochrome C are critical for TNF-a-induced
hepatocyte apoptosis.*®

Limitations

The effectiveness of the combination of 5 mg/kg ATP
and resveratrol against amiodarone-induced hepatotoxic-
ity was not assessed in this study. Future research should
investigate this combination to determine whether it of-
fers enhanced protective effects compared to individual
or lower-dose treatments.

Conclusions

Biochemical, histopathological and immunohistochemi-
cal evidence demonstrates that amiodarone causes severe
oxidative damage to liver tissue of rats. Damage sever-
ity was graded as follows: grade 2 in the 2 mg/kg ATP +
amiodarone group (AAG-2), grade 1 in the 5 mg/kg ATP
+amiodarone group (AAG-5), grade 2 in the resveratrol +
amiodarone group (RAG) and grade 1 in the 2 mg/kg ATP
+ resveratrol + amiodarone group (RAA-2). The experi-
mental results indicate that adjusting the ATP dose or us-
ing the combination of ATP and resveratrol is necessary
to minimize amiodarone-induced liver damage.
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Abstract

Background. Despite the broad range of treatment options available for intestinal inflammation, the de-
velopment of novel therapeutics remains essential due to the diminishing effectiveness of current therapies
over time. Both the endocannabinoid system (ECS) and nociceptin/orphanin FQ peptide (NOP) receptors
have been implicated in the pathogenesis of diseases associated with intestinal inflammation, highlighting
their potential as therapeutic targets.

Objectives. We hypothesized that an interaction exists between cannabinoid receptors 1and 2 ((B1 and
(B2) and the NOP receptor, which may hold therapeutic relevance for the treatment of colitis.

Materials and methods. In this study, we used 3 selective ligands: a (B1 antagonist (AM6545), a (B2
antagonist (AM630) and a NOP agonist (SCH221510) in @ mouse model of colitis induced by 3% dextran
sulfate sodium (DSS). Quantification of several secondary messengers was conducted using western blot
analysis. Real-time quantitative polymerase chain reaction (qPCR) was employed to assess (BT expression
levels in colonic tissue, while liquid chromatography—mass spectrometry (LC-MS) was used to evaluate
the concentrations of endocannabinoids and related lipid mediators.

Results. We observed a statistically significant increase in the macroscopic score and a nonsignificant increase
in the microscopic score in inflamed mice treated with both AM6545 and SCH221510 compared to those
treated with SCH221510 alone. Additionally, the combination-treated group exhibited significantly lower
levels of extracellular signal-requlated kinases 1/2 (ERK1/2) and significantly higher levels of phosphorylated
protein kinase B (p-AKT) and B-arrestin relative to the SCH221510-only group.

Conclusions. Our study offers novel insights into the interaction between the ECS and the NOP receptor,
which may inform the development of new therapeutic strategies for inflammatory conditions such as colitis.

Key words: nociceptin, colitis, cannabinoid
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Highlights

in dextran sulfate sodium-induced colitis.
in mice.

phospho-AKT levels.

future colitis therapies.

» The study explores interactions between the endocannabinoid system (ECS) and nociceptin receptors (NOP)
+ Co-administration of a CB1 antagonist (AM6545) and a NOP agonist (SCH221510) exacerbates colitis severity
+ The treatment combination alters key signaling pathways, reducing ERK1/2 while increasing p-arrestin and

+ CBI receptor expression is upregulated in inflamed colonic tissue following NOP agonist treatment.
« Findings suggest a complex interplay between endogenous cannabinoid system and NOP, providing insights for

Background

Despite the wide variety of treatment options for in-
testinal inflammation, novel therapeutics is still under
development due to the loss of efficacy and adverse ef-
fects of the current therapies. Both the endocannabinoid
(eCB) system (ECS) and the nociceptin receptor (NOP)
are implicated in the pathogenesis of diseases associated
with intestinal inflammation, such as inflammatory bowel
disease (IBD). The ECS consists of receptors, endogenous
cannabinoid ligands (eCBs) and enzymes that metabolize
the ligands. The “classical” endocannabinoid receptors
consist of 2 G protein-coupled receptors: cannabinoid re-
ceptor 1 (CB1) and cannabinoid receptor 2 (CB2). The ECS
is part of a larger network of lipid molecules (the endo-
cannabinoidome (eCBome)), which partly share recep-
tors and, particularly, biosynthetic and catabolic pathways
with eCBs.! Cannabinoid receptor 1 (CB1) is primarily
expressed in the central nervous system, whereas can-
nabinoid receptor 2 (CB2) is predominantly located in pe-
ripheral tissues, including immune cells and the mucosa
of the gastrointestinal (GI) tract. Within the GI tract, CB1
is mainly localized in the enteric plexus,? while CB2 ex-
pression is largely restricted to the lamina propria.

Modulation of cannabinoid receptors has proven highly
effective in alleviating intestinal inflammation in animal
models.** In a study by Massa et al.® using a 2,4-dini-
trobenzene sulfonic acid (DNBS)-induced colitis model
in mice, treatment with the CB1 agonist HU210 provided
significant protection against colitis, while administration
of the CBI1 antagonist SR141716A worsened inflamma-
tion. Additionally, Singh et al.” demonstrated that the CB2
agonist JWH-133 markedly reduced inflammation in both
a dextran sodium sulfate (DSS)-induced colitis model and
in interleukin (IL)-10-deficient mice, compared to controls.

The ECS has been shown to engage in crosstalk with
other signaling systems, including the endogenous opi-
oid system (endorphins). The opioid receptor family
consists of 4 major subtypes: delta (DOP), kappa (KOP),
mu (MOP), and nociceptin/orphanin FQ peptide recep-
tor (NOP). The interaction between the ECS and opioid

receptors occurs at multiple levels, including direct recep-
tor—receptor interactions and shared signal transduc-
tion pathways, as extensively reviewed by Scavone et al.?
Notably, most studies have focused on the interaction
between the endocannabinoid system and the classical
opioid receptors, i.e., DOP, KOP and MOP. Despite its
structural similarity to other opioid peptides,” nociceptin
exclusively binds to NOP and does not interact with DOP,
KOP or MOP receptors. Accordingly, no classical opioid
ligand — such as dynorphin, p-endorphin or enkephalins
— has been found to bind to the NOP receptor,'® which
is now frequently excluded from the classical opioid recep-
tor group. NOP has been extensively studied in the con-
text of inflammatory conditions, including intestinal
inflammation.!! Moreover, a functional connection be-
tween the ECS and NOP has been demonstrated in several
studies. For example, Rawls et al.'?> showed that activation
of the NOP receptor is essential for cannabinoid agonists
to induce hypothermia in rats. Similarly, Cannarsa et al.!?
reported that A°-tetrahydrocannabinol (THC) reduced
NOP expression in the SH-SY5Y neuroblastoma cell line,
an effect that was blocked by the selective CB1 antagonist
AM251.

Objectives

Given the functional similarities between the eCB and
NOP systems, as well as their reported anti-inflammatory
properties, we hypothesized that interactions between
CB1, CB2 and NOP receptors may offer therapeutic po-
tential for the treatment of IBD. Therefore, we investi-
gated the possible reciprocal actions between ECS and
NOP in an animal model of colitis. We utilized AM6545,
a peripherally restricted neutral antagonist for the CB1
receptor, chosen for its demonstrated efficacy in other
inflammation-related models.'*!> AM630 was selected
as the CB2 receptor ligand, based on its demonstrated
effectiveness in various studies, including its ability to re-
verse the anti-inflammatory effects of the CB2 agonist
JWH-133 in chronic colitis observed in IL-10~"~ mice.’
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Fig. 1. Potential overlap in signaling pathways activated by cannabinoid 1 (CB1), cannabinoid 2 (CB2) and nociceptin (NOP) receptors. lllustration created

with BioRender.com

p-p38 — phosphorylated-p38 mitogen-activated proteins kinases; p-ERK — phosphorylated extracellular signal-related kinase; p-AKT — phosphorylated
protein kinase B; PLC 3 — phospholipase C 3; STAT - signal transducer and activator of transcription; JAK - Janus-activated kinase.

SCH221510 was selected as a selective NOP receptor
ligand based on the findings of Sobczak et al.!®, who
demonstrated that systemic administration of this com-
pound significantly reduced inflammation in mice with
2,4,6-trinitrobenzene sulfonic acid (TNBS)-induced coli-
tis — an effect that was reversed by the selective NOP
antagonist J-113397. Figure 1 shows the biological roles
of CB1, CB2 and NOP in inflammatory pathways.

Materials and methods
Animals

Male BALB/c mice were sourced from the vivarium
at the University of Lodz, Poland. The mice weighed ap-
prox. 22 g and were 6—8 weeks old. They were housed
in plastic cages lined with sawdust, maintained at a con-
stant temperature of 22°C, under a 12-h light/dark cycle
(lights on at 5:00 AM). The mice had free access to chow
pellets (Agropol S.J., Motycz, Poland) and tap water. All an-
imal procedures were approved by the Animal Care Com-
mittee of the Medical University of Lodz (protocol No. 2/
LB191/2021) and conducted in accordance with the Eu-
ropean Communities Council Directive of 22 September
2010 (2010/63/EU). Measures were taken to minimize ani-
mal suffering and reduce the number of animals used. Each
in vivo experiment involved groups of 4—10 mice. The coli-
tis induction and procedures were performed in Animal
Research Facility at the Medical University of Lodz. All
sections of this project adhered to the Animal Research:
Reporting of In Vivo Experiments (ARRIVE) guidelines
for animal research.!”

Induction of colitis and evaluation
of macro- and microscopic score

Experimental colitis was induced by administering 3% DSS
in the drinking water for 5 days, as previously described.!®
On day 5, DSS was replaced with tap water. Treatments were
administered from day 3 to day 6. SCH221510 (Tocris Biosci-
ence, Bristol, UK) was selected as a selective NOP receptor
agonist. AM6545 and AM630 (both from Tocris Bioscience)
were used as selective antagonists for CB1 and CB2, respec-
tively. The control group received vehicle administration,
while the following ligand doses were used: SCH221510
at 3 mg/kg, AM6545 at 3 mg/kg and AM630 at 5 mg/kg,16:1920
All compounds were administered intraperitoneally (i.p.)
twice daily for 4 consecutive days.

On day 7, animals were sacrificed by cervical disloca-
tion, and macroscopic assessments were performed, in-
cluding evaluation of colon length, degree of inflamma-
tion, and the presence of erythema, ulceration, necrosis,
as well as the depth and surface area of lesions. Colonic
samples for histological evaluation and further tests were
collected and respective analyses were performed. Sections
of the distal colon were flattened with the mucosal side up,
stapled onto cardboard strips and fixed in 10% neutral-
buffered formalin for at least 24 h at 4°C. After fixation,
the tissues were dehydrated, embedded in paraffin, cut
into 5-pum sections, mounted onto slides, and stained with
hematoxylin and eosin (H&E). The slides were reviewed
in a blinded manner using a Zeiss Axio Imager 2 micro-
scope (Carl Zeiss AG, Jena, Germany). Images were cap-
tured with a digital camera connected to an image analysis
software system. The microscopic total damage score was
assessed using an established scoring system,?! evaluating
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parameters such as muscle thickening, cellular infiltration,
destruction of mucosal architecture, goblet cell depletion,
and the presence of crypt abscesses.

Western blot analyses

Colonic tissue was homogenized using the Precel-
lys Evolution tissue homogenizer (Bertin Instruments,
Montigny-le-Bretonneux, France) in 10 volumes of lysis
buffer containing 150 mM sodium chloride (NaCl), 0.1%
sodium dodecyl sulfate (SDS), 2 mM Tris-EDTA (ethyl-
enediaminetetraacetic acid), 1% Igepal, 2.5% deoxycholic
acid, and 10 pL of 1x Protease Inhibitor Cocktail (Sigma-
Aldrich, Poznan, Poland). The homogenate was centri-
fuged at 12,000 rpm for 15 min at 4°C. Protein concen-
tration in supernatants was then quantified using Pierce
660 nm Protein Assay Reagent (Thermo Fisher Scientific,
Waltham, USA). Separation of proteins (20 mg/well) was
performed on 7.5% SDS-polyacrylamide gel electrophore-
sis (PAGE) (20—40 mA/gel) in electrophoretic buffer (0.1%
SDS, 192 mM glycine, 25 mM Tris, pH 8.3). Proteins sepa-
rated by electrophoresis were transferred to Invitrolon
membranes using a semi-dry electroblotting system (pore
size, 0.45 mm; Thermo Fisher Scientific) in transfer buf-
fer containing 20% (v/v) methanol, 192 mM glycine and
25 mM Tris, with a pH 8.3. The membranes were incu-
bated for 1 h at room temperature in 5% non-fat dry milk
Tris-buffered saline with Tween 20 (TBST; 150 mM NacCl,
0.05% Tween 20, 100 mM Tris-HCI, pH 7.4) to saturate
non-specific protein binding sites. Membranes were then
incubated with primary antibodies specific to the follow-
ing proteins: anti-extracellular signal-regulated kinases
1/2 (ERK1/2) (ab86299; Abcam, Cambridge, UK), anti-
signal transducer and activator of transcription 3 (STAT3)
(sc-8019; Santa Cruz, Dallas, USA) and anti-B-arrestin-1
(ab31868; Abcam), at 4—8°C. An anti-f-actin antibody
(sc-47778; Santa Cruz) was used as a loading control.
Appropriate peroxidase-conjugated secondary anti-
body was applied for 1 h at room temperature and then
the bands were visualized using a Super-Signal™ West
Femto Maximum Sensitivity Substrate (Thermo Fisher
Scientific) as a substrate for the localization of horserad-
ish peroxidase (HRP) activity. Qualitative and quantitative
analysis was performed by measuring integrated optical
density (IOD) using GelProAnalyz-er v. 3.0 for Window-
STM program (Media Cybernetics, Rockville, USA).

RNA isolation, reverse transcription and
real-time polymerase chain reaction

RNA was extracted according to the manufacturer’s
protocol using the Total RNA Mini Plus Kit (A&A Bio-
technology, Gdynia, Poland). Briefly, tissue samples were
homogenized in 400 uL of lysis buffer containing Fenozol
Plus reagent. The homogenates were subsequently centri-
fuged, and the supernatants were collected and washed.

A. Fabisiak et al. AM6545 and SCH221510 in colitis

The purified RNA was subsequently eluted into collection
tubes using 50 pL of diethyl pyrocarbonate (DEPC)-treated
water. The quantity and purity of the isolated RNA were
measured using a spectrophotometer (BioPhotometer;
Eppendorf, Hamburg, Germany). For complementary de-
oxyribonucleic acid (cDNA) synthesis, 1 pg of total RNA
was reverse transcribed using the Maxima cDNA kit
(Thermo Fisher Scientific) with the following incubation
conditions: 10 min at 25°C, 120 min at 37°C and 5 min
at 85°C. Quantitative analysis was performed using Taq-
Man fluorescent probes on a Mastercycler® ep realplex*
S system (Eppendorf) to assess the expression of mouse
CB1 (cnrl), with hypoxanthine phosphoribosyltransferase
1 (hprtl) used as the endogenous control. All experiments
were conducted in triplicate. The threshold cycle (Ct) val-
ues of the target genes were normalized to the Ct values
of the housekeeping gene /prtl. The relative messenger
ribonucleic acid (mRNA) levels were calculated using
the formula 27 (-~ACt) x 1000.

Quantitative analysis of eCBs and eCB-like
mediators

The extraction, purification and quantification of eCBs
from tissues were conducted following previously established
procedure.?? In summary, tissues were homogenized and
subjected to extraction with a mixture of chloroform, metha-
nol and Tris—HCI (50 mmol/L, pH 7.5) in a 2:1:1 (vol/vol)
ratio. The extraction solvent contained 15 internal standards:
d8-arachidonoylethanolamide (d8-AEA) at 5 pmol, d5-2-ar-
achidonoylglycerol (d5-2-AG), d4-palmitoylethanolamide
(PEA) and d2-oleoylethanolamide (OEA) at 50 pmol each,
and d4-docosahexaenoyl ethanolamide (DHA-EA) and d4-
eicosapentaenoic ethanolamide (EPA-EA) at 10 pmol each
(all standards were obtained from Cayman Chemical, Ann
Arbor, USA). The lipid-containing organic phase obtained
after extraction was dried down, weighed and subjected
to pre-purification through open-bed chromatography
on silica gel. Fractions were collected by eluting the col-
umn with chloroform/methanol mixtures in ratios of 99:1,
90:10 and 50:50 (v/v). The 90:10 fraction was utilized for
the quantification of 2-AG, AEA, DHA-EA, EPA-EA, OEA,
and PEA using liquid chromatography—atmospheric pres-
sure chemical ionization—-mass spectrometry (LC/APCI-
ITMS). This involved using a Shimadzu high-performance
liquid chromatography apparatus (LCI0ADVP) coupled
to a Shimadzu (LCMS-2020) quadrupole mass spectrometry
through a Shimadzu atmospheric pressure chemical ioniza-
tion interface (Shimadzu, Tokyo, Japan). Mass spectrom-
etry detection was performed with the following m/z values:
356 and 348 (molecular ions + 1 for d8-AEA and AEA), 304
and 300 (molecular ions + 1 for d4-PEA and PEA), 330 and
326 (molecular ions + 1 for d4-OEA and OEA), 376 and 372
(molecular ions + 1 for d4-DHA-EA and DHA-EA), 384 and
379 (molecular ions +1 for d5-2-AG and 2-AG), and 346
and 350 (molecular ions + 1 for d4-EPA-EA and EPA-EA).
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Fig. 2. Effect of the NOP agonist SCH221510 (3 mg/kg), CB1 antagonist AM6545 (3 mg/kg) and CB2 antagonist AM630 (5 mg/kg), each administered
intraperitoneally (i.p,; 100 pL/animal, twice daily on days 3-6 following colitis induction), on (A) macroscopic and (B) microscopic scores in a semi-chronic
DSS-induced colitis model, given alone or in combination. Statistical analysis was performed using the Kruskal-Wallis test followed by Dunn’s post

hoc test. Data are presented as medians with ranges (n = 5-10 mice per group; p < 0.05 compared to the DSS + SCH221510 group; C. Representative
microphotographs of hematoxylin and eosin (H&E)-stained colon sections

DSS - dextran sulfate sodium; NOP — nociceptin receptor; CB1 — cannabinoid receptor 1; CB2 — cannabinoid receptor 2.

Liquid chromatography analysis was conducted in the iso-
cratic mode using a Discovery C18 column (Supelco, Sigma-
Aldrich, Prague, Czech Republic) (15 cm x 4.6 mm, 5 pm)
with methanol/water/acetic acid (85:15:1 by vol) as the mo-
bile phase at a flow rate of 1 mL/min. The levels of eCBs and
eCB-like compounds in tissues were quantified using isotope
dilution with the deuterated standards mentioned earlier,
and results were expressed as pmol per mg of tissue weight.

Statistical analyses

Statistical analysis was conducted using GraphPad
Prism v. 8.0 software (GraphPad Software Inc., La Jolla,
USA). Due to the small sample size per group, which
limited the ability to reliably assess normality, the Krus-
kal-Wallis test was employed for multiple group com-
parisons. Results are presented as the X2 test statistic (H),
including degrees of freedom (df) and p-value, with post
hoc analysis performed using Dunn’s test. Data are pre-
sented as median values with corresponding minimum
and maximum ranges. Outliers were identified and ex-
cluded using the Robust Regression and Outlier Removal
(ROUT) method. A p-value < 0.05 was considered statisti-
cally significant.

Results

First, we performed a mouse semi-chronic model of coli-
tis induced using DSS with selective ligands of CB1, CB2
and NOP receptors (AM6545, AM630 and SCH221510,
respectively) given alone or in combination. A statistically
significant increase in the macroscopic score was observed
in inflamed mice treated with SCH221510 + AM6545, but
not with SCH221510 + AM630, when compared to mice
treated with SCH221510 alone (H(8) = 35.52, p < 0.001;
Dunn’s test: 11.75 (11.00-15.00) vs 6.25 (3.00-13.50),
p = 0.032; Fig. 2A, Table 1).

Concurrently, only a nonsignificant increase in the mi-
croscopic score was found in mice treated with SCH221510
+ AMG6545 compared to mice treated only with SCH221510
(H(8) = 16.33, p = 0.03; Dunn’s test: 3.75 (2.00—5.50) vs 0.75
(0.00-5.00), p > 0.083; no significance between groups was
achieved as assessed with Dunn’s test; Fig. 2B,C, Table 1).
Thus, for further experiments, we chose AM6545.

Next, we investigated the protein levels of a few second-
ary messengers in mice treated with SCH221510, AM6545
(alone or with combination) or vehicle (Fig. 3A-D,
Table 1). We found a reduction in the levels of ERK 1/2
in mice treated with SCH221510 + AM6545 compared
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Fig. 3. Effect of the NOP agonist SCH221510 and the CB1 antagonist AM6545 (3 mg/kg, 100 pL/animal, intraperitoneally (i.p.)), administered twice daily

on days 3-6 following DSS-induced colitis) on the relative expression of (A) ERK1/2, (B) STAT3, (C) phosphorylated AKT (p-AKT), and (D) B-arrestin in colonic
tissue samples. Statistical analysis was performed using the Kruskal-Wallis test followed by Dunn’s post hoc test. Data are presented as medians with
ranges from 6 randomly selected mice per group. Representative western blot images are shown below the corresponding bars; p < 0.05 compared
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DSS - dextran sulfate sodium; NOP — nociceptin receptorl; CB1 — cannabinoid receptor 1; ERK1/2 — extracellular signal-regulated kinases 1/2; STAT3 - signal

transducer and activator of transcription 3; AKT — protein kinase B.

to mice treated with SCH221510 solely (H(2) = 2.99,
p =0.23; Dunn’s test: 1.01 (0.61-1.28) vs 1.99 (0.91-2.77),
p > 0.252). A similar trend was noticed when we assessed
STAT3 (H(2) = 1.52, p = 0.50; Dunn’s test: 8.04 (3.70—
21.61) vs 11.97 (2.65-49.12), p > 0.999) in mice treated
with SCH221510 + AM6545 or SCH221510 only, respec-
tively. Conversely, we observed a significant increase
in the levels of B-arrestin in mice treated with SCH221510
+ AM6545 compared to mice treated with SCH221510
only (H(2) = 7.47, p = 0.01; Dunn’s test: 8.07 (3.00-26.77)
vs 2.35 (1.14-3.01), p = 0.047), as well as in the levels

of phospho-AKT (pAKT) (H(2) = 8.23, p = 0.006; Dunn’s
test: 13.52 (4.19-19.52) vs 2.91 (1.67-5.40), p = 0.031).

Next, we proceeded to examine the relative expression
of CBI1 receptor in the studied groups. We found that
SCH221510 increased the relative expression of CB1 in in-
flamed mouse colon compared to mice treated with vehicle
(H(2 = 1.74, p = 0.42; Dunn’s test: 10736 (448-50738) vs
2888 (807—-8282), p > 0.999), although in statistically non-
significant manner (Fig. 4, Table 1)

Lastly, we investigated the levels of eCBs and eCBome
mediators in mice administered with DSS and treated with
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Table 1. Dunn’s test results

Mean rank | Adjusted
difference p-value

Compared groups

Macroscopic scoring
DSS 3% vs DSS 3% + SCH221510 8.350 >0.999
DSS 3% vs DSS 3% + AM6545 —1045 >0.999
DSS 3% vs DSS 3% + AM630 —6.500 >0.999
DSS 3% vs DSS 3% + AM6545 + AM60 —5.406 >0.999
DSS + SCH221510 vs
DSS 3% + AM6545 + SCH221510 —3351 0032
DSS 4+ SCH221510 vs
DSS 3% + AM630 + SCH221510 —331 ~0999
DSS + SCH221510 vs
DSS 3% + AM6545 + AM630 + SCH221510 2400 >0999
Microscopic scoring
DSS 3% vs DSS 3% + SCH221510 8903 >0.999
DSS 3% vs DSS 3% + AM6545 7.000 >0.999
DSS 3% vs DSS 3% + AM630 -2402 0.130
DSS 3% vs DSS 3% + AM6545 + AM60 —6.172 >0.999
DSS + SCH221510 vs
DSS 3% + AM6545 + SCH221510 —2653 0083
DSS + SCH221510 vs
DSS 3% + AM630 + SCH221510 gLt —
DSS + SCH221510 vs
DSS 3% + AM6545 + AM630 + SCH221510 —1253 >0999
ERK 1/2 WB
DSS 3% vs DSS 3% + SCH221510 ~2.000 >0.999
DSS 3% vs DSS 3% + AM6545 + SCH221510 2.850 0.929
DSS 3% + SCH221510 vs
DSS 3% + AM6545 + SCH221510 4850 0252
STAT3 WB
DSS 3% vs DSS 3% + SCH221510 2.800 0.967
DSS 3% vs DSS 3% + AM6545 + SCH221510 3.200 0.774
DSS 3% + SCH221510 vs
DSS 3% + AM6545 + SCH221510 0400 >0999
B-arrestin WB
DSS 3% vs DSS 3% + SCH221510 0.0500 >0.999
DSS 3% vs DSS 3% + AM6545 + SCH221510 —6.350 0.071
DSS 3% 4+ SCH221510 vs
DSS 3% + AM6545 + SCH221510 ~6400 0047
pAKT WB
DSS 3% vs DSS 3% + SCH221510 0.250 >0.999
DSS 3% vs DSS 3% + AM6545 + SCH221510 —6.550 0.059
DSS 3% + SCH221510 vs
DSS 3% + AM6545 + SCH221510 ~6.800 0031
CB1 RT-PCR
DSS 3% vs DSS 3% + SCH221510 -8518 0.719
DSS 3% vs DSS 3% + AM6545 + SCH221510 -1.893 >0.999
DSS 3% + SCH221510 vs
DSS 3% + AM6545 + SCH221510 6625 >0999

DSS - dextran sulfate sodium; CB1 - cannabinoid receptor 1;
ERK1/2 — extracellular signal-regulated kinases 1/2; STAT3 - signal
transducer and activator of transcription 3; AKT — protein kinase B;
PAKT - phosphorylated AKT; WB — western blot; RT-PCR - real-time
polymerase chain reaction.
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Fig. 4. Effect of the NOP agonist SCH221510 and the CB1 antagonist
AM6545 (3 mg/kg, 100 ul/animal, intraperitoneally (i.p.)), administered
twice daily on days 3-6 following DSS-induced colitis) on the relative
expression of CB1 in a semi-chronic mouse model of colitis. Statistical
analysis was performed using the Kruskal-Wallis test followed by Dunn’s
post hoc test. Data are presented as medians with ranges; n = 7-9 mice

per group

NOP — nociceptin receptor; CB1 — cannabinoid receptor 1; DSS — dextran
sulfate sodium; mRNA — messenger RNA.

SCH221510 and SCH221510 + AM6545. We found no sta-
tistically significant difference comparing mice treated
with SCH221510, alone or in combination with AM6545
(Fig. 5, Supplementary Table 1).

Discussion

This is the first study to address the in vivo crosstalk
between the components of the eCB and NOP systems.
We showed that selective blockade of the CB1 receptor
in combination with SCH221510, a selective NOP ligand,
unlike the latter agonist alone, exacerbates inflamma-
tion in a semi-chronic model of colitis induced with DSS
assessed macro- and microscopically. The interaction
probably occurs at the cellular level as the extent of acti-
vation of 2 assessed secondary messengers (ERK1/2 and
B-arrestin) was found to be different between the mice
treated with NOP agonist + CB1 antagonist and the NOP
agonist only. ERK-dependent signaling was shown to be
amajor signaling pathway regulating nociceptin and its re-
ceptor in human peripheral leukocytes, as selective block-
age of ERK prevented the phor-bol-12-myristate-13-acetate
induced downregulation of NOP mRNA.?* ERK1/2 is also
one of the major players in CBl-related signaling pathways
as acute stimulation with THC increases ERK1/2 activation
in the dorsal striatum?* and hippocampus.?® 3-arrestin
is also a crucial messenger in NOP?® and CB1% signal-
ing. In our study, we observed a decrease in ERK1/2 levels
and a significant increase in -arrestin levels after the ad-
ministration of AM6545. Both effects may result from
AM6545 counteracting the endocannabinoid-mediated ac-
tivity of CB1, potentially contributing to the exacerbation
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Fig. 5. Effect of the nociceptin receptor (NOP) agonist SCH221510 and cannabinoid receptor 1 (CB1) antagonist AM6545 (3 mg/kg, 100 pL/animal,
intraperitoneally (i.p.)), administered twice daily on days 3-6 following colitis induction) in a semi-chronic dextran sulfate sodium (DSS)-induced

colitis model on the levels of endocannabinoids and endocannabinoid-like mediators: anandamide (AEA) (A), 2-arachidonoylglycerol (2-AG) (B),
oleoylethanolamide (OEA) (C), palmitoylethanolamide (PEA) (D), docosahexaenoyl ethanolamide (DHA-EA) (E), eicosapentaenoy! ethanolamide (EPA-EA)
(F), 2-docosahexaenoy! glycerol (2-DHG) (G), and oleoyl glycine (OIGly) (H) in colonic tissue. Results are expressed as pmol/mg of tissue weight. Statistical
analysis was performed using the Kruskal-Wallis test followed by Dunn’s post hoc test. Data are presented as medians with ranges; n = 5 mice per group

of inflammation observed with the antagonist. This an-
tagonistic action may also interfere with the protective
effects of SCH221510 in inflamed mice. Additionally, co-
administration of SCH221510 and the CB1 antagonist was
associated with increased Akt phosphorylation, further
supporting this interaction.

Although we did not observe a statistically significant
difference, the increase in relative mRNA expression
of CB1 in inflamed mice treated with the NOP receptor ag-
onist was evident. The levels of CB1 expression in inflamed
mice receiving vehicles were similar to those treated with
a combination of NOP agonist and CB1 antagonist. The re-
sults are contrary to the effects reported in the literature,
which consistently show an increase in CB1/2 expression
in active disease and downregulation of these receptors
in quiescent disease.?®? In 1 study, a dose-dependent
downregulation of NOP expression was found after treat-
ment with THC, and the effect was abolished by the co-
administration of AM251, a potent CB1 antagonist.!* Taken
together, a dependency between the assessed receptors
on CB1 mRNA levels is evident but further in vitro studies
are warranted to fully elucidate this phenomenon, which:
1) in view of the anti-inflammatory effects of CB1 receptors
mentioned above, might contribute to the exacerbation

of inflammation-counteraction of SCH221510 protective
effect, observed with the CB1 antagonist, and 2) would be
in agreement with the reduction of ERK1/2 activity and
increase of 3-arrestin levels observed here.

Conflicting results regarding the expression levels of CB1/
CB2 and eCBs in patients with IBD are evident in the litera-
ture. For instance, Di Sabatino et al.?° reported increased
CBI1 expression and stable levels of 2-AG and PEA in in-
flamed and uninflamed tissue of patients with ulcerative
colitis and Crohn’s disease, while the level of AEA was de-
creased in inflamed tissue. Conversely, Grill et al.! found
that CB1 transcripts in IBD are downregulated compared
to healthy controls. D’Argenio et al.* presented results in-
dicating an increase in AEA levels in the inflamed rectum
or the most inflamed area in patients with UC. We con-
cluded our project by thoroughly evaluating the level
of eCBs and eCB-like mediators using high-performance
liquid chromatography. Our aim was to assess whether
the results observed in the previous experiments are influ-
enced by the level of eCBs. No statistically significant differ-
ences were observed, suggesting that the anti-inflammatory
effects of NOP receptor activation, either alone or in com-
bination with CB1 blockade, are not mediated by changes
in the colonic levels of these inflammatory markers.
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Limitations

We acknowledge the limitations of our study, with
the primary drawback being the difficulty in specifically
elucidating the interaction between the ECS and the NOP
receptor. The complexity of the ECS, encompassing both
classical and non-classical cannabinoid receptors, a di-
verse range of ligands, and multiple enzymes involved
in their synthesis and degradation, posed a significant
challenge in the absence of prior detailed research in this
area. Thus, the primary goal of the study was to assess
the level at which the interaction between cannabinoid
receptors and NOP occurs. By conducting experiments
fully in vivo, we succeeded in demonstrating significant
differences in secondary messengers in the chosen model.
One possible explanation for our observation is that CB1
and NOP form heterodimers under certain conditions,
exhibiting distinct biological effects. Importantly, it has
been demonstrated that opioid receptors, NOP and CBI,
can heterodimerize with other receptors. For instance,
Evans et al.3? showed that prolonged NOP activation
in cells expressing either opioid receptors or NOP re-
sults in the internalization of opioid receptors, while ac-
tivation of opioid receptors leads to the internalization
of NOP receptors. Interaction of pi-opioid receptor/NOP
heterodimers with N-type calcium channels and their
internalization. This phenomenon occurred exclusively
in the presence of NOP. On the other hand, in the case
of CB1/p-opioid heterodimer, activation of either receptor
alone within the heterodimer elicited effective Gi sig-
naling. Conversely, the co-activation of both receptors
led to the inhibition of their Gi-mediated responses.3?
Advanced methods such as immunofluorescence, crys-
tallography, molecular docking, and molecular dynamics
simulations®*3> are the next steps to reveal the structural
features responsible for this reciprocal activity between
CB1 and NOP, and the possibility for heterodimerization
of both receptors.

Conclusions

Our study offers new insights into the interaction be-
tween the ECS and NOP system in the context of intesti-
nal inflammation. We hope that the present results will
help pave the way to further specific research in this field
and to reconsider the ECS as a possible therapeutic target
for intestinal inflammation. Indeed, targeting this system
in IBD was originally regarded as a promising approach
in preclinical studies, but it ultimately failed as results
in patients with IBD were unsatisfactory.?® This was
due, at least in part, to central nervous system adverse
effects observed following treatment with CB1 receptor
agonists, which consequently have a narrow therapeutic
window in this and other disorders. A deeper understand-
ing of the pathophysiology of the ECS in IBD may lead
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to the development of more effective therapeutics. For ex-
ample, the use of endocannabinoid degradation inhibitors
or peripherally restricted CB1 agonists, either indirectly
enhancing CB1 receptor activation or selectively target-
ing peripheral CB1 receptors, offers the potential to avoid
the central nervous system side effects associated with
brain-penetrant CB1 agonists.
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Supplementary Table 1. Results of Dunn’s post hoc test for
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Abstract

Background. Healthcare systems can present unique challenges for individuals in the lesbian, gay, bisexual,
and transgender (LGBT) community, often making it difficult for them to access suitable and respectful care.

Objectives. The aim of this study was to perform a transcultural adaptations and to evaluate psychometric
properties of the Spanish version of the Lesbian, Gay, Bisexual, and Transgender Development of Clinical Skills
Scale (LGBT-DOCSS-ES). This adaptation is intended for application within Spanish-speaking healthcare settings.

Materials and methods. The LGBT-DOCSS was translated and adapted from the original English version
into Spanish using a standardized process, including forward translation, back-translation, and expert panel
review. Psychometric properties were tested on a sample of 270 participants from Spain. Internal consistency
was evaluated using confirmatory factor analysis (CFA), Cronbach’s alpha, the discriminative power index,
and McDonald’s omega (w).

Results. The study included 270 participants, with 58.9% being female and 38.9% male. Of the respondents,
52.2% identified as heterosexual, 32.6% as homosexual and 13% as bisexual. The internal consistency
of the Spanish version and its domains was good with an overall Cronbach’s alpha of 0.746. The alpha
ranges for each subscale domains were between 0.769 and 0.822. The McDonald's w coefficient was 0.808.

Conclusions. The Spanish version of the LGBT-DOCSS-ES has good properties of factorial validity. This
tool is a valuable resource for assessing cultural competence and clinical skills among healthcare providers
in Spanish-speaking settings.

Key words: interdisciplinary, international, self-assessment, LGBT competence
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Highlights

the original.

in Spain.

« This is the first tool adapted to assess clinical skills related to LGBT healthcare in Spanish-speaking professionals.
+ The Spanish adaptation of the LGBT clinical skills scale shows good consistency and validity, comparable to

+ The tool supports research and analysis of areas requiring strengthened competencies among healthcare professionals.
+ Its implementation promotes the development of inclusive and culturally competent healthcare for LGBT patients

Background

In 2023, 14% of the Spanish population identified them-
selves as lesbian, gay, bisexual, transgender, queer, ques-
tioning, or other (LGBT+), making Spain the country with
the second-highest percentage of self-identified LGBT+
individuals globally, just behind Brazil at 15%.! Despite
this, LGBT+ individuals frequently experience significant
disparities in healthcare, primarily due to stigma and dis-
crimination.? Stigma within the healthcare system contin-
ues to be a significant barrier, preventing LGBT+ individu-
als from accessing the care they require.?*

Spain consistently ranks among the leading European
countries in LGBT+ equality, as noted in the International
Lesbian, Gay, Bisexual, Trans and Intersex Association
(ILGA) 2023 report for Europe. The country’s progressive
legislation, including the prohibition of conversion therapy
practices and advancements in transgender healthcare,
reinforces its position as a regional leader. Spain’s com-
mitment to equality is also reflected in its participation
in European initiatives to counter anti-LGBT+ measures
in other nations.®

Healthcare professionals often lack sufficient training
on LGBT+ specific health issues, which can contribute
to the perpetuation of stereotypes and discriminatory
practices.® Existing literature highlights the importance
of LGBT+-specific assessment tools in healthcare to im-
prove cultural competence among healthcare providers.
Research shows that culturally competent care enhances
trust, satisfaction and health outcomes for LGBT+ indi-
viduals.”® Such tools are crucial in providing inclusive
and non-discriminatory care, addressing health dispari-
ties within LGBT+ populations and ensuring compliance
with international guidelines on equality in healthcare
services.” This deficiency results in negative experiences
for LGBT+ patients, fostering mistrust in the healthcare
system and its professionals and ultimately leading some
individuals to avoid seeking care altogether.!®!! Such
barriers can further exacerbate the physical and mental
health challenges faced by LGBT+ populations.!? Studies
such as Lattanner et al. indicate that structural stigma
related to LGBT+ health issues has an effect size compa-
rable to other well-established risk factors for poor health,
including income inequality, racial or cultural segregation,

and socioeconomic status.!®> The World Health Organiza-
tion (WHO) emphasizes that healthcare services should be
accessible to all and free from discrimination. The adop-
tion of the 2030 Agenda for Sustainable Development,
with its commitment to “leave no one behind”, further
underscores the need to address and improve the health
and wellbeing of LGBT+ individuals.**

Research has demonstrated that healthcare profession-
als with greater cultural competence and specific clini-
cal skills are crucial for providing inclusive and effective
care to the LGBT+ community.’>~!® Increasing health-
care professionals’ competencies significantly enhances
patient satisfaction and bolsters trust in the healthcare
system.®!® Similarly, LGBT+ cultural competency training
programs have improved healthcare providers’ knowledge,
attitudes and behaviors, increasing satisfaction and better
health outcomes for LGBT+ patients.® These programs
typically focus on increasing awareness of LGBT health
disparities, addressing unconscious biases and develop-
ing practical communication skills to ensure more inclu-
sive and patient-centered care. Continuous education and
training in LGBT+ cultural competency are essential for
improving healthcare professionals’ attitudes and prac-
tices, promoting inclusive care, reducing health disparities
and building trust within the LGBT+ community.®2%2!
It is therefore necessary to implement and promote re-
search on the health of LGBT+ individuals to mitigate
health inequities, provide inclusive healthcare services
and improve the health of this population.??

A cross-cultural study comparing 7 European countries,
including Spain, highlighted significant training needs
related to LGBT+ health issues, particularly in areas such
as understanding sexual orientation, gender identity, and
discrimination against LGBT+ individuals. These training
needs were especially pronounced among Spanish health
professionals, underscoring the critical role of targeted
education in addressing health disparities.??> The con-
cept of LGBT cultural competence refers to the ability
of healthcare professionals to provide respectful, informed,
and inclusive care to LGBT patients. It encompasses 3 key
domains: Knowledge (understanding the unique health
needs and disparities faced by LGBT individuals), Atti-
tudes (awareness of biases and commitment to non-dis-
criminatory care) and Clinical Preparedness (confidence
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in addressing LGBT health concerns in practice).®2+2
Various frameworks have been proposed to measure
LGBT cultural competence, including self-assessment
tools, patient-reported experiences and structured evalu-
ations of provider training.®2¢?” The Lesbian, Gay, Bi-
sexual, and Transgender Development of Clinical Skills
Scale (LGBT-DOCSS) is one of the few validated instru-
ments designed specifically to assess these competencies
in healthcare settings, focusing on the readiness of pro-
fessionals to engage with LGBT patients in a culturally
sensitive manner.?® It has been widely used to evaluate
the competencies of diverse healthcare professionals, in-
cluding physicians, nurses, medical students, and allied
health practitioners, making it a versatile tool for assessing
LGBT-inclusive clinical skills across different medical and
educational contexts.28-3% Unlike other instruments, such
as the Sexual Orientation Counselor Competency Scale
(SOCCSS),* which primarily assesses counseling-related
skills, or the Gay Affirmative Practice Scale (GAP),%” which
focuses on affirmative attitudes rather than Clinical Pre-
paredness, the LGBT-DOCSS is specifically tailored for
healthcare professionals. Its structured 3-domain model
allows for a more targeted assessment of both attitudinal
and practical dimensions of LGBT patient care.?® This
specificity, along with its strong psychometric properties,
was the key reason for selecting LGBT-DOCSS as the basis
for this study.

As no comparable tool is currently available in Spain,
this study aimed to perform a cross-cultural adaptation
and evaluate the psychometric properties of the Spanish
version of the LGBT-DOCSS (LGBT-DOCSS-ES).

Materials and methods
Adaptation process

The linguistic and cross-cultural adaptation of the LGBT-
DOCSS followed the standardized 6-step approach pro-
posed by Beaton et al., ensuring methodological rigor in its
adaptation to Spanish.?! The adaptation process involved
6 stages: 1) initial translation, 2) synthesis of translations,
3) back translation, 4) expert committee review, 5) pre-
testing of the translated version, and 6) final evaluation.

The initial translation of the LGBT-DOCSS-ES into
Spanish was conducted independently by 2 bilingual
translators with expertise in healthcare terminology. Fol-
lowing this, these translations were synthesized to ensure
consistency and conceptual clarity. This Spanish version
was back-translated into English by bilingual translators
blind to the original English content. A native English
speaker reviewed the back-translated version to check for
discrepancies.

Additionally, an expert committee, consisting
of native speakers with clinical backgrounds, com-
pared both the original and back-translated versions
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of the LGBT-DOCSS. Through consensus, the committee
established the final Spanish version, ensuring that it pre-
served the conceptual intent of the original tool. The ex-
pert committee included a diverse group of professionals:
a public health specialist, a psychologist, a medical doc-
tor, a nurse, and a paramedic. Each committee member
had at least 5 years of experience in their respective fields
and specific familiarity with the LGBT community. This
collective expertise ensured that the adapted version was
culturally and clinically relevant. Specific linguistic adjust-
ments were made to enhance accessibility for Spanish-
speaking healthcare professionals.

In the final phase, cognitive interviews were conducted
with a convenience sample of 35 healthcare professionals
to assess the translated version’s clarity, cultural applica-
bility and linguistic accuracy. Participants were selected
based on their current employment in healthcare and abil-
ity to provide feedback on language and cultural relevance.
No significant issues were identified, but based on minor
observations, small adjustments were made to enhance
readability and relevance. These adjustments ensured that
the scale is both linguistically accessible and conceptu-
ally appropriate; however, the primary aim of this study
was to validate the psychometric properties of the Spanish
version for use in Spanish-speaking healthcare settings.

Procedure

A cross-sectional study was conducted between May
2024 and December 2024, enrolling 270 participants
through convenience sampling via social media platforms
such as Instagram and a dedicated Facebook group for
healthcare professionals. The convenience sampling ap-
proach was chosen to maximize accessibility and participa-
tion among healthcare professionals actively engaged on so-
cial media platforms. This method enabled the recruitment
of a diverse sample representing various healthcare profes-
sions, including nurses, medical doctors and health sciences
students. For the calculation, the recommendations for this
type of study were considered, which indicated recruiting
between 5 to 10 participants per item, with a minimum
of 180 (18 items), according to Argimon-Pallgs.??

All participants who met the inclusion criteria, i.e., being
medical and/or healthcare students or professionals and
voluntarily agreed to participate, completed an anonymous
survey after receiving comprehensive study information
and giving their informed consent. The inclusion criteria
ensured that participants were either medical or health-
care students or active professionals, allowing us to capture
perspectives from individuals at different stages in their
careers.

The data were collected, and sample access was con-
trolled via the Webankieta platform, which utilized IP fil-
tering for enhanced security. This filtering mechanism en-
sured that if multiple questionnaires were submitted from
the same IP address, only the first completed response
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was considered, minimizing the risk of duplicate entries.
No such instances were detected during data collection.

A convenience sampling approach was employed due
to its feasibility and accessibility in reaching healthcare
professionals actively engaged on social media platforms.
This method allowed for rapid recruitment of a diverse
group of participants from various healthcare fields,
including nurses, medical doctors and health sciences
students. While convenience sampling offers practical
advantages, such as ease of implementation and cost-
effectiveness, it also introduces limitations regarding
the representativeness of the sample. Participants who
voluntarily responded to the survey may have had a greater
pre-existing interest in LGBT+ healthcare issues, which
could introduce a selection bias. Additionally, the sample
may not fully reflect the broader population of Spanish-
speaking healthcare professionals, particularly those who
are less active on digital platforms. However, efforts were
made to include individuals from diverse geographic loca-
tions, professional backgrounds and demographic groups,
as reflected in Table 1. The potential impact of these limi-
tations on the generalizability of the findings is further
addressed in the Limitations section.

Psychometric evaluation

To validate the psychometric properties of the LGBT-
DOCSS-ES, internal consistency and factorial validity
were assessed. The factorial structure was examined
using confirmatory factor analysis (CFA), employing
the Diagonally Weighted Least Squares (DWLS) estima-
tion method, which is appropriate for ordinal data. Model
fit was evaluated using the Hu—Bentler 2-index strategy,
incorporating standardized root mean square residual
(SRMR), root mean square error of approximation (RM-
SEA), comparative fit index (CFI), and Tucker—Lewis index
(TLI) indices. The criteria for acceptable model fit were
set as SRMR < 0.09, along with at least one of the follow-
ing: CFI > 0.96, TLI > 0.96 or RMSEA < 0.06. Internal
consistency was assessed using Cronbach’s alpha («) and
McDonald’s omega (w) to evaluate the reliability of the to-
tal scale and its factors. In addition, the discriminative
power index was employed to determine the contribution
of individual items to the internal consistency of each fac-
tors. The interpretation of a values followed conventional
thresholds: a > 0.9 was considered excellent, 0.8 < a < 0.9
good, 0.7 < a < 0.8 acceptable, 0.6 < a < 0.7 questionable,
0.5 < a < 0.6 poor, and a < 0.5 unacceptable. R v. 4.4.1
(R Foundation for Statistical Computing, Vienna, Austria)
was used along with RStudio® GUI and psy,** lavaan,®
psych,?® and diagram packages.>”

Measures

The survey consisted of 2 sections: 1. Demographic
questionnaire: This section collected information on age,

P. Karniej et al. Psychometric properties of LGBT-DOCSS-ES

Table 1. Sociodemographic characteristics of participants

Parameter iz
(n=270)
cisgender female 159 (58.89%)
cisgender male 105 (38.89%)
Gender nonbinary 3(1.11%)
transgender man 2 (0.74%)
transgender woman 1(0.37%)
city of more than 500,000 inhabitants 89 (32.96%)
city of betwgen 1OQ,OOO and 500,000 54 (20.00%)
inhabitants
Place city of between 20,000 and 100,000
of residence Y ) - ! 52 (19.26%)
inhabitants
city of up to 20,000 inhabitants 14 (5.19%)
village 61 (22.59%)
heterosexual 141 (52.22%)
homosexual 88 (32.59%)
sexual bisexual 35 (12.96%)
orientation
other 3(1.11%)
i prefer not to respond 3(1.11%)
single 63 (23.33%)
in marriage 76 (28.15%)
Marital/ in a (formal) partnership 107 (39.63%)
relationship
status in a non-formalised relationship 12 (4.44%)
divorce/separation 10 (3.70%)
widowed 2 (0.74%)
clinical psychologist 6 (2.22%)
doctors 58 (21.48%)
nurses and their specialties (midwife, etc.) | 178 (65.93%)
Medical opticians 2 (0.74%)
profession pharmacists 1(0.37%)
physiotherapists 2 (0.74%)
student 15 (5.56%)
other health profession 8 (2.96%)
Courses never 163 (60.37%)
on LGBT 1-2 69 (25.56%)
patient issues
in the last 3-5 26 (9.63%)
5 years more than 5 12 (4.44%)

Demographic characteristics of the study sample (n = 270), including
gender identity, age, place of residence, sexual orientation, relationship
status, medical profession, and previous LGBT-related training.

gender identity, sexual orientation, place of residence, rela-
tionship status, medical occupation, and prior participation
in LGBT-related training. The phrasing of demographic
questions regarding gender identity and sexual orienta-
tion followed international recommendations to ensure
inclusivity and accuracy. Gender identity was assessed with
the options: cisgender female, cisgender male, nonbinary,
transgender man, and transgender woman. Sexual orien-
tation was measured using the categories: heterosexual,
homosexual, bisexual, other, and “I prefer not to respond”.
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Table 2. Overview of LGBT-DOCSS scores

LGBT-DOCSS [points]
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Total LGBT-DOCSS score 270 5.19
Clinical preparedness 270 4.16
Attitudinal Awareness 270 6.77
Basic Knowledge 270 423

1.58

522 3 7 472 5.71
4.21 1.29 7 3.29 5.14
7 143 7 6.86 7
425 1 7 3 55

Descriptive statistics (mean; standard deviation (SD); median, min—-max, quartile Q1-Q3) for the total Lesbian, Gay, Bisexual, and Transgender Development
of Clinical Skills Scale (LGBT-DOCSS) score and its subscales: Clinical Preparedness, Attitudes and Knowledge.

LGBT-DOCSS — The LGBT-DOCSS, which assessed
healthcare practitioners’ clinical skills in LGBT patient
care, was developed and validated by Bidell in the USA.?®
It consists of 18 items and is categorized into three factors:
Clinical Preparedness, Attitudinal Awareness and Basic
Knowledge. Respondents use a 7-point Likert scale, rat-
ing their agreement with each statement from 1 (strongly
disagree) to 7 (strongly agree). Eight of the items are scored
inversely to ensure that higher scores consistently reflect
more affirmative attitudes, greater knowledge and a higher
willingness to engage with LGBT patients. The total LGBT-
DOCSS score is derived by averaging the scores of all items.
Additionally, factors scores are calculated by averaging
the items related to Basic Knowledge, Attitudinal Aware-
ness and Clinical Preparedness. Higher points on the fac-
tors and overall indicate better Clinical Preparedness,
more positive attitudes and greater knowledge of LGBT
healthcare.

Ethical consideration

The research adhered to the principles outlined
in the Declaration of Helsinki and received ethical ap-
proval from the Bioethics Committee at Wroclaw Medical
University in Poland (approval No. KB 976/2022) as well
as from the University of Valencia (approval No. 2024-EN-
FPOD-3314668). This study is a component of the Health
Exclusion Research in Europe (HERE) initiative. This
study followed the Strengthening the Reporting of Ob-
servational Studies in Epidemiology (STROBE) guidelines
to ensure the reliability and clarity of the observational
study reporting.

Results
Participants

The study included 270 participants, with 58.89% iden-
tifying as female, 38.89% as male and 2.22% as nonbinary,
transgender men, or transgender women. The median age
of participants was 34 years (range: 18—67). Regarding
residence, 32.96% lived in cities with more than 500,000
inhabitants, 20.00% in cities between 100,000 and 500,000,
19.26% in cities between 20,000 and 100,000, 5.19% in cit-
ies with up to 20,000 inhabitants, and 22.59% in villages.

In terms of sexual orientation, 52.22% identified as het-
erosexual, 32.59% as homosexual and 12.96% as bisexual.
Most participants were in a formal relationship (39.63%),
including 28.15% who were married and approx. 11% who
were in other legally recognized unions, such as regis-
tered partnerships or civil unions. Additionally, 23.33%
of participants were single. Nurses and their specialties,
including midwives, represented the largest professional
group (65.95%). In the past 5 years, 39.63% of participants
reported attending courses on LGBT patient issues, while
60.37% stated that they had not participated in such train-
ing. Sociodemographic characteristics are presented
in Table 1.

LGBT-DOCSS-ES results

The mean total score was 5.19 (standard deviation
(SD) = 0.72), with a range from 3 to 7. The mean score for
Clinical Preparedness was 4.16 (SD = 1.36), with scores
ranging from 1.29 to 7. The Attitudinal Awareness fac-
tors showed the highest mean score of 6.77 (SD = 0.59),
with a range from 1.43 to 7. The Basic Knowledge factors
had a mean score of 4.23 (SD = 1.58), ranging from 1 to 7.
Detailed descriptive statistics for each factors and the total
score are provided in Table 2.

Analysis of individual questionnaire items

Table 3 illustrates the results for individual question-
naire items, emphasizing a notable ceiling effect observed
initems 3,5,7,9,12, 17, and 18.

Confirmatory factor analysis

As the LGBT-DOCSS-ES questionnaire items are mea-
sured on an ordinal scale, the DWLS approach was utilized
for CFA. The initial 3-factor model exhibited suboptimal
fit indices. To improve model fit, a correlation between
items 10 and 11 was incorporated, following recommenda-
tions from modification indices. This adjustment resulted
in improved fit indices, meeting recommended thresholds
(SRMR < 0.09, RMSEA < 0.06). The added correlations
linked items within the same factor, ensuring consistency
in measurement. This adjustment preserved the original
factor structure of the LGBT-DOCSS. Detailed results are
shown in Table 4.
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Table 3. Analysis of the individual questionnaire items

Item | Floor effect | Ceiling effect
1 10.7% 32.6%
2 18.1% 13.3%
3 1.5% 82.6%
4 1.1% 58.9%
5 1.1% 94.1%
6 24.4% 14.4%
7 1.9% 85.6%
8 22.6% 20.0%
9 0.7% 94.8%
10 51.9% 52%

1" 40.7% 10.4%
12 0.7% 96.3%
13 12.2% 33.3%
14 8.9% 33.0%
15 13.3% 21.9%
16 24.8% 17.4%
17 0.7% 94.4%
18 1.5% 93.7%

Floor and ceiling effects for each item in the Lesbian, Gay, Bisexual, and
Transgender Development of Clinical Skills Scale (LGBT-DOCSS) scale,
indicating response distribution patterns.

Internal consistency analysis
of the LGBT-DOCSS-ES

The factor loadings for individual items ranged from
0.33 to 0.851, all of which were statistically significant
(p < 0.05). The Cronbach’s alpha coefficients for the 3 fac-
tors demonstrated acceptable internal consistency: Clinical
Preparedness (a = 0.822), Attitudinal Awareness (o = 0.781)
and Basic Knowledge (a = 0.769). The overall reliability
of the scale was satisfactory, with a total Cronbach’s alpha
of 0.746. McDonald’s » index (w = 0.808) further con-
firmed the strong internal consistency of the scale. De-
tailed results for factor loadings and internal consistency
are presented in Table 5.

An additional reliability analysis examined whether re-
moving individual items would significantly impact internal
consistency. While minor increases in Cronbach’s alpha
were observed (e.g., excluding Item 4 slightly raised o for

Table 4. Results of fit indices
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Clinical Preparedness to 0.830), these changes were negligi-
ble and did not justify item deletion. Full results of this anal-
ysis are presented in Table 6. The path diagram for the CFA
of the LGBT-DOCSS-ES is illustrated in Fig. 1. The final
version of the LGBT-DOCSS-ES is presented in Table 7.

Discussion

The results suggest that the LGBT-DOCSS-ES dem-
onstrates good psychometric properties, indicating that
it is a reliable tool for assessing clinical skills in Spanish-
speaking healthcare professionals. This finding supports
the scale’s applicability in evaluating LGBT cultural compe-
tence in diverse linguistic and healthcare contexts. Only mi-
nor adjustments to certain expressions were made to ensure
cultural appropriateness, but the primary focus remained
on evaluating the scale’s psychometric properties. Findings
from this study align with previous research on the LGBT-
DOCSS, supporting its cross-cultural applicability.

The internal consistency of the Spanish version of the Les-
bian, Gay, Bisexual, and Transgender Development of Clini-
cal Skills Scale (LGBT-DOCSS-ES) aligns with findings
from other adaptations of the scale, including the Pol-
ish (LGBT-DOCSS-PL) and Japanese (LGBT-DOCSS-JP)
versions, which have demonstrated stable psychometric
properties across different cultural contexts.?>3%3° While
some variations exist between language adaptations, previ-
ous research suggests that the scale maintains its reliabil-
ity, supporting its use in evaluating LGBT clinical skills
among healthcare professionals.?” These results indicate
that the Spanish version maintains the scale’s reliability,
confirming its utility for assessing LGBT clinical skills.

In each version, the 2 original factors, such as Clinical
Preparedness, Attitudinal Awareness and Basic Knowl-
edge, consistently demonstrated strong internal reliability
across different language adaptations.?® The findings from
the LGBT-DOCSS-ES align closely with those reported for
the Polish version, further supporting the scale’s stability
in diverse healthcare settings.®® In contrast, the original
validation by Bidell reported slightly higher reliability
scores across all factors.?> Notably, the Japanese adapta-
tion introduced an additional factor related to Clinical
Training, which was not observed in the Polish or Spanish
versions.* This suggests that, in certain cultural contexts,

I 627.299 131 <0.001

Il 207.754 130 <0.001

0.118 0.771 0.732 0.096
0.047 0.952 0.943 0.081

Model fit indices for confirmatory factor analysis (CFA) models tested in the study, including x? root mean square error of approximation (RMSEA),
comparative fit index (CFl), Tucker-Lewis index (TLI), and standardized root mean square residual (SRMR). X? represents the goodness-of-fit test comparing
the hypothesized model to the observed data. RMSEA estimates the discrepancy between the model and the population covariance matrix. CFl and TLI
assess the relative improvement of the tested model compared to a null model. SRMR measures the average difference between observed and predicted

correlations.
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Table 5. The analysis of the internal consistency of the LGBT-DOCSS-ES
Domain | Item | Loading | p-value Cronbach’s alpha Item 4
4 0.386 < 0.001
10 | 0417 <0001 Item 10
11 0351 <0001 0.746
Clinical 13 0674 <0001 0822 Item 11
Preparedness
14 0.851 < 0.001
15 0835 <0001 Item 13
16 0.722 <0.001
3 0.561 <0001 Ttem 14
5 0.330 0.021
7 0617 <0001 Tiem 15
Attitudinal 9 0728 <0001 0781
Awareness
12 0.730 < 0.001 Item 16
17 0.809 <0.001
18 0.504 0.005 Ttem 3
1 0.753 < 0.001
; 2 0.785 < 0.001
Basic 0.769 Item 5
Knowledge 6 0413 <0001
8 0467 < 0.001
Item 7
Total: 0.746
Factor loadings of each item within the three subscales of LGBT- I 9
DOCSS-ES, along with Cronbach’s alpha values for internal consistency tem
assessment.
Item 12
Table 6. Cronbach's alpha values after excluding individual items
Cronbach’s Cronbach'’s Item 17
Domain | Item | alpha if item Domain Item | alpha ifitem
delated delated
1 0735 4 0830 Item 18
2 0.736 10 0.803
3 0.750 11 0816 Item 1
4 0.735 Clinical 13 0.796
Preparedness
5 0750 14 0773 Item 2
6 0736 15 0774 Knowledge
7 0.745 16 0.789 Ttem &
8 0.726 3 0.773
9 0.744 5 0.790
Total Item 8
10 0.730 7 0.761
1 0.743 Attitudinal 9 0.735 Fig. 1. Path diagram for confirmatory factor analysis (CFA) of the Spanish
Awareness version of the Lesbian, Gay, Bisexual, and Transgender Development
12 0.742 12 0.729 of Clinical Skills Scale (LGBT-DOCSS-ES)
13 0.718 17 0.735
14 0710 18 0.753 formalized clinical training may play a more distinct role
15 0.710 1 0.746 in shaping LGBT competency, whereas in other regions,
16 0713 e 5 0731 the original 3-factor structure remains sufficient.
17 0740 Knowledge 6 0686 This difference in factor structure could be attributed
to variations in healthcare education systems and the em-
18 0.750 8 0.685

Cronbach’s alpha values if individual items were deleted, showing their
impact on overall scale reliability.

phasis placed on LGBT-related training. In Japan, where
formalized LGBT medical education remains limited,
a separate “Clinical Training” factor may reflect the ne-
cessity of structured instruction in LGBT patient care.
Conversely, in Spain and Poland, where LGBT topics are
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Table 7. Spanish Version of The Lesbian, Gay, Bisexual, and Transgender Development of Clinical Skills Scale (LGBT- DOCSS-ES)

Versién en espaiol de la Escala de Desarrollo de Habilidades Clinicas para Lesbianas, Gays, Bisexuales y Personas Transgénero (LGBT-DOCSS-ES)

Instrucciones:
Los items de esta escala estan disefados para medir la preparacion clinica, las actitudes y los conocimientos basicos en relacion con las pacientes lesbianas,
gay, bisexuales y transgénero (LGBT). Utilice la escala adjunta para valorar su grado de acuerdo o desacuerdo con cada punto. Tenga en cuenta que los ftems
de esta escala se refieren principalmente a la orientacién sexual (LGB = lesbiana, gay, bisexual) o a la identidad de género (transgénero). Dos preguntas estan
combinadas y se refieren a pacientes lesbianas, gays, bisexuales y transgénero (LGBT).

1. Soy consciente de las barreras institucionales que pueden impedir que las personas transgénero accedan a los servicios sanitarios.

En cierta medida

Definitivamente no Totalmente de
. de acuerdo/en
estd de acuerdo acuerdo
desacuerdo
1 2 3 4 5 6 7

2. Conozco las barreras institucionales que pueden impedir que las personas LGB accedan a los servicios sanitarios.

En cierta medida

Definitivamente no Totalmente de
. de acuerdo/en
estd de acuerdo acuerdo
desacuerdo
1 2 3 4 5 6 7

3. Creo que ser transgénero es un trastorno mental.

En cierta medida

Definitivamente no Totalmente de
. de acuerdo/en
estd de acuerdo acuerdo
desacuerdo
1 2 3 4 5 6 7

4. No me sentiria preparado para hablar con un paciente/cliente LGBT sobre temas relacionados con su orientacion sexual o identidad de género.

En cierta medida

Definitivamente no Totalmente de
. de acuerdo/en
estd de acuerdo acuerdo
desacuerdo
1 2 3 4 5 6 7

5. Una relacién del mismo sexo entre dos hombres o dos mujeres no es tan fuerte y comprometida como una relacién entre un hombre y una mujer.

En cierta medida

Definitivamente no Totalmente de
. de acuerdo/en
estd de acuerdo acuerdo
desacuerdo
1 2 3 4 5 6 7

6. Conozco las investigaciones que indican que las personas LGB experimentan niveles desproporcionadamente altos de problemas de salud y de
salud mental en comparacion con las personas heterosexuales.

En cierta medida

Definitivamente no Totalmente de
. de acuerdo/en
estd de acuerdo acuerdo
desacuerdo
1 2 3 4 5 6 7

7. Las personas LGB deben ser discretas sobre su orientacién sexual cuando estan con nifios.

En cierta medida

Definitivamente no Totalmente de
. de acuerdo/en
estd de acuerdo acuerdo
desacuerdo
1 2 3 4 5 6 7

8. Conozco las investigaciones que indican que las personas transgénero experimentan niveles desproporcionadamente altos de problemas de
salud y salud mental en comparacién con las personas cisgénero.

En cierta medida

Definitivamente no Totalmente de
. de acuerdo/en
estd de acuerdo acuerdo
desacuerdo
1 2 3 4 5 6 7

9. En lo que respecta a las personas transgénero, considero que son moralmente desviadas.

En cierta medida

Definitivamente no Totalmente de
. de acuerdo/en
estd de acuerdo acuerdo
desacuerdo
1 2 3 4 5 6 7

10. He recibido la formacion clinica y la supervision adecuadas para trabajar con pacientes/clientes transgénero.

. En cierta medida
Definitivamente no Totalmente de
. de acuerdo/en
estd de acuerdo acuerdo
desacuerdo

1 2 3 4 5 6 7
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Table 7. Spanish Version of The Lesbian, Gay, Bisexual, and Transgender Development of Clinical Skills Scale (LGBT- DOCSS-ES) - cont.

Versién en espanol de la Escala de Desarrollo de Habilidades Clinicas para Lesbianas, Gays, Bisexuales y Personas Transgénero (LGBT-DOCSS-ES)

11. He recibido la formacién y supervision clinicas adecuadas para trabajar con pacientes/clientes lesbianas, gays y bisexuales (LGB).

En cierta medida
de acuerdo/en
desacuerdo

Totalmente de
acuerdo

Definitivamente no
estd de acuerdo
1 2 3 4 5 6 7
12. Un estilo de vida LGB es antinatural o inmoral.

En cierta medida
de acuerdo/en
desacuerdo

Totalmente de
acuerdo

Definitivamente no
estad de acuerdo
1 2 3 4 5 6 7
13.Tengo experiencia de trabajo con pacientes/clientes LGB

En cierta medida
de acuerdo/en
desacuerdo

Totalmente de
acuerdo

Definitivamente no
estd de acuerdo
1 2 3 4 5 6 7
14. Me siento competente para evaluar a una persona LGB en un entorno terapéutico.

En cierta medida
de acuerdo/en
desacuerdo

1 2 3 4 5 6 7

Totalmente de
acuerdo

Definitivamente no
esté de acuerdo

15. Me siento competente para evaluar a una persona transgénero en un entorno terapéutico.

En cierta medida
de acuerdo/en
desacuerdo

1 2 3 4 5 6 7

Totalmente de
acuerdo

Definitivamente no
estd de acuerdo

16. Tengo experiencia en el trabajo con pacientes/clientes transgénero.

En cierta medida
de acuerdo/en
desacuerdo

1 2 3 4 5 6 7

Totalmente de
acuerdo

Definitivamente no
esté de acuerdo

17. Las personas que visten de forma opuesta a su sexo bioldgico tienen una perversion.

En cierta medida
de acuerdo/en
desacuerdo

1 2 3 4 5 6 7

Totalmente de
acuerdo

Definitivamente no
estd de acuerdo

18. No me sentiria moralmente cémodo trabajando con un pacientes/clientes LGBT.

En cierta medida
de acuerdo/en
desacuerdo

1 2 3 4 5 6 7

Totalmente de
acuerdo

Definitivamente no
esté de acuerdo

Instrucciones de puntuacion para LGBT-DOCSS-ES
(1) Anule la puntuacién de las 8 preguntas entre paréntesis: (3), (4), (5), (7), (9), (12), (17) i (18). Utilice la puntuacion inversa en una escala de Likert
(1=7,2=6,3=54=4,5=3,6=2,7=1).
2) Calcular la puntuacion media total LGBT-DOCSS: Suma todos los items del test (utilizando la puntuacién inversa para los items entre paréntesis)
y divide entre 18.
La puntuacion media total LGBT-DOCSS esiguala: 1+ 24+ R)+ @D+ ) +6+ (1) +8+ 9+ 10+ 11+ (12) +13+14+15+16+(17) +
(18) = Puntuacion bruta total LGBT-DOCSS. Divida por 18 para obtener la puntuacion media.
3) Célculo de las puntuaciones de las subescalas: Para cada subescala, sume las puntuaciones de las preguntas enumeradas (utilizando la puntuacion
inversa para los elementos entre paréntesis) y dividalas por el nimero de preguntas de cada subescala.
Subescala de preparacion clinica: (4) + 10+ 11 4+ 13+ 14 + 15 + 16 = Puntuacion bruta total de la subescala de preparacion clinica LGBT-DOCSS.
Divide por 7 para obtener la puntuacion media.
Subescala de actitud: (3) + (5) + (7) + (9) + (12) + (17) + (18) = Subescala de actitud LGBT-DOCSS Puntuacion bruta total. Divide por 7 para obtener
la puntuacion media.
Conocimientos: 1 + 2 + 6 + 8 = Subescala de conocimientos LGBT-DOCSS Puntuacién bruta total. Divide por 4 para obtener la puntuacion media.
4) Las puntuaciones mas altas indican un mayor nivel de preparacion clinica y conocimientos rudimentarios y una menor conciencia de los prejuicios en
relacion con los pacientes LGBT.
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increasingly integrated into broader medical education,
Clinical Preparedness, Attitudinal Awareness and Basic
Knowledge appear to be conceptualized as more interre-
lated dimensions. This highlights the importance of con-
textualizing LGBT competency assessment within specific
cultural and educational frameworks. Cultural differences
may influence the factor structure of the LGBT-DOCSS-
ES by shaping perceptions of competencies like Clinical
Preparedness, Attitudinal Awareness and Basic Knowledge
within different healthcare contexts. For instance, societal
attitudes towards LGBT individuals and varying health-
care training standards across cultures can lead to dif-
ferent emphases on specific items within these factors.
These variations suggest that while core competencies
remain consistent, cultural context may shift the relative
importance or interpretation of certain items. Norms and
values can significantly impact how respondents interpret
survey items, influencing the overall findings.**4!

This factorial structure of the instrument reflects
the content that some authors suggest should be included
in a competency training program aimed at healthcare
professionals to improve care for individuals in the LGBT
community.*? The linguistic adaptation process in all ver-
sions involved minor modifications to ensure cultural rel-
evance. In the Spanish version, expressions were slightly
adjusted to ensure they resonated with local healthcare
professionals, a practice similarly observed in the Polish
and Japanese adaptations. Notably, while all adaptations
followed a standardized translation process, differences
in healthcare terminology and cultural attitudes towards
LGBT healthcare led to nuanced linguistic adjustments.
The Polish and Japanese versions required additional re-
finements to align with their respective medical and social
frameworks, illustrating the flexibility needed when imple-
menting competency assessments across diverse popula-
tions. Significantly, these modifications did not impact
the core structure or reliability of the scale.

The LGBT-DOCSS-ES provides a reliable and valid tool
for assessing Clinical Preparedness, Attitudinal Aware-
ness and Basic Knowledge of healthcare professionals
regarding LGBT patient care. Its application can sup-
port scientific research exploring healthcare disparities,
educational programs aimed at improving LGBT-related
competencies among medical students and practitioners,
and workforce training initiatives designed to enhance
inclusive healthcare practices. In Spain, this instrument
can be particularly valuable for identifying knowledge gaps
among healthcare professionals, informing curriculum
development in medical and nursing schools, and guid-
ing policy recommendations to improve LGBT health-
care inclusion. Future studies can further explore its use
in longitudinal assessments to evaluate the effectiveness
of interventions and training programs focused on LGBT
competency development.

P. Karniej et al. Psychometric properties of LGBT-DOCSS-ES

Limitations

While the sample size was adequate to address the pri-
mary objectives, expanding the participant pool could
provide deeper insights, especially for subgroups such
as non-binary individuals. Additionally, relying exclusively
on online data collection may have excluded individuals
without stable internet access, potentially reducing the in-
clusivity of the sample. While convenience sampling ef-
fectively recruited a diverse group of healthcare profession-
als, it may have introduced selection bias, as individuals
with a preexisting interest in LGBT+ healthcare were more
likely to participate. This could have influenced the over-
all results by overrepresenting respondents with greater
knowledge or more positive Attitudinal Awareness toward
LGBT+ patients. Furthermore, the reliance on digital re-
cruitment strategies may have limited participation from
healthcare professionals who are less engaged with online
platforms, affecting the representativeness of the sample.
Finally, relying on self-reported data may have introduced
response bias, as participants might have given socially de-
sirable answers, especially considering the sensitive nature
of LGBT healthcare topics. Future research should con-
sider employing stratified or random sampling methods
to enhance the generalizability of findings to the broader
population of Spanish-speaking healthcare professionals.

Conclusions

The findings of this study on the translation and cultural
adaptation of the Spanish version of the LGBT-DOCSS-ES
indicate that the tool demonstrates acceptable internal
consistency and validity. The LGBT-DOCSS-ES holds
potential value for research. Compared to the original
instrument, the psychometric properties and outcomes
of the transcultural adaptation were consistent with
those of the original English-language validated version
of the LGBT-DOCSS.
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Abstract

This review summarizes the latest advancements in stem cell (SC) mitochondrial proteomics. With the rapid
development of biotechnology, mitochondrial proteomics has emerged as a pivotal area in SCresearch. The re-
search methods used in mitochondrial proteomics include mass spectrometry (MS), with pre-MS sample
processing, MS data acquisition employing both qualitative and quantitative approaches, and bioinformatics
analysis to annotate and explore protein functions. In recent years, mitochondrial proteomics research has
contributed to the establishment and expansion of our understanding of the roles of various mitochondrial
proteins involved in requlating SC differentiation, metabolism and aging, including Drp1, Mfn1/2, OPAT, SIRT3,
Bcl-2, YMETL, and PGC-Ta. This multidisciplinary approach, combining qualitative and quantitative proteomics
with bioinformatics, sheds light on the intricate requlatory mechanisms of mitochondrial proteins in SC. These
findings provide a scientific basis for developing novel therapeutic targets and strategies, thereby advancing
the field of regenerative medicine and personalized treatment paradigms.

Key words: stem cells, proteomics, mass spectrometry, mitochondria, bioinformatics
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Highlights

+ Advanced mitochondrial purification and quantitative mass spectrometry power high-resolution stem cell (SC)
mitochondrial proteomics, delivering unprecedented protein coverage.

+ Bioinformatics-driven analysis of mitochondrial proteomes reveals key regulators of SC differentiation, energy
metabolism, aging processes, and reactive oxygen species (ROS) homeostasis.

+ Stem cell mitochondrial proteomics uncovers novel disease biomarkers and therapeutic targets, accelerating preci-
sion diagnostics in metabolic and degenerative disorders.

« Translational impact in regenerative medicine and drug development: Integrating mitochondrial proteomics sup-
ports personalized therapy design, biomarker validation, and optimized cell-based treatment strategies.

Introduction

Stem cells (SCs) are undifferentiated cells with self-re-
newal characteristics.”? They can be classified by potency.
Pluripotent SCs (e.g., embryonic SCs) can form tissues from
all 3 germ layers.® Multipotent SCs, such as hematopoietic
SCs (HSCs), can differentiate into a restricted range of cell
types within a specific lineage.* Oligo-/unipotent SCs (e.g.,
spermatogonial SCs) generate only 1 or a few specific cell
types.® Biologically, their differentiation and proliferation
are regulated by both genetic factors and external signals.®’
They can migrate to sites where they are needed, crucial
for development and tissue repair. Additionally, many SCs
can survive long-term, remaining in a quiescent state until
activated. Due to their ability to generate diverse functional
cells, SCs have become a major focus in modern biological
and medical research. For example, in the treatment of Al-
zheimer’s disease, SC therapy has shown the effects of pro-
moting neural regeneration, repairing damaged nerves, in-
hibiting inflammatory responses, and reducing neuronal
apoptosis.® For myocardial infarction, SCs succeed in reduc-
ing infarct size, abrogating adverse heart remodeling, and
improving cardiac function.®! In addition, the impressive
therapeutic effects of SCs on vascular injury, corneal dam-
age, osteoarthritis, acute respiratory distress syndrome, and
sepsis are also reported.>0-14

Mitochondria are the dynamic cytoplasmic organelles
with double-membrane structure. In addition to function-
ing as the cell’s “energy factory”, mitochondria play a crucial
role in regulating calcium homeostasis, responding to oxi-
dative stress, and controlling cell death. It is also the signal
center for inducing gene transcription and post-translational
regulation.!® Mitochondrial dysfunctions can occur due
to a variety of factors. Mutations in mitochondrial DNA
(mtDNA) are a common cause of dysfunction. Since mtDNA
encodes several essential proteins involved in the electron
transport chain (ETC), which is critical for adenosine tri-
phosphate (ATP) production, these mutations can lead
to reduced ATP synthesis and an increase in the produc-
tion of reactive oxygen species (ROS).1® Another contributor
to mitochondrial dysfunction is defects in nuclear-encoded
proteins, which constitute the majority of mitochondrial

components. For instance, mutations in genes involved
in mitochondrial protein import can prevent the proper
assembly of mitochondrial complexes.!” Mitochondrial
dysfunction can lead to the occurrence of various diseases.
Congenital mitochondrial dysfunction is often manifested
as mitochondrial myopathy or chronic progressive external
ophthalmoplegia (CPEO) in adults (where mitochondrial
respiratory chain defects lead to muscle weakness due to en-
ergy deficiency'®'®) and Leigh syndrome in children with
predominant central nervous system (CNS) symptoms. Be-
yond these, mitochondrial dysfunctions are also implicated
in diseases related to the aging process. In Alzheimer’s dis-
ease, mitochondrial abnormalities lead to impaired bioen-
ergetics and increased ROS production in neurons, which
contribute to the accumulation of amyloid-3 plaques and tau
tangles.2%2! In Parkinson’s disease, mitochondrial complex
I deficiency is commonly observed, leading to dopaminergic
neuron death.??>?3 Furthermore, the relationship between
the SCs’ mitochondria and neurodegenerative diseases has
been noticed by recent studies, which indicate the role of mi-
tochondria as a main regulator of neural SC fates through
redox modulation. Meanwhile, mitochondrial biogenesis,
dynamics, or ROS scavenging can be impaired by abnormal
metabolic products, such as amyloid-f peptide, which com-
promises SCs’ commitment, thereby exacerbating disease
progression.?4-26

Mitochondrial proteomics provides a holistic view
of changes in protein composition, post-translational modi-
fications and expression patterns. Through techniques such
as two-dimensional (2D) gel electrophoresis and mass spec-
trometry (MS), changes in the abundance of mitochondrial
proteins can be detected. These findings can help elucidate
the underlying molecular mechanisms of the disease. Pro-
teomics can also identify post-translational modifications
(PTMs) of mitochondrial proteins, such as phosphoryla-
tion, acetylation, and ubiquitination. For instance, altered
phosphorylation patterns of mitochondrial proteins have
been associated with changes in mitochondrial dynamics
and bioenergetics.?”?8 By mapping these PTMs, proteomics
can provide insights into how SCs mitochondrial functions
are disrupted. Mitochondrial proteomics can also help
in understanding the interactions between mitochondrial
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proteins. Proteomic techniques such as co-immunoprecipi-
tation followed by MS can identify interacting proteins and
how these interactions are affected in disease states. This
knowledge may contribute to a more comprehensive under-
standing of the molecular events underlying mitochondrial
dysfunction in SCs and could facilitate the identification
of novel therapeutic targets.

Objectives

This review summarizes the latest advancements in SC
mitochondrial proteomics studies, including progress
in sample processing, MS, data acquisition, and bioinfor-
matics analysis. We aimed to advance our understanding
of mitochondrial protein profiling technology and promote
its applications in regenerative medicine and personalized
therapy.

Research methods
of mitochondrial proteomics

Mass spectrometry is an essential technology in pro-
teomics research. It has become one of the most commonly
used discovery and verification tools in the field of life sci-
ences. The research methods of the MS-based technology
mainly include pre-MS sample processing (mitochondrial
extraction and purification), MS data acquisition and post-
MS bioinformatics.

Sample processing

The conventional method for extracting mitochondria
is differential centrifugation. During the extraction of mi-
tochondria, it is necessary to pre-cool the equipment and
maintain low temperatures throughout the homogeniza-
tion process of tissues or cells to prevent protein denatur-
ation and aggregation. Undissolved cells, cellular debris,
and nuclei will first be removed by low-speed centrifuga-
tion (600 x g or 1,000 x g). Since mitochondria may be
present in the flaky precipitate, resuspending the precipi-
tate and performing 1 additional low-speed centrifugation
can improve the mitochondrial yield. High-speed centrifu-
gation (3,500 x g or 10,000 x g) was performed on the su-
pernatant obtained from the low-speed centrifugation
steps, 2?30 resulting in a crudely extracted mitochondrial
precipitate, which has low purity and contains contami-
nants such as peroxisomes, endoplasmic reticulum and
microsomes. Therefore, it can only be used for simpler
applications, including analyzing the activity of certain
mitochondrial enzymes and detecting mitochondrial mor-
phology and apoptosis.

For mitochondrial proteomics, further purification
is required. The sucrose density gradient centrifugation
method has become a common method for mitochondrial
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purification due to its simple operation and low cost. It uses
a sucrose buffer solution, which has a similar dispersion
to the cytoplasm phase as the suspension medium and sepa-
rates cell components of different densities in cell or tissue
homogenates through gradient centrifugation.3'-3* However,
sucrose of high concentrations has a high viscosity and high
osmotic pressure, which can easily lead to repeated contrac-
tion and swelling of mitochondria. Several new density gradi-
ent media can purify mitochondria with intact morphology
but are generally more expensive. Due to its low diffusion
constant, Percoll® forms a very stable gradient that usually
does not penetrate the biological membranes. Therefore,
it minimizes the rupture of organelles and is commonly used
for separating platelet mitochondria.3>-3 Nycodenz contains
sorbitol as an osmotic stabilizer. Due to its high density, low
viscosity and minimal impact on osmotic pressure, the yield
of intact mitochondria is significantly higher.>®-40 As a di-
mer of Nycodenz, OptiPrep has the advantage of forming
an automatic gradient in a short period. -4

The disadvantages of traditional methods include: 1) reli-
ance on costly ultracentrifugation equipment; 2) prolonged
centrifugation causing mechanical damage to mitochon-
drial membrane; and 3) unavoidable contamination from
cytoplasmic organelles, cellular debris and gradient me-
dium, resulting in low sample purity. These shortcom-
ings have brought about many limitations to mitochondrial
proteomic research. Therefore, some researchers have at-
tempted to use magnetic beads to sort mitochondria. Bous-
sardon et al. used transgenic technology to induce the ex-
pression of biotinylated outer membrane protein OM64
in Arabidopsis thaliana mitochondria. After the plant tis-
sue was lysed, it was incubated with streptavidin-coated
magnetic beads for 1 min, exposed to a magnetic field for
2 min, and then washed 5 times after discarding the super-
natant. The success rate, purity and integrity of mitochon-
drial sorting were significantly higher than those of density
gradient centrifugation.** Chen et al. achieved rapid sorting
of mitochondria using immunomagnetic beads by con-
structing a fusion protein of mitochondrial outer mem-
brane protein and tag protein, and detected the high-purity
mitochondrial metabolites.*> However, these methods are
only applicable to cell models and cannot be used for tis-
sues and cells directly from humans or animals. Moreover,
the knock-in of tag protein genes is time-consuming and
labor-intensive, with a low success rate. Therefore, there
is still a need to develop simpler, faster, less damaging and
highly purified mitochondrial separation methods.

Mass spectrometry data acquisition
Qualitative mass spectrometric analysis

“Bottom-up” is a proteomic qualitative method that
analyzes small peptide fragments directly. The basic pro-

cess is to digest protein samples into a mixture of peptide
segments and separate them with chromatography. Then,
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the peptide segments are fragmentated using MS, and
the ion peak data from the fragmentation spectra is ob-
tained to perform bioinformatics analysis. The identified
peptide segments are then assembled into proteins through
database matching to achieve protein identification. “Top-
down” is another qualitative analysis experiment that en-
ables global analysis on fragmented proteins. The intact
proteins are separated from complex biological samples
using separation techniques such as liquid chromatogra-
phy (LC) or 2D gel electrophoresis. Then, techniques such
as electron capture dissociation (ECD) are employed to al-
low low-energy free electrons to interact with protonated
multi-charged protein or peptide ions. This interaction
generates fragmentation during the exothermic phase.
Protein identification is then achieved based on the frag-
mentation spectrum information and protein mass. Unlike
enzymatic digestion-based methods, it can achieve high
sequence coverage and retain the correlation information
between multiple post-translational modifications. “Top-
down” also has some drawbacks, such as difficulties in ana-
lyzing fragmented proteins in the gas phase. In contrast,
“Bottom-up” involves enzymatically digesting proteins into
peptide segments, making them easier to separate, ionize
and fragment in the gas phase. As a result, “bottom-up” has
become a more widely used method for proteomic qualita-
tive analysis.

Quantitative mass spectrometric analysis

Quantitative proteomics is a method for precisely identi-
fying and quantifying all proteins expressed by the genome
or all proteins within a complex mixture system. It can be
used to screen and identify the differentially expressed
proteins between samples. Common quantitative meth-
ods include MS quantification, immunoassay and gene
expression analysis.*® Mass spectrometry-based protein
quantification methods can generally be divided into label-
ing and non-labeling techniques.*’

The labeling method obtains peptide or protein quanti-
fication from the primary mass spectrometry (MS1) peaks
of mixed samples with differential labeling.*® Currently,
labeled quantitative proteomics methods can be divided
into chemical labeling and metabolic labeling. Common
chemical labeling methods include Tandem Mass Tag
(TMT) isobaric tags for relative and absolute quantification
(iTRAQ) and other isobaric peptide labeling methods.**%°
These methods can generate isobaric MS1 peaks for multi-
channel labeling. After the fragmentation of the isobaric
peaks, different reporter ions are released during secondary
mass spectrometry (MS2) and tertiary mass spectrometry
(MS3) scans for relative quantitative analysis. Tandem Mass
Tag labels the amino groups of peptides with 2, 6 or 10 iso-
topes. It compares the protein expression levels in differ-
ent sample groups simultaneously by detecting the label
intensities in MS. It has recently become a commonly
used high-throughput screening technique in quantitative
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proteomics.* Tandem Mass Tag allows multiple samples
to be processed, labeled and analyzed in 1 batch with small
errors, high parallelism and good stability. The iTRAQ re-
fers to the use of 4 or 8 isotopic specific labels for the amino
groups of peptides and the use of MS to detect label inten-
sity for relative quantification of protein content.” It offers
strong separation capability, wide applicability, quantitative
labeling, and high automation and accuracy. Billing et al.
used ITRAQ-based MS to analyze the mitochondrial pro-
teome of pluripotent FDCP-Mix cells and identify stage-and
lineage-specific mitochondrial changes in hematopoietic
progenitor cells. They linked the proteins in cellular dif-
ferentiation with mitochondrial transport, fatty acid deg-
radation and oxidative phosphorylation. This approach
improved the efficiency of peptide identification.>

The metabolic labeling method Stable Isotope Labeling
with Amino Acids in Cell Cultures (SILAC) uses 2 differ-
ent isotopes, light or heavy, to label essential amino acids,
which will be incorporated metabolically into cellular pro-
teins. The protein is then identified and quantified using
MS analysis.>? It can label living cells in vivo with a sta-
ble labeling effect and high efficiency. The requirement
on sample amounts is low, and multiple proteins can be
identified and quantified synchronously with small errors.
However, it cannot be applied on tissue or fluid samples.
Labeling in animal models is usually too costly to perform.

Label-free technology is a protein quantification method
that does not rely on isotopic labeling. Based on the inten-
sity of the parent ion of the peptides, it calculates the signal
intensity of each peptide segment on liquid chromatogra-
phy tandem MS (LC-MS-MS) for relative quantification.>®
First, the sample to be tested is digested into peptide seg-
ments. Then, the digested sample is analyzed using a mass
spectrometer to quantify the protein by detecting the mass
and abundance of the peptide segments in the sample.
In label-free technology, the capturing frequency of pep-
tides in MS is considered to be positively correlated with
the abundance in the mixture. Therefore, an appropri-
ate mathematical formula can link the count of peptide
segments in MS to the amount of protein in samples.
Compared with traditional labeling methods, label-free
technology has the advantages of simple operation, high
throughput, high sensitivity, and high applicability,*® and
thus has been widely used in proteomic research.

Additionally, based on the Data Independent Acquisi-
tion (DIA) mode, sequential windowed acquisition of all
theoretical fragment ions (SWATH) has become a new
technology that can also perform on label-free samples.>*
It divides the entire scanning range of MS into several in-
tervals, sequentially performs high-speed MS1 scans on all
peptide precursor ions within each mass range, and then
collects MS2 fragment ion data for relative or absolute
protein quantification.>* Detection accuracy of SWATH
surpasses traditional label-free approaches. It has superior
identification performance on low-abundance proteins and
peptides, fewer restrictions on sample quantity, complete
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and comprehensive data retention, good reproducibility, and
high traceability. However, SWATH has much higher re-
quirements for analysis algorithms than labeled techniques.

Bioinformatics

Based on qualitative and quantitative proteomics tech-
niques, bioinformatics research can explore the potentially
related processes and involved mechanisms by annotating
differentially expressed proteins in samples with Gene
Ontology (GO; http://www.geneontology.org), Kyoto En-
cyclopedia of Genes and Genomes (KEGG; https://www.
kegg.jp) pathway, and Protein—Protein Interaction Net-
works (PPL; https://cn.string-db.org).

Gene Ontology is an internationally standardized gene
function classification system that provides a dynamic
and controllable vocabulary to comprehensively describe
the attributes of genes and gene products in organisms.
It consists of a set of predefined GO terms that define and
describe the functions of gene products. The GO annota-
tions library mainly provides annotations for GO terms.
The KEGG database is a database that systematically ana-
lyzes the metabolic pathways of gene products in cells and
the functions of these gene products. This database helps
to study genes and expression information as a whole net-
work. It integrates data from genomes, chemical molecules
and biochemical systems, including metabolic pathways
(PATHWAY), drugs (DRUG), diseases (DISEASE), gene
sequences (GENES), and genomes (GENOME). The PPI
is formed by proteins interactions that participate in vari-
ous aspects of life processes such as signaling, gene expres-
sion, energy metabolism, and cell cycle regulation. Con-
structing an interaction network of differentially expressed
proteins can help us discover the trends of change and key
protein nodes at the proteomic level.

The comprehensive utilization of qualitative and quan-
titative strategies in mitochondrial proteomics, combined
with in-depth bioinformatics analysis, possesses significant
scientific value in research. It can help discover the influ-
ence of mitochondrial proteins on SC biological processes,
including self-renewal, differentiation and aging, thereby
providing insights into the relationship between mito-
chondria and clinical status, such as cancer, cardiovascular
and neurological disease.”® Based on the establishment
of a SC mitochondrial protein database, this multi-faceted
research approach will not only unravel the functional ar-
chitecture underlying mitochondrial proteome complexity
but also promote the new therapeutic strategies develop-
ment for personalized and regenerative medicine.>¢-%8

The role of mitochondrial proteins
in stem cell differentiation

Mitochondrial dynamics is an important part of SC
physiology and can have a profound impact on SC fate
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by regulating mitochondrial morphology and function.
Some key proteins related to mitochondrial dynamics are
members of the dynamin-related protein family that func-
tion as GTPase. They have large molecular weights and
include dynamin-related protein 1 (Drpl), mitofusin 1/2
(Mfn1/2) and optic atrophy protein 1 (OPA1).5° Drpl,
as a key mitochondrial fission protein, plays an important
role in modulating mitochondrial morphology and func-
tion. Studies have shown that Drpl inhibition will lead
to mitochondrial elongation and increase its bioenergetic
efficiency.! Mfn1/2 is a key protein for mitochondrial
outer and inner membrane fusion. Lack of Mfn1/2 leads
to decreased ATP levels and slower SC growth. The OPA1
is an inner mitochondrial membrane protein that plays
a central role in the precise regulation of mitochondrial fu-
sion and fission. It exists in 2 main forms: transmembrane
long form (L-OPA1) and soluble short form (S-OPA1).
The long form of OPA1 anchors to the inner mitochon-
drial membrane, while the short form is released from
the inner membrane via proteolysis. The OPA1 responds
to changes in membrane potential through the ratio of its
isoforms, and this isoform cleavage behavior is activated
under depolarization conditions, leading to the transition
from L-OPA1 to S-OPAL. This process is crucial for main-
taining the stability and morphology of the mitochondrial
network.®? In addition, OPA1 also directly participates
in the regulation of mitochondrial cristae morphology,
which further regulates the function of the ETC and ATP
synthesis capacity by affecting the structure and number
of cristae, thereby affecting the energy state and differen-
tiation potential of SCs.%

Besides Drpl, Mfn1/2 and OPA1, there are some other
mitochondrial proteins and related transcription factors
that play important roles in regulating SC energetics and
influencing cellular lineage commitment.®*% As a mito-
chondrial deacetylase, SIRT3 can affect SC differentiation
by directly regulating a variety of key enzymes involved
in mitochondrial energy metabolism through deacety-
lation.®® PGC-1a is a transcriptional co-activator that can
induce mitochondrial biogenesis and respiration, thereby
improving cellular metabolic reprogramming. In pluripo-
tent SCs, overexpression of PGC-1a has been shown to ac-
tivate transcription factors such as Nrf-1 and 2, which can
promote mitochondrial protein synthesis and functional
optimization, thereby increasing mitochondrial gene ex-
pression and respiratory chain activity, inducing differentia-
tion into specific cell types, such as neural precursor cells.®®

Mitochondrial proteins that induce apoptosis also play
an important role in SC development reprogramming.
During the self-renewal of SCs, anti-apoptotic proteins
in the Bcl-2 family (e.g., Bcl-2, Bel-x1, and Mel-1) are highly
expressed.” These proteins inhibit apoptosis by preserv-
ing mitochondrial membrane integrity.®” This mecha-
nism maintains stemness and supports cellular diver-
sity. On the other hand, Bax, as a pro-apoptotic protein
in the BCL-2 family, is generally present in the cytoplasm.
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After being activated, it will translocate to the surface
of mitochondria to form a pore across the membrane, lead-
ing to a decrease in mitochondrial membrane potential,
an increase in membrane permeability, and the release
of apoptotic factors.®® These changes ultimately promote
SC apoptosis, eliminating redundant or misprogrammed
cells during development.

Mitochondrial proteomics can provide important help
for us to better understand the differentiation regulation
mechanism of SCs. Researchers used proteomics and me-
tabolomics approaches to reveal the key role of mitochon-
drial proteins in the differentiation process of neural SCs
and progenitor cells.®” By analyzing the state transitions
of neural stem and progenitor cells (NSPCs) between rest
and activation, researchers found that significant changes
in 5 mitochondrial proteases (including YME1L, PITRM1,
METAPI1D, LACTB, and HTRA?2) have a significant impact
on cellular energetics. Particularly, YME1L plays a crucial
role in maintaining the resting state with fatty acid oxida-
tion as the main energy source. The deletion of YMEIL
triggers differentiation programs, leading to irreversible
transitions to other metabolic states. These findings pro-
vide a new perspective for understanding the fate deter-
mination of SCs and provide potential targets for future
therapeutic strategies. Shekari et al. used subcellular pro-
teomic methods that combined subcellular separation with
MS techniques to identify 3,183 proteins associated with
mitochondria, rough endoplasmic reticulum, nucleus, and
microsomes in human embryonic SCs (hESCs).”” Among
these proteins, a total of 160 differentially expressed pro-
teins were enriched in multiple signaling pathways. Mean-
while, it was also found that Bax protein has a specific
localization in the subcellular structure Golgi apparatus
in hESCs, and can rapidly translocate to mitochondria and
initiate apoptosis programs when hESCs DNA is dam-
aged.”® Therefore, Bax’s rapid response and transloca-
tion ability may be a key factor in regulating apoptosis
in hESCs, and may directly affect the self-renewal and
differentiation potential of SCs.

Mitochondrial proteins and energy
metabolism of stem cells

Mitochondria are the main sites of cellular energy me-
tabolism. In undifferentiated SCs, mitochondria usually
exhibit immature morphology, featuring the spherical
structure and short cristae of mitochondria, which can
provide a much larger surface area to increase the effi-
ciency of ATP synthesis to meet the energy requirements
of SCs. At this time, glycolysis is the main metabolic path-
way for mitochondria. Some key mitochondrial proteins
play a crucial role in the energy metabolism and stemness
maintenance of SCs: 1) Uncoupling protein 2 (UCP2) pro-
tects SCs from ROS-induced damage by establishing pro-
ton leakage across the inner mitochondrial membrane and
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reducing oxidative phosphorylation efficiency’!; 2) ATPase
inhibitor (IF1) directly inhibits the activity of ATP syn-
thase to ensure that SCs maintain a high rate of glycoly-
sis’%; 3) Pyruvate dehydrogenase kinase (PDK) inhibits
the phosphorylation of pyruvate dehydrogenase (PDH)
to convert pyruvate into acetyl-CoA, effectively limiting
pyruvate’s entry into the tricarboxylic acid cycle.”® These
mitochondrial proteins synergistically provide energy and
maintain stemness through metabolic regulation.

In differentiated SCs, mitochondria have a complex in-
ner membrane system and abundant cristae structures.
The mitochondrial permeability transition pore (mPTP)
is a protein complex between the inner and outer mitochon-
drial membranes, and its subunits are primarily composed
of pore-forming proteins such as voltage-dependent anion
channel (VDAC), adenine nucleotide translocator (ANT)
and cyclophilin D (CyP-D). Some specific physiological
or pathological conditions, such as Ca* concentration
stimulation and oxidative stress, can activate CyP-D and
cause the mPTP channel to open, which leads to a sharp
increase in mitochondrial membrane permeability and ac-
tivating oxidative phosphorylation.””> Appropriate mPTP
opening can help maintain the stability of the intracellu-
lar environment and promote the smooth differentiation
of SCs into specific cell types. Hu et al. reported that trans-
ferring functional mitochondria via extracellular vesicles
from mouse mesenchymal stem cells (MSCs) to damaged
pancreatic cells restored mPTP-related protein function,
cellular energy metabolism and ATP supply.”* However, ex-
cessive mPTP opening may lead to SC apoptosis and affect
the differentiation process. In the induced pluripotent SC-
derived cardiomyocytes (iPSC-CMs) from patients with
hypoplastic left heart syndrome (HLHS), mPTP was found
to have excessive opening and related to the upregulated
oxidative stress.” By suppressing excessive mPTP opening,
the cellular energetics of iPSC-CM can be improved with
alleviate oxidative stress.”

Mitochondrial Lon protease 1 (LONP1) is a mitochon-
drial matrix protease that plays an important role in mi-
tochondrial function maintenance and protein quality
control. It is involved in fatty acid oxidation and degra-
dation of damaged or misfolded mitochondrial proteins.
In addition, LONP1 regulates mitochondrial DNA replica-
tion and transcription, affects respiratory chain protein
synthesis, and is essential for energy metabolism in human
iPSCs.”® During the process of iPSCs differentiation into
cardiomyocytes, the upregulation of LONP1 activity helps
to orchestrate the metabolic shift from glycolysis to fatty
acid oxidation, ensuring the balance between glucose and
fatty acid oxidation. LONP1 deficiency may induce mito-
chondrial dysfunction, impairing cardiomyocytes’ energy
production and cardiac function.”® These findings high-
light the importance of LONP1 in maintaining energy me-
tabolism and mitochondrial function during SC differen-
tiation and help to understand the underlying mechanisms
of mitochondrial dysfunction-related diseases.
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Mitochondrial proteomics is of great significance for
studying the relationship between mitochondrial pro-
teins and SC bioenergetics. Retinoblastoma 1 (RB1) is one
of the best known tumor suppressor genes.”” Recent studies
have shown that it promotes mitochondrial energy metab-
olism through the oxidative phosphorylation (OXPHOS)
pathway during the differentiation of iPSCs into cardio-
myocytes.”® Using specific RBI gene knockout and TMT-
labeled quantitative proteomics techniques, researchers
analyzed the effects of RB1 deletion on mitochondrial pro-
teins in adult mouse colon and lung tissues. By analyzing
samples from 6 mice of each genotype, a total of 8,063 pro-
teins were identified. Among them, mitochondrial proteins
associated with the respiratory chain and OXPHOS were
significantly downregulated. Moreover, the mitochon-
drial oxygen consumption rate, mitochondrial mass and
the mitochondrial-to-nuclear DNA ratio all decreased.”
This result unveils a new role of RB1 in maintaining mi-
tochondrial function and energy metabolism, which could
inform the development of therapeutic strategies for mi-
tochondrial dysfunction-related diseases.

Mitochondrial protein
and stem cell aging

With age, the function of SCs gradually declines. Mito-
chondrial proteins play an important role in this process.
Some studies have shown that oxidative damage and ab-
normal expression of mitochondrial proteins are closely
related to SC aging. For example, with the help of cofactor
nicotinamide adenine dinucleotide (NAD*), SIRT3 can
catalyze the deacetylation of mitochondrial proteins, coor-
dinate metabolic responses to oxidative stress and fluctuat-
ing energy demands, and maintain mitochondrial health.8
In HSCs, SIRT3 is highly expressed, whereas in differenti-
ated hematopoietic cells, its expression is suppressed. Stud-
ies have shown that the loss of SIRT3 may cause the loss
of quiescent state in HSCs, while overexpression of SIRT3
may improve aging HSCs function. Therefore, SIRT3 may
become a potential target for anti-aging therapy in SCs.®

There are multiple critical connections between mito-
chondrial homeostasis and SC aging, involving multiple
proteins and signaling pathways. Autophagy-related pro-
teins, such as Beclinl, p62 and LC3, play a key role in main-
taining mitochondrial function and SC vitality by clear-
ing damaged mitochondrial components.®? Mitochondrial
fusion and fission-related proteins, such as Mfn1/2, and
Drpl, are crucial for maintaining the normal morphology
and function of mitochondria.®® Mitochondrial transcrip-
tion factor A (TFAM) is involved in maintaining the stabil-
ity of mitochondrial DNA, which has an important impact
on SC aging.?* Additionally, the ROS scavenging system,
as well as the mTOR signaling pathway, also plays key roles
in regulating SC growth, metabolism, survival, and func-
tion by affecting mitochondrial protein homeostasis.%®
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Mitochondrial proteome analysis can help us further
evaluate the role of the above proteins and pathways in SC
aging and may provide new strategies for delaying SC ag-
ing. Cytoplasmic polyadenylation element binding pro-
tein 4 (CPEB4) is an RNA binding protein that can bind
to the polyadenylation element sequence of target RNA
to regulate the translation. Through immunoprecipitation
combined with RNA sequencing technology, researchers
found that CPEB4 can specifically bind to messenger RNA
encoding mitochondrial proteins in SC,% indicating that
CPEB4 may regulate mitochondrial proteomic activity
by regulating mitochondrial translation. By performing
low-input mass spectrometric analysis of adult muscle
SCs at different aging stages in mice, 368 mitochondrial
proteins associated with CPEB4 were identified, reveal-
ing their significance in SC energetics and aging. To test
whether the restoration of CPEB4 expression can reverse
the cell cycle stagnation in aged SC, researchers conducted
experiments in a mouse muscle transplantation model and
demonstrated that increasing CPEB4 levels in aged SCs
alone was sufficient to rescue their regenerative capacity
and promote the formation of new muscle fibers.5¢

Mitochondrial proteins and ROS

Reactive oxygen species are a class of oxygen-contain-
ing substances with high reactive activity that play a role
in signal transduction between mitochondrial and cel-
lular communication. During oxidative phosphorylation
under physiological conditions, electrons are transferred
through the ETC on the inner membrane of mitochondria,
and some electrons leak out before reaching the termi-
nal oxidase and reducing oxygen molecules to produce
ROS. Maintaining appropriate levels of ROS is crucial for
the function of SCs. Suppressing ROS in neural or hema-
topoietic SCs below physiological levels can significantly
reduce their regenerative potential, manifested by im-
paired proliferation, differentiation and self-renewal
abilities.®+87

When cells are under various pathological conditions,
such as hypoxia, aging or chemical inhibition of mitochon-
drial respiration, the rate of mitochondrial ROS production
increases, inducing mitophagy and affecting SC signaling
pathways.3® The KEAP1-Nrf2 pathway is important for
antioxidation. By detecting the binding site of KEAP1, Zeb
etal. found that only phosphoglycerate mutase 5 (PGAMS5),
a mitochondrial serine-threonine protein phosphatase,
responded to moderate mitochondrial ROS production
and accumulated to induce PINK1-Parkin-mediated mi-
tochondrial autophagy.®® Nrf2 protects the heart from oxi-
dative damage and plays an antioxidant stress role in skin
diseases.?” Koch et al. demonstrated impaired Nrf2-medi-
ated oxidative stress response and reduced mitochondrial
protein abundance in atopic dermatitis.”® These findings
suggest that KEAP1-mediated regulation on cellular ROS
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levels acts as a negative feedback mechanism, enabling
excessive ROS to be cleared by mitochondrial autophagy.
Mitochondrial proteomic research helps to further un-
derstand the pathogenesis of oxidative stress injury and re-
veal potential intervention targets. Ginsenoside Rbl (GRb1)
is a protopanaxadiol isolated from the root of Panax ginseng,
which plays an important role in inhibiting apoptosis and
stabilizing mitochondrial function. In a proteomic analysis
of ischemic myocardial SCs, the NADH dehydrogenase sub-
unit of mitochondrial complex I was identified as a GRb1-
regulated effector protein, primarily through reduced
complex I-dependent oxygen consumption and inhibited
enzyme activity.’® Furthermore, Venkatesh et al. found
that GRb1 binds to the NADH-ubiquinone oxidoreductase
chain 3 (ND3) subunit, trapping mitochondrial complex
I in an inactive form. This interaction reduces NADH de-
hydrogenase activity and ROS production, significantly al-
leviating myocardial ischemia/reperfusion (I/R) injury.”

Clinical application of stem cell
mitochondrial proteomics

Regenerative medicine
and stem cell therapy

Regenerative medicine is an emerging field in health sci-
ence research that focuses on generating and developing
specific functional biological substitutes to restore, replace,
or improve tissue and organ function. With no immune
suppression and reduced toxicity, it can avoid the huge
costs incurred by lifelong anti-rejection therapy. Recently,
organoid culture technology has gradually emerged. It can
construct three-dimensional (3D) cellular structures re-
sembling real human organs, providing a valuable platform
for disease modeling and drug screening.

Stem-cell-based therapies, including human PSCs and
MSCs, are central to regenerative medicine. The mecha-
nism of SC-mediated mitochondrial transfer shows clini-
cal potential. For example, iPSC-derived mesenchymal SCs
have been shown to treat neuronal damage post-cerebral
infarction through the mitochondrial delivery mechanism.*!
In addition, MS and bioinformatics analysis are now used
to study traditional Chinese medicine’s (TCM) effects
on mitochondrial proteomics in lung MSCs, aiming to iden-
tify new targets and approaches for pulmonary fibrosis.?>?3

Mitochondrial proteomics also contributes a lot
to the identification of key biomarkers of signaling path-
ways and is crucial for understanding the behavior of cells
and organoids in various therapeutic environments.
In a COVID-19 study, RNA sequencing and proteomic
analysis of severe acute respiratory syndrome coronavirus
2 (SARS-CoV-2) proteins revealed a differential protein:
The mitochondrial antiviral-signaling protein (MAVS).**
Enhancing MAVS expression in MSCs via electroporation
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(to improve plasmid transfection efficiency) increased in-
terferon production and innate immune response, reduced
viral distribution, and offered a potential new COVID-19
treatment strategy.”*

Drug development and disease treatment

The study of mitochondrial proteome can also provide
new ideas for drug development and disease treatment.
By analyzing the role of mitochondrial proteins in the oc-
currence and development of diseases, we can not only
screen potential therapeutic drugs and reveal their mecha-
nisms of action but also evaluate drug efficacy and safety.
Using proteomic technology, clinicians can monitor
the changes in mitochondrial proteome in patients after
treatment, and judge the efficacy of drugs and potential
adverse reactions. This process is crucial for drug selec-
tion and dose adjustment in personalized medicine. For
example, the proteomic analysis identified a new acute
myeloid leukemia subtype (Mito-AML) dependent on mi-
tochondrial complex I and sensitive to venetoclax, a small
molecule Bcl-2 inhibitor that disrupts mitochondrial OX-
PHOS to induce apoptosis.” Studies based on mitochon-
drial proteomics also highlight endogenous/exogenous
mitochondrial-targeted molecules, which show promising
hope for clinical application. Resveratrol, e.g., enhances SC
survival under oxidative stress by regulating mitochondrial
biogenesis and autophagy.’®” Understanding these mol-
ecules’ effect on mitochondrial function and cellular bio-
logical processes aids in the design of more effective drugs.

Anti-aging treatment

Mitochondrial proteomics is a powerful tool for anti-
aging research, especially for studying SC energetic disor-
ders and aging-related diseases. It not only helps to reveal
the mechanism of targeted mitochondrial proteins (e.g.,
CPEB4), but also provides new strategies for mitochondrial
transfer and anti-aging drug development. Through untar-
geted proteomics analysis, Zhao et al. revealed that mito-
chondrial proteins spontaneously released by NSCs were
significantly enriched in extracellular vesicles (EVs).8* Mor-
phological and functional analysis confirmed the presence
of ultrastructurally intact mitochondria in EVs, maintain-
ing membrane potential and respiratory activity. Trans-
ferring these mitochondria from EVs to NSCs with mito-
chondrial DNA defects can rescue mitochondrial function
and increase the survival rate of SC.3* This mechanism
provides a new therapeutic strategy for multiple sclerosis
and neural degeneration diseases. Other proteomic studies
have found the potential of bone marrow MSC-derived EVs
in anti-aging therapy, especially in preserving mitochon-
drial function. All these findings underscore the critical
role of proteomics in understanding SC anti-aging mech-
anisms and advancing SC-based therapeutic strategies,
especially for diseases involving mitochondrial damage.
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Personalized medicine

Personalized medicine, also known as precision medi-
cine, is a medical model that integrates multi-dimensional
biological information (e.g., genomics, proteomics and me-
tabolomics) to design optimal treatment plans tailored
to individual patients. Its goal is to maximize the therapeu-
tic effect and minimize the adverse effects. The core prin-
ciples include precise diagnostic testing and customized
interventions based on patient’s unique molecular profiles.

Current applications of personalized medicine primar-
ily focus on identifying genetic variations and developing
personalized treatment strategies, particularly in oncol-
ogy.>”?8 It also encompasses omics-based approaches for
disease risk assessment, drug response prediction, and
treatment outcome optimization.

Cancer stem cells (CSCs) have attracted wide atten-
tion as a distinct cell population within tumors, critically
involved in tumorigenesis, progression, recurrence, and
treatment resistance. Integrating multi-omics analysis,
especially mitochondrial proteomics, provides new in-
sights into the intrinsic molecular mechanisms of CSCs.
In a study by Skvortsov et al., CSCs were isolated and en-
riched from patient tumor tissues using fluorescence-ac-
tivated cell sorting (FACS), magnetic-activated cell sorting
(MACS), laser microdissection, and 3D culture methods.’®
Subsequent proteomic profiling of mitochondrial protein
expression identified specific surface markers (e.g., CD44,
CD24, CD133, ALDH), which reflect the energy metabo-
lism and functional status of tumor cells.’® This approach
is crucial for understanding tumor heterogeneity and mi-
croenvironment dynamics.

In clinical practice, SC mitochondrial proteomics shows
promise for disease diagnosis and classification. Analysis
of patient mitochondrial proteomes can enhance early di-
agnosis and accuracy, refine disease subtyping, and guide
personalized treatment. Diseases-specific alterations
in the mitochondrial proteome (e.g., in neurodegenera-
tive diseases,”® cardiovascular diseases* and cancers®’) can
serve as biomarkers. For instance, detecting mitochondrial
proteins linked to proliferation, apoptosis or metabolic ab-
normalities in SCs can aid clinicians in diagnosing disease
subtypes, assessing disease severity, and tailoring treat-
ment more accurately. This can help improve therapeutic
outcomes, reduce adverse reaction risks, and optimize
patient care. Thus, SC mitochondrial proteomics holds
significant potential in personalized medicine and may
become a cornerstone of future clinical practice.

Limitations

First, it remains unclear whether different sample prepa-
ration techniques (e.g., density gradient centrifugation vs
magnetic beads isolation) or protein quantification meth-
ods (e.g., TMT, iTRAQ and SILAC) exhibit different ef-
ficiency in detecting signaling pathway proteins in SCs.
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Second, the sensitivity of current techniques may not be
sufficient to detect low-abundance proteins that might
be involved in key processes such as SC self-renewal, dif-
ferentiation and apoptosis. This limitation could result
in an incomplete characterization of the mitochondrial
proteome. Third, standardized protocols for SC mito-
chondrial proteomics are lacking. Most research groups
employ custom methods for sample collection, preparation
and data analysis, leading to inconsistencies that hinder
cross-study comparisons and impede comprehensive un-
derstanding. Fourth, future studies should critically com-
pare existing SC proteomics datasets to assess the presence
or absence of specific signaling pathway proteins. Finally,
clinical studies are needed to verify the biological roles
of specific proteins implied by the SC mitochondrial pro-
teomics. Addressing these limitations is essential to estab-
lish the methodology’s applicability in answering specific
biological questions and advancing SC research.

Conclusions

As a focal point in current life sciences, mitochon-
drial proteomics provides critical insights into the roles
of mitochondrial proteins in SC differentiation, energy
metabolism, and aging. These discoveries drive progress
in regenerative medicine, anti-aging therapies, drug de-
velopment, and bioengineering innovations. Advances
in protein detection technology, deeper mechanistic stud-
ies of SC signaling pathways, expanded clinical trials and
interdisciplinary collaborations will accelerate the clinical
translation of mitochondrial proteomics.
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Abstract

Minimally invasive techniques are progressively transforming colorectal (CRC) surgery. Given the high mortal-
ity and morbidity rates associated with conventional surgical treatments for CRC, the development of less
invasive alternatives s crucial. The long-established use of transanal platforms for local excision of early-stage
rectal cancers paved the way for the development of a transanal approach to total mesorectal excision (TME).
Transanal total mesorectal excision (talME) has emerged as a novel technique for treating low CRC, offer-
ing superior and more accurate visualization of the presacral mesorectal plane compared to the abdominal
approach, and providing particular advantages in the narrow male pelvis. The current data on oncological
and functional outcomes are promising. The transanal transection and single-stapled anastomosis (TTSS)
approach represents the latest advancement in transanal techniques for treating low CRC. Evolving from
talME, it provides a more controlled and potentially safer anastomotic technique. However, the data are still
preliminary, and larger studies are needed to validate its effectiveness. This review explores the evolution
of minimally invasive and transanal surgical techniques for low CRC treatment, comparing outcomes across
various approaches with a focus on patient selection criteria and oncological results.

Key words: rectal cancer, transanal excision, transanal endoscopic surgery, transanal total mesorectal
excision (talME), transanal transection and single-stapled anastomosis (TT55)
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Highlights

.

-

+ Advanced transanal surgical techniques boost precision in rectal cancer care: Innovations over recent decades have
refined minimally invasive approaches, reducing patient morbidity and improving surgical accuracy.

Evolution from TAE to taTME and TTSS expands early-stage rectal cancer options: Transitioning from traditional
transanal local excision (TAE) to transanal total mesorectal excision (taTME) and transanal transection with
single-stapled anastomosis (TTSS) offers more effective resections.

+ taTME and TTSS enhance mesorectal plane dissection and specimen quality: These cutting-edge methods for low
rectal tumors deliver superior oncological outcomes by preserving critical pelvic anatomy.

Strategic patient selection maximizes transanal surgery success: Matching individual tumor characteristics
to the optimal transanal technique is essential, since expertise in taT ME, TTSS, and TAE drives best-practice results.

Introduction

Colorectal cancer (CRC) poses a significant global health
challenge due to its high incidence and mortality rates,!
making it one of the leading causes of cancer-related deaths
worldwide. Effective management of CRC requires a coordi-
nated, multidisciplinary approach to ensure the best possible
outcomes for patients. Recently, the management of early
CRC has progressed considerably, driven by advancements
in diagnostics, surgical techniques and multimodal thera-
pies.2 When treated appropriately, the prognosis for patients
diagnosed with stage I rectal cancer is generally favorable,
with 5-year survival rates exceeding 90%.°

Local excision has been fundamental for select early-stage
rectal tumors. Transanal local excision (TAE) was initially
used as a minimally invasive method to remove small le-
sions. However, as technology advanced, novel approaches
such as transanal endoscopic microsurgery (TEM), trans-
anal endoscopic operation (TEO) and transanal minimally
invasive surgery (TAMIS) emerged. These techniques
build upon TAE and have significantly enhanced surgi-
cal precision, visualization and access, while reducing pa-
tient morbidity and improving postoperative outcomes.*#
By combining the benefits of local excision with oncological
results comparable to those of more radical surgeries, these
techniques offer a promising alternative for select patients
with early-stage CRC.° However, these advanced techniques
require highly specialized training and expertise, and not
all centers have the necessary equipment or experienced
surgeons to perform these procedures effectively. Addi-
tionally, appropriate patient selection remains crucial for
achieving optimal outcomes.

Natural orifice transluminal endoscopic surgery
(NOTES) has further pushed the boundaries of minimally
invasive surgery by eliminating external incisions and re-
ducing associated risks such as wound infections and her-
nias.’? Initially developed in animal models, NOTES has
been explored through various natural orifice routes.!>2
Although its clinical application is still considered experi-
mental, it holds considerable potential for future thera-
peutic use. Meanwhile, hybrid approaches like transanal

total mesorectal (taTME), which builds on the principles
of the Transanal Abdominal Transanal Proctosigmoidec-
tomy (TATA) technique, have shown promise in offering
safe, precise and minimally invasive alternatives for CRC
surgery.'® The development of taTME has been driven
by the need to enhance visualization and access within
the deep and narrow pelvic cavity — an anatomical region
that poses significant challenges for traditional laparo-
scopic or open surgical approaches. The pioneering work
of Sylla et al.'* has paved the way for a more targeted and
effective approach to CRC resection. By combining trans-
anal and transabdominal approaches for mesorectal dissec-
tion (the precise removal of rectal tissue and surrounding
lymphatics), taT ME addresses limitations of conventional
transabdominal total mesorectal excision (TME). This dual
approach enables more precise dissection, improved visual-
ization of critical pelvic anatomy and tighter control of dis-
tal resection margins (the cut edge closest to the anus).®

A recent advancement in transanal approaches for low
rectal tumors is transanal transection and single-stapled
anastomosis (TTSS). Introduced in 2019, TTSS was de-
signed to overcome the limitations of earlier transanal
methods by balancing oncological efficacy with functional
outcomes. Although TTSS appears promising, the avail-
able data remain preliminary.

Objectives

The objectives of this study are twofold. First, to map
the historical evolution of transanal surgical techniques
used in the management of rectal tumors. Second, to com-
pare contemporary transanal approaches — including
TEM, TEO, TAMIS, taTME, and TTSS — with respect
to morbidity, recurrence rates and survival outcomes.

Methodology

A comprehensive search was conducted in PubMed, Em-
base and Cochrane Library databases. The search strategy
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used a combination of free-text terms and MeSH terms.
Key search terms included: “transanal,” “rectal cancer,”
“early-stage rectal cancer,” “transanal excision,” “transanal
endoscopic surgery,” “TEM,” “TEO,” “TAMIS,” “taTME,”
and “T'TSS.” Boolean operators (AND, OR) were applied
to combine these terms. No date limit was applied, and
studies published up to January 2025 were included. Stud-
ies were included if they were original research, written
in English and focused on transanal surgical manage-
ment of CRC. There were no limitations on the number
of participants or the age of patients. Exclusion parameters
included studies on non-surgical treatments, studies not
available in full text and articles unrelated to the topic
of transanal surgical techniques for CRC. Two authors in-
dependently screened the titles and abstracts and reviewed
full texts to assess eligibility based on predefined criteria.
Any disagreements were resolved through discussion or,
if necessary, by consulting a 3 reviewer. Data were col-
lected on various aspects, including general disease infor-
mation, surgical details (e.g., type of procedure, surgical
approach, instrumentation) and outcomes (e.g., morbidity,
complication rates, recurrence rates, etc.). The most per-
tinent articles were selected for inclusion in this review.

Transanal local excision

The TAE, first introduced by Parks in 1970, was a pio-
neering endoluminal approach for the resection of select
rectal tumors.!® At its inception, TAE provided a less in-
vasive alternative to traditional abdominal procedures,
offering key benefits such as reduced recovery times,
shorter length of stay (LOS) and lower complication rates
for carefully selected patients.'”!® Transanal local exci-
sion can be performed for selected early tumors that lack
adverse prognostic factors, such as poor differentiation
or lymphovascular invasion.? The American Radium So-
ciety also supports the use of TAE for stage cI'1NO CRC,
as defined by endorectal ultrasound or magnetic reso-
nance imaging, provided specific patient selection criteria
are met.!” The tumor should be smaller than 3 ¢cm in size
and well or moderately differentiated. It must be located
in the low rectum and involve <30% of the rectal circum-
ference. There should be no evidence of nodal involvement.
Negative margins (greater than 3 mm) are required, and
the excision must be feasible as a full-thickness procedure.

This technique is relatively straightforward and can be
performed with ease. It does not require specialized equip-
ment or an extensive learning curve; rather, anal retrac-
tors are used to facilitate access and visualization, making
it a more cost-effective treatment option. One of the key
advantages of TAE is its minimal impact, if any, on anorec-
tal and urogenital function. However, one limitation is that
visualization during the procedure can be suboptimal,
potentially affecting the quality of the oncologic resec-
tion margins. This issue is further compounded by con-
cerns about the high rates of tumor fragmentation and
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recurrence associated with TAE, which are likely linked
to margin positivity — reported in over 10% of cases, even
in the most experienced centers.??! In a prospective Nor-
wegian study, patients with T1 CRC treated with TAE had
significantly higher 5-year local recurrence rates, reduced
survival rates and lower disease-free survival (DFS) rates
compared to those who underwent radical surgery.??

For T2 tumors, TAE may be considered in highly selected
patients, particularly those who are not optimal candidates
for more radical surgery due to comorbid conditions. How-
ever, the risk of locoregional recurrence is higher for T2
tumors, and neoadjuvant chemoradiation may be used
to downstage the tumor before considering TAE.2324

Transanal endoscopic surgery:
TEM, TAO, TAMIS

A decade later, several anorectal surgical techniques
incorporating various instruments were developed. Trans-
anal endoscopic surgery (TES) refers collectively to tech-
niques — including TEM, TEO and TAMIS - that employ
endoscopic platforms to excise rectal lesions.

Transanal endoscopic surgery platforms are currently
employed for the treatment of endoscopically unresect-
able rectal adenomas, as well as for early-stage rectal can-
cers (T1 lesions).>” They are also employed in cases where
previous resections have been incomplete or performed
piecemeal,?® and in selected cases of more advanced rectal
cancers, typically in palliative or experimental settings.
Beyond selected early-stage rectal cancers, TES has been
successfully applied for the removal of various other types
of tumors. It has also proven effective in treating benign
conditions, including stricturoplasty, repair of complex
urogenital fistulas and anastomotic leakage.260-30

The TEM platform, originally developed by Gerald Buess
in 1982, was introduced as an advanced endoscopic tool
for the local resection of rectal tumors.?! Transanal en-
doscopic microsurgery has emerged as an effective tech-
nique for the treatment of early-stage CRC and large ses-
sile adenomas that cannot be removed locally or through
conventional colonoscopic resection. The procedure em-
ploys a specialized rigid operating rectoscope, typically
ranging from 12 to 20 cm in length, which is introduced
transanally to provide enhanced visualization and preci-
sion during excision. This rectoscope features an optical
system that offers a magnified, three-dimensional (3D)
view of the surgical area, enabling precise full-thickness
resections perpendicularly through the bowel wall into
the perirectal fat, and is paired with endoscopic instru-
ments. Transanal endoscopic microsurgery is particularly
advantageous for tumors located in the mid and upper
rectum, which are difficult to access with conventional
transanal excision techniques. The procedure maintains
a stable pneumorectum using carbon dioxide insufflation,
which enhances visibility and facilitates meticulous dis-
section and suturing.®*?
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Transanal endoscopic microsurgery has been shown
to provide superior oncological outcomes compared
to TAE for T1 rectal lesions. It is associated with lower
rates of positive surgical margins and a reduced risk of lo-
cal recurrence. Research by Christoforidis et al. demon-
strated that TEM resulted in fewer positive margins (2% vs
16%, p = 0.017) and better DFS for tumors located >5 cm
from the anal verge.? Sgourakis et al. also found that TEM
significantly lowered the chances of positive margins and
local recurrences compared to TAE.?* These findings were
further supported by a more recent meta-analysis, which
showed that TEM achieved a higher rate of negative mi-
croscopic margins, a lower rate of specimen fragmentation
and a reduced rate of lesion recurrence, with no significant
difference in postoperative complications when compared
to TAE.* These findings collectively suggest that TEM
offers oncological superiority over TAE.

A more cost-effective alternative to TEM was introduced
a few years later: the TEO platform by Karl Storz (Tuttlin-
gen, Germany). This innovative and more straightforward
tool has gained widespread adoption. The TEO platform
utilizes a rigid rectoscope (working length: 7.5-15 c¢m),
curved laparoscopic operating instruments and a two-di-
mensional (2D) visualization system.3¢ The indications for
TEO are comparable to those of TEM, although, like TEM,
it presents challenges in excising lesions close to the anal
verge. Transanal endoscopic operation benefits from lower
costs associated with standard laparoscopic instruments,
equipment and setup, making it more accessible to sur-
geons with prior laparoscopic experience.

Both TEM and TEO utilize rigid platforms, with the tele-
scope fixed to a rigid steel proctoscope. Initially, these rigid
platforms provided a stable surgical field but were limited
by their lack of flexibility and the restricted field of view
they offered. These limitations often resulted in prolonged
setup times and difficulties in maneuvering instruments,
especially in the distal rectum.?”

Due to the significant costs associated with TEM and
the extensive learning curve required to master the tech-
nique, an alternative transanal approach utilizing a single,
disposable, multichannel port was introduced in 2010
by Atallah et al., now known as TAMIS.3® This advance-
ment has contributed to the wider implementation of TES
techniques, with a range of ports now available. The de-
velopment of flexible platforms, in contrast to the rigid
operating rectoscope, has resulted in reduced setup times
and operative times,* atraumatic retraction, and better
compatibility with standard laparoscopic instruments and
conventional CO, insufflator, which are more accessible and
cost-effective compared to the specialized, high-cost equip-
ment required for TEM.3840 Additionally, TAMIS requires
a less steep learning curve compared to TEM, as it utilizes
familiar laparoscopic instruments and techniques, making
it easier for surgeons with existing laparoscopic expertise
to adopt the procedure.® It also provides more flexibility
in patient positioning; unlike TEM, which often necessitates
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specific positioning depending on the tumor’s location,
TAMIS can be performed with the patient in a standard
position." However, it poses challenges in suturing due
its narrower operative field and more frequent instrument
conflicts compared to TEM.3”*2 The longer channels
of the TEM and TEO systems, on the other hand, facilitate
intraluminal retraction of the rectum, allowing for better
access and visibility during resection. In contrast, TAMIS
often requires an assistant to maneuver the laparoscope,
increasing complexity, and can be more difficult to access
and removing rectal lesions behind a haustral valve.

While TAMIS is particularly effective for lesions
in the mid to upper rectum, it has also been successfully
used for lesions in the lower rectum.*® Furthermore, TA-
MIS has been associated with lower overall complication
rates and fewer 30-day readmissions compared to rigid
platforms like TEM, potentially leading to improved short-
term postoperative outcomes for patients.**

Transanal endoscopic surgery offers several advantages
over radical surgery, including lower morbidity and mor-
tality rates, as well as faster recovery.? While some studies
comparing TEM to radical surgery for early-stage CRC have
reported comparable outcomes in terms of local recurrence
and overall survival (OS),*>%¢ a more recent meta-analysis
demonstrated a significantly increased risk of local recur-
rence following TEM. The analysis reported a risk ratio (RR)
of 2.51 with a 95% confidence interval (95% CI) of 1.53—
4.21, indicating a more than twofold increase in recurrence
compared to radical surgery. This highlights the impor-
tance of careful patient selection to optimize treatment
outcomes.*” The local recurrence rates for T1 early-stage
rectal tumors treated with TES vary widely across studies,
ranging from 2.4% to 26%.%8 This variability may be attrib-
uted to the substantial risk of occult lymph node metastasis
in T1 tumors, particularly when unfavorable histopathologi-
cal features are present. For instance, a study by O’Neill et al.
reported a 3-year local recurrence rate of 2.4% for T1 rectal
tumors treated with TEM,* while Stipa et al. found a higher
rate of 11.6%.%° Additionally, a meta-analysis by Dekkers
et al. reported an overall pooled recurrence incidence
0f 9.1% for T1 CRC treated with local resection techniques,
including TEM.*! These variations highlight the importance
of patient selection and the need for careful postoperative
surveillance to detect and manage recurrences early.

T1 tumors larger than 4 cm, involving more than 30%
of the bowel circumference, and exhibiting high-risk his-
tological features are associated with an increased risk
of local recurrence following local excision. In these cases,
the TES approach should be avoided.>>=>¢ For T2 or more
advanced lesions, TME, with or without neoadjuvant ther-
apy, is the standard treatment.

Importantly, studies have not shown any long-term
complications related to continence or anorectal function
resulting from the transanal placement of ports in TES,
further supporting its safety profile in both oncologic and
benign applications.””~>*
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Natural orifice transluminal endoscopic
surgery

Natural orifice transluminal endoscopic surgery (NOTES)
is a minimally invasive approach that accesses the ab-
dominal cavity via natural orifices. Initially performed
on humans in 2008, NOTES introduced the potential
for “scarless surgery”.®® This technique involves the con-
trolled puncture of an organ (e.g., stomach, rectum, vagina,
etc.) with an endoscope to gain access to the abdominal
cavity.61:62

This technique has been explored for a variety of pro-
cedures, including cholecystectomy, appendectomy and
peritoneoscopy. Various access routes have been tested,
such as transgastric, transvaginal, transvesical, and trans-
colonic approaches.®63 The primary advantages of NOTES
include reduced postoperative pain, faster recovery, fewer
wound infections, and improved cosmetic outcomes due
to the absence of external scars.53¢%

Despite its promising potential, NOTES remains an ex-
perimental technique with several challenges. These in-
clude the risk of infection, the need for reliable closure
of viscerotomy sites and the development of specialized in-
struments tailored to the procedure.®*%3 Society of Ameri-
can Gastrointestinal and Endoscopic Surgeons (SAGES)
and American Society for Gastrointestinal Endoscopy
(ASGE) have highlighted critical goals and obstacles that
must be addressed before NOTES can be widely adopted
in clinical practice.®?

While NOTES represents an exciting advancement
in minimally invasive surgery, further research and tech-
nological development are essential to ensure its safety
and efficacy before it becomes standard practice in clini-
cal settings.

Transanal natural orifice specimen
extraction

Transanal natural orifice specimen extraction (ta-
NOSE) combines the benefits of laparoscopic techniques
with the natural orifice approach for specimen removal.
The method enables for the complete resection of the co-
lon or rectum laparoscopically, followed by the extrac-
tion of the resected specimen via a natural orifice, usually
the anus, without the need for a traditional mini-laparot-
omy. This eliminates some of the risks associated with
conventional open surgery, such as larger incisions and
subsequent complications like infections, hernias, post-
operative pain, and prolonged recovery. At first, trans-
vaginal and ¢ta-NOSE were used for benign diseases,*~%
but over time, both techniques were explored for CRC
treatment.”*73

Cheung et al. conducted the first trial of laparoscopic
colectomy with ta-NOSE in 2009.7° The study involved
10 patients with left-sided CRC (4 ¢cm or less in size) who
underwent laparoscopic resection followed by transanal
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specimen retrieval using the TEO device setup. The au-
thors showed that the technique is feasible for carefully
selected patients with left-sided CRC.

The largest cohort study on NOSE for CRC was con-
ducted by Franklin et al., who usually employed transanal
specimen extraction during laparoscopic anterior resection
(LAR).” In their prospective study involving 179 patients,
they reported successfully performing laparoscopic TME,
followed by transanal specimen retrieval using specialized
instruments. The study found a low overall complication
rate (5.0%), with an anastomotic leak rate of 1.7% and rectal
stenosis occurring in 2.0% of cases.

Additionally, several studies have shown that ta-NOSE
is both feasible and safe. For instance, Ng et al. demon-
strated that ta-NOSE, when combined with LAR for sig-
moid and CRC, resulted in lower operative blood loss and
shorter LOS compared to conventional LAR.” Similarly,
Xu et al. found that laparoscopic-assisted NOSE colectomy
for left-sided CRC resulted in lower postoperative pain
and faster recovery of gastrointestinal function compared
to conventional laparoscopic colectomy.” The technique
consists of standard laparoscopic dissection and vascular
control, followed by specimen extraction through the rec-
tum using specialized instruments designed to protect
the rectal and anal tissues.

Studies have shown that, in addition to benefits such
as reduced postoperative pain, shorter LOS, and improved
cosmetic outcomes, ta-NOSE maintains oncological safety
by ensuring adequate lymph node retrieval and clear resec-
tion margins.”®””

Transanal total mesorectal excision

For patients with rectal cancer who are not eligible for
local surgery, transabdominal resection is recommended.
Total mesorectal excision is a cornerstone in the surgi-
cal treatment of CRC,”® aiming to achieve complete re-
moval of the mesorectum, which contains lymph nodes
and potential sites of tumor spread, while preserving key
anatomical structures.”® In 1982, Prof. Richard Heald
revolutionized CRC surgery by identifying that cancer
primarily spreads through lymphatic and venous path-
ways rather than distally along the rectum. He emphasized
the importance of the “holy plane”, an avascular space
between the mesorectum and its surrounding structures,
as the key to precise dissection.®? Heald’s concept dem-
onstrated that incomplete resection within this “danger
zone” could explain high local recurrence rates, making
proper TME within this plane a critical factor in reducing
recurrence and improving outcomes. Initially performed
as an open procedure, TME quickly became the standard
of care in rectal cancer treatment.%82

The introduction of laparoscopic total mesorectal ex-
cision (LaTME) brought the benefits of minimally in-
vasive surgery, such as reduced postoperative pain and
shorter LOS. However, concerns emerged regarding its
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oncological safety. The COLOR II trial®® demonstrated
that LaT ME offered similar oncological outcomes to open
surgery while enhancing recovery. Despite these bene-
fits, LaTME presented significant challenges, including
a 17% conversion rate to open surgery, particularly in ana-
tomically difficult cases such as patients with a narrow
pelvis.®38% To address these limitations, robotic TME
(ROTME) was introduced, offering improved dexterity,
enhanced 3D visualization and better ergonomics. While
studies like the ROLARR trial showed similar oncological
outcomes between robotic and laparoscopic approaches,
robotic surgery has been linked to increased costs and
longer procedure times.?®

To tackle the challenges of achieving optimal distal
mesorectal dissection, taT ME was developed. By initiat-
ing dissection from the anus, surgeons could achieve bet-
ter visualization and precision when accessing the distal
rectum. In the late 2000s, experimental work by Mark
Whiteford, Patricia Sylla, et al. demonstrated the feasibil-
ity of NOTES transanal rectosigmoid resection in swine
and cadaveric models, laying the groundwork for clinical
application.8¢%” The first clinical description of taTME
was published in 2010, marking a significant advancement
in minimally invasive colorectal surgery."* Transanal TME
employs a “bottom-up” approach, combining the principles
of precise oncological resection, minimally invasive tech-
niques and enhanced visualization.®® This comprehensive
technique integrates key advancements from the last 3 de-
cades of rectal cancer surgery.

Transanal TME offers several potential advantages for
mid and low rectal cancers, particularly in anatomically
challenging cases such as those involving obesity, a narrow
pelvis or previous pelvic irradiation. By combining trans-
anal and abdominal approaches, the technique enhances
visualization, facilitates precision in dissecting the me-
sorectal plane and ensures improved specimen quality.®
Early studies reported promising results, with low occur-
rences of positive circumferential resection margins and
improved oncological radicality.”® Registry data have fur-
ther informed the discussion around taT ME. The Interna-
tional taTME registry compiled data from 720 cases and
reported high rates of intact TME specimens (85%), low
positive margin rates (2.7%) and low rates of anastomotic
leakage (5.5%) when performed by experienced surgeons.”!
However, concerns over the complexity of the technique
and the need for structured training programs have tem-
pered its adoption. Following an initial wave of enthu-
siasm supported by promising outcomes from expert
centers,’” data from national studies in Norway®® and
the Netherlands®* raised concerns about the procedure’s
safety. These studies revealed significantly higher local
recurrence rates for taTME compared to the laparoscopic
approach, prompting questions about its risks. The Nor-
wegian moratorium, released in 2019, reported an initial
recurrence rate of 9.5% following a median follow-up
period of 11 months.®> A nationwide audit in Norway
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raised concerns about the long-term oncological results
of taTME, reporting a local recurrence rate of 11.6% after
2 years in 157 patients who had undergone the procedure.
This contrasted with a recurrence rate of 2.4% in a cohort
from the Norwegian CRC Registry.”®

To further support the oncologic safety of taT ME,
Roodbeen et al. published findings from the Interna-
tional taTME Registry.”® Among 2,803 patients undergo-
ing primary taTME, the 2-year local recurrence rate was
4.8%. The 2-year DFS and OS rates were 77% and 92%,
respectively. Additionally, taTME has shown functional
outcomes and quality of life similar to those achieved with
LaTME.*”?8 Despite these promising findings, the broad
implementation of taT ME has been hindered by a de-
manding learning curve®1%° and concerns over oncologi-
cal and functional outcomes.!%-1%¢ Studies suggest that
a center must perform at least 20—-30 cases to achieve pro-
ficiency, underscoring the need for structured training
programs such as cadaveric workshops and proctorships.1%
It is widely agreed that taTME should only be performed
by well-trained colorectal surgeons in high-volume cen-
ters to minimize complications and ensure oncological
adequacy.”®

In summary, taTME marks a major progress in rectal
cancer surgery, providing enhanced visualization and ac-
cess to the distal rectum. While early results are promising,
caution must guide its adoption, with emphasis on rigorous
training, adherence to oncological principles and ongoing
evaluation of outcomes. Future studies and registry data
will continue to refine its role within the spectrum of sur-
gical options for rectal cancer.

Transanal transection and single-stapled
anastomosis

The TTSS approach represents the latest and most prom-
ising advancement in transanal techniques for the treat-
ment of low rectal cancers. The TTSS technique seeks
to integrate the strengths of 2 well-established surgical
strategies. From traditional TME, it draws upon the long-
established dissection technique, honed over genera-
tions, and has been proven to be both safe and effective
in both conventional open surgeries and minimally inva-
sive approaches. From taTME, it incorporates the con-
cept of transanal transection (TT) and the single-stapled
(SS) anastomosis, though with significant technical
variations.!%

The technique, introduced by Spinelli et al. in 2019, was
initially tested on a small cohort of patients undergoing low
rectal surgery. The complications consisted of 1 grade I1la
and 3 grade I events, as defined by the Clavien—Dindo clas-
sification. The proof-of-concept study demonstrated that
TTSS is both safe and feasible in all patients.!%”

In contrast to taTME, the TTSS technique involves
placing the transanal purse string only after the full
peri-mesorectal dissection is completed, performed from
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above through either a conventional or less invasive ab-
dominal approach. After fully mobilizing the lower rec-
tum and mesorectum from the pelvic floor muscles, a full-
thickness, circumferential rectotomy is performed using
electrocautery.

In TTSS, the rectal cuff below the transection site
is fully detached from the pelvic floor before sectioning.
This enables the surgeon to place the lower purse string
for the anastomosis without the need for further complex
or risky maneuvers to mobilize it. Following the transec-
tion, a single-stapled anastomosis is created to connect
the remaining rectal stump with the proximal bowel (co-
lon or ileum). The single-stapled method eliminates some
of the complications associated with double-stapled anas-
tomosis, such as uneven cuff lengths and potential weak
points.

Clinical studies have demonstrated that TTSS is linked
to reduced rates of anastomotic leakage (AL) and improved
functional outcomes compared to double-stapled (DS)
techniques.'06:108

In the study by Spinelli et al.,'% both SS techniques
— taTME and TTSS - resulted in considerably lower AL
rates than the DS technique. The reintervention rate was
also reduced in the TTSS group compared to DS, with
a significant difference observed (2% vs 12%). These find-
ings suggest that the TTSS approach offers greater safety
regarding AL, with fewer patients needing re-intervention
for leaks. While overall 30-day complication rates were
similar across all 3 techniques (DS, taTME and TTSS),
the TTSS group had significantly fewer complications
at 90 days compared to the DS group. Additionally, the op-
erative time was notably longer in the taT ME group when
compared to both TTSS and DS.

Similarly, Harji et al. noted a considerable decrease in AL
rates with TTSS in CRC surgery compared to the DS tech-
nique.'” Interestingly, no significant difference was found
in the low anterior resection syndrome (LARS) scores be-
tween patients who underwent TTSS and those who re-
ceived the DS technique (p = 0.228).

The taTME technique is recognized for being linked
to longer operative times and higher procedural costs,
primarily due to the requirement for specialized trans-
anal equipment. These factors contribute to taT ME being
a more expensive surgical option overall. On the other
hand, the TTSS is more cost-efficient, utilizing only a sin-
gle circular stapler (of any available type) in conjunction
with basic, low-cost instruments. As a result, TTSS repre-
sents a more affordable alternative to taT ME, particularly
in resource-limited settings, while still preserving the ben-
efits of transanal surgery.

Although the precise number of cases needed to master
TTSS remains unclear, initial results suggest that TTSS
may be less complex than taTME, potentially requiring
fewer cases to achieve comparable outcomes.!*” However,
larger, comparative, and multicenter studies are necessary
to confirm and further support these results.
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Limitations

First, the inclusion of heterogeneous studies, differing
in research scope, study design, participant demograph-
ics, and contexts, introduces variability that may affect
the generalizability of the findings. Additionally, no date
limit was applied, and studies published up until Janu-
ary 2025 were included, which may result in the inclusion
of studies with varying levels of methodological rigor and
relevance to current practices. Although the study aimed
to cover a broad range of research, the inclusion criteria
were limited to original studies written in English, which
could exclude relevant data published in other languages.

Conclusions

Over the past few decades, transanal surgical techniques
for rectal cancer have evolved significantly. The progres-
sion from TAE to more advanced methods, such as TEM,
TEO, and later TAMIS, has resulted in notable advance-
ments in treatment options for patients with early-stage
rectal cancer. These techniques offer greater precision,
less invasive surgery and improved functional outcomes.
More recent approaches, such as taTME and TTSS, are
particularly effective for low rectal tumors that are not
suitable for local excision. These newer methods enhance
precision in mesorectal plane dissection, ensure better
specimen quality and show promising oncological results.

In conclusion, appropriate patient selection is crucial
for achieving optimal outcomes. Surgeons must be well-
informed about the various available treatment options.
Furthermore, as these techniques continue to evolve, fur-
ther research and larger studies are needed to refine patient
selection and validate long-term outcomes.
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