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Editorial
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Fibrosis is a double-edged sword. On the one hand, it can be the final state of healed
inflammation as scar tissue; on the other hand, it is frequently associated with a reduction
in or loss of organ function [1,2]. Moreover, it is a surrogate parameter that indicates
the progression of the disease to liver cirrhosis or even hepatocellular carcinoma. This is
especially true for non-alcoholic fatty liver disease, a pandemic disorder associated with
Western lifestyles and diets. To influence organ fibrosis, it is important to better understand
its induction, perpetuation and termination at the molecular level. The induction of liver
fibrosis may be metabolic (e.g., alcohol, diet and drugs), infectious (e.g., viruses), autoim-
mune (e.g., primary biliary cholangitis) or due to monogenetic defects (e.g., increased iron
storage) [1,2]. The molecular mechanisms leading to final-stage fibrosis are very different
depending on its pathogenesis [3,4]. This Special Issue aims to provide more insight into
these processes.

We, Ralf Weiskirchen and Tilman Sauerbruch (Figure 1), cordially invite you to submit
original research articles, reviews, or shorter perspective articles on all aspects related to
the “Liver Fibrosis: Mechanisms, Targets, Assessment and Treatment”. Expert articles
describing mechanistic, functional, cellular, biochemical or general aspects of hepatic
fibrogenesis are highly welcome.

Figure 1. Editors of the Special Issue, “Liver Fibrosis: Mechanisms, Targets, Assessment and Treat-
ment”. Ralf Weiskirchen (left); Tilman Sauerbruch (right).

Relevant topics include: fibrosis, cirrhosis, hepatocellular carcinoma, NASH, NAFLD,
cytokines, chemokines, extracellular matrix, fibrotic signaling, animal models, biomarkers,
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hepatic stellate cells, animal models of hepatic fibrosis, the translation of basic findings in
hepatology to the human situation, portal hypertension, bile acids, beta-blockers, imaging of
hepatic fibrosis, management and therapy of hepatic lesions. Based on our expertise, we will
be happy to consider studies on all aspects of basic and clinical aspects of hepatic fibrosis.
Livers is an international, peer-reviewed, open access journal on liver science pub-
lished online. Information about the submission process to this Special Issue, the types
of desired publications, and guidelines for manuscript preparation are given at: https:
//www.mdpi.com/journal/livers/special_issues/742Y9BF54R.

Author Contributions: Conceptualization, RW. and T.S.; writing, original draft preparation, R-W.
and T.S.; writing, review and editing, RW. and T.S.; visualization, R.W. and T.S. All authors have
read and agreed to the published version of the manuscript.

Funding: R.W. is supported by the German Research Foundation (grants WE2554/13-1, WE2554/15-
1, WE2554/17-1) and the Interdisciplinary Centre for Clinical Research within the Faculty of Medicine
at the RWTH Aachen University (grant PTD 1-5). None of the funders had any role in the design of
the study and the decision to publish this contribution.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: No new data were created or analyzed in this study. Data sharing is
not applicable to this article.

Conflicts of Interest: The authors declare no conflict of interest.
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Liver fibrosis is a significant challenge in hepatology, as it represents the common
pathway of chronic liver injury due to various causes such as viral hepatitis, metabolic
dysfunction-associated steatotic liver disease (MASLD), intoxication, alcohol-related liver
disease, autoimmune conditions, and genetic disorders [1,2]. The progression of fibrosis not
only indicates worsening organ dysfunction but also warns of serious complications, such
as cirrhosis and hepatocellular carcinoma. The latter is the fourth-leading cause of cancer
death worldwide [3]. Despite advancements in our understanding, effective antifibrotic
treatments are limited, and many aspects of fibrogenesis remain unclear. This highlights the
pressing need for ongoing research on the molecular mechanisms behind hepatic fibrosis,
as well as improved methods for early detection and targeted intervention [4]. Given the
clinical importance and biological complexity of liver fibrosis, research on the mechanisms
driving fibrogenesis, new diagnostic biomarkers, and emerging therapeutic approaches is
more crucial than ever [5,6].

The Special Issue “Liver Fibrosis: Mechanisms, Targets, Assessment and Treatment”
was conceived to provide a comprehensive platform for cutting-edge research in this rapidly
evolving field. This issue includes 10 original articles, reviews and case reports contributed
by over 60 authors from a variety of countries, including Denmark, Germany, Greece,
Japan, Lebanon, Poland, Sweden, Turkey, the United Kingdom, and the United States.
This diversity emphasizes both the global impact of liver fibrosis and the international
dedication to addressing the disease through collaborative science.

The collection begins with an Editorial by Ralf Weiskirchen and Tilman Sauerbruch,
who discuss the dual nature of fibrosis as both reparative scar tissue after inflammation
and a driver of progressive organ failure. They invite researchers worldwide to tackle
mechanistic questions and translational challenges. Their introduction underscores how
multifactorial triggers, from metabolic syndrome to infections or monogenic diseases,
require equally multifaceted scientific approaches (Contribution 1).

One notable original contribution comes from Vorona et al., who present a compelling
case report on MASLD arising from familial partial lipodystrophy, a rare genetic disorder.
This paper not only outlines diagnostic challenges, but also showcases significant improve-
ment following leptin replacement therapy. By summarizing current diabetes treatment
options in MASLD contexts alongside their case experience, they offer valuable insights
into personalized medicine for rare forms of fatty liver disease (Contribution 2).

On the immunological frontlines of fibrogenesis research is the paper of Tsomidis et al.,
whose extensive review dissects immune checkpoint pathways, such as programmed cell
death protein 1 (PD-1)/programmed death-ligand 1 (PD-L1) and cytotoxic T lymphocyte-
associated antigen 4 (CTLA-4), in both innate and adaptive immunity during hepatic
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fibrosis progression. They highlight how advancements in immunotherapy may soon lead
to antifibrotic treatments targeting these regulatory axes (Contribution 3).

Advances in non-invasive diagnostics are exemplified by Villanueva Raisman et al.,
who leverage targeted mass-spectrometry-based proteomics to identify plasma protein
panels capable of stratifying patients across different stages of liver fibrosis. Their approach
holds promise for early detection, potentially reducing invasive biopsy, and supporting
precision medicine through robust biomarker discovery (Contribution 4).

Innovations in technology are further addressed by Pyka et al., who describe their
development of elastography measuring caps optimized for ex vivo assessment using
porcine models. Their numerical simulations, validated with preclinical data, demon-
strate improved accuracy in mechanical wave propagation analysis while minimiz-
ing tissue damage during assessment procedures relevant to transplantation medicine
(Contribution 5).

Pedersen et al. compare proteomic profiles between visceral adipose tissue (VAT)
and liver samples from obese individuals at various MASLD stages. While no direct
MASH-specific signature emerged in VAT, several immunomodulatory proteins correlated
between both tissues, suggesting shared inflammatory circuits that may influence disease
trajectory (Contribution 6).

From Japan comes an important clinical study by Nagaoki et al., which addresses
outcomes after hepatitis C virus eradication using direct-acting antivirals (DAAs). Through
long-term follow-up they identify key risk factors—including platelet count < 11 x 10*/uL,
high liver stiffness measurement, elevated bile acids, and an enlarged left gastric vein
diameter—for the aggravation of esophagogastric varices despite virological cures. These
findings offer practical guidance for surveillance protocols tailored to individual risk
profiles (Contribution 7).

Kamoua et al., based in North America, deliver an up-to-date review on cutaneous
manifestations associated with advanced liver dysfunction, including spider angiomas,
palmar erythema, jaundice, and pruritus. They stress the value of these visible markers in
aiding diagnosis and prognosis at the bedside. This article highlights the urgent need for
increased clinical awareness in managing patients with liver diseases (Contribution 8).

The review by El Khoury et al. bridges basic science with cardiovascular epidemiol-
ogy by examining the role of carcinoembryonic antigen-related cell adhesion molecule 1
(CEACAM]1) deficiency in linking insulin resistance-driven steatohepatitis/fibrosis with
endothelial dysfunction that underlies atherosclerosis. Drawing on animal models they
propose CEACAMI not only as a mechanistic bridge but also as a promising therapeutic
target at the intersection of hepatic and vascular disease (Contribution 9).

Finally, Chandrasekaran and Weiskirchen provide an authoritative synthesis on
MBOAT?, a lipid remodeling enzyme whose genetic variants have recently been implicated
in MASLD susceptibility and progression through human association studies and mouse
models. They discuss how targeting enzymes like MBOAT? could open new avenues for
future fatty liver disease therapies beyond classical targets such as PNPLA3 or TM6SF2
(Contribution 10).

Taken together, these ten contributions reflect not only scientific excellence but also
remarkable international collaboration, from leading European academic centers to institu-
tions across Asia, North America, and the Middle East. Each article offers new perspectives
on fundamental biology or translational approaches toward assessment and treatment.

We express our sincere gratitude to all contributing authors whose expertise has made
this Special Issue possible. We particularly recognize early-career scientists whose innova-
tive ideas are pushing boundaries forward. Our hope is that readers will find inspiration
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within these pages to continue exploring one of the most pressing challenges in hepatology:
understanding and ultimately reversing the complex process of liver fibrogenesis.

With ongoing advances in molecular biology, immunology, diagnostics, technology,
and clinical management now converging more closely than ever before, we look forward
with optimism to future breakthroughs that will transform healthcare for millions living
with chronic liver disease worldwide.

Author Contributions: Conceptualization, R.W. and T.S.; writing, original draft preparation, R.W.
and T.S.; writing, review and editing, R W. and T.S. All authors have read and agreed to the published
version of the manuscript.
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Faculty of Medicine at RWTH Aachen University (grant PTD 1-5). None of the funders had any role
in the design of the study or the decision to publish this contribution.

Data Availability Statement: No new data were created or analyzed in this study. Data sharing is
not applicable to this article.
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Abstract: Steatotic liver disease is common in the general population and is associated with higher
risk for cardiovascular diseases. Early diagnosis and appropriate therapy can prevent the develop-
ment of irreversible end-stage liver fibrosis and reduce liver-related and cardiovascular mortality. It
is important to recognise not only the common causes of metabolic dysfunction-associated steatotic
liver disease, such as type 2 diabetes mellitus or morbid obesity, but also rare conditions, because
their treatment is different from conventional therapy. Here, we report a female patient with familial
partial lipodystrophy, in whom the diagnosis was not confirmed until several years after the initial
manifestation, which delayed the start of pathogenetic therapy. After the initiation of leptin replace-
ment therapy, a significant improvement in liver stiffness measurement was achieved within a few
months. In addition, we summarise the current treatment options for diabetes and their influence on
steatosis hepatis.

Keywords: metabolic dysfunction-associated steatotic liver disease (MASLD); diabetes mellitus;
hypertriglyceridemia; familial partial lipodystrophy (FPL); LMNA

1. Introduction

Metabolic dysfunction-associated steatotic liver disease (MASLD) is a heterogeneous
group of disorders, characterised by intrahepatic fat accumulation and liver structure and
function damage in the absence of alcohol impact.

According to the multi-society Delphi consensus statement, MASLD is diagnosed, if
in a patient with steatotic liver disease, identified by liver imaging or biopsy, at least one of
five cardiometabolic criteria is met and alcohol intake is excluded. The cardiometabolic
criteria are defined as following [1]

(1) BMI>25kg/ m? or waist circumference of more than 94 cm in males and more than
80 cm in females;

(2) Fasting serum glucose > 5.6 mmol/L (100 mg/dL) or 2 h post-load glucose levels
> 7.8 mmol/L (>140 mg/dL) or HbA1C > 5.7% (39 mmol/L) or type 2 diabetes or
treatment for type 2 diabetes;

(3) Blood pressure > 130/85 mmHg or specific antihypertensive drug treatment;

(4) Plasma triglycerides > 1.70 mmol/L (150 mg/dL) or lipid-lowering treatment;

(5) Plasma HDL-cholesterol < 1.0 mmol/L (40 mg/dL) in males and <1.3 mmol/L
(50 mg/dL) or lipid-lowering treatment.
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The current EASL-EASD-EASO multi-society clinical practice guidelines [2] provide
evidence-based recommendations on diagnosis and treatment for MASLD. As advanced
liver fibrosis is a predictor of liver-associated mortality, it is recommended to rule out liver
fibrosis based on laboratory scores (e.g., FIB-4) and non-invasive imaging techniques.

The most available diagnostic tool for steatosis is a combination of liver sonography
with vibration-controlled transient elastography (VCTE) with liver stiffness measurement
(LSM) and the assessment of the controlled attenuation parameter (CAP). This diagnostic
procedure is comparable with liver biopsy in terms of sensitivity and specificity [3,4]
and is widely used in the last decades. Braude et al. [4] demonstrated an association
between increased all-cause mortality and liver stiffness on vibration-controlled transient
elastography in patients with MASLD. Comparing CAP findings with liver biopsy analyses
as the reference standard, Eddowes at al. found that patients with steatosis Grade 1 had a
CAP of >302 dB/m, those with Grade 2 had a CAP of >331 dB/m, and those with Grade 3
had a CAP of >337 dB/m, whereas for LSM, the cut-off values for F2, F3, and F4 were
8.2 kPa, 9.7 kPa, and 13.6 kPa, respectively [5]. There are currently no guideline-defined
CAP cut-offs, which limits the use of the CAP as a diagnostic criterion for MASLD [6-8].

Lipodystrophy syndromes can be a rare cause of MASLD, where the subcutaneous
tissue is unable to properly store fat, what leads to fat accumulation in visceral organs,
especially in the liver. Patients with generalised or familial partial lipodystrophy usu-
ally have low adipocyte hormone leptin levels, measured in serum, and, in most cases,
severe metabolic abnormalities such as severe insulin resistance with diabetes mellitus
and significant dyslipidaemia (Table 1). Since absolute or relative leptin deficiency is the
cause of metabolic derailment in patients with lipodystrophy, human recombinant leptin
replacement therapy (Metreleptin) has been tested in several studies in recent decades,
with a significant improvement in the metabolic situation achieved and maintained in
most patients [9] Metreleptin is available for causal treatment of congenital lipodystrophy,
and it can be recommended in addition to diet and standard drug therapy for metabolic
complications of FPL, as defined in the Multi-Society Practice Guideline for Diagnosis and
Management of Lipodystrophy Syndromes [10].

Table 1. Diagnostic criteria for familial partial lipodystrophy.

Medical History Physical Examination Body Composition Metabolic Status Serum Leptin Levels  Genetic Testing

-Loss of subcutaneous fat

(occurring around puberty); Non-alcoholic

-Muscular hypertrophy; steatotic liver in a

-Prominent veins non-obese individual: -High triglyceride
Positive (phlebomegaly); -Liver fibrosisto " levels; To confirm the
family history; -Acantosis nigricans; irrhosis: -Low Low lentin level di is oeneti
-History of PCO -Eruptive xanthomas; grr OIS/ HDL-cholesterol oW feptn ‘evels 1agnosis, ENCHC
syndrome, Hirsutism; ual—en.ergy X-ray levels; (howeyer, there are counsglhng and
non-alcoholic acute  -Cushingoid appearance; absorptiometry -Insulin o c!efmed serumt screening of

", . . (DXA)and . . leptin levels). family members

pancreatitis, or -Acromegaloid appearance; whole-body magnetic ~ resistance /diabetes are roquired
liver fibrosis. -Progeroid appearance; ¥y mag mellitus; q ’

-Heart diseases: arterial

resonance imaging
can confirm a pattern

-Renal dysfunction.

hypertension,
cardiomyopathy,
arrhythmias.

of fat loss.

Functional and structural disorders of the liver are the most common organ com-
plication, occurring in the majority of lipodystrophy patients. In LD patients with SLD,
steatohepatitis improves due to metreleptin treatment, independent of diet [11]. Also, a
reduction in liver volume by 33.8% for generalised lipodystrophy and by 13.4% for partial
lipodystrophy after 12 months was observed [12,13]. Akinci demonstrated that 12 months
after metreleptin treatment in patients with relative leptin deficiency and partial lipodys-
trophy liver biopsy, the results confirmed a significant decrease in steatohepatitis. This
suggests that leptin deficiency may have regulatory effects in mediating fat deposition and,
as consequence, damage the liver [14].
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2. Case Report

Here, we report a female patient who presented to our endocrinology outpatient clinic
at the age of 30 in the eighth week of pregnancy for treatment of diabetes mellitus (Figure 1).

course of the disease

detection of the

LMNA gene
mutation; start
diagnosis FPL ~ metreleptin
18y. 22y 26y. 30y. 32y. 33y.
hyperandrogenemia, ~ Msulin resistance, twice acute absence of decompensated  normalisation
impaired glucose mossrae pancreatitis subcutaneous fat on diabetes and of metabolic
hypertriglyceridemia, iti ; ; i
tolerance ehEnaes extremities, hypertriglyceridemia changes under
A 9 ot severe insulin under standard metreleptin,
gubcutaneous 1a resistance, therapy, normalisation
distribution diabetes mellitus, progression of liver of liver
severe fibrosis and stiffness
hypertriglyceridemia, steatosis

acute pancreatitis,
steatosis hepatis

Figure 1. Course of the disease.

She had hyperandrogenaemia and impaired glucose tolerance with insulin resistance
since the age of 18. At that time, her gynaecologist recommended taking oral hormonal
contraception until she wanted to have children, metformin therapy (500 mg 3 times a
day), and weight reduction, because of a body mass index of 27 kg/m?, to control the
hyperandrogenaemia and insulin resistance.

During her first spontaneous pregnancy at the age of 21, she was diagnosed with
gestational diabetes. Postpartum, at the age of 22, she was seen in the endocrinology
and diabetology department for the first time, where a fat distribution disorder with an
accumulation of subcutaneous fat in the neck area with a double chin was first noticed.
Furthermore, there was a slight axial and inguinal acanthosis nigricans, and her BMI
was 28 kg/m?. Hirsutism and androgenetic alopecia were not present, but the physi-
cian noted that there was prominent musculature of the lower and upper extremities,
although the patient did not exercise. The laboratory tests revealed very high insulin
levels (150.0 uU/mL (6-27)) with normal glucose (80 mg/dL (60-110)) as well as high
lipid metabolism parameters (cholesterol: 216 mg/dL (<200); triglycerides: 700 mg/dL
(<150)) and hyperandrogenaemia. Ovarian hyperandrogenaemia and hyperinsulinemia, as
a sign of insulin resistance, were documented as diagnoses. A low-carbohydrate diet was
recommended to reduce her insulin levels, and metformin was prescribed to improve her
insulin resistance.

At the age of 26, the patient was admitted to hospital twice at intervals of 3 months
due to acute pancreatitis. Very high levels of triglycerides in the serum were conspicuous.
After reconvalescence, she presented to the specialised lipid clinic. The lipid disorder was
classified as a “diabetogenic lipid constellation” with high LDL, low HDL, and elevated
triglyceride levels because of a familial predisposition. Notably, her HbAlc of 5.9% was
not significantly increased. Lifestyle modification with an increase in physical activity
and a strict change in diet was recommended. Treatment with metformin 1000 mg twice
daily was continued. The HbAlc value was between 6.1% and 6.7% in the years prior to
presentation at our clinic.
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During the first presentation in our clinic, we saw a 30-year-old pregnant patient in
the eighth week of pregnancy who was overweight (BMI 30.2 kg/m?) and had slightly
elevated blood pressure (140/80 mmHg). Subcutaneous fat accumulation in the neck,
throat, and facial area were very conspicuous in contrast to the muscular appearance with
prominent musculature, particularly in the lower and upper extremities. There were also
prominent veins on the extremities, a protruding navel, acanthosis nigricans located in the
axilla and on the inner thighs, and hyperplasia of the labia pudendi. We registered absent
or significantly reduced subcutaneous fat on the lower and upper extremities. The skin
fold thickness was 4-6 mm on the upper arms, 10 mm on the sides of the navel, 6 mm on
the thighs, and 25 mm on the scapulae. Laboratory chemistry, even if blood was taken
postprandially, showed derailed lipid metabolism with dramatic hypertriglyceridemia
of 8074 mg/dL (<150). The patient was admitted as an inpatient and was given a strict
low-fat diet with the use of medium-chain triglyceride (MCT) diet, which led to a rapid
improvement in lipid levels and was continued consistently over the course of the disease.
HbA1lc was only slightly elevated at 6.4%, but as the glucose levels were not within the
target range for pregnancy as defined by the national diabetes guideline, insulin therapy
was started.

A duplex sonography showed no evidence of relevant peripheral arterial occlusive
disease of the upper and lower extremities. There was also no evidence of relevant stenosis
of the extracranial arteries. Sonography of the abdomen revealed a liver with a regular
contour, smooth surface, and homogeneous echo pattern but significantly enlarged and
ubiquitously compacted. The liver stiffness measurement (LSM) registered a median organ
density of 5.7 kPa. The assessment of the controlled attenuation parameter (CAP) revealed
a high degree of steatosis hepatis (355 dB/m).

A molecular genetic analysis was initiated due to a strong clinical suspicion of familial
partial lipodystrophy. A heterozygote mutation, p.(=)+(Arg482Gln), c.(=)+(1445G>A), in
Exon 8 of the LMNA gene was detected, which confirmed the diagnosis of familial partial
lipodystrophy type 2 (Dunningan type). Her fasting serum leptin levels were at the lower
reference limit.

As the pregnancy progressed, the insulin dose had to be steadily increased to keep the
glucose levels within the recommended target range. Due to pronounced insulin resistance,
which was also aggravated by the pregnancy, the daily insulin doses reached up to almost
1000 IU. This made the patient’s quality of life considerably more difficult, as subcutaneous
insulin injections were very painful as she had only a thin layer of subcutaneous fatty
tissue. The hypertriglyceridemia could be controlled to some extent by a strict diet with
a medium-chain triglyceride (MCT) diet. Nevertheless, moderate pancreatitis occurred
once during pregnancy, which was treated with analgesics and volume administration. An
insulin deficiency due to pancreatitis could be excluded.

The patient delivered on time by caesarean section. Postpartum, insulin was discon-
tinued, and therapy with metformin 1000 mg twice daily, fenofibrate 250 mg daily, and
omega-3 polyunsaturated fatty acids was carried out, under which the metabolic situation
remained well controlled for 1.5 years. Treatment with GLP1 receptor analogues or DPP4
inhibitors was deliberately avoided due to concerns about the recurrence of pancreatitis.

After a gastrointestinal infection, metabolic derailment occurred, and insulin therapy
was restarted. In the short term, however, there was increasing deterioration in her general
condition with blurred vision, a feeling of warmth, malaise, extreme muscle weakness,
and hyperphagia. She was unable to exercise due to a lack of muscle strength. Laboratory
chemistry revealed hyperglycemic derailment (HbAlc 8.7%) and massive hypertriglyc-
eridemia (2437 mg/dL (<150)). The patient had to be hospitalised, insulin therapy was
intensified, and SGLT2 inhibitor therapy was initiated. The transaminases were moderately
elevated; sonographically, we registered hepatomegaly with a kissing phenomenon, a
rounded contour, and a smooth surface, with a homogeneous but clearly condensed echo
pattern. Fibroscan and CAP measurements confirmed moderate to severe liver fibrosis and
stage 3 steatosis hepatis.

11
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Thus, 1.5 years postpartum, a metabolically derailed condition of partial familial
lipodystrophy was under the consistently implemented standard therapy. The guidelines
for the management of lypodystrophy and the criteria for leptin replacement therapy
set out in the specialist information were thus fulfilled. This therapy was absolutely
necessary in view of the otherwise uncontrollable diabetes and hypertriglyceridemia.
The initiation of leptin replacement therapy with metreleptin, starting according to the
current recommendations of 3 mg s.c. once daily (https://myaleptainfo.eu, accessed on
10 December 2024), was discussed with the patient. It was also expected that fine-tuning of
the insulin therapy in terms of dose reduction would be necessary over the course of the
treatment in order to avoid hypoglycaemia. Her subcutaneous FGM3 sensor was attached
for continuous glucose level monitoring.

Three months after starting treatment with Metreleptin, the patient reported a signifi-
cantly improved quality of life: reduced food intake, a reduced abdominal circumference,
and a reduction in insulin doses and injections. She felt much stronger, walking was now
better, and she no longer had any muscle pain. The distance she could walk had increased
significantly since starting the metreleptin injections. The insulin therapy could be stopped.
Laboratory tests showed normalisation of the transaminases, triglyceride levels had fallen
100-fold, and her HbA1C was now within the normal range.

Six months after the initiation of leptin replacement therapy, diabetes mellitus was also
well controlled (HbAlc 5.4%), and oral diabetes therapy could be de-escalated. Sonographi-
cally, we registered a normalisation of liver size, and liver stiffness had decreased significantly.

Nine months after the start of therapy, metreleptin was increased to the recommended
standard dose of 5 mg s.c. due to a renewed moderate increase in triglycerides and
HbAlc in an otherwise symptom-free patient. Twelve months after the start of therapy, the
metabolic parameters were within the target range, and the metreleptin dosage could be
maintained (Table 2).

Table 2. Changes in liver function and structure depending on metabolic parameters and therapy.

HbA1C Triglycerides AST (10-35) Liver

Time Point Therapy 4.3-6.1% <150 mg/dL ALT (10-35) Stiffness CAP
First admission
(8th week of Strict MCT diet 6.4% 8074 mg/dL N.A. 5.7 kPa 355 dB/m
pregnancy)
Strict diet;
insulin;
1.5 years metformin; 8.7% 2437 mg/dL 82U/L 8.7 kPa 313dB/m
postpartum e ) 84 U/L
empagliflozinfibrate;
omega-3
Metreleptin;
After starting metformin; 5.9% (after 263 mg/dL }5 8;11: 3.6 kPa (after 6 386 dB/m (after
metreleptin empagliflozinfibrate; 3 months) (after 3 months) (after 3 months) months) 6 months)
omega-3

AST, aspartate aminotransferase; ALT, alanine aminotransferase.

3. Conclusions

Metabolic dysfunction-associated steatotic liver disease is a common condition in the
general population with the estimated prevalence up to 30% [15-17]. Several international
clinical practice MASLD guidelines [2,18] emphasise the importance of early detection and
evidence-based and complex treatment with regard to liver-related and cardiovascular
mortality. The treatment options include lifestyle modifications, pharmacological treatment
of diabetes mellitus and obesity (as we summarised in Table 3), specific therapy of fatty
liver [6] and therapy of cardiovascular diseases (arterial hypertension, dyslipidaemia).

12
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Table 3. Treatment options in type 2 diabetes mellitus and fatty liver disease.

Therapy Modality Advantages Limitations
-Mediterranean diet, avoiding
Lifestyle: alcohol and smoking; CVD risk improvement; Multidisciplinary patient support is
-diet; -At least 150 min per week of weight reduction; needed (education, behavioural therapy);
-exercise moderate training or 75 min improvement in liver injury low-threshold availability is needed
per week of intensive training
. . . Histological improvement in
Insulin resistance improvement; o o )
lvcaemic control: steatohepatitis and fibrosis not confirmed
. glye ! . so far; gastrointestinal side effects;
. 500-2000 mg daily dose, no risk for hypoglycaemia; . . . .
Metformin ; . . - hepatic function: contraindicated in
1-2 daily oral intake weight reduction; hepati .
. . epatic decompensation;
safe to use for MASLD(including . 1. .
compensated liver cirthosis) renal function: contraindicated in renal
P decompensation (eGFR < 30 mL/min)
Histological improvement in
Glycaemic control; steatohepatitis and fibrosis not confirmed
GLP1-RA no risk for hypoglycaemia; so far; gastrointestinal side effects,
. . N CVD risk improvement; incl. pancreatitis;
(glucagon-like peptide Weekly subcutaneous injections

1 receptor agonists)

weight reduction;
safe to use for MASH (including
compensated liver cirrhosis)

hepatic function: contraindicated in
decompensated liver cirrhosis;

renal function: contraindicated in end-stage
renal failure (eGFR < 15 mL/min)

Dual-agonist

GLP1-GIP

(glucagon-like peptide

1 receptor agonists and
glucose-dependent
insulinotropic polypeptide)

Weekly subcutaneous injections

Glycaemic control;
no risk for hypoglycaemia;
weight reduction

Gastrointestinal side effects incl.
pancreatitis;

hepatic function: contraindicated in
decompensated liver cirrhosis;
renal function: contraindicated in
end-stage renal failure

(eGFR < 15 mL/min)

Histological improvement in
steatohepatitis and fibrosis not confirmed
so far;

risk of pancreatitis;

DPPAT Glycaemic control; hepatic function: contraindicated in
iﬁfﬁgiﬁ}r’?;epndase 25-100 mg daily oral intake no risk for hypoglycaemia decompensated liver cirrhosis;
renal function: dose reduction, if
eGFR < 45 mL/min, contraindicated in
end-stage renal failure
(eGFR < 15 mL/min)
Histological improvement in
. steatohepatitis and fibrosis not confirmed
Glycaemic control; oo far:
no risk for hypoglycaemia; L S .
SGLT2-I CVD risk improvement; euglycemic ketoacidosis; urogenital

(sodium-glucose transporter
2 inhibitors)

Daily oral intake

weight reduction;

safe to use for MASLD;
approved for heart failure and
chronic kidney disease treatment

infections;

hepatic function: dose reduction in Child
B cirrhosis; contraindicated in
decompensated liver cirrhosis;

renal function: dose reduction, if

eGFR < 60 mL/min
. 1-5 times daily Glyc.a em.lc control; . Hypoglycaemia;
Insulin AN possible in end-stage hepatic or ; .
subcutaneous injections . weight gain
renal diseases
Pioglitazone Glycaemic control; ’:J/\(])igl;giailr? ; ostmenopausal women;
(peroxisome insulin resistance improvement; P P i

proliferator-activated
receptor agonist)

daily oral intake

possible histological
improvement in steatohepatitis

fibrosis regression is not confirmed so far;
not approved in all countries as indicated
on label

Metreleptin
(recombinant leptin)
in confirmed lipodystrophy

daily subcutaneous injections;
3.0-7.5mg

Glycaemic and lipid
improvement;

weight reduction; histologically
confirmed improvement

in steatohepatitis

Hypoglycaemia;

not been studied in patients with impaired
renal or hepatic function, so no dosage
recommendations can be given

Resmetirom
(beta-thyroid hormone
receptor agonist)

daily oral intake

Histologically confirmed
improvement in steatohepatitis
and fibrosis

Not approved in all countries as indicated
on label;
contraindicated in liver cirrhosis
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In the case of our patient, although the first symptoms of the disease with the phe-
notype typical of familial lipodystrophy manifested at a young age, the correct diagnosis
could only be confirmed 12 years later, and serious and potentially fatal complications,
such as acute pancreatitis, had already occurred. The multimodal therapy of the metabolic
derailment was not sufficient.

The replacement of the missing hormone leptin (in combination with a diet and
glucose- and triglyceride-lowering drugs) with Metreleptin is the only approved causal
therapy for leptin deficiency-related consequences in patients with congenital generalised
and partial familial lipodystrophy. In the case of our patient, if the situation of uncontrolled
diabetes mellitus and hypertriglyceridemia, which cannot be controlled by conventional
therapy, was to have persisted, further serious secondary diseases could have developed,
such as progression of the existing metabolic dysfunction-associated steatotic liver dis-
ease to liver cirrhosis, with the increasing risk of hepatocellular carcinoma, progression
of atherosclerosis with cardiovascular secondary diseases such as coronary heart disease
to myocardial infarction, cerebrovascular disease to stroke, peripheral arterial occlusive
disease, diabetic retinopathy to blindness, diabetic nephropathy to terminal kidney insuffi-
ciency requiring dialysis, and diabetes-related peripheral polyneuropathy.

In addition to the known and more common causes of metabolic dysfunction-associated
steatotic liver disease, rare disorders such as familial lipodystrophy should be considered
in unusual clinical presentations, as specific treatment options are available in these cases.
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Abstract: Liver fibrosis is a very complicated dynamic process where several immune cells
are involved. Both innate and adaptive immunity are implicated, and their interplay is
always present. Multi-directional interactions between liver macrophages, hepatic stellate
cells (HSCs), immune cells, and several cytokines are important for the induction and
perpetuation of liver fibrosis. Detailed studies of proteomics and transcriptomics have
produced new evidence for the role of individual cells in the process of liver fibrosis and
cirrhosis. Most of these cells are controlled by the various immune checkpoints whose main
function is to maintain the homeostasis of the implicated immune cells. Recent evidence
indicates that several immune checkpoints are involved in liver fibrosis. In particular, the
role of the programmed cell death protein 1 (PD-1), the programmed death-ligand 1 (PD-
L1), and the role of the cytotoxic T lymphocyte-associated antigen 4 (CTLA-4) have been
investigated, particularly after the availability of checkpoint inhibitors. Their activation
leads to the exhaustion of CD4+ve and CD8+ve T cells and the promotion of liver fibrosis. In
this review, the current pathogenesis of liver fibrosis and the immunological abnormalities
are discussed. The recent data on the involvement of immune checkpoints are identified as
possible targets of future interventions.

Keywords: liver fibrosis; macrophages; hepatic stellate cells; innate immunity cells; adap-
tive immunity cells; immune checkpoints

1. Introduction

The development of liver fibrosis (LF) is characterized by the deposition of extracellu-
lar matrix (ECM) proteins produced by myofibroblasts (MFs) of various origins including
epithelial cells, mesenchymal stromal cells (MSCs), and HSCs [1]. Hepatocyte damage,
irrespective of etiology, leads to the recruitment of immune cells in the liver. Quiescent
HSCs (qHSCs) are activated and transformed into MFs, which are the main producers of
connective tissue elements. If the insult is short term, the pro-fibrotic and anti-fibrotic mech-
anisms of the liver are in balance, and LF is not likely to occur. The continuous activation
of the heterogenous population of hepatic MFs, mostly driven by liver macrophages, is the
hallmark of chronic liver disease (CLD), but several other cells of the innate and adaptive
immunity are also implicated [2,3]. The advancement of liver fibrosis leads to the final
stage of cirrhosis. The pathological characteristics of cirrhosis are extensive fibrosis, the
development of regenerative nodules, and the distortion of the hepatic architecture leading
to overt clinical manifestations [4].

Global epidemiological data [5,6] reveal that almost 1.5 billion people suffer from
CLD, leading to approximately 20,000 annual deaths, half of which are direct complica-
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tions of liver cirrhosis. The overall mortality from cirrhosis has increased by 47.15% in
recent years [7]. The WHO’s Global Burden of Diseases reports indicate that 560.4 age-
standardized disability-adjusted life-years (DALYs) per 100,000 population worldwide
were due to cirrhosis. In comparison, only 151.1 DALYs were due to liver cancer [8]. The
most frequent causes of CLD are viral hepatitis, alcoholic liver disease, and metabolic-
associated fatty liver disease (MAFLD/MASH) with heterogeneity across geographical
regions [9]. Hepatitis B virus (HBV) and hepatitis C virus (HCV) are the underlying eti-
ology of more than 60% of cirrhotic cases worldwide [10]. Less frequent etiologies that
lead to fibrosis and cirrhosis include, among others, genetic diseases of iron or copper
overload, cholestatic syndromes, and autoimmune diseases [4]. An important step in the
clarification of the immune modulation and the therapeutic potential of the inhibition of
certain immune checkpoints practically started when James Allison described the cytotoxic
T lymphocyte-associated protein 4 (CTLA-4) and Tasuku Honjo described the programmed
cell death protein 1 (PD-1). They were awarded the Nobel Prize for Physiology or Medicine
in 2018 [11,12]. Immune checkpoint molecules are ligand-receptor pairs that exert in-
hibitory or stimulatory effects on immune responses. Most of the immune checkpoint
molecules that have been described so far are expressed on cells of the innate and adaptive
immune system, particularly on natural killer (NK) cells and T cells, respectively. They
maintain the self-tolerance and modulate the immune responses of effectors in different
tissues to minimize the tissue damage. Immune checkpoint proteins (ICPs) trigger the
exhaustion, senescence, or apoptosis of effector immune cells [13].

It is, therefore, imperative to delineate the mechanisms implicated in the process
of fibrosis. The present review will focus on the current data on the pathogenesis of
liver fibrosis with emphasis on the immunological aspects and the emerging roles of the
immune checkpoints.

2. A Pathogenetic Overview of Liver Fibrosis
2.1. The Fibrotic Process

For descriptive reasons, four pathological stages of fibrosis can be identified. Initially,
exogenous or endogenous elements cause damage to the local liver cells and induce
inflammation, followed by the large recruitment of immune cells at the site of the initial
damage, thus aggravating the inflammatory response. Damaged hepatocytes or activated
sinusoidal cells, by whatever cause, produce cytokines such as tumor necrosis factor-alpha
(TNF-or) and IL-1, which are responsible for the recruitment of extrahepatic immune cells.
In addition, they secrete pro-fibrotic factors, generating the background for the third stage.
Quiescent hepatic stellate cells (HSCs) are transformed into myofibroblast-like HSCs [14,15]
that lead to the fourth stage, the deposition of large amounts of ECM, and the remodeling
of the liver architecture [16-18].

The ECM is composed of collagens, including type I (the most abundant protein)
and type III collagens, fibronectin, elastin, and smaller amounts of several other proteins.
The important components of the ECM are the basement membrane proteins such as
laminin. It should be noted that myofibroblasts first secrete procollagen into the tissue,
while mature collagen fibers evolve at a later extra-cellular stage through modification and
cross-linking [19].

An important mechanism of fibrosis is the Epithelial-to-Mesenchymal Transition
(EMT). It implies the differentiation of epithelial non-mesenchymal cells that acquire
a fibroblast phenotype. Their participation in liver fibrosis has been extensively
studied [20-23]. Epithelial cells undergo EMT under the influence of certain stimuli. An
important one is the snail family transcriptional repressor 1 (Snaill). Hepatocytes with
the deletion of the snaill gene showed a significant decrease in EMT. Snaill affected genes
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known to contribute to the progression of liver fibrosis, increasing the expression of pro-
fibrotic genes such as those involved in collagen and vimentin production in the liver [24].
Moreover, the expression of Snaill increased during the TGF-f1-induced EMT in murine
hepatocytes, while the expression of the miR-30 family members was significantly down-
regulated. miR-30 inhibited the EMT transformation in hepatocyte by targeting Snaill [25].
Studies of cholestatic liver diseases have demonstrated the participation of EMT transfor-
mation in experimental and in human cholangiopathies such as biliary atresia. Cholangio-
cytes acquire mesenchymal markers and lose their epithelial characteristics [26-28]. The
involvement of liver macrophages in EMT hepatocyte trans-differentiation has not been
conclusively proved. Data from extrahepatic cancers indicate that the involvement of liver
macrophages cannot be ruled out [29,30].

Recent evidence has indicated a significant role of non-coding RNAs in liver fibrosis.
Myofibroblast activation is positively or negatively modulated by a number of non-coding
RNAs [31]. They act on either EMT or through the ECM. ECM deposition can suppress
miR-29, an important negative regulator of pro-fibrotic genes. Consequently, many such
genes are recruited in the ribosomes and sustain the deposition of ECMs even in the absence
of the initial stimulus. On the other hand, increased ECM stiffness activates the Hippo
pathway effector Yes-associated protein 1 (YAP1), which also increases ECM deposition,
thus initiating another positive feedback loop mediated by miR-21 [32]. miRNAs are
implicated in liver fibrosis and stellate cell activation by targeting SMAD proteins [33].
MiR-199a promotes EMT transformation and fibrosis by increasing the expression of genes
encoding procollagens and the tissue inhibitor of metalloproteinase-1 (TIMP1) [34]. MiR-32
is also pro-fibrotic in hyperglycemia in experimental conditions. Its inhibition attenuated
EMT-induced liver fibrosis [35]. Several other miRNAs increase fibrosis in liver damage,
affecting fibrotic pathways such as transforming growth factor-f3/Smad, Wnt/ 3-catenin,
and snail [36,37].

HSCs activation is also influenced by several anti-fibrotic miRNAs such as miR-16
and miR-19b among others that retain the quiescence of HSCs or induce either apoptosis
or the de-differentiation of activated HSCs [37]. In more detail, miR-30a attenuates the
EMT process by reducing TGF-1. There is an inverse relation between mir30 and snaill,
indicating that snaill is a possible target of mir30, as mentioned before [38]. In addition,
miR-30a can repress fibrosis by suppressing beclin-mediated autophagy [39].

Long non-coding RNAs (IncRNAs) are also implicated in liver fibrosis. An upreg-
ulation of IncRNA H19 in murine fibrosis activated the EMT pathway [40]. GAS5 acts
as a sponge platform for miR-23a, a fact that ameliorates the progression of fibrosis [41].
The overexpression of Meg8 IncRNA was noticed during the activation of HSCs. Meg8
repressed the pro-fibrotic genes in activated HSCs and EMT, while its knockdown induced
the expression of mesenchymal markers in hepatocytes [42].

In murine MASH models, the circRNA_29981 was identified as a possible regulator
of HSC transformation [43]. Moreover, the mitochondrial circRNA SCAR can close the
mitochondrial permeability transition pores, repressing the activation of MFs by inhibiting
the mitochondrial ROS output [44].

A third important mechanism implicated in the regulation of liver fibrosis is the in-
volvement of transcription factors such as the nuclear receptors (NRs) [45]. They mediate
anti-inflammatory effects through direct interaction with other transcription factors, such
as NF-kB [46,47]. They also have a fundamental role in liver regeneration and HSC activa-
tion [48,49]. The farnesoid X receptor (FXR) is better studied, and the use of FXR agonists
repressed liver fibrosis in animal models by reducing HSC activation [50-52]. The details
of nuclear receptors on liver fibrosis are found in recent extensive reviews [53,54].
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A fourth and very important factor modulating liver fibrosis, and other forms of organ
fibrosis, is the epigenetic modification of genes. They may lead to either the activation
or repression of downstream proteins. Non-coding RNAs may act as epigenetic regula-
tors. Other epigenetic modifications include DNA methylation, histone modification, and
chromatin remodeling [55,56]. The DNA methylation pattern is critical in liver fibrosis [57]
as it is in the activation of HSCs. The downregulation of the gene coding for the DNA
methyl transferases DNMT3a and DNMT3b decreased DNA methylation followed by the
suppression of HSC activation [58]. The activation of the hedgehog (Hh) pathway triggers
liver EMT. The hypermethylation of the negative regulator of Hh, patched 1 (PTCH1), leads
to its downregulation and an increase in liver fibrosis. Recent studies have established the
anti-fibrotic efficacy of Salvianolic acid B (Sal B) that inhibits the Hh-mediated EMT [59]. In
Sal B-treated cells, PTCH1 was increased due to the inhibition of DNA methyltransferase
1 (DNMT1), followed by a decrease in DNA methylation. The observed upregulation
of miR-152 led to the hypomethylation of PTCH1, as DNMT1 was the direct target of
miR-152 [60].

2.2. Cells Involved in Liver Fibrosis
2.2.1. Kupffer Cells and Liver Macrophages

Traditionally, Kupffer cells (KCs) included all macrophages in the liver, expressing
surface markers such as F4/80 in mice or CD68 in humans. However, hepatic macrophages
are a heterogeneous population, particularly after liver injury, and can be broadly divided
into embryonic tissue resident KCs and monocyte-derived macrophages [61].

KCs are, therefore, liver resident macrophages initially generated in the embryo
but also during adulthood [62,63]. Embryo-derived KCs (Em-KCs) persist in the liver
throughout life by self-renewal [64]. In normal adulthood, bone marrow (BM)-derived
monocytes can enrich the KC pool when Em-KCs are exhausted [65]. Monocyte-derived
macrophages are recruited and accumulated in the liver after a damaging insult [66]. Em-
KCs are CD49a+, a fact that distinguishes them from BM monocytes [67]. Em-KCs have
a dual role in liver inflammation as they express both pro-inflammatory cytokines such
as TNFa and anti-inflammatory cytokines such as IL-10. Em-KCs seem to be operational
during normal homeostasis and promote tolerance, participating only in early liver injury,
while BM-KCs act in chronic inflammation and fibrosis [68]. In the murine liver, only a
few macrophages originate from BM monocytes under normal conditions [69]. Murine
monocytes are divided into two phenotypes based on the presence of the lymphocyte
antigen 6 complex, locus C (Ly6C). Ly6Chigh monocytes are recruited to the liver in liver
injury and differentiated into BM-derived macrophages that are responsible for chronic
inflammation and fibrosis. On the other hand, Ly-6Clow BM-derived macrophages promote
damage resolution [70]. During early liver injury, damage-associated molecular patterns
(DAMPs) and pathogen-associated molecular patterns (PAMPs), produced by the injured
hepatocytes, interact with the Toll-like receptors (TLRs) on KCs. The activated KCs in
turn recruit Ly-6Chigh macrophages through the release of chemokines such as CCL2 and
CXCL1. Ly-6Chi macrophages sustain the activation and survival of HSCs [71], producing
pro-fibrogenic mediators such as TGF3, PDGF, and CCL2 [72]. Galectin-3 is also a lectin
secreted by macrophages, which promotes HSC activation [73]. Liver macrophages also
express receptors that bind the alarmin high-mobility group box 1 (HMGB1), released from
injured hepatocytes. HMGBI also activates HSC and stimulates the phenotypic responses
of liver MFs [74].

The initial classification of KCs included classically activated pro-inflammatory M1
cells and alternatively activated anti-inflammatory M2 cells. LPS and IFNy polarize KCs
into M1 cells expressing inflammatory molecules such as IL-1, IL-12, TNFa, inducible nitric
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oxide synthase (iNOS), and a group of CXCL chemokines. On the other hand, Th2 helper
T cells and IL-4 polarize KCs into M2-type expressing Arginase 1, IL-10, and PDL-1 and
CCR2, CXCR1, and CXCR2 chemokines [75]. The M1/M2 balance is also dependent on
production by the M2 cells of IL-10 that promotes M1 apoptosis [76,77]. M2 macrophages
are additionally classified into distinct subtypes expressing different genes [78]. The M2
phenotype predominantly mediates tissue repair, but when the liver injury persists, M2
macrophages acquire a pro-fibrotic capacity [79].

In the diseased liver, macrophages frequently express both inflammation and regen-
erative markers with phenotypes that may change according to the local conditions and,
therefore, the traditional model may not be relevant in liver damage [80,81]. A complex clas-
sification goes beyond the traditional distinction between M1 and M2 polarization [82,83].
It has been proposed that instead of the classical classification, a more detailed description
should be made based on the activation stage, such as M (IL-10) or M (TGEF-{3) [84]. This
classification is compatible with the changing roles of macrophages in liver disease that
may be completely different or even opposite [19]. The fact that most macrophages do not
comply with the M1/M2 model was recently verified. Two cytokines, the macrophage
colony stimulating factor (M-CSF) and the granulocyte macrophage stimulating factor
(GM-CSF) involved in the differentiation of KCs, indicate that the situation is more com-
plex. In general, GM-CSF leads to M1 polarization and M-CSF to M2 polarization, but their
combination with other cytokines may lead to a spectrum of macrophages expressing both
M1 and M2 markers [85,86]. The murine models of liver fibrosis have shown an additional
factor that participates in macrophage activation. The Notch signaling pathway is a sig-
nificant regulator of macrophage differentiation. The suppression of the Notch1/Jagged1
signaling pathway may reverse M2 polarization [87]. In another model, the repression of
the Notch signaling reduced the activation of HSCs and the polarization of macrophages
into the M1 phenotype with the upregulation of anti-inflammatory genes and the reduc-
tion in liver fibrosis [88]. Several other macrophage-specific signaling pathways such as
c-Jun N-terminal kinase (JNK), nuclear factor kappa-B (NF-kB), Janus kinase (JAK), and
the signal transducer and activation of transcription (STAT) participate in liver fibrosis
progression. On the opposite side, the activation of the Wnt/ 3-catenin signaling pathway
in macrophages favors the resolution of liver fibrosis [19]. Murine studies, using single-cell
RNA sequencing, identified a distinct type of hepatic bone marrow-derived macrophage
with an inflammatory profile, particularly prominent in MASH [89].

The definition problem is far from being solved. Recently, in the murine livers, two
types of KCs were characterized by single-cell RNA sequencing. KC1 represents the ma-
jority of KCs and is an endothelial cell-selective adhesion molecule (ESAM) negative with
a low expression of CD 206. Functionally, it is tolerogenic, while KC2 (CD206hi) has pro-
inflammatory potential [19]. An additional pro-fibrogenic subset of liver macrophages
was characterized by the presence of the triggering receptor expressed on the myeloid
cells 2 (TREM2+) CD9 + marker and was prominent in liver fibrosis, particularly in
MAFLD/MASH patients [90,91]. In patients with liver fibrosis, findings analogous to
the Ly6C murine macrophages were described.

The exact role of each of the described macrophage subtypes in individual liver dis-
eases is not fully clarified. Murine alcohol-related liver disease (ALD) is exacerbated by infil-
tration of chemokine receptor positive macrophages, such as CCR2+ or CCR5+ [92]. More-
over, activated liver macrophages secrete vasoconstrictive agents that lead to the induction
of portal hypertension and the development of liver fibrosis as they enhance HSCs transfor-
mation into MFs [64]. In addition, the activation of KCs and liver macrophages is metaboli-
cally re-programmed by endoplasmic reticulum (ER) stress present in MAFLD/MASH [93].
The additional implications of macrophage subtypes in MASH have been mentioned above.
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2.2.2. Hepatic Stellate Cells

Under normal conditions, they contain retinoids and are the only site of vitamin A
storage. Activated HSCs (aHSC) secrete more pro-fibrotic factors and a positive loop is
operative, aggravating fibrosis [94,95]. aHSC may proliferate, produce ECM proteins, and
generate inflammatory signals [31]. ECM accumulation is the outcome of the synthesis and
degradation of ECM proteins. Matrix metalloproteinases (MMPs), including collagenase
(MMP1) and Gelatinase B (MMP9) are zinc-dependent enzymes that degrade ECM compo-
nents. The deposition of ECM in fibrosis depends on the balance between the MMPs and
tissue inhibitors of metalloproteinases (TIMPs) [96]. An imbalance in the activity of MMPs
and TIMPs can promote either the progression or the resolution of liver fibrosis [97]. Upon
activation, HSCs lose vitamin A droplets and have different characteristics compared to
quiescent HSCs such as increased expressions of alpha-smooth muscle actin and collagen
type 1 alpha 1. The expression of the peroxisome proliferator-activated receptor y (PPARY)
is reduced [1]. aHSCs are the main, but not the only, progenitors of MFs [98]. MFs may also
originate from portal fibroblasts and bone marrow-derived cells [99] and by the already
discussed EMT [100,101] or the complementary endothelial-to-mesenchymal (EndoTM)
transition [102,103]. The activation of HSCs is mediated by either several extracellular
growth factors, including the platelet-derived growth factor (PDGF), the transforming
growth factor-f3 (TGFf), the connective tissue growth factor (CTGF), the Wnt/f3 catenin
pathway, chemokines, lipolysaccharide (LPS), DAMPs and PAMPs, or by nuclear mech-
anisms through the actions of miRNAs. Epigenetic mechanisms may also be implicated,
as mentioned before, as well as a number of cellular factors such as oxidative stress and
reactive oxygen species (ROS), ER stress, and the autophagic pathway [104,105].

Autophagy has attracted attention as it provides the necessary energy through a
specialized form of autophagy called lipophagy that metabolizes the lipid droplets to
maintain the activation of HSCs [106-108]. However, there is evidence that autophagy may
also protect from liver fibrosis, acting as a double-edged sword [109-112]. Thus, PDGF
inhibited autophagy, inducing the release of multivesicular body-derived exosomes and
microvesicles from HSCs. Therefore, increased autophagy in HSCs represses liver fibrosis
by inhibiting the release of fibrogenic extracellular vesicles [113].

HSCs are by no means a homogeneous population as believed in the past. Studies
in the livers of rodents identified two transcriptomes from different populations. One
was located in the portal area and the other was associated with the central vein. Interest-
ingly, the latter was responsible for the production of collagen during centrilobular liver
damage [114]. The HSC subtype of zone 1 is not transformed into MFs in liver injury but be-
haves as a capillary pericyte, participating in the process of sinusoidal capillarization [115].
In aging livers, HSCs with a “mixed” phenotype have been identified. They have lipid
droplets indicating quiescence together with the markers of senescence and activation such
as aSMA. ScRNAseq analysis indicated that even MFs are also a heterogeneous population
with distinct functions [101,116].

2.2.3. The Interplay Between KCs and HSCs

As mentioned above, damaged hepatocytes release reactive oxygen species (ROS)
and DAMPs. DAMPs activate Toll-like receptors (TLRs), TNFa receptors, and IL1R. The
binding of DAMPs to their ligands initiates the myeloid differentiation 88 (MYD88) path-
way, followed by the activation of nuclear factor kB (NF-«B) in Kupffer cells, and the
transcription of the NLRP3 inflammasome. The resultant inflammatory response is due
to the transcription of procaspase-1, pro-IL-18, and pro-IL-1f3. ROS also initiate the tran-
scription of NLRP3. Activated inflammasomes induce the production of IL-1p and IL-18,
which in turn differentiates HSCs into myofibroblasts, promoting the development of liver
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fibrosis [117-119]. TNFa produced by Kupffer cells may promote fibrosis as it inhibits the
apoptosis of HSCs and increases the production of TIMPs by activated HSCs [113,120].

Kupffer cells and HSCs in the murine fibrotic liver were able to recruit Ly6Chi mono-
cytes by secreting CCL2, after the hepatocyte-specific deletion of NF-kB. Recruited mono-
cytes further activated HSCs and aggravated fibrosis [121]. The deletion of CCL2 inhibited
monocyte recruitment and attenuated liver fibrosis [121]. In addition, activated HSCs
produced tissue inhibitors of metalloproteinases (TIMPs), which aggravated fibrosis by
inhibiting the degradation of ECM by metalloproteinases [122].

MCP-1 secreted by macrophages increases fibrosis, interfering with macrophages and
HSCs. CCR?2, the receptor of MCP-1, is expressed on both Kupffer cells and HSCs. In
Kupffer cells, the stimulation of CCR2 increases liver infiltration by macrophages, inducing
early liver inflammation [123]. In HSCs, the stimulation of CCR2 causes an overexpression
of fibrosis genes [124]. CXCL6 was found to be an initiator of TGF-f3 production by Kupffer
cells [125]. In addition, the production of CCL2 and CCL5 by macrophages induced the
fibrotic phenotype of HSC and initiated their movement toward the damaged area via
their matching receptors in HSCs [126,127]. Stimulated HSCs also express CCL2 and
CCL5, which participate in a positive feedback loop and aggravate liver fibrosis [128,129].
Increased levels of CXCL6 were demonstrated in the serum and liver of patients with
advanced fibrosis. In vitro cell experiments indicated that HSCs were only indirectly
stimulated by CXCL6, which induced TGEF-f3 secretion by KCs [125]. Furthermore, the
binding of PDGF produced by activated KCs transforms quiescent HSCs into activated
HSCs [130].

Table 1 presents a synopsis of macrophage cytokines and chemokines involved in the
interactions with HSCs.

Table 1. Macrophage cytokines and chemokines involved in the interaction with HSCs.

Molecules  Functions References

TGF-g Primarily produced by macrophages. Enhances ECM production in HSCs through [131,132]
Smad-dependent pathways and Smad-independent pathways. !

PDGE Pr(?duc'ed by macrophages. It contributes to fibrosis progression through HSC [133]
activation.

TNF-o Upregulates TIMP-1 production, prevents HSC apoptosis. [134,135]
Produced by pro-inflammatory macrophages through activation of the NLRP3

IL-ARIL-18 inflammasome. Activates HSCs, upregulates TIMP production. [136,137]

IL-13, IL-4 Produced by M2 macrophages. Promotes the activation of HSCs. [138]

MCP1 Activates CCR2 in Kupffer cells and HSCs. [139,140]

CCL2 CCL5 Produced by macrophages and HSCs. Increases macrophage infiltration and fibrotic [141,142]
phenotype of HSCs.

CXCL6 Induces TGF 3 production by KCs and indirectly promotes fibrosis. [143]

HSCs secrete anti-inflammatory cytokines such as IL-10 and TGF-{3 that initiate the
polarization of macrophages toward an anti-inflammatory phenotype, leading to fibrosis
resolution. However, the same anti-inflammatory macrophages can also produce cytokines

such as IL-13 and IL-4, which favor the differentiation of HSCs into myofibroblasts [144].
IL-6 from either KCs or HSCs may also differentiate HSCs toward myofibroblasts [145,146].

In a murine model of ALD, the extracellular vehicles from alcohol-damaged hepatocytes
increased IL1{3 and IL-17 expression in macrophages followed by the activation of HSCs
and the exacerbation of liver fibrosis [147].
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An additional mechanism of macrophage-HSC interaction was recently proposed.
Cadherin-11 (CDHI11) induced intercellular junctions between activated HSCs and
macrophages, forming a fibrotic niche. As a result, TGF-f3 that is produced by macrophages
activates the connected HSC, thus inducing their prolonged activation. The repression of
CDH11 could derange this niche and promote fibrosis resolution [148].

2.2.4. Liver Sinusoidal Endothelial Cells (LSECs)

Liver sinusoidal endothelial cells are liver endothelial cells with the unique character-
istic of the presence of fenestrae. An additional characteristic is the minimal presence of
basement membrane. LSECs maintain hepatic cell-to-cell communication and are regulators
of signal transduction among cells [134]. The presence of fenestrations is a distinguishing
feature useful for the distinction of LSECs from other liver endothelial populations [149].
LSECs are considered to be the actual gatekeepers of the liver microenvironment [150]. Any
impairment of the intercellular communications of LSECs may lead to the development of
liver fibrosis [151]. Thus, vascular cell adhesion molecule 1 (VCAM1) deletion from LSECs
reduces macrophage accumulation in the liver and ameliorates fibrosis, as VCAMI is an
important mediator of LSEC capillarization and hence of liver fibrosis [152].

SECs also have loose cell junctions [136]. In analogy with Kupffer cells and HSCs,
LSECs are not a homogeneous population in the normal mouse liver. Their phenotype
is variable in the different zones of the liver acinus. Zone 1 LSECs are CD36hi and lym-
phatic vessel endothelial hyaluronan receptor 1 (LYVE1) low, whereas zone 2 and zone
3 LSECs are CD36low, LYVE1hi, and CD32hi [153]. In the cirrhotic liver, seven different
subpopulations of LSECs were identified by scRNA analysis [91]. The increased expres-
sion of atypical chemokine receptor 1 (ACKR1) + ve and plasmalemma vesicle-associated
protein (PLVAP) + ve were described in LSECs, which are restricted to the fibrotic niche
and increase the trans-migration of leucocytes [91,137]. In addition, LSECs may be trans-
formed into endothelial-mesenchymal transition (EndMT), acquiring the phenotype of
mesenchymal cells. They start producing ECM proteins that further accumulate in the
sinusoids, aggravating capillarization [154,155]. The impairment of autophagy, as observed
in MAFLD, increases the EndMT of LSECs and induces the inflammatory response and
finally liver fibrosis [139]. The underlying molecular mechanisms involve the stimulation of
Twistl by the transcriptional regulator megakaryocytic leukemia 1 (MKL1) and the signal
transducer and activator of transcription 3 (STAT3), leading to an amplification of EndMT
in LSECs by TGF-f3 [140]. The implication of LSECs in liver fibrosis is mostly indirect
through the loss of the capacity of LSECs to suppress the activation of the HSCs. This is
due to the capillarization of the sinusoids that prevent secretory factors from LSECs to
inhibit the activation of HSCs [31].

2.2.5. Cytokines Involved in Liver Fibrosis

Fundamental fibrogenic cytokines, such as the transforming growth factor-f3 (TGE-f3),
the platelet-derived growth factor (PDGF), the vascular endothelial growth factor (VEGEF),
and the connective tissue growth factor (CTGF), all act through specific receptors and
participate in advanced liver fibrogenesis [16].

a. TGF-B and IL-10.

TGF-f belongs to a superfamily of 33 cytokines, including among others the iso-
forms of TGF-p3 (TGF-1/2/3), the bone morphogenetic proteins (BMPs), the growth and
differentiation factor (GDF), and activins [143].

Activated TGF-f3 molecules are liberated from a latent complex after liver injury. TGF-
3 then binds to the TGF-f3 type 1I receptor (TRRII), resulting in the recruitment of the
TGF-p type I receptor (TBRI). Then, TBRII phosphorylates TBRI that in turn phospho-
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rylates SMAD2 and SMAD3 proteins which are complexed with SMAD4, which translo-
cate to the nucleus and regulate the transcription of target genes such as «SMA and
CTGEF [141,142]. TGE-{ also activates non-canonical SMAD-independent pathways, such
as MAPK, mTOR, PI3K/AKT, and Rho/GTPase. SMADY? negatively regulates TGF-{3,
competing with SMAD3 and SMADA4 for TARI binding [156].

There has been plenty of evidence that TGF-f3 is a crucial factor in liver fibrosis. The
deletion or suppression of TGF-f attenuated liver fibrosis in mice, whereas the induced
overexpression of TGF-f3 increased liver fibrosis [72,133,157]. The internalization of the type
II receptor (TGFBRII) is dependent on the protein diaphanous homolog 1 (Diaph1) as the
first step for the transformation of HSCs into MFs. The inactivation of Diaph1 inhibited the
endocytosis and intracellular trafficking of TRRII, reducing Smad 3 phosphorylation [138].
The activation of the focal adhesion kinase (FAK) is also a vital component in TGFf sig-
naling. FAK protects TGFBRII from lysosomal degradation and promotes TGF-mediated
HSC activation [158]. Almost all the secreted TGF-31 is found in a latent form bound to
the ECM, and the activation of TGF-f1 during fibrosis is site-specific [159]. The better-
studied activation mechanism for TGF-f1 is the interaction of the latent complex with the
av-containing subset of integrins. Specifically, the integrins av31, av33, av35, av[36, and
av 38 bind to the latency-associated peptide (LAP) that inhibits the active molecule from
binding to its receptors [160-162]. The deletion or blockade of the av[36 integrin protected
mice from biliary fibrosis in the bile duct-ligated model [163,164]. Also, the blocking of
av-containing integrins by a small molecule ameliorated liver fibrosis, even after the estab-
lishment of fibrosis [165]. There is evidence that all TGF-f3 subtypes are involved in liver
fibrosis. The increased levels of TGF-31 have been found in the murine models of liver
fibrosis [166], while increased mRNA levels of TGF-31 have also been observed in fibrotic
patients [143,166,167]. Both TGF-1 and TGF-2 induced EMT and fibrogenesis in iso-
lated cell experiments. The upregulation of miR-200a downregulated smad-3 activity and
mitigated the TGF-f-dependent EMT. TGF-31 and TGF-p32 were shown to downregulate
the expression of miR-200a. miR-200a also downregulated the expression of TGF-f2 via
direct interaction with the 3’ untranslated region of TGF-B2 [168]. Interestingly, the serum
levels of the TGF-3 subtypes are different according to disease etiology. Serum TGF-32 was
significantly higher in viral cirrhosis but not in primary biliary cholangitis (PBC) patients
compared to healthy controls. TGF3-3 was increased in early and late PBC and decreased
in viral cirrhosis. Hepatic vein subtype levels were similar to those in peripheral blood.
All TGF-f subtypes were identified by immunocytochemistry in portal tract lymphocytes,
sinusoidal cells, and cholangiocytes. TGF-(33 was only overexpressed in hepatocytes from
PBC patients [169].

TGFf and IL-10 regulate the induction of and prolongation of T cell exhaustion. IL-10
is often overproduced in chronic infections such as HIV, HBV, and HCV. The inhibition of
IL-10 may prevent or even restore T cell exhaustion. IL-10 acts either directly on T cells
through STAT-3 or indirectly by inducing APCs to increase T cell exhaustion and viral
persistence. On the other hand, the inhibition of IL-10 in combination with PD-1 leads to
the preservation of effector T cell responses, and the effective control of viral replication.
Moreover, the use of neutralizing IL-10 antibodies along with therapeutic vaccination
promoted CD8+ and CD4+ T cell responses, decreasing viral load [170].

TGF-f3 is also a suppressive cytokine involved in T cell exhaustion. TGF-3 can amelio-
rate immune cell activation by activating downstream SMAD transcription factors. In acute
viral infections, TGF-f3 is a negative regulator of effector function through the repression of
T-bet (T-box expressed in T cells) leading to the upregulation of the pro-apoptotic factor
Bim. In chronic viral infections, TGF-f3 expression and/or downstream SMAD?2 activation
lead to T cell exhaustion, thus promoting fibrosis [170,171]. HBV initiates the production
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of TGF-f and IL-10 by macrophages and inhibits TNF-« production [172]. Similarly, in
chronic HBV (CHB) patients, monocytes produce more IL-10 and TGF-3 and express high
levels of PD-L1. Studies have demonstrated that HBsAg and HBV DNA directly promote
PD-L1 expression and anti-inflammatory cytokines production from the monocytes of
healthy people [173].

b. Activin A is expressed in murine hepatocytes, HSCs, and LSECs but not in KCs.
Different activin receptor combinations are expressed in liver cells. HSCs do not respond
to activin A due to the downregulation of type II activin receptors, while KCs respond
by increasing the production of TNFx kot TGFf1. Conditioned medium from activin
A-treated KCs led to HSC transformation into a pro-fibrogenic phenotype, expressing
collagen and aSMA [174]. In addition, TGF-f3 itself stimulates the production of activin A
by fibroblasts [131].

c. Other cytokines are implicated in the fibrotic process in the liver [132,175]. IL-
1B has fibrogenic effects similar to TGF-f3 by inducing EMT, which can be blocked by a
monoclonal antibody [176]. It should be noted that IL-6, TNFa, and IL-1-3 synergistically
act with TGF-f3, because the deletion of these cytokines attenuates liver fibrosis [177-180].
Mechanistically, IL-1-3, and TNFa enhance TGF-$ actions by downregulating the BMP
activin membrane-bound inhibitor (BAMBI), which is a pseudo-receptor for the TGF-f
type I receptor and a negative regulator of TGF-f3 signaling [120].

Whatever the mechanism of liver fibrosis might be, the end result is due to the balance
of synthesis over the degradation of ECM, particularly collagens. This in turn is the balance
between collagen-synthesizing enzymes and degradative factors such as collagenases and
MMPs. The balance may be different according to the etiology of fibrosis. In alcoholic
fibrosis and primary biliary cholangitis, it is the synthesis that predominates, while in viral
fibrosis, it is the reduced degradation that is mainly responsible [181].

2.3. Resolution of Liver Fibrosis

The resolution of liver fibrosis requires a reduction in the number of activated HSCs
and other MFs. This can be achieved through three mechanisms: the regression of activated
HSCs to quiescence, the induction of senescence, and the elimination of activated HSCs
and MFs through apoptosis and ferroptosis [2,31].

Activated HSCs can de-differentiate back to an inactivated phenotype by upregulating
transcription factors such as peroxisome proliferator-activated receptor-y (PPARY), GATA-
binding factors 4 and 6, and transcription factor 21 (TCF21) [182]. They may also enter
senescence or may be eliminated by cell death. Both HSC apoptosis mediated by NK
and CD8+ T cells [183] and ferroptosis have been reported during the resolution of liver
fibrosis [116]. The induction of apoptosis is often mediated by natural killer cells (NK
cells) through the production of interferon-y (IFNy) [184,185]. NK cells may also kill
senescent MFs, in addition to activated HSCs [186]. The implication of natural killer T cells
(NKT cells) in the induction of apoptosis is still controversial [187]. In that respect, it was
recently reported that Artesunate (an ester from Artemisin) induced ferroptosis in HSCs and
attenuated liver fibrosis in a murine model [188]. Another way to reduce liver fibrosis is the
change in the phenotypes of liver macrophages [189]. This has been clearly demonstrated
in murine models, as mentioned before. Pro-fibrogenic Ly-6Chi macrophages can change
into Ly-6Clow anti-fibrotic macrophages, releasing anti-inflammatory cytokines such as
IL- 10, restorative growth factors such as HGF, and ECM-degrading MMPs [61,72,83,190]
including MMP12 and MMP13 [82,191]. Partial resolution is still feasible even if the
fibrosis is advanced. The appearance of Ly-6Clow macrophages is associated with either
the apoptosis of MFs induced by the macrophage production of TNF-related apoptosis-
inducing ligands (TRAIL) [192] or by reversion to quiescent HSCs [193].
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Many traditional Chinese medications (TCMs) have been reported to be effective in
treating liver fibrosis. Single herbal extracts and TCM formulas may prevent or treat hepatic
fibrosis. HSCs and oxidative stress, which are implicated in liver fibrosis, are common
targets of TCMs [194,195]. However, caution should be exercised in the interpretation of
the results as many papers on the clinical trials of TCMs do not comply with the acceptable

design of trials [196].
Figure 1 summarizes the mechanisms of liver fibrosis.
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Figure 1. Cellular and molecular pathogenesis of liver fibrosis. Some elements have been omitted
for clarity. For details, see text. Green box miRNAs indicate enhancement of fibrosis. Red box

indicates inhibition.
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BEC: Biliary epithelial cells; CB1 and 2: cannabinoid receptors 1 and 2; DAMPs:
damage-associated molecular patterns; EM: epithelial-to-mesenchymal transition; En-
doMT: endothelial-to-mesenchymal transition; EVs: extracellular vesicles; FGF: fibroblast
growth factor; FXR: farnesoid X receptor; FGF: fibroblast growth factor; Hh: hedgehog
ligand; LSECs: liver sinusoidal endothelial cells; LncRNA: long non-coding RNA; miRNA:
microRNA; MMPs: matrix metalloproteinases; PAMPs: pathogen-associated molecular
patterns; PDGF: platelet-derived growth factor; PPAR: peroxisome proliferator activated
receptor; TIMPs: tissue inhibitors of metalloproteases; VDR: vitamin D receptor.

3. Immunology of Liver Fibrosis
3.1. The Liver as an Immune Organ

The liver, in addition to its central metabolic role, is also a significant immune or-
gan [197,198]. It contains several components implicated in both innate and adaptive
immunity. Some of them are not strictly immune cells, such as hepatocytes [199] and
LSECs, but express Toll-like receptors (TLRs) and major histocompatibility complex (MHC)
molecules, and participate in the maintenance of tolerance [200-203] or the biliary epithelial
cells (BECs) and HSCs, which are also tolerogenic and may present antigens to T lym-
phocytes [135,198,204]. These cells are implicated in both innate and adaptive responses.
On the contrary, liver sinusoids contain the proper cells of innate immunity such as KCs,
dendritic cells, myeloid-derived suppressor cells, or lymphoid-derived cells (NKs and
innate lymphoid cells). Certain cells do not comply with either the innate or adaptive
immunity criteria and are defined as “innate-like”, or “unconventional” lymphocytes. They
include mucosal-associated invariant T (MAIT) cells, natural killer T (NKT) cells, and y8-T
cells. In addition, the normal liver also houses the conventional T and B lymphocytes of
adaptive immunity [198].

Tolerance is a main function of the liver. An important mechanism of hepatic tolerance
is the expression by several liver cells of MHC molecules not accompanied by co-stimulatory
molecules. Other, equally important tolerogenic mechanisms, are the secretion of suppres-
sor cytokines such as IL-10 and TGF-f3, the inhibition of professional antigen-presenting
cells (APCs), and the subjection of immune cells to programmed cell death-ligand 1 (PD-
L1) [205-207]. Liver-draining lymph nodes (LNs) are also important components of the
liver immune system. Portal LNs are an area of regulatory T cells (Tregs) induction, while
celiac LNs are an area of T cell responses [205,208]. Moreover, cellular metabolism is
associated with immune responses. A glycolytic metabolism is involved in the effector
function of T lymphocytes, while fatty acid oxidation is used by non-inflammatory immune
cells such as Tregs [209]. Glycolysis induced by hypoxia-inducible factor 1-alpha (HIF-1a)
and oxidative metabolism induced by IL-4/STAT6 are used by either pro-inflammatory or
anti-inflammatory macrophages, respectively [210-212].

3.2. Immune Factors Implicated in Liver Fibrosis

Liver fibrosis is closely linked to impaired hepatic immune responses [213]. Several
experimental data indicate that the immune cells can regulate both the progression and
reversal of liver fibrosis [214]. Excessive alcohol consumption, viruses, western dietary
habits, or MAMPs and PAMPS originating from the microbiota of a leaky gut, may impair
hepatic immune homeostasis leading to liver inflammation, fibrosis, and cirrhosis. The
liver must handle antigens arriving at the sinusoids from the systemic circulation and
the intestinal tract. These antigens are processed by the liver through a series of pattern
recognition receptors (PRRs), such as TLRs and nucleotide-binding oligomeric domain-like
receptors (NOD-like receptors), which induce either a tolerogenic response or inflammation
and fibrosis [215-218].
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Early in the course of chronic liver disease, damaged hepatocytes release inflammatory
mediators that recruit and activate inflammatory cells, such as macrophages, lymphocytes,
and NK cells [183,190,219]. Inflammation leads to a disordered crosstalk between hepatic
immune cells, which drives the induction and progress of fibrosis [189,220,221]. TLRs are
expressed on various hepatic cells like KCs, dendritic cells, hepatic stellate cells, endothelial
cells, and hepatocytes [222]. Changes to the liver immune system leading to fibrosis
include a decrease in CD8+ T cells and NK cells and an increase in CD4+ T cells infiltration
accompanied by the expression of certain immune-regulatory genes [223,224].

Innate and Adaptive Immunity

Innate and adaptive immune cells are involved in hepatic inflammation, fibrosis,
cirrhosis, and HCC. They have distinct roles, but at the same time, they affect each other.
Adaptive immunity depends on the activation signals and cytokines secreted by the innate
immune system. PAMPs from damaged hepatocytes lead to the activation of intrahepatic
innate cells that initiate the recruitment of circulating immunocytes to the liver. The
infiltrating cells stimulate other parenchymal and non-parenchymal cells in the liver, thus
creating a perpetuating circle. The induction of pro-fibrogenic mediators such as IL-10 and
TGEF- encourage liver fibrosis by activating quiescent hepatic stellate cells. The continuous
supplementation of these fibrogenic stimuli promotes further disease progression toward
fibrosis and cirrhosis [225].

3.3. Innate Immunity in Liver Fibrosis

As mentioned above, DAMPs activate innate immunity that induces fibrosis. The NLR
family pyrin domain-containing 3 (NLRP3) inflammasome is a major element of the innate
immunity, which functions as PRR, recognizing both PAMPs and DAMPs [226]. Kupffer
cells are rich in NLRP3, and its activation leads to the secretion of several pro-inflammatory
cytokines, such as IL- 1b and IL-18 [227]. Human and murine data indicate that NLRP3 ac-
tivation induces caspase-1-mediated pyroptotic death and the liberation of inflammasomes
that are engulfed by HSCs, leading to their activation and liver fibrosis [228].

3.3.1. Cells Involved in Innate Immunity

a. Hepatocytes. Hepatocytes may induce innate immunity as they express immune
receptors that recognize PAMPs. These receptors include surface receptors such as TLR4,
endosomal receptors such as TLR3, cytoplasmic receptors such as the stimulators of the
IEN gene (STING) and the members of the NOD family [199,229,230]. Hepatocytes can
also induce adaptive immunity. During inflammation, certain hepatocytes express MHC-II
molecules and activate T lymphocytes [206,231], but as they do not express co-stimulatory
molecules such as CD80 and CD86, they are not capable of generating the long-lasting
activation of T cells. Importantly, hepatocytes express PD-L1 either after viral infection or
under the influence of type I and type II IFN, thus mediating the apoptosis of T cells [232].
Activated hepatocytes may also induce the transformation of BM-derived monocytes into
pro-inflammatory macrophages, upregulating the Yes-associated protein (YAP) and the
transcriptional coactivator with a PDZ-binding motif (TAZ) [233]. YAP/TAZ is the effector
in the Hippo pathway, which is a regulator of the TGF-f2-mediated fibrogenesis as indi-
cated by data from other organs [234]. The increased expression of the transcription factor
Fork head box M1 (FoxM1), and the subsequent overexpression of the CCL2 chemokine,
induce hepatocyte death, leading to liver inflammation and fibrosis through macrophage
recruitment [235,236].

Most of the data mentioned above come from animal experiments. However, there is
evidence from liver disease patients that hepatocytes are indeed involved in inflammation
and fibrosis. MHC-II molecules are expressed in the hepatocytes of alcoholic hepatitis,
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and activate CD4+ T cells, inducing positive lymphocytes [237]. Lipid-laden hepatocytes
are more susceptible to apoptosis in patients with MASH [238]. Exosomes derived from
HBV-infected hepatocyte contain miR-222 and increase fibrosis by inhibiting the transferrin
receptor (TFRC) and TFRC-induced ferroptosis [239].

The autophagy pathway within the hepatocytes is also implicated in immune-
mediated liver fibrosis. Autophagy protects hepatocytes from death signals [199,240]
and is implicated in most chronic liver diseases [241-244]. The vitamin D receptor (VDR)
promotes autophagy by regulating beclin-1, bcl-2, the mTOR elements of the autophagy
pathway, and lysosomal maturation [245]. The VDR was decreased in the hepatocytes of
cirrhotic patients [246]. In murine models and human cirrhosis, hepatocyte autophagy was
inhibited by the miR-125a/VDR axis, leading to increased liver fibrosis [247].

Endoplasmic reticulum (ER) stress and hepatocyte senescence are two additional
factors that implicate hepatocytes in the process of liver fibrosis. The accumulation of mis-
folded proteins in the ER activates the unfolded protein response (UPR), mediated by three
ER sensors, namely PKR-like ER kinase (PERK), activating transcription factor 6 (ATF6),
and inositol-requiring enzyme 1 (IRE1) to counteract the protein-folding defect [248]. Mas-
sive ER stress overcomes UPR and leads to hepatocyte steatosis and death [93,249]. ER
stress can trigger C/EBP Homologous Protein (CHOP) transcription factor-dependent
NLRP3 inflammasome activation and the activation of IRE1A in hepatocytes, both leading
to the release of pro-inflammatory cytokines and inflammatory extracellular vesicles (EVs),
therefore promoting fibrosis [199]. A strong positive correlation between senescent hepato-
cytes and liver fibrosis severity has been described in MASH and alcoholic liver disease
patients [250,251]. In chronic viral hepatitis patients, senescence is associated with telomere
shortening and the absence of telomerase in hepatocytes, favoring virus replication and
liver cirrhosis [252,253]. An additional confirmation that senescent hepatocytes are directly
involved in liver fibrosis was recently reported. PDGF is a potent activator of HSCs, as
mentioned before. PDGF levels were significantly higher in the media from cultured senes-
cent hepatocytes compared to control hepatocytes, and similar findings were demonstrated
in serum samples from patients with cirrhosis compared to healthy controls [254].

b. Kupffer cells and liver macrophages. KCs are probably the most important cells in
liver innate immunity. They are professional antigen-presenting cells (APCs) to T cells and
therefore participate in the initiation of adaptive immunity [83,255]. In MASH, there is
a positive correlation between the severity of inflammation and fibrosis and the number
of pro-inflammatory macrophages in the periportal zone [256]. As mentioned before,
early liver damage activates hepatic macrophages including the KCs. In turn, they secrete
several cytokines such as TGF-1, PDGF, TNF-«, IL-1, IL-6, and IL-10, and cytokines
such as CXCL1, CCL2, and CCL5. KCs produce mediators such as ROS that induce HSC
transformation and attract BM monocytes and neutrophils [183,191]. Liver macrophages,
irrespective of origin, are the main sources of TGF3 and one of the leading causes of
increased ECM deposition in liver fibrosis. They also maintain the survival of MFs by
activating NF-kB through the secretion of IL-13 and TNFa [183,189,191,219]. In addition
to these functions, Kupffer cells activated by DAMPs and PAMPs, as mentioned above,
induce an increased expression of vascular adhesion molecules on LSECs [82,257].

Recruited bone marrow-derived macrophages differentiate into a Kupffer cell-like
phenotype [65], approximately 60 days of repopulation after liver damage [258]. It is
not clear if the newly recruited macrophages live long or whether their functional role is
comparable to the original Kupffer cells [65,259].

KCs have a dual role in the immune regulation of liver inflammation and fibrosis.
Depending on the microenvironment, they can acquire a pro-inflammatory phenotype
(referred to as M1). M1 KCs are activated by IFNy and lipopolysaccharide (LPS) and
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are characterized by the ability to present antigens and produce inflammatory cytokines
such as TNFe, IL-1, IL-6, IL-12, and IL-23, promoting antiviral activity. Alternatively, KCs
can acquire an anti-inflammatory phenotype (referred to as M2) characterized by their
ability to balance inflammatory responses and facilitate tissue repair through the release of
IL-10, IL-4, IL-13, and TGF-{3 and the low production of IL-12, IL-6, and TNF-« [260,261].
Furthermore, IL-17 activates Kupffer cells and lead to the upregulation of pro-fibrotic
cytokines like IL-6, IL-1$3, and TGF- 31 [262].

KCs differentiation into the M2 phenotype upregulates PD-L1 and galectin-9 expres-
sion in the presence of HBeAg. HBcAg upregulates TLR-2 on the surface of KCs and
increases IL-10 secretion, thus upregulating CD8+ T cell exhaustion [263]. The activation of
the TLR4 signaling pathway promotes M1 inflammatory differentiation that leads to the
upregulation of the clearance of HBV [264]. The stimulator of interferon genes (STING) is a
key adaptor in DNA-initiated innate immune activation [265]. The stimulation of KCs by
STING increases the hepatic expression of interferon-inducible protein 16 (IFI 16), which
binds to HBV cccDNA, inhibiting cccDNA transcription and leading to its silencing [266].

In human cirrhosis, KC numbers are similar to the normal liver [91,267], in contrast to
the murine liver where extensive fibrosis and cirrhosis is accompanied by a reduction in the
number of KCs [268]. The presence of KCs and the differentiation of other macrophages is
influenced by stromal cells through the inhibition of monocyte maturation. This is achieved
by the production of IL-6 from the stromal cells. Interestingly, the local IL-6 levels are
diminished in early-stage human liver injury, implicating a protective role of IL-6 [269].
Apart from the production of TGF-f and the maintenance of the viability of MFs, KCs
may be transformed into fibroblast-like cells, contributing to ECM production [270]. The
KCs also promote collagen cross-linking that stabilizes collagen through the action of
Lysyl-oxidase (LOX) and Lysyl oxidase-like protein-2 (LOXL2) [271]. On the opposite side,
KCs produce MMP9, leading to collagen degradation [272]. KC infusion attenuated liver
fibrosis in a murine model [273]. Interestingly, the T-cell immunoglobulin domain and
mucin domain-4 (TIM-4) expression by KCs represses liver fibrosis [274].

Although fibrosis is the final common result in all liver diseases irrespective of etiology,
the underlying participation of the involved cells may be different. Hepatitis B and hepatitis
C viruses (HBVs, HCVs) activate human macrophages, but the response is different in
the two viral diseases. Macrophages respond to HBV by the production of inflammatory
cytokines and the stimulation of NK cells [275,276]. The response to HCV proteins is the
activation of inflammasomes mediated through TLR2 activation [277,278]. HBV and HCV
infection lead human macrophages to secrete immunomodulatory mediators such as IL-10,
TGFp1, PD-L1, and PD-L2 that eventually mitigate antiviral T cell response [279]. In MASH,
the accumulation of fat in the macrophage [280] production of EVs from fat-containing
hepatocytes, [281,282] or histidine rich glycoprotein [283,284], induces an inflammatory
phenotype in liver macrophages. In ALD patients, macrophages have a fundamental role
in the inflammatory response during severe alcoholic hepatitis [285,286]. In murine ALD
models, increased gut permeability contributes to the recruitment of pro-inflammatory
macrophages [279,287,288]. In cholestatic conditions, BM-derived macrophages are in-
fluenced by the concentration and the composition of the bile acids in the liver [289].
Chenodeoxycholic acid (CDCA) activates the NLRP3 inflammasome in the macrophages of
cholestatic animals with fibrosis [290]. On the contrary, KCs have the G-protein-coupled
bile acid receptor 1 (TGR5), which is a sensor for bile acids, leading to the inhibition of
inflammasomes [291] and the emergence of an anti-inflammatory phenotype [292,293].

c. The role of HSCs. The multiple factors implicated in the activation of HSCs are
further complicated due to the interaction of HSCs with the cells of the immune microenvi-
ronment during liver fibrosis. All cells involved in both innate and adaptive immunity are
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communicating with HSCs either directly or indirectly [90,294]. aHSCs, apart from their
fundamental contribution as ECM producers, are also pro-inflammatory cells. They pro-
duce several cytokines and chemokines such as IL-6, IL-8, and monocyte chemoattractant
protein-1 (MCP-1). They also recruit monocytes and hematopoietic stem cells [15]. Inflam-
matory mediators produced by HSCs target the nuclear factor kappa-light-chain-enhancer
of activated B-cells (NF-«kB), the central regulator of the inflammatory response [295,296].
Therefore, NF-kB is a critical molecule in the inflammation and resultant fibrosis but also in
the apoptosis or survival of HSCs after liver injury. Indeed, NF-«B activation is associated
with an increased resistance to the apoptosis of activated HSCs [104,297].

The activation of HSCs is important in the pathogenesis of MASH. There is experimen-
tal evidence that free cholesterol accumulation in HSCs leads to their activation [298-301].
Free cholesterol in hepatocytes indirectly affects HSC activation through the stabilization
of the transcriptional coactivator with the PDZ-binding motif (TAZ) with subsequent
over-secretion of the pro-fibrotic factor Indian Hedgehog [302]. In chronic hepatitis B, a
different mechanism is operative. aHSCs recruit large numbers of Th17 cells and promote
the secretion of IL-12A and IL-22 that contribute to fibrosis [303]. On the other hand, HSCs
may favor the development of tolerance in mice as they favor the expansion of FoxP3+ve
Tregs or myeloid-derived suppressor cells [304,305].

HSCs also influence B-cell activity. HSCs inhibit the increased expression of activation
markers on B cells and immunoglobulin production. Interestingly, blocking the interaction
of PD-L1 with PD-1 mitigated the inhibition of B cells by HSCs [306].

HSCs are also implicated in inflammation and fibrosis by their involvement with
the adipokines leptin and adiponectin, which act through binding to their receptors on
HSCs [307-309]. Leptin is a pro-fibrotic factor that suppresses the sterol regulatory element-
binding protein-1c (SREBP-1c) and activates HSCs through the 3-catenin pathway [310].
Adiponectin, on the other hand, ameliorates liver fibrosis through the induction of nitric
oxide (NO) and TIMP-1 production, leading to the suppression and inactivation of aH-
SCs [311-315]. Currently, it is not yet clear under which conditions hepatic stellate cells are
pro-inflammatory and under which conditions they are tolerogenic [219].

The details of the immune regulation of fibrosis by HSCs have been extensively
reviewed [2].

d. The role of liver sinusoidal endothelial cells. LSECs express TLRs and MHC
molecules and are implicated in the maintenance of tolerance either through the direct
inhibition of T lymphocytes by PDL1 expression or through the so-called “veto” effect,
consisting of inhibiting other APCs such as dendritic cells to activate T lymphocytes
by physical contact without the need for the presence of MHC [200-203,316]. The early
stages of MAFLD are a clear example of the immunological role of LSECs in liver fibrosis.
Lipotoxicity, adipokines, and gut-derived PAMPS lead to LSECs’ de-differentiation and
sinusoidal capillarization. Capillarized LSECs are transformed into a pro-inflammatory
and pro-fibrotic phenotype, recruiting immune cells that cannot support the quiescence
of HSCs and KCs [151,317]. Specifically, the quantity and size of LSEC fenestrae are
lost, and in advanced stages they even disappear. The blood filtration in the sinusoids
is impaired, and harmful components are not adequately removed, and the risk of liver
injury is increased [200]. Human studies reported that the expression level of the scavenger
receptor Fc gamma receptor IIb (FcyRIIb) in LSECs is negatively correlated with fibrosis
and inflammation in patients with MASH. FcyRIIb is involved in the elimination of small
immune complexes from sinusoids [318]. A study on patients with chronic hepatitis C
showed that LSEC capillarization was observed even at the initial stages of fibrosis [319].
Moreover, there is evidence that capillarization is the result of the impaired differentiation
of the bone marrow-derived LSECs [320]. An important regulator of LSECs fenestration is
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the bone morphogenetic protein 9 (BMP9). The role of BMP9 in liver fibrosis is controversial.
The deletion of BMP9 in murine models increased liver fibrosis [321,322]. On the other
hand, liver biopsies from fibrotic patients showed increased levels of BMP9 in advanced
fibrosis. In murine models, BMP9 overexpression accelerated liver fibrosis, and BMP9
knockdown ameliorated fibrosis. BMP9 directly stimulated hepatic stellate cell activation
via the SMAD signaling pathway to upregulate hepatic fibrosis [323]. The details of the
effects of BMP9 on liver fibrosis were recently reviewed [324].

In addition to capillarization, hepatic neo-angiogenesis was also strongly related to
LSECs and was associated with the development of liver fibrosis [149], possibly mediated
through the vascular endothelial growth factor (VEGF) [325]. This is supported from
the alterations of LSEC phenotypes made by certain drugs such as Vatalanib, a VEGFR1
and VEGFR?2 inhibitor, or Lenvatinib, an inhibitor of VEGF1, VEGF2, and VEGF-A. They
decreased both sinusoidal capillarization and liver fibrosis [326,327]. The beta-blocker
carvedilol repressed the expression of VEGF and angiopoietin-2, leading to the attenuation
of sinusoidal capillarization [328]. Moreover, HIF-1a is also implicated in LSEC capillar-
ization and angiogenesis. MiR322 /424 upregulated the expression of the HIF-1o protein
in LSECs and promoted neo-angiogenesis and liver fibrosis [329]. LSECs can also directly
stimulate neo-angiogenesis through the secretion of angiogenic factors. Interestingly, LSEC
capillarization is a process that starts before the activation of macrophages and HSCs
in liver fibrosis [134]. A detailed description of the participation of LSECs-dependent
angiogenesis in liver fibrosis was recently reported [134].

LSECs are involved in the progression of liver fibrosis by two additional mechanisms.
Reduced NO bioavailability has been observed in LSECs from cirrhotic rodent livers [330]
due to the ROS scavenger effect of NO via the superoxide anion (O2-) and the ERK1/2-AKT
axis [331]. ERK1/2 shifted the balance toward NO, favoring LSEC homeostasis, while AKT
could shift the balance toward ROS, promoting liver fibrosis. A second mechanism by
which NO modulates liver fibrosis is the induction of autophagy. Autophagy in LSECs
increases the bioavailability of NO and eliminates the accumulation of ROS [332]. This
protective action of autophagy is not sufficient at the later stages of chronic liver [333].
Autophagy acts the opposite way as well by degrading Caveolin-1 (Cav-1), leading to LECs
defenestration [334]. Moreover, LSECs mediate in the transformation of macrophages into
KCs. The interactions of the Notch ligand delta-like ligand 4 (DLL4) produced by LSECs
binding to the Notch receptor found in macrophages is required for the induction of the
KC identity. Ligands such as ICAM-1 and vascular cell adhesion protein 1 (VCAM-1) in
LSECs interact with the integrins on KCs and participate in the direct interplay between
KCs and LSECs [335,336].

The central role of LSECs in the regulation of liver immunology and their effects
in liver fibrosis is clearly exemplified in viral diseases. In murine adenovirus infection,
90% of the virus is rapidly taken up by LSECs and only 10% is found in KCs [337]. HIV-
like particles are also taken up by mouse LSECs at a rate of 100 million viral particles
per minute [338]. In the duck hepatitis B virus (DHBV) model, viral particles are mostly
taken up by LSECs before passing on to further infect hepatocytes [339]. In HCV, the
innate sensing of the virus by LSECs leads to the release of paracrine molecules such as
the pro-viral molecule bone morphogenetic protein 4 (BMP4), which promotes the viral
infection of hepatocytes [340,341]. On the other hand, the direct sensing of HCV RNA
in LSECs produce type I and type III interferon-containing exosomes that inhibit HCV
replication [342]. The balance of the two opposite responses determines whether the HCV
virus will be eliminated or will cause a sustained infection.

e. Mesenchymal stromal cells (MSCs) are fibroblast-like cells with immunomodula-
tory ability, as they regulate both innate and adaptive immunity and have the potential
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to differentiate into hepatocyte-like cells (HLCs) [343-346]. MSCs express a specific set of
surface markers, such as CD73, CD90, and CD105 [347]. MSCs produce the hepatocyte
growth factor (HGF) and IL-6, which inhibit monocyte differentiation into dendritic cells
and the activation of KCs. They also secrete a variety of other growth factors that help
the proliferation of healthy cells and protect the destruction of other cells [348-350]. They
also produce IL-10 and mitigate the activation of T cells [351]. MSCs secrete prostaglandin
E2 (PGE2) to transform M1 macrophages into M2 macrophages [352]. MSCs repress the
proliferation of CD8+ T lymphocyte and promote Th1-to-Th2 conversion [353]. It should be
noted that the anti-fibrotic potential of MSCs is dependent on autophagy and senescence.
Intact autophagy maintains anti-fibrotic activity, while reduced autophagy that coincides
with advanced age is associated with a reduction in MSC numbers and function, promoting
liver fibrosis [354]. The scRNA analysis of cirrhotic human livers identified four subpopu-
lations of mesenchymal cells. Mes (1) was identified as vascular smooth muscle cells, Mes
(4) expressed mesothelial markers, Mes (2) resembled HSCs, but they were not present in
the cirrhotic niche, and Mes (3) distinguished by PDGFRA were pro-fibrogenic. Mes (3)
cells were increased in cirrhotic livers [91,137]. Extensive reviews on MSCs were recently
published [355-357].

f. Natural killer (NK) cells. They bear the activating receptor NKG2D and are capable
of HSC elimination, inducing apoptosis and IFNy secretion [358-360]. IFNy secreted
by NK cells directly inhibits HSC activation and ECM synthesis [361] and amplifies the
killing capacity of NK cells against HSCs by increasing the expression of the NKG2D
receptor [362]. The decreased numbers and function of NKs have been demonstrated in the
murine models of cirrhosis [363] and cirrhotic patients [364-366]. These findings confirmed
the anti-fibrotic effects of NK cells. Four immunity-related genes in NK cells, including
interferon regulatory factor 8 (IRF8) and REL, are involved in liver fibrogenesis [224].

NK cells are classified into two subpopulations. The vast majority, over 90%, express
low levels of CD56 (CD56dim), while the minority express high levels of CD56 (CD56bright).
The first is more cytotoxic and a better immunomodulator [367]. In acute viral hepatitis,
they both exhibit an antiviral effect either by the direct killing of infected cells or by
the activation of viral-specific T cells secreting IFN-y and TNF-a [368]. NK cell function
is defective in patients with chronic hepatitis B (CHB), participating in persistent HBV
infection and the development of fibrosis [172]. A further mechanism of NK dysfunction
in the particular group of HBeAg+ve patients with CHB is the induction by HBeAg of
IL-10 secretion from Tregs, leading to an increased expression of the inhibitory receptor
NKG2A on NK cells [369]. Among the many immune abnormalities found in MAFLD, a
reduction in CD56bright NK cells and an elevation in CD56dim with less expression in the
activating receptor NKG2D was described in patients, offering an additional explanation
for the progress of liver fibrosis in MAFLD [370]. A recent observation shed more light
on the role of NK cells in MAFLD. Uncoupling protein 1 (UCP1) participates in the leak
of protons from the mitochondrial inner membrane. Reduced levels were found in NK
cells from patients with MAFLD. Sustained high-lipid administration in mice decreased
UCP1 expression and promoted NK cell necroptosis and was involved in the progression
to fibrosis [371]. Patients with primary sclerosing cholangitis (PSC) showed considerably
higher serum levels of IFNy and elevated numbers of hepatic CD56bright NK cells. Murine
knockout experiments confirmed that increased IFNy turned the phenotype of hepatic NK
cells into increased cytotoxicity, while its absence ameliorated liver fibrosis in PSC [372].

8. Neutrophils. There are very few resident neutrophils in the healthy liver, but there is
a rapid recruitment from the circulation in the diseased liver [373]. Neutrophils participate
in the liver inflammatory response through the secretion of pro-inflammatory cytokines and
the production of extracellular neutrophil traps (NETs). They activate KCs and recruit other
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types of immune cells [374-376]. In mice, the elimination of neutrophils ameliorates the
development of hepatic fibrosis [377]. The characteristic neutrophil infiltration into the liver
during alcoholic hepatitis is associated with the upregulation of the glycoprotein lipocalin-
2 (LCN2) in the neutrophils. A deficiency of bactericidal activity and myeloperoxidase
secretion was also found in these patients [92]. The liver-infiltrating neutrophils are also
implicated in the immune response in the fibrotic progression in MASH [378,379].

3.3.2. LSECs as Gatekeepers of Innate and Adaptive Immunity

LSECs have a central role in the regulation of both the innate and adaptive immunity
being the gatekeepers of the overall liver immune response. Thus, in normal livers, LSECs
prevent HSC activation through vascular endothelial growth factor (VEFG)-induced nitric
oxide (NO) production. In addition, normal LSECs can reverse activated HSCs back to
quiescence through unidentified mechanisms. Decapillarized LSECs isolated from normal
rat livers can suppress HSC activation, but capillarized LSECs from cirrhotic rats lose this
function. The interaction between LSECs and Kupffer cells is not clarified so far. However,
in the fibrosis model, there is evidence that the crosstalk between LSECs and Kupffer
cells results in a loss of fenestration and increased CD31 expression [380]. In addition,
fenestrated LSECs inhibit liver inflammation by having antioxidant activity. In contrast,
capillarized or defenestrated LSECs caused by factors such as ROS production or through
lipotoxicity have low antioxidant activity and can induce liver inflammation and promote
HSC activation.

It should be noted that the fenestrations of LSECs allow for effector CD8+ T cells
to recognize viral antigens expressed in hepatocytes and produce antiviral cytokines by
cellular protrusions that extend through the fenestration in a diapedesis-independent
manner. This mechanism is obviously lost along with the fenestrae in liver fibrosis, and the
effector function of antigen-specific T cells is decreased [381].

Furthermore, LSEC death produces PAMPS that can promote liver inflammation,
fibrosis, and cirrhosis acting on KCs and macrophages [317]. LSECs are also implicated
in adaptive immunity. They can restrict the entry of immune complexes and leucocytes
into liver tissue. Most importantly, LSECs can act as antigen-presenting cells (APCs) and
regulate lymphocyte action because they constitutively express MHC class I and II, CD54
(ICAM-1), CD4, CD11, and CD106 (VCAM-1) molecules as well as co-stimulatory molecules
CD40, CD80, and CD86, which are necessary for the antigen presentation to T cells. LSECs
express MHC- I receptors and present antigens to CD8+ cytotoxic T cells. At low antigen
concentrations, this presentation leads to the tolerogenic deletion of CD8+ T cells, but at
high antigen concentration, leads to a memory effector T cell phenotype. In HBV infection,
CD8+ T cells attach to the sinusoids and then search for infected hepatocytes through
LSEC fenestrae. CD8 T cells actively cross the LECS barrier once they sense an infected
hepatocyte and release TNFa that in turn eliminates the infected hepatocyte. Moreover,
LSECs also present antigens to CD4+ T cells through MHC class II receptors, inducing
suppressor Treg cells [200,382].

3.4. Adaptive Immunity T Cells

Cells of adaptive immunity are the many subpopulations of the T lymphocyte family
and the B cells. Virtually all lymphocytes originating from naive CD4+ cells participate in
the regulation of liver fibrosis. T cells are classified into conventional T cells and innate-like
T cells (unconventional T cells). Unconventional T cells consist of natural killer T (NKT)
cells, v T cells, and mucosal-associated invariant T (MAIT) cells [383,384]. Conventional T
cells can be further subdivided into CD8+ cytotoxic T lymphocytes (CTLs), regulatory T
(Treg) cells, T follicular regulatory (Tfr) cells, and CD4+ T helper cells, including Th1, Th2,

34



Livers 2025, 5,5

Th9, Th17, Th22, and T follicular helper (Tth) cells [385,386]. TNF-a-producing CD4+ T
cells are dominant in HBV infection, participating in the progression of liver damage. A
sequential increase in IFNy-producing CD4 T cells characterizes patients with elevated
levels of viral clearance [387].

A distinct type of T cell is the tissue resident memory (TRM) T cell that is important
as a first-line defense in the liver. These consist of CD8+ and CD4+ cells and they do not
circulate [385]. Their storing effector ability of hepatic TRM cells makes them critical in
chronic liver diseases. The proliferation of liver TRMs is modulated by cytokines such as
interleukin IL-2, IL- 15, IL-10, and TGF-f. Liver TRM cells are antiviral in chronic viral
hepatitis. Importantly, the number of liver TRMs positively correlates with inflammation
in patients with obesity [388]. A detailed description of the role of the T cell subclasses in
liver fibrosis has been published [386].

APCs are classified into professional and non-professional. All professional APCs
express the MHC-II molecules and include macrophages, dendritic cells (DCs), and B-
lymphocytes. The MHC family consists of MHC-I and MHC-II receptors. MHC-I presents
antigens to CD8+ cytotoxic T cells, while the MHC-II molecules induce CD4+ T cell activa-
tion [213]. Hepatocytes express MHC-II molecules and co-stimulators, and they may act as
an atypical APC to promote T cell activation [389,390]. This has been demonstrated in the
liver samples of patients with alcoholic hepatitis (AH) and MASH, where increased levels
of MHC-II were observed in close association with MHC-II-producing hepatocytes [237].
Although DCs belong to the cells of innate immunity, they connect the innate and the adap-
tive immunity [391]. Hepatic DCs (HDCs) are less than 1% of total liver myeloid cells and
are subdivided into plasmacytoid and myeloid subpopulations. Myeloid HDCs are further
classified as type 1 and type 2 [392,393]. In the healthy liver, HDCs are tolerogenic [394],
but they stimulate CD4 +T cells during liver diseases [393]. The majority of HDCs are
localized at the portal vein area, with a few localized at the central vein area [395], while
their numbers are significantly increased in MASH patients [396]. In the murine models of
liver diseases, HDCs have no effect on the survival of HSCs in contrast to macrophages [71].
Animal and human data indicate that other cell types express the MHC-II molecules and
act as atypical APCs. They include mast cells, basophils, eosinophils, neutrophils, and
innate lymphoid cells (ILCs) [397].

T cell response after the presentation of antigens involves the recognition of the
antigen by the T cell receptors (TCRs) on the surface of either CD4+ or CD8+ cells acting
in collaboration with the CD3 co-receptor [398]. Other co-stimulatory molecules such as
OX40L are required for proper antigen recognition by the T cells [399-401]. TCRs comprise
two different heterodimers: TCRa/TCRf or TCRy/TCR® [402]. A reduction in TCR
subtypes was found in the liver of fibrotic animals, while the deletion of TCR{3 aggravated
liver fibrosis [403].

Current evidence indicates that T cell immunity influences the fibrosis process [386].
Earlier studies reported that the transfer of CD8+ve T cells contributed to liver fibrosis.
CD8+ve T cells directly activated HSCs in murine models [404]. IL-21 promotes the antiviral
activity of HBV-specific CD8+ T cells by promoting the production of IFNy, granzyme B,
and CD107a and decreasing PD-1 and TIM-3 production [405]. In addition, IL-2 promotes
the proliferation of CD8+ T cells by activating the mTOR pathway to restore dysfunctional
CD8+ T cells [406]. IL-33 initiates the proliferation of HBV-specific CD8+ T cells and
upregulates PD-1 production, promoting HBV clearance. Not unexpectedly, the plasma
levels of IL-33 are low in patients with CHB [407].

The severity of liver fibrosis was positively correlated with intrahepatic CD4+ve T
cell apoptosis [408]. CD4+ve T cell activity is involved in the progression of liver fibrosis,
by secreting cytokines such as IL-4, IL-10, and IFN-y, and by stimulating other immune
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cells such as NK cells [224,366,409]. An analysis of T cell distribution in a small number of
viral cirrhosis patients found that CD4+ve T cells, but not CD8+ve cells, were decreased
in cirrhotic tissue. This is in contrast to a larger and more detailed study, which reported
that a reduction in CD8+ve and NK cells and an infiltration of CD4+ve memory T cells
contributed to immune changes in cirrhosis [224,366,409]. The impairment of CD4+ve T
cells is implicated in the evolution of liver fibrosis in MASH. An accumulation of liver
CD4+ve T cells was demonstrated in human disease and murine MASH models [410-412].
CD4+ve T cells were critical in the progression of liver fibrosis after the transfer of human
T cells to a specific murine model of MASH. Moreover, the depletion of human CD4+ve T
cells attenuated fibrosis in the humanized MASH mice, confirming the significance of these
cells in the pathogenesis of MASH [410].

As mentioned before, the group of CD4+ve T lymphocytes includes different sub-
groups without a uniform behavior in liver fibrosis.

T helper 1 (Th1) cells are pro-fibrotic, producing cytokines such as IFN-y, IL-2, and
TNF-a [413]. An indirect support for the role of Thl cells in liver fibrosis came from an INFy
knockout murine model of MASH, where the attenuation of fibrosis was observed [414].
These results are in line with the clinical observations that MASH patients have increased
hepatic IFNy-producing CD4+ve T cells [415,416].

Th2 cells are anti-inflammatory, eliciting a protective immune response [417]. Th2 cells
produce cytokines such as IL-4, IL-5, and 1L-13 [418,419]. Increased serum levels of IL-13,
accompanied by the increased hepatic expression of its receptor IL-13Ra2, were reported
in MASH patients. Moreover, the IL-13-mediated killing of IL-13Ra2+ve cells suppressed
liver fibrosis in a rat model of MASH, supporting the involvement of the IL-13/IL-13Ra2
pathway in MASH [420]. Paradoxically, the administration of IL-33 increased liver fibrosis
in a murine model of MASH, despite the fact that IL-33 promotes a Th2 response [421].

Th1 and Th2 cells communicate with LSECs through different adhesion molecules to
exert opposite effects in liver fibrosis. The interaction of Th1 cells and LSECs facilitates the
reduction in LSEC fenestrae and increases LSEC angiogenesis, finally aggravating liver
fibrosis, while the interaction of Th2 cells and LSECs attenuates fibrosis [422,423].

TGEF- and IL-6 are the mediators of the differentiation of T cells into Th17 cells [179,424].
The IL-17 cytokine family consists of six members, namely IL-17A-F [425]. Murine Th17
cells have strong pro-fibrogenic and pro-inflammatory potentials [183,426—428]. Th17 cells
can trigger hepatic inflammation possibly due to the recruitment of macrophages by the
IL-17-dependent upregulation of the chemokine CXCL10 [429,430]. However, the role
of Th17 cells in liver fibrosis is not clear. There are reports supporting the pro-fibrotic
potential of IL-17 [417,431-433]. Other studies support an opposite effect after blocking
IL-17 [429,434]. Th17 cells play a crucial role in inflammation, hepatic fibrosis, and HCC
development. Th17 cells secrete IL-17 in the presence of IL-6, IL-1§3, IL-12, and IL-23,
acting through binding to its receptor [435]. Almost all liver cells including hepatocytes,
HSCs, BECs, KCs, and LSECs express IL-17R [436]. Moreover, Th17 cells also secrete
IL-22 and granulocyte macrophage colony-stimulating factors. These cytokines increase
the production and recruitment of neutrophils. Increased numbers of Th17 cells in HBV
patients are associated with fibrosis and cirrhosis [437,438]. IL-17 activates MDCs and
monocytes to release inflammatory cytokines and recruit neutrophils to the liver [439].
Moreover, there is a negative correlation between disease severity and the methylation level
of the IL-17 promoter [440]. The Th17/Treg cell ratio increases and positively correlates
with liver injury in patients with a chronic HBV infection [441].

T helper 22 cells are characterized by the production of IL-22 in the absence of IL-
17 [442]. The differentiation of the Th22 cell is mediated by IL-6 and TNFa and is inhibited
by TGF-f3. Evidence supports an anti-fibrotic effect for IL-22 that would be beneficial
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in MASH [443,444]. However, there is a concern that IL-22 treatment may be a risk for
hepatocellular carcinoma development through the activation of STAT3 [445].

There is an interaction of the different cytokines produced by several sources in the
modulation of liver fibrosis [446]. For example, the pro-fibrotic cytokine IL-17A was also
produced by neutrophils and mast cells [427,447,448]. Th17A promotes the secretion of
TGF-p but also promotes the expression of TGF-RII on fibroblasts, therefore increasing
the effect of TGF-f [426,428,449], a similar effect with the Th17-associated cytokine IL-
22 [447]. TGF-B in turn induces the expression of IL-17A in collaboration with the IL-1,
IL-6, or TNFa [450]. The cytokines IL-4 and IL-13 are also important inducers of fibrosis in
association with an eosinophil and M2 macrophage environment [451]. IL-13 induces the
production of TGF-3 by macrophages [452], but it may increase fibrosis independently of
TGF-f3 [452,453] by a direct effect on myofibroblasts [454].

One should remember that the immune mechanisms of liver fibrosis vary according
to the underlying etiology, and results are often contradictory. T cells are no exception.
Thus, in MAFLD, activated NK cells attenuate fibrosis progression [455-457]. Single-cell
transcriptome analysis showed that CD4+ve T cells, CD8+ve T cells, and yd T cells are
increased in the liver with MASH [458]. Alcohol exposure impairs the balance between
different T cell subpopulations, leading to a reduction in naive CD4+ve T cells and CD8+ve
T cells [459]. CD8+ve T cell activation and infiltration are considered as the effector
mediators of bile duct damage in PBC. Research has demonstrated that specific cytotoxic
CD8+ T cells are indeed increased in PBC patients [460,461]. A comprehensive review on
the role of Th cells in liver fibrosis has been recently published [430].

One of the most important players in the process of inflammation and fibrosis is a
subset of CD4+ve cells originating from the thymus and peripheral organs that are called
regulatory T cells (Tregs). They suppress the proliferation and activity of CD4+ve and
CD8+ve T cells through co-inhibitory molecules such as the cytotoxic T lymphocyte antigen
4 (CTLA-4) or by secreting suppressor cytokines such as IL-10 and TGF-f3 [462,463]. Tregs
express the transcription factor Fork head box protein 3 (FOXP3). Within the liver, both
myeloid and plasmacytoid HDCs are responsible to transform naive CD4+ve T cells into
Tregs by expressing the membrane checkpoint programmed cell death 1 ligand 1 (PD- L1)
and by releasing IL-10 and kynurenine [462].

In hepatic steatosis, increased oxidative stress leads to the apoptosis and reduc-
tion in hepatic Treg cells, and leads to a lowered suppression of inflammatory re-
sponses [464]. Moreover, Tregs were reported to be more sensitive to apoptosis in steato-
hepatitis [412]. Decreased numbers of hepatic Tregs were described in the animal models of
MAFLD [411,464—466]. An additional explanation is that in fatty livers, adipokines affect
Treg cells. Increased leptin production from adipose tissue reduces Treg differentiation,
stimulating dendritic cells to polarize CD4+ve cells into Th1l and Th17 cells instead of
Tregs [467]. In disagreement with these findings, a recent study found increased numbers
of Tregs in the livers of high fat- and high carbohydrate-fed mice. Moreover, the elimination
of Tregs inhibited the progression of MASH [468]. In another model of MASH, increased
intrahepatic Tregs were found, but when Tregs were transferred, they aggravated MASH,
indicating that Tregs increase the metabolic inflammation [469]. In the bile duct ligation
model, the elimination of Tregs aggravated liver fibrosis in association with the decreased
production of IL-10 [470]. However, Tregs also secrete TGF-f3, a well-known promoter of
liver fibrosis [142]. To make things more complicated, Tregs were increased in chronic
HCV and repressed liver fibrosis [471] but promoted fibrosis in another study of chronic
HCV [472]. Despite these contradictory findings, most available evidence indicates that
Treg cells are anti-fibrotic, secreting the immunosuppressive IL-10 [419]. An earlier study
may offer some explanation. In chronic HBV, it is the significance of the balance between

37



Livers 2025, 5,5

Tregs and Th17 cells that is important and not the absolute number of the individual cells.
Both Tregs and Th17 cells in the peripheral blood were increased, but it was the ratio of
Treg/Th17 that was correlated with liver fibrosis. Moreover, experiments with isolated
human HSCs indicated that Tregs from HBV patients inhibited the activation of HSCs,
while recombinant IL-17 increased HSC activation [473].

Tregs are increased during persistent HBV infection [474], downregulating the effector
T cells and recruiting innate immune cells to the infected liver, leading to incomplete viral
clearance. IL-1f3 upregulates Treg activation and produces inhibitory cytokines such as IL-
10, IL-35, and TGF-f3, which are key mediators of Treg function. IL-10 inhibits host anti-HBV
activity, leading to the increased replication of HBV. Increased IL-10 levels are correlated
with HBV DNA and liver inflammation [475]. HLA-DQ promotes the suppressive function
of Tregs [476], while decreased PD-1 expression mitigates the immunosuppressive ability
of Tregs and promotes the antiviral activity of effector T cells [477].

HBsAg-specific Tregs intervene with Tth-dependent HBsAb dysregulation by limiting
the differentiation of HBsAg-specific Tth cells, resulting in insufficient HBsAb produc-
tion [478]. Tth cells are implicated in B cell response. They participate in the development
of germinal centers from which high-affinity memory B and long-lived plasma cells origi-
nate. B cells and plasma cells are required for a protective antibody response [479].

IL-35 is mainly secreted by regulatory T cells and regulatory B cells, which contribute
to immune tolerance and viral persistence during chronic HBV infection [480]. IL-35
modulates CD4+ and CD8+ T cells, and induces immunosuppression in chronic HBV
infection and non-viral hepatitis-related HCC [481,482]. IL-35 increases PD-1 expression
through the JAK1/TYK2/STAT1/STAT4 pathway [483].

In summary; it is clear that Tregs are implicated in the development of liver fibrosis.
Tregs activity may either be protective or promotive at different stages of fibrosis develop-
ment or at different combinations with other interleukins, acting as a two-edged sword.
Signaling through the mammalian target of the rapamycin (mTOR) pathway is involved in
the protective function of Tregs [484].

Liver B cells are also involved in the immunological response during liver fibrosis
through the production of antibodies and the presentation of antigens [485]. It seems that
B cells favor the induction and progression of liver fibrosis [484], but most data are derived
from pulmonary fibrosis. However, the elimination of B cells attenuated CCl4-induced
fibrosis progression in mice [486], while B cell accumulation in the livers of MASH patients
correlates to hepatic inflammation and fibrosis [487].

A particular subset of B cells are the B regulatory cells. Bregs in patients with CHB
are high, reaching a peak at the immune-active stage. There is a negative correlation
with the levels of IL-17 and IFN-y-secreting Th1 and Th17 cells and CD8+ cells, and a
positive correlation with IL-4-producing Th2 cells [488,489]. Bregs can dysregulate T cell
function through IL-10, TGF-3, and IL-35. IL-35 levels correlate with the deterioration of
liver cirrhosis. The progression of inflammation favors the elevation of Bregs to prevent
excessive immune responses, but this may prove detrimental contributing to the persistence
of HBV [480,490,491].

Table 2 presents a synopsis of cytokines involved in immune responses in liver diseases.
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Table 2. A synopsis of cytokines involved in immune responses in liver diseases.

Cytokines Functions References

TNF- Inhibit HBV replication, provide antiviral immunity, induce inflammation. [432,461]

TGF-3 Impair NK cell function, promote fibrosis and HCC. [131,132,177]

IL-10 ¥nh1b1't cytokine production, regulate T cell immunity, develop persistence of HBV [481,482,484]
infection.

IL-13 Induce inflammation, liver fibrosis. and cirrhosis. [471,472]

L6 Pro'dl'lced by macrophages. Induce inflammation and fibrosis. Inhibit HBV replication; [200,202,203]
inhibits HBV entry.
Pro-inflammatory. Activate HSCs. IL-13 induces the phosphorylation of Smad2/3 to

IL-18, promote the transformation of hepatocytes to EMT. IL-18 rs187238 GG genotype [137,199,202]

IL-1p increases the risk of HCC in a healthy population and the risk of cirrhosis in CHB T
carriers.

1L-17 Exacerbate inflammation, induce liver fibrosis and cirrhosis. [436,450,451]
Produced by activated CD4+ T cells. Activate T and B cells. Maintenance of specific

IL-21 CD8+ T-cell functions and control of viremia. Increased levels may promote cirrhosis ~ [424]
and exacerbate liver injury.

IL-22 Inhibit liver inflammation and fibrosis. [462,463]
Higher levels in patients with liver cirrhosis or hepatocellular carcinoma. Compensate

IL-27 the function of IL-21 by supporting Tfh-B cell function, required for protective antibody  [424]
response.

1L-33 Induce liver damage apd fibrosis, activate Tth cells, and enhance humoral immunity; [426,433,440]
suppress HBV replication.
Development of fibrosis, cirrhosis, and HCC. Inhibit HBV-specific CD8 T cells

IL-35 - _ X . o1 . [492-494]
cytotoxicity. Inhibit cytokines and induce antiviral immunity.

IFN-y Antiviral immunity. Inhibit HBV replication; induce inflammation. [432,434]

3.5. Unconventional T Cells

They are a heterogeneous group of lymphocytes belonging to the immune system of
the liver. The better-studied subpopulations of unconventional T cells include mucosal-
associated invariant T (MAIT) cells, y6 T cells, and NKT cells. In the peripheral circulation,
they represent almost 10% of T cells. In the liver, however, they are the majority of T
cells [379,495]. There are plenty of MAIT cells in the human liver (15-45% of the total T
cells), but they are scarce in the liver of mice. On the other hand, invariant NKT (iNKT)
cells are <1% of the total T cells in the human liver as opposed to 30-50% in the murine
liver [68]. From a functional point of view, NKT cells can be considered as the murine
equivalent of human MAIT cells [496].

NKT cells are subdivided into type I NKT (iNKT) cells and type II NKT cells [497],
with the former being important in the pathogenesis of several liver diseases [367,498]. In
HBV-related cirrhosis, peripheral iNKTs are over-activated and may be partly responsible
for the progression of fibrosis [499]. High cholesterol uptake destroys the function of NKT
cells through lipid oxidation during the evolution of MAFLD toward cirrhosis. At the
early stages of MASH, a reduction in NKT cells has been reported, while in advanced
MASH, NKT cells are anti-fibrotic [500,501]. Patients with PBC have increased numbers
of I1-17A-producing iNKT cells. The levels of 17A correlate with fibrosis severity [492].
However, this suggestion has been recently disputed in a murine model of PBC, where it
was IL-21 and not IL-17A that was associated with disease progression [502]. But again,
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one should remember the differences in liver NKT cells between humans and mice in every
effort to explain these differences.

¥0-T cells have a TCR with two v and 6 chains instead of « and 3 and comprise
15-25% of all intrahepatic T cells. They are mostly located in portal tracts and areas of
bile duct fibrogenesis [493,495]. The activation of o T cells does not require an antigen
presentation by MHC molecules in contrast to «f3 T cells. Therefore, they are referred to as
MHC-unrestricted, which may not be absolutely true as some targets of y5-TCR include
the class I MHC molecules [494]. These cells are IL17A producers [503]. v5-T cells were
increased in the liver of the murine models of MAFLD, and their deletion or depletion
ameliorated steatohepatitis and accelerated damage repair [504,505]. Interestingly, the gut
microbiota may act synergistically with y5-T IL17+ve cells in disease progression [506]. In
contrast to these findings, a transfer of normal v T cells ameliorated liver inflammation
by increasing the apoptosis of activated HSCs in the methionine—choline-deficient diet of
chronic liver disease [507].

Innate lymphoid cells (ILCs). They are subdivided into three groups based on cell
surface markers, the transcription factors that regulate their function, and the production
of characteristic cytokines [508]. ILC1s consist of IFNy-producing cells, and they are T-bet
dependent, while ILC2s express type 2 cytokines such as IL-5 and IL-13 and are dependent
on GATA-binding protein 3 (GATA3) for their function. ILC3s produce IL-17 and IL-22
and depend on the transcription factor retinoic acid receptor-related orphan receptor yt
(RORyt) for their function [508-511]. Recently, a revision has been proposed to include
conventional NK (cNK) cells and lymphoid tissue-inducer cells [512,513]. An intrahepatic
accumulation of ILC3 cells with pro-fibrotic activity was reported in the CCl4-induced
liver fibrosis model. The transfer of ILC3s after the elimination of resident ILC3s increased
ECM deposition and liver fibrosis, indicating a pro-fibrogenic role of ILC3 [119,510,512,514].
In addition, a positive relation between the severity of liver fibrosis and the proportion
of intrahepatic ILC2 was described. The pro-fibrotic effect of ILC2 was mediated by the
overproduction of IL-13, which in turn was induced by IL-33 production from hepatocytes
and Kupffer cells [515].

Mucosal-associated invariant T (MAIT) cells in circulation vary between 1 and 10%
of total T cells but in the liver may increase up to 45% of intrahepatic T lymphocytes [516].
In patients with either alcohol-related or MAFLD cirrhosis, circulating MAIT cells were
reduced, but they were increased in the fibrous septa. Most MAIT cells (80%) from
both healthy controls and cirrhotics were CD8+ve, while 20% were double negative
(CD8—CD4—). In animal models, the enrichment of mice with MAIT cells promoted
liver fibrosis. MAIT cells also enhanced the fibrogenic functions of MFs and MB-derived
macrophages [517]. Decreased peripheral MAIT cells with an impaired production of IFN-y
and TNF-o were also described in MAFLD patients. MAIT cells were also increased in the
liver and were positively correlated with MAFLD severity. But in contrast to the previous
findings, a protective role of MAITs was suggested, as activated MAIT cells in vitro induced
M2 macrophage phenotype, and in MAIT-deficient animals, steatosis and inflammation
was aggravated [518].

3.6. Extrahepatic Factors

The first and most important extrahepatic factor that is implicated in inflammation
and fibrosis is the lymphocyte and monocyte recruitment in the liver. This is dependent
on an adhesion cascade influenced by intercommunications between parenchymal and
non- parenchymal cells. An example is the liberation of DAMPs by damaged hepatocytes
leading to the overproduction of pro-inflammatory mediators by Kupffer cells, which
increase adhesion molecule expression by LSECs. Lymphocyte recruitment across activated
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LSECs involves a firm adhesion on the LSEC surface. Lymphocytes then move along the
luminal endothelium until a signal makes them migrate through LSECs through either a
paracellular or a transcellular route. Chemotactic factors secreted from activated HSCs
direct lymphocytes into the final position within the liver tissue [200].

The dysfunctional gut-liver axis is the second extrahepatic factor that is seriously
involved in liver fibrosis. It leads to a “leaky gut” through which bacterial products obtain
access to the portal blood and activate liver macrophages, leading to fibrosis. The intestinal
barrier is the first line of defense against human intestinal microbiota. The translocation
of bacteria is further inhibited by the junctional complex of the intestinal epithelium and
by immune cells infiltrating the lamina propria. In gut dysbiosis, as found in chronic
liver diseases, all these elements are compromised, allowing abnormal translocations to
the liver [519,520]. Different receptors expressed in liver cells can discriminate between
gut commensal and pathological antigens. When dangerous signals are detected, APCs,
including hepatocytes, recruit immune cells to eliminate pathogen,s maintaining immune
homeostasis. On the other hand, when the massive translocation of PAMPs and DAMPs
from the impaired intestinal barrier reach the liver, tolerance is replaced by an inflammatory
and fibrogenic microenvironment. Innate immunity has the leading role, while adaptive
immunity may sometimes be protective. Most relevant research has been based on investi-
gations contacted in relation to MAFLD/MASH [519,521,522]. Other extrahepatic factors
include the regulation of liver immunity by other organs. Thus, the spleen affects the
composition of liver immune cells. Spleen lipocalin-2 represses the macrophage-induced
activation of HSCs. The lung may also affect liver immune regulation, possibly via TNFa
modulation of the inadequately studied lung-liver axis. The role of adipose tissue has
already been presented. Activated adipose macrophages can migrate to the liver in MASH.
Finally, the brain regulates liver immune responses through the liberation of catecholamine
and acetylcholine from efferent sympathetic and vagus nerve fibers. They respond to
hepatic inflammatory signals transmitted to the central nervous system [523].

3.7. The Interaction of Innate and Adaptive Immunity

The extensive interaction between innate and adaptive immunity was already men-
tioned in the subchapters of individual cells. However, there are certain discrete bridges
that mediate the interplay between innate and adaptive immunity in liver fibrosis.

A first bridge is the activation of y3T cells acting as a connecting point between the
innate and adaptive immunity, as they express TCRy?¢ that recognizes antigens and also
produce inflammatory cytokines such as IL- 17A after stimulation [524]. The second bridge
of the interplay between innate and adaptive immunity became evident in MASH investi-
gations. Lipid toxicity and oxidative stress damage the hepatocytes, as mentioned before.
Both innate immune response and adaptive immunity contribute to MASH-associated
inflammation. Innate immunity may lead to fibrosis via PRRs, including TLRs and NLPR3
inflammasomes, that recognize PAMPs and DAMPs. T cell-mediated adaptive immunity
also promotes fibrosis in MASH via cytotoxicity and cytokines. KCs are the bridge between
the innate and the adaptive responses here. The third bridge is provided by hepatocytes,
which, in addition to their functions as innate cells, also express MHC-II molecules and
co-stimulators, acting as atypical APCs to induce CD4+ve T cell activation and their Th1 or
Th17 cell polarization [213]. IFNy and other Th1 cell cytokines provide the fourth bridge,
as they increase the stimulation of liver macrophages to release M1 pro- inflammatory
cytokines and chemokines that further increase the recruitment of monocytes and lympho-
cytes. Macrophages and dendritic cells release B cell-stimulating cytokines, such as the
B cell-activating factor (BAFF), which are fundamental for B cell maturation into plasma
cells. The fifth bridge is the secretion by both the hepatocytes and macrophages of IL-15
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that improves the survival of CD8+ve T cells and in association with CXCL16, promotes
liver NKT cell survival [412,484,525].
Figure 2 summarizes the immune mechanisms implicated in liver fibrosis.

IL-10
Kynurenin

Figure 2. Immune cells and mediators involved in the pathogenesis of liver fibrosis. For details,
see text. Black arrows: activation of HSCs. Red arrows: inhibition of HSCs. Dotted arrow: Not
investigated. DCs: dendritic cells; ILCs: innate lymphoid cells; KCs: Kupffer cells; MAITs: Mucosal-
associated invariant T cells; MSCs: Mesenchymal stromal cells; Neu: Neutrophils; ROS: reactive
oxygen species.

4. Immune Checks in Liver Fibrosis
4.1. Immune Checkpoint

Immune checkpoint proteins (ICPs) have attracted extensive interest, as they are
critical suppressors of the immune responses in a variety of tumors. However, they have
a wider potential because they maintain immune tolerance in health by repressing T cell
activation and proliferation [526-529]. ICPs which are expressed in tumor cells trigger the
exhaustion, senescence, or apoptosis of effector immune cells [530,531]. The best-studied
inhibitory immune checkpoints are CTLA-4, PD-1, and PD-L1. CTLA-4 is a molecule that is
upregulated on the surface of activated T cells to break their over-stimulation by the TCRs.
CTLA-4, also known as CD152, is a strong competitor of the TCR co-stimulatory molecule
CD28 and binds to CD80 (B7-1)/CD86 (B7-2) with a stronger binding affinity compared
to CD28, thus inhibiting T-cell activation [532]. CTLA-4 is mostly located in intracellular
vesicles and is translocated to the cell membrane after T cell activation [533].
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The upregulation of PD-1 has also been reported on activated T cells. PD-1 is mostly
located at the membrane of cells [533] and binds to its ligand, PD-L1, transmitting inhibitory
co-stimulatory signals that prevent T cell activation. The pro-oncogenic and immunosup-
pressive phenotype of the tumor microenvironment is characterized by the overexpression
of PD-L1 by cancer cells and the overexpression of PD-1 and CTLA-4 by T cells [534,535].
Anti-PD-1 and anti-CTLA-4 monoclonal antibodies are two types of extensively used
inhibitors of immune checkpoints (ICBs) [536].

PD-1 is expressed in several immune cells, including almost all subtypes of T cells, B
cells, NK cells, macrophages, DCs, and monocytes [537-540]. High levels of PD-1 were an
important characteristic of T cell exhaustion [537]. Resting effector T cells do not express
PD-1, but after stimulation by antigens, there is a strong expression of PD-1 [541]. PD-1
downregulation follows the elimination of stimulation signals, otherwise the high levels
are maintained [542]. Cytokines such as IL-10 and TGF-§ also initiate the expression of PD-
1[543,544]. In addition, PD-L1 is induced by several inflammatory mediators such as IFN-vy,
a fact that links PD-L1 expression with persistent inflammation [545,546]. The binding of
PD-L1 to PD-1 inhibits the proliferation and differentiation of T cells into inflammatory
populations, including Th1, Th2, and Th17 cells. This interaction also inhibits the function
of CD8+ve cells. Moreover, this interaction upregulates the differentiation of T cells into
Tregs [547].

CTLA-4 molecules were upregulated in CD4+ve and CD8+ve T cells in CHB according
to recent studies, while the constitutive expression of CLTA-4 was reported in Tregs. CTLA-
4 inhibition produced inconclusive results, as T cell proliferation and cytokine production
were upregulated in some studies, while others confirmed this only after the inhibition of
CTLA-4 in combination with other inhibitory receptors. CTLA-4 is also involved in T cell
exhaustion in CHB, but the existing evidence is inadequate at this moment [548].

Macrophages are also modulated by ICPs. PD-1 expression in macrophages is nega-
tively correlated with the presence of M1-polarized tumor-associated macrophages (TAMs)
and their phagocytic capacity against tumor cells [549,550].

An important aspect of ICP function is the effect of post-translational modification by
glycosylation. During glycosylation, glycan molecules are covalently attached to proteins
or lipids by an enzymatic site-specific mechanism that affects the functions of ICPs such
as biosynthesis and interactions [551]. No studies have addressed the significance of the
glycosylation of ICPs in liver fibrosis and cirrhosis, but there is evidence that this may
be important. Epithelial-mesenchymal transition (EMT) is a process that is involved in
liver fibrosis, as mentioned before. The glycosylation of PD-1 has been studied in cancer
stem cells, where the roles of EMT and N-glycosyl-transferase STT3 were explored. EMT
upregulated PD-L1 expression in cancer stem cells by the EMT/ 3-catenin/STT3/PD-L1
signaling axis. The elimination of both STT3 isoforms suppressed EMT-mediated PD-L1
induction [552].

4.2. Association of Immune Checkpoints with Liver Fibrosis
4.2.1. The PD-1/PD-L1 Axis and CTLA-4

In recent years, the role of the PD-1/PD-L1 axis in liver fibrosis has attracted attention,
but the data are still scarce and not conclusive. Most data are coming from the fibrosis
progression in other organs, mainly the lung. However, they confirm that a close relation-
ship exists between PD-1/PD-L1 signaling and liver fibrosis. The PD-1/PD-L1 interaction
increases fibrosis by promoting important fibrogenic mechanisms such as macrophage
polarization, T cell activation, and the trans-differentiation of epithelial cells. The upregula-
tion of PD-L1 induces EMT, and signals that initiate EMT can also promote the expression of
PD-L1, creating a positive loop [553]. Recent data indicated that an immune dysregulation
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of the PD1/PD-L1 immune checkpoint may be implicated in liver fibrosis [554]. There
is evidence that PD-L1 inhibitors, such as pembrolizumab and nivolumab, used to treat
several cancers, have a potential effect on fibrosis treatment as they reduce fibroblast activa-
tion and ECM deposition [555]. Murine studies reported that the Golgi membrane protein
1 (GOLM1) is highly upregulated in carbon tetrachloride-induced liver fibrosis. GOML1
triggered PD-L1 expression and increased fibrosis by activating the EGFR/AKT/STAT3
signaling pathway [556]. The above data indicate that the PD-1/PD-L1 signaling favors the
progression of liver fibrosis. On the other hand, reports have suggested that the indirect
activation of PD-L1 signaling attenuates liver fibrosis [557].

Blocking PD-L1 inhibits the production of IL-10 and differentiation into Tregs and
restores in part the function of CD4+ T cells [558] and HBV-specific CD8 T cells [559].
Continuous HBsAg and HBeAg exposure led to the exhaustion of many CD8+ve T cells
and a gradual upregulation of PD-L1 and CTLA-4 expression. PD-1 inhibition alone could
not completely restore the exhaustion, which was achieved only after a combined PD-
1/CTLA-4 inhibition [559,560]. Interestingly, lower TLR2+ve monocytes and increased PD1
+ CD8 + T cell proportions may contribute to viral breakthrough (VBT) in HBV patients
switched to IFNa after the failure of nucleoside/tide (NUC) analogs. The combination
of TLR2 activation and the PD1/PDL1 pathway blockade may repress HBV replication
and prevent VBT through increased cytokine production and the recovering of CD8 T-
cell function [561]. PD-L1 antagonists may block HBV replication by initiating cytokine
production and by promoting the cytotoxic effects of CD8+ T cells, mostly in patients with
low HBV DNA and negative HBeAg [562].

The investigation of specific disease entities offered more evidence that ICPs are
implicated in liver fibrosis. In acute viral hepatitis, PD-1 and CTLA-4 are increased during
the symptomatic phase, and decreased during recovery. PD-1 and CTLA-4 have protective
effects as inhibitory molecules to stop the destruction by cytotoxic T cells in self-limited
viral hepatitis. In HBeAg-negative chronic asymptomatic HBV carriers, ICPs are highly
expressed on Thl, Th2, Th17, and Tregs [439,563].

Moreover, in chronic HCV, hepatocytes express high levels of PD-L1, leading to the
generation of Tregs and follicular regulatory T cells and the liberation of extracellular
vesicles rich in TGF-f3 [564]. The T cell response to chronic infection is suppressed, and
liver fibrosis is promoted [565]. In addition, PD-L1 expression mediates the transformation
of M2 macrophages in liver fibrosis [566]. A recent clinical study demonstrated that serum
PD-1 levels were higher in patients with HCV infection compared to normal controls and
gradually increased along with the severity of liver fibrosis [567]. In another clinical study,
peripheral blood and splenic CD4+ve and CD8+ve T-cells expressed higher levels of PD-1,
mucin domain-containing protein 3 (Tim-3), and CTLA-4 in HCV patients with cirrhosis
and portal hypertension compared to normal [568].

Investigations in other organs confirm the association of checkpoints with the pro-
cess of fibrosis. Several findings link the PD-1/PD-L1 axis with idiopathic pulmonary
fibrosis (IPF), as abnormalities of this axis were reported in many cells implicated in IPF
pathogenesis [569]. Interestingly, a recent report indicated that anti-PD-L1 antibodies
mitigated the ECM deposition of TGF-f1-induced lung fibroblasts by downregulating the
PIBK/Akt/mTOR signaling pathway, which is critical in autophagy regulation [570]. These
findings are important as the mechanism of PD-L1 in hepatic fibrosis has many similarities
with pulmonary fibrosis, mainly in connection with EMT induction in the lung and the liver.
PDL1 can induce the production of TGF-f3 in liver fibrosis. In agreement with pulmonary
fibrosis, EMT pathways involving TGF-3, such as Smad and PI3K/AKT, are also active in
liver fibrosis [156,571-573]. PDL1 also activates HSCs, leading to the production of several
factors involved in hepatic fibrosis, as presented above [574]. Finally, PD-L1 favors the
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transformation into M2 macrophages, which in turn suppresses E cadherin and increases
vimentin in hepatocytes, thus promoting EMT [575] in direct analogy with drug-induced
pulmonary fibrosis, where the upregulation of PD-L1 promoted fibrosis through the inhibi-
tion of vimentin degradation [576]. Mechanistically, PD-L1 directly upregulated the serum
and glucocorticoid kinase 2 (SGK2) and activated the SGK2/ 3-catenin signaling pathway
to induce EMT and the transformation of liver cancer cells into a stem cell phenotype [577].

However, there are differences between liver and pulmonary fibrosis. PD-L1 on liver
fibrosis is mostly immunomodulatory. Thus, in an earlier paper on chronic persistent
HCYV disease, it was demonstrated that HCV-specific CD8 T cells from the liver expressed
high levels of PD-1 and a significant impairment of their function. CTLA-4 was also
upregulated in PD-1+ve T cells from the liver but not from the blood of persistently infected
HCV patients. Interestingly, the impaired function of CD8+ve cells was synergistically
reversed by a combined PD-1/CTLA-4 blockade, but not by blocking PD-1 or CTLA-4
alone, indicating that both PD-1 and CTLA-4 pathways participate in the virus-specific T
cell exhaustion in chronic HCV [578]. Although reported data suggests a similar role of
CTLA-4in T cell exhaustion, the documentation is weak to support the role of CTLA-4in T
cell exhaustion in chronic HBV infection, as mentioned above [548].

Another approach to clarify the role of ICPs in liver fibrosis is to delineate the asso-
ciation of ICPs with the functions proved to participate in the fibrotic process. ICPs are
implicated in the function of critical cells in the regulation of liver fibrosis such as MCS,
macrophages, and HSCs.

Thus, PD-L1 expression is involved in the immunomodulation mediated by the mes-
enchymal stromal/stem cells (MSCs) as well. PD-L1 on the surface of MSCs interacts with
PD-1 on the surface of T cells through direct cell-to-cell communication, inhibiting the
functions of T cells. PD-L1 may also be secreted, inhibiting T cell function without the close
contact of cells. MSCs may transfer PD-L1 in extracellular vesicles, again affecting T cells
from a distance. Signal transmissions from MSC PD-1 create a positive loop, enhancing
their immunomodulatory potential. On the other hand, anti-PD-L1 antibodies can reduce
immunomodulation mediated by MSCs [579].

Further immunomodulation by IPCs in liver fibrosis may be mediated via PD-1 induc-
tion in monocytes and macrophages through TLR signaling and cytokines such as TNF-«,
IL-13, and IL-6 [580,581]. Furthermore, PD-1 expression in macrophages may repress innate
inflammatory responses [582,583]. PD-L1 activation sends negative signals to macrophages,
inducing an immunosuppressor cell phenotype [584]. The overexpression of PD-L1 in
macrophages and peripheral monocytes has been demonstrated in chronic viral infections
in the liver [232,585]. A study of patients with cirrhosis showed that liver macrophages
overexpressed the immune-suppressive proteins PD-L1, MARCO, and CD163. Monocytes
from patients also overexpressed PD-L1, which was related to disease severity and the
presence of infections. A blockade of PD-L1 with anti-PD- L1 antibodies restored liver
macrophage functions [267]. These findings have been confirmed in an acetaminophen-
induced acute liver injury murine model. Reduced bacterial clearance by KCs expressing
PD-1 was observed during liver injury. During resolution, KCs expressed higher levels
of PD-1 and lymphocytes expressed higher levels of PD-L1. The suppression of PD-1
expression by anti-PD-1 improved KC bacterial clearance. Increased PD-1 expression in
monocytes and increased PD-L1 expression in lymphocytes of peripheral blood were found
in patients with acute liver failure. Moreover, PD-L1 plasma levels were positively corre-
lated with sepsis and mortality. Interestingly, PD-1 in vitro blockade restored monocyte
functionality [586,587].

Activated hepatic stellate cells from human livers induce the apoptosis of activated
T cells through the expression of PD-L1. Human HSCs have strong immunoregulatory
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activity via the B7-H1-mediated induction of apoptosis in activated T cells [588]. Murine
HSCs suppressed the upregulation of activation markers on B cells together with the
repression of their proliferation and their cytokine production. Interestingly, the elimination
of the interaction of PD-L1 with PD-1 decreased the ability of HSCs to suppress B cell
activation [306]. Several recent reports have clearly demonstrated that senescent HSCs
display an increased expression of PD-1/PD-L1 proteins. An increase in the level of the
PD-L1 protein in senescent cells is able to suppress their immune surveillance and inhibit
their elimination by cytotoxic CD8+ve T cells and NK cells [186,589-592]. ICPs also affect
TGF-f function. PD-L1, produced by HSCs, is necessary for HSC activation by protecting
the two TGEF-f3 receptors from degradation. The extracellular domain of PD-L1 protects the
TPRII protein, while the 260-RLRKGR-265 motif on PD-L1 protects the TRRI mRNA [593].

4.2.2. Other ICPs Involved in Liver Fibrosis

Apart from the better-studied PD-1/PD-L1 and CTLA-4, additional ICPs have the
potential to be involved in fibrosis, although the data are inadequate.

The B7 homolog 3 protein (B7-H3), also designated as CD276, is a critical ICP of the B7
immunoglobin superfamily [594]. B7-H3 is expressed on APCs and is involved in T-cell-
mediated immunity. The aberrant expression of B7-H3 in several cancers is associated with
a poor prognosis and increased angiogenesis [595]. B7-H4 is also a member of the same B7
superfamily. It was also found on professional APC, preventing T cell activation and was
also associated with poor prognosis [596,597].

ICPs such as LAG-3, TIM-3, and CD39 on CD8+ve T cells were increased in patients
with chronic HBV. The ability of CD8+ve cells to secrete TNFa, IFNYy, and perforin was
downregulated [598]. TIM-3 levels positively correlated with HBV DNA levels [599].
Lymphocyte activation gene 3 (LAG-3), also designated as CD223, has been a promising
target in the treatment of hepatocellular carcinoma (HCC). In patients with HCC, LAG-3
expression in Tregs and NK cells is implicated in tumor immune evasion by interacting
with MHC-II molecules. Its overexpression is associated with T cell exhaustion in synergy
with PD-1 and increased angiogenesis [600].

The increased expression of TIM-3 and galectin-9 also led to the inhibition and apop-
totic deletion of T cells. Th cells expressing TIM-3 have a limited production of IFN-y and
TNEF-« after the recognition of HBV peptides and are sensitive to galectin-9-initiated cell
death. The expression of TIM-3 on peripheral T cells parallels disease progression and
markers of liver damage including increases in ALT, AST, bilirubin, and international nor-
malized ratio (INR) [600]. The inhibition of TIM-3 initiated the proliferation of HBV-specific
CDS8 T cells and upregulated antiviral cytokine secretion [601].

Kynurenine (Kyn) is another important IPC modulator of immune responses via
its aryl hydrocarbon receptor (Ahr). For Kyn synthesis, two enzymes are implicated,
the indoleamine 2,3-dioxygenase (Ido) and the tryptophan 2,3-dioxygenase (Tdo). Ido is
responsible for 90% of tryptophan catabolism. Although Kyn is increased in various liver
disorders, the exact involvement of Kyn in liver damage has not been clarified as Idol,
Ido2, and Tdo are activated in several cell types. However, Ido1 deficiency aggravated liver
fibrosis in the CCL4-induced liver injury murine model [602]. Moreover, liver fibrosis in
the same model was mitigated in Ido2—/—, indicating that the inhibition of kyn or ido 2
may ameliorate hepatic fibrosis [603].

4.3. Therapeutic Implications of Checkpoint Inhibitors in Liver Fibrosis

Despite the increasing evidence that checkpoint inhibitors are involved in the reg-
ulation of inflammation and liver fibrosis, there are very few clinical data and some
experimental observations on their use in these two conditions.
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A blockade of inhibitory checkpoints including PD-1, CTLA-4, 2B4, TIM-3, and
galectin-9 alone or in combination has emerged as a potential therapeutic approach to
restore T and B cell functions in CHB [478,558,604-607]. In studies of HBV-infected mice
and blood from patients with a chronic HBV infection, a Tth cell response to HBsAg was
required for HBV clearance, and this response was blocked by Treg cells. Inhibiting Treg
cell activity using neutralizing antibody against CTLA4 restored the ability of Tth cells to
clear HBV infection. This approach might be used in future clinical trials for the treatment
of patients with chronic HBV infection [478].

However, there are sufficient data from the extensive use of ICPs in the treatment of
HCC. It is known that the great majority of HCC cases have a background of fibrosis and
cirrhosis. Therefore, data on HCC treatment may offer an overview of the use of these
drugs in advanced liver disease. The results of clinical trials for HCC may be extrapolated
in the future treatment of liver fibrosis, at least as far as safety is concerned.

The published results of anti-PD1/PD-L1 monotherapy for HCC with nivolumab, pem-
brolizumab, durvalumab, and camrelizumab indicate a non-impressive overall survival of
13.2-16.9 months. More favorable were the results of the combinations of ICPs with tyrosine
kinase inhibitors. Atezolizumab, a PD-L1 inhibitor, combined with bevacizumab showed a
56% reduced risk of death compared to sorafenib. Camriezumab combined with alpatinib
had an overall survival of 22.1 months compared to 15.2 months for sorafenib [608]. The
Himalaya trial evaluated the STRIDE regimen consisting of a single dose of tremelimumab
with a dose of durvalumab every 4 wks. A significant but again not impressive increase
in overall survival of 16.4 months vs. 13.8 months for sorafenib was reported [609]. Other
combination treatments of anti-PD-1 with ipilimumab and tremelimumab (CTLA-4 IPCs
inhibitors) are in progress [610].

Interestingly, a systematic review of systemic therapies in HCC from 2002 to 2020
revealed that immunotherapies were more effective in viral etiologies as compared to
non-viral etiologies, possibly because the immune responses are more vigorous in viral
infections compared to non-viral etiologies [611].

An additional interesting approach was recently reported. Coagulation factor Xa
(FXa) and its receptor proteinase-activated receptor-2 (PAR-2) promote tumor metastasis
in several forms of cancer. The combination of the anti-coagulation drug rivaroxaban
and an anti-PD-1 antibody induced synergistic antitumor effects in experimental models.
Most importantly, rivaroxaban improved the objective response rate of HCC patients and
prolonged the overall survival time [612].

Whatever the survival benefits might be, adverse events (AEs) do happen, including
immune-related adverse events (irAEs) such as rash and pruritus, diarrhea and colitis,
hypothyroidism and hypophysitis, pneumonitis, and psychiatric disorders [613,614]. The
reactivation of HBV has also been observed [615]. ICP inhibitors combined with angiogen-
esis inhibitors may reduce incidence and mortality for most irAEs [616].

5. Conclusions

Liver fibrosis is the end result of almost all chronic liver diseases. However, the
underlying mechanisms are different in many respects according to etiology. There has been
great progress in the cellular and molecular biology of liver fibrosis, and it is now accepted
that the sinusoids are a fundamental field in fibrosis induction and progress. Kupffer
cells and the hepatic stellate cells are the most important cells of innate immune response
implicated in fibrosis. They are the masterminds of the immune regulation of fibrosis as
they interact with each other, assisted by other immune cells such as lymphocytes and liver
endothelial cells. Kupffer cells are implicated in the activation of HS5Cs that in turn are the
producers of ECM through a complex network of cytokines and chemokines. At the same
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time, both Kupffer cells and HSCs are responsible for the resolution of fibrosis through a
network of inhibitory cytokines and the production of degrading metalloproteases. It is also
well documented that adaptive immunity and its very many cells are critical components
in the regulation of fibrosis as are cells of an intermediate nature such as MAIT cells and
vd T cells that interact with elements of both innate and adaptive immunity. Recently,
a hotspot of research is the role of the immune checkpoints (ICPs), as they are the main
controllers of the excessive immune responses, and their inhibition is currently in clinical
use in an effort to overcome the immune evasion masterminded by several cancers. There
is increasing evidence that ICPs are involved in the regulation of liver fibrosis; therefore, a
new chapter in anti-fibrotic therapy may start as many new ICPs are described and the role
of the better-studied PD-1/PD-L1 and CTLA-4 is intensively researched. They are effective
in non-fibrotic viral liver disease as well, but their application will be limited. The current
antivirals are very effective and more cost-efficient, and it is not reasonable to replace
them. There are sufficient data on the safety of ICP inhibitors, alone or in combination with
other drugs, from extensive trials on the treatment of HCC, indicating that trials on the
treatment of liver fibrosis are justified, and possibly a new era on immunotherapy of this
difficult-to-treat liver disease is ahead.
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Abstract: Chronic liver disease poses significant challenges to healthcare systems, which
frequently struggle to meet the needs of end-stage liver disease patients. Early detection
and management are essential because liver damage and fibrosis are potentially reversible.
However, the implementation of population-wide screenings is hindered by the asymp-
tomatic nature of early chronic liver disease, along with the risks and costs associated with
traditional diagnostics, such as liver biopsies. This study pioneers the development of
innovative, minimally invasive methods capable of improving the outcomes of liver disease
patients by identifying liver disease biomarkers using quantification methods with trans-
lational potential. A targeted mass spectrometry assay based on stable isotope standard
protein epitope signature tags (SIS-PrESTs) was employed for the absolute quantification
of 108 proteins in just two microliters of plasma. The plasma profiles were derived from
patients of various liver disease stages and etiologies, including healthy controls. A set
of potential biomarkers for stratifying liver fibrosis was identified through differential
expression analysis and supervised machine learning. These findings offer promising
alternatives for improved diagnostics and personalized treatment strategies in liver dis-
ease management. Moreover, our approach is fully compatible with existing technologies
that facilitate the robust quantification of clinically relevant protein targets via minimally
disruptive sampling methods.

Keywords: chronic liver disease (CLD); fibrosis biomarkers; targeted proteomics; plasma
proteome profiling; mass spectrometry

1. Introduction

Liver diseases claim approximately 2 million lives globally every year [1], representing
a significant clinical and economic challenge to healthcare systems worldwide [2,3]. Most
of the cases are attributed to cirrhosis and hepatocellular carcinoma (HCC), followed by
a smaller fraction from acute liver failure [4-7]. Chronic liver disease (CLD) is a broad
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term, which includes many disease etiologies, such as alcohol-related liver disease (ARLD),
metabolic dysfunction-associated steatotic liver disease (MASLD), and chronic viral hepati-
tis (VHB). The common ground among these disease etiologies is that they tend to progress
in sequential stages, which do not necessarily have distinct bounds, making the classifi-
cation challenging [1,4]. CLD progresses from hepatic steatosis (steatotic liver), through
hepatitis (which can also start without steatosis), to fibrosis (excessive buildup of extracel-
lular matrix), and finally to cirrhosis (severe liver scarring) [4]. Normally, fibrogenesis is
meant to maintain the integrity of tissue during the wound-healing response [8]. However,
when it is progressive or chronic, it may lead to the disruption of the liver parenchymal
architecture. This progression is often slow and asymptomatic, delaying the diagnosis
until advanced stages, like cirrhosis or HCC, are reached [8-10], which together account
for about 3.5% of all global deaths [6].

The liver, the largest internal organ in the body, has a complex functionality [11],
including nutrient metabolism, the synthesis of diverse biomolecules (e.g., proteins, hor-
mones), detoxification, fat digestion, red blood cell breakdown and removal, and the
immune system front line [2,11,12]. This functional intricacy is achieved by a composite,
multicellular tissue, which has not yet been replicated by any artificial systems [13]. Liver
transplantation is the only solution for long-term survival.

Despite the high mortality rate of CLD, early and correct management of the disease
cannot only stop or decelerate fibrosis progression, but even reverse it, reducing the pos-
sibility of decompensated cirrhosis, HCC, and liver failure [4]. With a timely diagnosis,
appropriate measures can be taken to hinder disease progression and increase survival
chances. These measures can go from lifestyle changes (e.g., alcohol abstinence, increased
physical activity) to antiviral therapy for hepatitis B or C, diabetes treatment, and surveil-
lance for HCC [9]. An early diagnosis enables effective interventions that slow liver disease
progression and enhance survival.

However, the often slow and symptom-free progression of these diseases makes early
detection challenging [14]. Liver fibrosis, a critical structural and functional change in CLD,
helps predict the progression from a healthy liver to cirrhosis. While non-invasive methods
are helpful, the histological analysis of liver biopsies has traditionally been considered the
gold standard for evaluating necro-inflammation and hepatic fibrosis [4,15]. These analyses
rely on systematic, semi-quantitative measurements to grade and stage the histologic
progression of the disease [16]. Notably, liver biopsies have significant limitations. Besides
technical difficulties, it is an expensive and invasive procedure, which poses the risk of life-
threatening complications [8,14,15]. Other limitations include that (i) it does not provide
insight into the dynamic changes of fibrogenesis, (ii) it only provides information for a
comparatively small part of the liver, risking not being representative of the real level of
fibrosis, which has a heterogeneous distribution, and (iii) there is inherent variability in
the interpretation between pathologists. Not being apt for population-wide screenings,
only a small number of patients are identified as being at risk [8]. Furthermore, other
clinical complications can emerge as fibrosis progresses, and fibrosis staging does not
necessarily reflect these outcomes [16]. This presents a strong case to move to less invasive
and more informative tests to improve individual patient outcomes and make population-
wide screening more feasible and reduce the clinical and economic burden for healthcare
systems [9].

This has led to the move towards minimally invasive procedures, such as blood
analysis and imaging [8]. Blood is a key source for molecular analyses in both clinical and
research settings [17]. It holds immense potential for biomarker discovery and therapeutic
targeting. Currently, some non-invasive methods for the assessment of liver fibrosis are
used in patients for first-line assessments [15]. However, biomarker-discovery efforts
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have centered on single molecules [14]. This has been an obstacle to their success since
the multiplicity of the liver’s biochemical, synthetic, and excretory functions cannot be
captured by a single biomarker [18].

Mass spectrometry enhances biomarker discovery by allowing for the simultaneous
quantitative analysis of multiple targets with high specificity. It is particularly effective
in proteomic research, where it is used to gather comprehensive data across different
biological systems. Mass spectrometry-based proteomics are suitable to obtain system-wide
information, which can be used in hypothesis testing and for differential expression analysis,
as well as supervised machine learning. These algorithms can leverage comprehensive data
to generate disease-classification models and extract features suitable for a patient’s health
assessment. This makes mass spectrometry a fitting strategy to be used in healthcare and
biomarker discovery. In this context, the integration of targeted proteomics and specifically
selected reaction monitoring (SRM) with stable isotope standard protein epitope signature
tags (SIS-PrESTs) presents a relevant solution for the highly specific and reproducible
quantification of proteins [19]. This high-throughput method consists of using a predefined
multiplex panel of SIS-PrESTs, targeting a set of medium-to-high-abundant blood plasma
proteins. SIS-PrESTs are recombinant internal protein standards that are spiked in known
quantities into patients” blood plasma samples and digested altogether to peptides prior to
MS analysis. From the extracted chromatograms, the ratio of areas under the curves from
endogenous peptides to SIS-PrEST signals are calculated and converted to absolute protein
quantities. The integration of this technology into clinical practice could provide clinicians
with a more precise and comprehensive liver health assessment, allowing for early fibrosis
and CLD treatment while being minimally invasive and affordable.

2. Materials and Methods

This study is part of the Human Disease Blood Atlas (HDBA), received approval from
the Swedish Ethical Review Authority (EPM dnr 2019-00222), and adheres to relevant
ethical regulations. Collection procedures align with participants having provided their
informed written consent. The Swedish Ethical Review Board granted ethical approval,
authorizing a proteomics analysis on previously collected samples.

The study protocol adheres to the ethical guidelines of the 1975 Declaration of Helsinki.
For the liver disease sample cohort, collected at Kog University and Medipol University,
the study received approval from the Ethics Committees of Ko¢ University in Istanbul.
Prior to clinical sample and data collection, patients were informed, and their written
consent was taken, ensuring that ethical guidelines were followed across all participat-
ing centers (2015.053.IRB1.014, 2016.024.IRB2.005, 2017.139.IRB2.048, 2018.351.IRB1.043,
2022.246.IRB2.040).

2.1. Sample Collection

A total of 277 EDTA plasma aliquots were sourced, and a patient subset was ran-
domly selected from larger cohorts from within the HDBA program. The samples were
categorized according to international medical classification standards. After collection
and centrifugation, they were stored at —80 °C.

2.2. Cohort Composition and Disease Groups

The obesity cohort (OBES) included patients with a BMI > 35 kg/m?, with or without
type 2 diabetes, not diagnosed with liver disease. Individuals from the liver disease (LIVD)
cohort were patients with chronic liver disease chosen based on disease etiology. The
cohort is composed of (i) steatotic liver disease (SLD), (ii) other-etiology chronic liver
disease (OLD), (iii) VHB, (iv) HCC, and (v) healthy-liver patients. The SLD group includes
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patients with ARLD or MASLD, which involve the accumulation of excess fat in liver
cells. The OLD group includes other, less common, chronic liver disease etiologies, such as
primary biliary cholangitis, drug-induced liver injury, and hepatic venous outflow tract
obstruction (Budd-Chiari Syndrome).

Fibrosis stratification data, based on liver histopathological assessments, were avail-
able for most individuals (1 = 199) from the LIVD cohort, though no biopsies were per-
formed on the healthy-liver or obese patients. The healthy-liver group consisted of individ-
uals between 21 and 54 years of age with a BMI between 19 and 27.5 who did not have any
indications of liver disease and who had a normal liver biochemistry, while individuals
with abnormal biochemistry or FIB-4 levels higher than 1.33, as well as diabetic and obese
individuals, were excluded from this group. On the other hand, the obese patients chosen
for the study had no diagnoses of liver disease. For the rest of the LIVD cohort, fibrosis
levels ranged from FO to F4 in the meta-analysis of histological data in viral hepatitis
(METAVIR) score and 0 to 6 in the Ishak score. Following the clinicians’ stratification
indications, Ishak 0 was taken as the equivalent of FO, Ishak 1 and 2 as F1; Ishak 3 as F2,
Ishak 4 and 5 as F3, and Ishak 6 as F4. According to the NCI’s SEER Registrar Staging
Assistant, FO to 3 indicate no-to-moderate fibrosis, while F4 indicates severe fibrosis and
the transition to cirrhosis. Based on this, samples were classified into four fibrosis groups,
where FO was taken as no fibrosis, F1 and F2 as mild fibrosis, F3 as moderate fibrosis, and
F4 as severe fibrosis. For the analyses, the healthy-liver and obesity patients were taken as
having FO. Most patients from the OLD, VHB, and HCC groups presented severe fibrosis
(F4), while the SLD group was more mixed.

2.3. Sample Preparation

A plasma digestion protocol with spiked-in SIS-PrESTs was adopted by the HDBA
from Geyer et al. (2016) [20]. Proteins were quantified using SIS-PrESTs mixed in near-
healthy levels [19], forming a synthetic heavy-labeled plasma. This mixture was aliquoted
into 96-well plates, vacuum dried at 35 °C for 16 h, and stored at —20 °C [21].

For the analysis, patient plasma samples were thawed on ice for an hour and random-
ized into 96-well plates. Additionally, de-identified in-house plasma was added to empty
wells on all plates to serve as biological replicates for intra- and inter-plate quality control.
Plasma samples were diluted 10-fold in 1x phosphate-buffered saline (PBS) (Sigma Aldrich,
St. Louis, MI, USA). Diluted plasma was mixed for 1:1 volume units with re-suspended
SIS-PrESTs, and sodium deoxycholate (SDC) (Sigma Aldrich, St. Louis, MI, USA) and
dithiothreitol (DTT) (Sigma Aldrich, St. Louis, MI, USA) were added for a final concentra-
tion of 0.66% (w/v) SDC and 10 mM DTT. This mixture was incubated at 37 °C, undergoing
a reduction process for an hour, and alkylated with 50 mM chloroacetamide (CAA) (Sigma
Aldrich, St. Louis, MI, USA) in the dark for 30 min. Digestion occurred overnight using
Trypsin (Thermo Fisher Scientific, Santa Clara, CA, USA) at a 1:50 enzyme-to-substrate
ratio and quenched by adding trifluoroacetic acid (TFA) (Sigma Aldrich, St. Louis, MI, USA)
to 0.5% (v/v). Half of the sample volume was solid-phase extracted using C18 StageTips
packed in-house [22]. Solid phase extraction involved the activation of the C18 matrix (Su-
pelco, Sigma Aldrich, St. Louis, MI, USA) with 100% acetonitrile (ACN), equilibration with
0.1% TFA, sample loading, and subsequently washing and eluting the digested peptides.
Eluates were vacuum-dried at 45 °C for 30 min and stored at —20 °C upon analysis. Each
plate was reconstituted in Solvent A (3% ACN, 0.1% formic acid (FA)) prior to the analysis.

2.4. LC-SRM/MS

Quantitative analysis and assay development were conducted using an UltiMate
3000 nano-LC system (Thermo Fisher Scientific, Santa Clara, CA, USA) equipped with
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an EASY-Spray ion source and coupled to a TSQ Altis mass spectrometer (Thermo Fisher
Scientific, Santa Clara, CA, USA). The samples were loaded onto an Acclaim PepMap 100
trap column (75 pm x 2 cm, C18, 3 um, 100 A, Thermo Fisher Scientific, Santa Clara, CA,
USA) and washed for 0.75 min at a flow rate of 15 pL/min with 1% Solvent B (95% ACN,
0.1% FA, water). Peptides were separated using an analytical PepMap RSLC C18 column
(150 um x 15 cm, 2 um, 100 A, Thermo Fisher Scientific, Santa Clara, CA, USA) and a
gradient from 1% to 30% Solvent B over 29.25 min at 3 uL/min. The columns were
subjected to three 30 s washes with 95% Solvent B, followed by a wash with 1% Solvent
B. The columns were re-equilibrated for 1.4 min with 1% Solvent B. Total cycle times,
including sample loading, analysis, and column re-equilibration, were 15 min for method
development and 35 min for plasma quantification. Column oven temperatures were set
at 40 °C for the analytical column and 60 °C for the column oven, with the autosampler
temperature held at 10 °C.

Totals of 125 proteins and 294 peptides were targeted (Supplementary Table S1) using
a peptide assay library provided by ProteomEdge (ProteomEdge AB, Stockholm, Sweden)
for peptide identification and quantification. The library was developed towards the
SIS-PrESTs sequences using their proprietary qRePS (quantitative recombinant protein
standard) technology. The heavy signals from all SIS-PrEST peptides were used as internal
standards for the one-point calibration and calculation of the light-to-heavy peptide ratios
and subsequent absolute quantification.

2.5. Data Pre-Processing

The raw data from the mass spectrometer were imported into Skyline (beta version
23.1.1.459) [23] for peak integration and initial quality control. During this process, the
areas under the curve (AUCs) for both heavy and light peptides were extracted, enabling
relative quantification through the calculation of ratios between the heavy and light signal
intensities. Using ratios as a measure of the protein concentration—as opposed to using the
AUC of the endogenous protein directly—mitigates the variability commonly encountered
in mass spectrometry. Annotated reports were exported from Skyline for downstream
bioinformatic analyses in R (version 4.3.1) [24]. These reports indicate the sample, peptide
being measured, protein it belongs to, and light-to-heavy peptide ratio, which can later
be used for a calculation of the absolute concentration. This is achieved through a simple
transformation of the endogenous-to-standard protein ratios into blood plasma concentra-
tions by multiplying the ratios by the known spiked-in amounts of each SIS-PrEST. The
LC-SRM/MS data were subjected to quality control using the heavy SIS-PrEST signals for
filtering out datapoints with a library dot product (dotp) or a peptide peak found ratio
(rdotp) below 0.8. Also, peptides identified in fewer than 50% of the samples were excluded,
together with samples where fewer than 80% of the targeted standards were detected.

The in-house biological control samples distributed among the four plates were used
to perform a batch effect analysis, based on which the harmonizR function from the
HarmonizR package (v 1.0.0) [25] was used to correct the detected batch effects, using
Combat_mode = 2. After quality control and batch effect correction, the quantitative data
used for the analyses were the ratios of the light-to-heavy precursors. The median of the
peptide ratios from a single protein was then used as the final representative measurement
for that protein in downstream analyses. Missing values were imputed using the hotdeck()
function from the VIM package (v 6.2.2) [26].

2.6. Differential Expression Analysis

The differential expression of proteins was estimated with two-sided t-tests. Multiple
hypothesis correction was performed using a false discovery rate (FDR) adjustment, with
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a significance cutoff of g < 0.05. Volcano plots were used to summarize the g-values and
expression fold-changes for each of the disease groups compared to the rest.

2.7. Machine Learning and Classification

There were three approaches to generate the classification models. The binary models
included (i) classifying patients with any level of fibrosis against those deemed healthy or
with no fibrosis (F0) and (ii) classifying patients with a specific level of fibrosis against those
deemed healthy or with no fibrosis (FO), while the multi-classification model consisted of
classifying patients with different fibrosis levels simultaneously.

The models were generated using the tidymodels package (v 1.1.1) [27]. In every
case, the class sizes were balanced. This was determined based on the group with the
fewest samples. For instance, in the mild fibrosis model, the subset of data consisted of all
samples belonging to patients from the mild liver fibrosis group (n = 30) and a same-sized
group of samples, which were a random mix of all the FO, healthy-liver, and obesity cohort
patients, obtained with the basic sample() function (v 4.3.1) [26]. Then, 70% of this data
was used for training and 30% was used for testing, using the initial_split() function in
tidymodels. This data size balance and split were the same for all models. Overall fibrosis
and each level of fibrosis were classified against the healthy and obesity controls and the
samples marked with no fibrosis, always balancing group sizes. For the multiclassification
model, patients were put into four groups, which consisted of no fibrosis (healthy, obese
and F0), mild fibrosis (F1 and F2), moderate fibrosis (E3), and severe fibrosis (F4). These
were simultaneously classified against each other.

The classification models were generated with the selected training sets using a
pipeline of tidymodel functions. First, a recipe was created using recipe(), which specifies
the data set that will be used and the column with the true classification information. Here,
step_corr() is used to eliminate proteins with a correlation of more than 0.8. Then, a model
was specified where rand_forest() (trees = 500) was the chosen classification algorithm,
set_engine() was used to determine the system to fit the model, with “ranger” as the engine
and “permutation” as the mode to determine feature importance, and set_mode() was
used to establish that the model should be a “classification” one. After this, a workflow()
container is created that uses add_recipe() and add_model() to include the previously
formulated recipe and parsnip model. Finally, the fit() [23] function takes the workflow
container with all the specifications and uses the chosen data to train the model. Each
protein’s contribution was retrieved using the vi_model() function from the vip package
(v 0.4.1) [28].

Random forest is an algorithm where multiple decision trees are generated during
training, so the result of the classification task is the one reached by most trees [29,30]. When
generating classification models, random forest estimates each protein’s importance for
that model. Permutation-based importance measures the decrease in model performance
(e.g., accuracy) when the values of a feature are randomly shuffled. Thus, it quantifies
the importance of a feature by assessing how much the model’s predictive performance
deteriorates when the relationship between that feature and the target is disrupted [31].
For all models, the input data were iteratively restricted to a subset of proteins, where the
pipeline was run and the proteins with negative permutation importance were eliminated
until the model only contained proteins with positive scores. Then, thresholds were used to
keep only the topmost important proteins that could maintain at least the same performance
as the model with all the positively scoring proteins. These changes were made on the
recipe step, using the functions remove_role() and update_role() to eliminate the previous
proteins and add the new subset of proteins.
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The predict() function from the stats package (v 4.3.1) [24] was used to estimate each of
the test sets samples’ probabilities of belonging to a given class. Since these samples were
not used for training, they can be used to determine model performance. The sensitivity
and specificity of the classifications were evaluated with confusion matrices, performed
with the confusionMatrix() function from caret (v 6.0.94) [32], with ROC analyses with
AUC scores using the roc() function from pROC (v 1.18.5) [33].

2.8. Data Visualization

Graphs were generated with R (version 4.3.1) [24], using the ggplot2 (v 3.5.0) [34],
ggpubr (v 0.6.0) [35], factoextra (v 1.7.0) [36], ggstatsplot (v 0.12.2) [37], UpSetR (v 1.4.0) [38],
ggrepel (version 0.9.5) [39], and patchwork (v 1.2.0) [40] packages.

2.9. Data Availability

The data supporting the findings of this study are available upon request, subject to a
review for validation purposes. We are committed to facilitating access within the limits
established by patient consent agreements.

3. Results

This study analyzed a diverse cohort of 277 plasma samples in which 125 target
proteins were absolutely quantified with 294 peptides using SIS-PrESTs internal protein
standards. The absolute concentration data were processed to select potential biomarkers
and classifiers for liver disease patients’ stratification (Figure 1a). After stringent quality
control, 243 samples and 212 peptides from 108 proteins were selected for further analysis.
Measuring more than one peptide per protein is a way to ensure that the protein has indeed
been detected. Visual inspection of the data in Skyline and quality control steps make it
possible to determine if the measurements of different peptides support each other. After
filtering low-quality samples, the liver disease (LIVD) cohort included patients with HCC
(n = 54), chronic VHB (n = 59), OLD (n = 28), and SLD (n = 57) who had been stratified
by fibrosis levels (METAVIR FO to F4, Ishak 0 to 6), and healthy-liver controls (n = 31),
while the OBES cohort included individuals with a BMI > 35 (n = 14), with or without
diabetes, but no diagnosis of liver damage. The proteomic data further supported this
assumption, as the profile of the OBES group was markedly distinct from that of the liver
disease patients and aligned more closely with the healthy-liver group. Thus, both the
healthy-liver and the obese patients were taken as controls (F0). Figure 1b summarizes
the age, BMI, and sex distribution for each fibrosis group (healthy, mild-to-moderate, and
severe).

3.1. Identification of Fibrosis-Specific Biomarkers Through Differential Expression Analysis

Fibrosis progression proteome profiling was performed through differential expres-
sion analyses. Each fibrosis group (mild, moderate, and severe) was compared to the
control group. The summary of the proteins up- or downregulated at each fibrosis stage
is represented by volcano plots (Figure 2a). Most of the proteins downregulated with
mild or moderate fibrosis continue to be downregulated at the next stage of fibrosis
(Figure 2b). This analysis revealed a pattern of increasing dysregulation with more ad-
vanced fibrosis, with the fold-changes in protein expression becoming more pronounced as
the disease progressed. A clear example of both patterns is apolipoprotein M (APOM), a
well-known liver-enriched protein, which is specific to hepatocytes and has been associated
with high-density lipoproteins (HDLs) according to the Human Protein Atlas (HPA) (v23,
www.proteinatlas.org) [41]. On the other hand, while most of the differentially expressed
proteins are downregulated, a handful of them show elevated levels in advanced fibrosis.
Such is the case for von Willebrand Factor (VWE), a protein involved in blood coagula-
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tion, hemostasis, and cell adhesion, for which upregulation has been associated with an
increased risk of arterial thrombosis [42]. Thus, the analysis of protein expression in liver
fibrosis reveals key changes in both upregulated and downregulated proteins, shedding
light on their diverse roles in disease progression and liver-specific impacts as the fibrosis
severity increases. The differentially expressed proteins for the different fibrosis levels are
included in the Supplementary Materials (Supplementary Table S2).
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Figure 1. Overview of the study. (a) Summarization of the study. Targeted mass spectrometry
and SIS-PrESTs were used to profile the plasma proteomes from 277 liver disease and 78 liver-
healthy individuals, which were analyzed. Skyline was the first step for data analysis. Peptide
intensity spectra were visually inspected, and quantitative reports were exported for downstream
bioinformatic analyses. Liver fibrosis samples were compared to the controls using differential
expression analysis to find statistical differences, summarized by volcano plots. Important feature
selection was performed through classification models, which were generated using a random forest
algorithm trained on 70% of the data. Model performance was assessed on the other 30% of the data
using confusion matrices and ROC curves (shown). (b) Sample distribution of patient samples from
Healthy, Mild /Moderate, or Severe Fibrosis.

Figure 2c shows the number of up- and downregulated proteins as the fibrosis severity
increases. In total, 84 out of 108 proteins were differentially expressed in at least one level
of fibrosis compared to the controls. A functional gene ontology (GO) analysis reveals
that the downregulated proteins are involved in wound healing and the wound response,
coagulation and fibrinolysis, hemostasis, regulation of body fluid levels, blood pressure
homeostasis, immune response, and complement activation, among others (Figure Sla).
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This is in line with liver disease symptoms, such as coagulopathies, edema, and an increased
risk of sepsis [6,13]. Instead, the upregulated proteins are mainly involved in coagulation,
extracellular matrix assembly and organization, and cell-substrate adhesion (Figure S1b).
According to the HPA tissue specificity classification, most of the downregulated proteins
are enriched or enhanced in the liver. This reflects how CLD progresses regardless of its
etiology. The liver fibrosis stratification indicates the level of structural and functional
alterations in the liver. Mild fibrosis is essentially asymptomatic, while once fibrosis
transitions into cirrhosis and cancer emerges, the liver becomes severely impaired.
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Figure 2. Differential expression analysis. (a) Volcano plots summarizing the results for differentially
expressed proteins for each fibrosis level against the controls (healthy, obese, and F0), with the fold-
change (FC) on the x-axis and the significance (g-value) on the y-axis. Each dot represents a protein.
Two-sided t-tests were applied for each protein and a g-value obtained after FDR-correction. The
proteins above the established level of significance (g-value > 0.05) and of expression (log, (FC) > 0.5)
are marked with red (upregulated) or blue (downregulated). (b) Upset plots show the number of
upregulated and downregulated proteins that overlap between fibrosis levels. The bars on the side
show the number of differentially expressed proteins per fibrosis level and, on top, how many of
them overlap between fibrosis levels. (c) Bar plot with the counts of significantly upregulated (red)
and downregulated (blue) proteins for each fibrosis level.

We performed dimensionality reduction using principal component analysis (PCA)
to identify proteins driving the protein profile changes. Figure 3a shows the PCA plot
(PC1 vs. PC2) for all samples with the distinct clustering of data points, indicating specific
proteins that differentiate the samples based on the progression of the disease, particularly
in severe cases.

A GO analysis indicated that the most critical proteins in PC1 are mainly involved
in the negative regulation of fibrinolysis and positive regulation of wound healing and
hemostasis. The four proteins involved in these processes, vitronectin (VTN), coagulation
factor II (F2), alpha-2-antiplasmin (SERPINF2), and kininogen 1 (KNG1), are significantly
and increasingly downregulated in mild, moderate, and severe fibrosis compared to the
controls. Their low levels could lead to increased fibrinolysis and decreased wound healing,
which is in line with symptoms, such as excessive bleeding, observed in advanced liver
disease patients [43]. The same GO search does not render any significant results for the
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variables of PC 2. However, the proteins in PC3 are shown to be involved in inflamma-
tion processes—such as neutrophil aggregation and the chronic and acute inflammatory
response (Figure 3b). In fact, neutrophil aggregation can cause pseudoleukopenia, a condi-
tion in which the neutrophils present in the body migrate towards a specific site, making
it look like there is a decrease in the circulating leukocytes, despite the bone marrow’s
later production of more white blood cells. Liver disorders have been observed to be an
underlying cause of this condition [44]. Thus, the most important proteins in the PCA seem
to have biological relevance.
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Figure 3. Principal component analysis. (a) PCA plot for PC 1 and 2. The data points (n = 243),
representing all samples, are colored by fibrosis severity (red = severe fibrosis, orange = moderate
fibrosis, yellow = mild fibrosis, green = no fibrosis). (b) Top ten contributing proteins for PCs 1, 2,
and 3.

3.2. Fibrosis Classification Models

While the PCA provides valuable insights into the overall variance and patterns in
the data, it is not specifically tailored to identify biomarkers that are directly associated
with fibrosis severity. A supervised machine learning strategy was used to build models to
identify the most relevant proteins to classify samples as belonging to the control group or
to the mild, moderate, or severe fibrosis patients. All proteins were used as input (1 = 108),
while a 70:30 split of the samples was used to establish training and testing sets (Figure 4). In
each case, the model was trained with a weighted number of samples per group. Thus, the
sample size of the smallest group would determine how many samples were to be included
from the larger groups to ensure a balanced set. Random forest was used to establish a
fibrosis model based on protein levels; a same-sample size mix of all fibrosis levels was
classified against the control group of F0, healthy-liver, and obese patients with the goal of
separating patients as presenting any level of fibrosis or having a fibrosis-free liver.
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Figure 4. Fibrosis models’ selected features and performance. (a) Lollipop charts of the selected
proteins per model with their normalized importance as a fraction of the top scoring protein, for
which the permutation score is shown at the top of each plot. (b) Probabilities of general fibrosis or
specific fibrosis levels for the samples in the test set. (¢) ROC curves with AUCs to indicate model
performance. (d) Confusion matrices with classification results for each model, where F = fibrosis
group and C = control group.

The features (i.e., proteins) selected for each classification model are shown in
Figure 4a. The objective of these models was to obtain a minimal protein panel that
maintained at least the same sensitivity and specificity as previous iterations, which in-
cluded more proteins. The starting points were models that comprised all the proteins with
positive permutation importance, excluding highly correlated proteins (>0.8) for minimally
redundant biomarkers (Figure S3 illustrates the protein correlation in this study). The most
important proteins for the models include examples, such as (i) carnosine dipeptidase 1
(CNDP1), involved in the metabolism of dipeptides; (ii) paraoxonase 1 (PON1), which
hydrolyzes toxic metabolites; (iii) APOM, which is involved in lipid transportation; and
(iv) angiotensinogen (AGT), which regulates blood pressure [41]. PON1, APOM, and AGT
are enriched in the liver and CNDP1 in the brain. The functions associated with these
proteins, with all of their levels seeming to drop as fibrosis progresses, reflect some of
the symptoms observed in chronic liver disease patients, such as abnormalities in the
regulation of blood pressure and cognitive symptoms related to the accumulation of toxic
metabolites (i.e., confusion or drowsiness) [45].
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The performance of the classification models was tested on the 30% of the data not
used for training. The probabilities of the plasma samples belonging to the disease group
for each disease model are shown in Figure 4b. The first model would classify samples as
having any level of fibrosis against having no fibrosis with an AUC of 0.95, while the rest
could classity specific levels of fibrosis (F1-2, mild; F3, moderate; and F4, severe) against
no fibrosis with an AUC between 0.80 and 1 (Figure 4c). For these last three models, the
model performance and the distance between the classification probabilities for the disease
and the healthy samples increase with the fibrosis severity. The confusion matrices show
the number of samples from the test set correctly and incorrectly classified by the model
(Figure 4d). The results show high specificity and sensitivity, especially for the general
fibrosis and the severe fibrosis models, despite sample size limitations, which should be
addressed to further validate the models. On the other hand, the results for the mild
fibrosis model were poorer than for the others. This would be in line with the PCA results
(Figure 3), where some of the mild fibrosis samples were closer to the controls than to the
moderate or severe fibrosis samples.

3.3. Data-Driven Fibrosis Stratification

The models generated up to this point have been binary. While they could be used to
determine whether a sample belongs to a liver fibrosis patient, they would not be applicable
as a stratification strategy. Therefore, a multiclassification model was generated for this
purpose, using the same number of samples for all groups. Figure 5a shows the minimal
panel of selected features that enabled the model to maintain at least the same specificity
and sensitivity as models including larger sets of proteins. The multiclassification model
can classify test set samples as having a specific level of fibrosis with an AUC between 0.62
and 0.91 (Figure 5b). While only 18 of the 36 samples were correctly classified (Figure 5c),
the model is placing samples next to the true class. Importantly, no healthy samples
were classified as having either moderate or severe fibrosis, and no severe samples were
classified as healthy. The most problematic group seemed to be the moderate fibrosis group,
where only two of the samples were correctly classified, but most were assigned to another
fibrosis class. Figure 5d shows the comparison between the probabilities for the different
fibrosis groups of being classified as healthy. The severe fibrosis samples show the smallest
probabilities of being classified as healthy, while the opposite is the case for some of the
moderate samples. A relevant consideration here, beyond the adequacy of the model, is
the potential variability in the biopsy-based clinical stratification itself.

The top proteins selected for this model are (i) CNDP1, involved in the metabolism of
dipeptides; (ii) butyrylcholinesterase (BCHE), a liver-enriched protein that can degrade
neurotoxins; (iii) gelsolin (GSN), a heart-enhanced protein involved in the modulation
of actin; (iv) C-type lectin domain family 3 member B (CLEC3B), an adipose-tissue en-
hanced protein involved in retinal function; (v) peptidoglycan recognition protein 2 (PG-
LYRP?2), a liver-enriched protein involved in the immune response; (vi) coagulation factor 9
(F9), a liver-enriched protein that participates in blood coagulation and hemostasis; and
(vii) alpha 2-HS glycoprotein (AHSG), a liver-enriched associated with the mineral bal-
ance [41] (Figures 5e and S2). The seven selected proteins had a significant g-value in the
non-parametric Kruskal-Wallis test comparing fibrosis levels (Supplementary Table S3).
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Figure 5. Multiclassification model for fibrosis stratification. (a) Lollipop chart of the proteins selected
for the model with their normalized importance as a fraction of the top scoring protein for which the
permutation importance score is shown at the top of the plot. (b) Probabilities for each sample of
being classified as healthy by the fibrosis level group. (¢) ROC curves and AUC show the performance
of the model for each fibrosis class. (d) Confusion matrix with stratification classification results
for the model. (e) Boxplots of the topmost important proteins selected for the fibrosis stratification
model. The median value and first and third quartiles of the ratio to standard are summarized by
the boxplots, and the whiskers mark the minimum and maximum values per group. Samples are
grouped by fibrosis level (healthy, #n = 52; mild fibrosis, n = 30; moderate fibrosis, n = 30; severe
fibrosis, n = 131). The horizontal lines indicate which level pairwise comparisons are significant.
p-values were calculated using the post-hoc Wilcox test and FDR-adjusted, and the asterisks indicate
the level of significance, where * is significant (g-value < 0.05), ** is very significant (§-value < 0.01),
and *** is highly significant (g-value < 0.001).

3.4. Selection of Liver Fibrosis Biomarker Panel

We outline a 20-protein panel (Figure 6) based on the features selected by the random
forest models. Most of these proteins show liver specificity, except for (i) CLEC3B, enhanced
in the adipose tissue; (ii) GSN, enhanced in the heart muscle; (iii) pyruvate kinase (PKM),
enhanced in the skeletal muscle and the tongue; (iv) zyxin (ZYX), with low tissue specificity;
(v) coagulation factor XIII A chain (F13A1), enhanced in the adipose tissue and the placenta;
and (vi) CNDP1, enriched in the brain, according to the HPA. Following the criteria for
the biomarker panel minimization, these proteins all had positive permutation importance
and allowed each model to maintain the performance of previous model iterations that
included more proteins. Furthermore, the two-sided t-tests, the ANOVA, and the post-hoc
tests indicated that these proteins were significantly dysregulated at different levels of
fibrosis (Tables S2 and S3). However, it is important to mention that the results of the
post-hoc tests performed after the non-parametric Kruskal-Wallis test comparing fibrosis
levels were not significant between mild and moderate fibrosis for most proteins, with the
exception of MASP1, which was the only protein in the dataset for which this was the case.
This lack of significant differences in protein levels could largely explain the problematic
classification of patients with mild or moderate liver fibrosis.
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Figure 6. Liver fibrosis protein panel. Network visualization of the proteins selected for each fibrosis
model. The distance from the protein to the model node is inversely proportional to the permutation
importance score for the model—the longer the distance, the smaller the importance score.

4. Discussion

The high incidence of CLD emphasizes the urgent need for better diagnostic tools
to improve patient outcomes, particularly given that many chronic liver diseases can be
controlled. The identification and further investigation of the plasma proteins driving the
progression of the disease is crucial for developing a less invasive method to assess the
presence and severity of liver fibrosis, which could significantly enhance the diagnosis and
management of CLD. This study presents an attractive strategy for plasma protein profiling
to detect liver fibrosis at an early stage. It advances the search for optimal plasma protein
biomarkers by deploying a highly multiplexable targeted mass spectrometry approach
that requires small plasma volumes. We analyzed the plasma protein expression of a
total of 108 proteins across various liver conditions in 243 samples and obtained reliable
quantitative data. This strategy highlights the necessity of the absolute quantification of
plasma proteins and facilitates the identification of protein states linked to liver fibrosis
progression through differential expression analysis and machine learning techniques.

Our findings demonstrate that targeted mass spectrometry with use of heavy internal
protein standards can effectively assess the plasma proteome on a system-wide scale by
precisely quantifying medium-to-high-abundance proteins important for liver fibrosis and
its progression. This capability is crucial for developing clinical assays that can be used
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to monitor liver health, marking a significant step towards screening procedures where
high-risk patients can be followed up with a confirmatory assay, such as a liver biopsy.

Previous studies from the HDBA [46,47] have shown the potential of using highly
multiplexable methods for plasma proteome profiling to generate pan-disease biomarker
panels, while other studies have focused on specific liver diseases [14]. This study is a
continuation of the above, harnessing the pan-disease approach to study liver diseases
with different etiologies and fibrosis progression comprehensively.

The overall liver fibrosis classification model, which separated FO—healthy and obese
patients—from F1 to F4 samples, had high performance (AUC = 0.95). Binary classification
models were also generated based on the presence of specific levels of fibrosis. The
moderate and severe fibrosis models showed good specificity and sensitivity (AUC = 0.80
and AUC = 0.88), while the severe fibrosis model showed the best performance (AUC =1).
The number of selected features was reduced up to the point where a decrease in model
performance was observed. This deterioration of the model performance can also be taken
as a reminder of the increased reliability that biomarker panels provide against single
biomarkers. At the same time, while these results are promising, the search for biomarkers
that can better reflect liver disease progression must continue in order to obtain more
reliable panels. Currently available commercial options, such as the LiverEdge panel
(ProteomEdge AB, Stockholm, Sweden), facilitate this process.

The seven-feature multiclassification model, which was built to stratify samples show-
ing severe, moderate, mild, or no fibrosis, allowed for the correct stratification of the test set
plasma samples with a 0.50 accuracy. Being a four-class model, this is better than random
classification, which would have a 0.25 accuracy score. Furthermore, the classification er-
rors were between healthy and mild/moderate or between mild /moderate and severe, but
there were no misclassifications between healthy and severe. At the same time, supervised
machine learning depends completely on the quality of the training data. This means that
the results are also impacted by the inherent variability of the clinical assessment of fibrosis
in liver biopsies.

Here, we recognize that it is possible that a subset of the OBES patients could have
undiagnosed mild fibrosis or early liver damage, particularly given the known risk of
metabolic comorbidities, such as MASLD in obesity. However, given the distinct separation
of the control group from the liver disease group, this is unlikely to have significantly
impacted the conclusions of the study. Most importantly, treating the OBES group as FO
reduced the probabilities of incorrectly identifying biomarkers that may be confounded
by an obesity-related pathophysiology rather than liver fibrosis. On the other hand, while
the aspect of disease progression that has been explored here is liver fibrosis, it is not
possible to conclude from this study that the selected proteins indicate fibrosis, since they
could be indicating other aspects of liver disease progression that accompany it instead.
To connect the protein expression to its ultimate cause, it would be necessary to include
clinical metadata that accounted for other progression metrics of liver disease, such as
steatosis and inflammation [14], as well as a higher number of stratified samples. Overall,
the sample size is a limitation of this study. This was especially apparent for the test sets
used to evaluate model performance. Prior to any contemplation of the applicability of
the biomarker panel in a clinical setting, it would be necessary to validate it using larger,
independent patient cohorts.

Another aspect to consider in this study is the characteristics of the targeted proteins.
Proteins with medium-to-high-abundant concentrations in blood were analyzed, this being
the range in which targeted mass spectrometry delivers more reliable measurements [48].
Almost 60% of the targeted proteins are enriched or enhanced in the liver, according to the
HDBA. However, this seemingly biased selection has, at least partly, a biological explana-
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tion, since genome-scale metabolic models indicate that the liver is the most metabolically
active tissue in the body [41]. Here, as liver disease progresses, most of the targeted proteins
that show differential expression are downregulated, reflecting the impairment of liver
function. This is in line with Niu et al.’s previous 2019 and 2022 [2,14] mass spectrometry-
based liver disease studies, which, through data-independent acquisition (DIA), found
that most of the liver-specific proteins were downregulated in liver disease and that most
of these had metabolic and bloodstream-related functions. This included proteins, such
as (i) prothrombin (F2), which converts fibrinogen to fibrin in the coagulation cascade,
(ii) protein S (PROS), an anticoagulant protein, or (iii) apolipoprotein M (APOM), involved
in lipid transportation [41]. All of these proteins were also found to be increasingly down-
regulated as liver fibrosis progressed in this study. On the other hand, proteins involved in
cell-extracellular matrix interactions, immunity, and inflammation, which had been found
to be upregulated in liver disease [2,14], followed the same tendency in this study. These
include examples include (i) quiescin sulfhydryl oxidase 1 (QSOX), which plays a role in
cell adhesion and migration, and (ii) complement 7 (C7), which is involved in the innate
and adaptive immune response [41]. Both proteins’ levels seemed to increase with fibrosis
progression in this study.

In summary, targeted proteomics and the use of SIS-PrESTs increase accuracy and
reliability in protein identification and quantification. This method addresses issues that
could hinder clinical translation, such as the lack of absolute quantification in DIA mass
spectrometry. Thus, it presents itself as a more competitive option for proteome profiling
in the clinic.
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tests g-values by protein.
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Abstract: The authors of this study focused their research on developing cap geometries
for the FibroScan® elastograph (FibroScan, EchoSens, Paris, France) measuring head aimed
at a non-invasive assessment of liver condition for transplantation using a pig animal
model. Numerical models were created to simulate the propagation of a mechanical wave
through a biological medium induced by the FibroScan® elastograph measuring head. The
designed caps were intended to replicate the skin—-muscle-rib-liver structures to minimize
the risk of damage caused by mechanical wave excitation when directly applied to liver
tissue. The construction process of numerical models for the liver and surrounding tissues
is presented, along with simulations reflecting the mechanical and acoustic properties of
the wave propagation process. The results obtained from in vivo measurements on pigs
were validated through a numerical analysis, confirming a high level of agreement between
the test results and the numerical model.

Keywords: elastography; pig liver; FibroScan®; liver fibrosis; FEM/SPH analysis

1. Introduction

Tools designed for diagnosing the condition of human organs can also be utilized
to evaluate the health of livers intended for transplantation. One such device is the
FibroScan® elastograph, which allows for the non-invasive evaluation of the liver by
generating mechanical waves and measuring their propagation speed and attenuation
using ultrasound. There are two types of ultrasound probes: the M for general applications
and the XL which was specifically designed for obese individuals. The test performed with
this device is characterized by a high reproducibility of the results, the speed of the process,
and a high diagnostic value [1,2].

Liver transplantation studies require non-invasive evaluation methods as existing
tests fail to fully meet this need. Liver biopsy currently remains the best method, but it
is invasive, and the time needed to analyze the results is lengthy. The FibroScan® device
can be a valuable tool for assessing the condition of the organ before transplantation,
particularly due to the limited time available for evaluation [3].

Currently, there is limited studies on the application of transient elastography, includ-
ing the FibroScan® device, for assessing liver fibrosis [4]. Studies indicate that the device
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demonstrates potential effectiveness; however, its performance is significantly limited in
patients with obesity. Animal studies, including pig livers, may provide valuable data on
the effectiveness of the device and its potential limitations. Attention is drawn to the need
for further research to improve the device to allow for a more accurate assessment of the
organ’s condition before transplantation.

The anatomy of the porcine digestive system shows significant differences from that
of humans; nevertheless, the physiology of digestion and, more specifically, the course of
digestive processes in both species are similar. Despite the presence of anatomical discrep-
ancies, pigs are a frequently used gastrointestinal model for clinical studies. Figure 1 shows
an overview of the distribution of organs in the thorax of the domestic pig. Depending on
the age and species, the geometric dimensions of organs such as the liver vary.

Stox‘nach

Kiflney

Lung ".

Liver

Figure 1. Distribution of organs in the thorax of the pig [5].

A French—-German research group conducted a study on “Non-Invasive Assessment
of Liver Fibrosis by Vibration-Controlled Transient Elastography (Fibroscan®)” using fresh
pig livers [6]. It has been observed that liver stiffness increases with the rise in shear wave
frequency. Consequently, higher frequencies result in greater measured stiffness values. Key
findings from the use of the FibroScan® device include its capability to differentiate between
early and advanced cirrhosis, its strong prognostic value for predicting patient survival,
and its utility in monitoring patients undergoing treatment. However, the presence of
ascites has been identified as a significant physical limitation to elastography, as fluid
accumulation obstructs the propagation of shear waves, preventing them from reaching
the liver.

A team representing the University of Heidelberg presented a study in the Journal of
Hepatology indicating that liver stiffness is directly influenced by central venous pressure [7].
They conducted elastography studies using the Fibroscan® device for 10 landrace pigs. In
their study, liver stiffness was evaluated as a function of venous pressure in an isolated
pig liver by clamping the superior and inferior vena cava, the reflux vein, and the hepatic
artery. Their findings demonstrated that central venous pressure directly and reversibly
regulates liver stiffness. Over a wide range, liver stiffness exhibited a linear relationship
with intravenous pressure, reaching an upper detection limit of 75 kPa at an intravenous
pressure of 36 cm in a water column. This pronounced dependence of stiffness on venous
pressure highlights the necessity of excluding hepatic congestion before assessing fibrosis.

Given the research problem outlined above, the aim of this article is to perform pre-
liminary analyses of mechanical wave propagation within the studied system, specifically
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the porcine skin-liver system. The primary objective is to achieve satisfactory outcomes
through a proposed modification to the measurement head overlay of the FibroScan® de-
vice. This modification is designed to ensure that its application does not cause structural
damage to the organ as a result of mechanical wave excitation.

Therefore, it is necessary to develop numerical models that will allow for a rapid
preliminary assessment of the propagation of mechanical waves in liver tissue and other
relevant parameters. This requires constructing accurate geometric representations of the
liver system and incorporating materials that mimic the properties of the skin and adjacent
tissues. These models will then be enhanced by applying suitable initial and boundary
conditions to replicate the environment observed during in vivo animal experiments.

2. Research Material
2.1. Liver

The liver of the pig is located in the abdominal cavity, on the right side of the body.
It occupies most of the abdominal space and is surrounded by other organs. The average
weight of the liver in pigs is approximately 1 kg, with its volume ranging between 640 and
910 mL in pigs aged 9 to 12 weeks and weighing between 25 and 35 kg [8].

In the structure of the pig liver, 5-6 lobes are distinguished. Their number depends on
the breed under consideration. Regardless of the species, their minimum number is always
5, and they are defined as the left lateral, left medial, right lateral, right medial, and caudal
lobes. From a ventral perspective, four lobes can be observed in the following order from
left to right: left lateral, left medial, right medial, and right lateral. When these are elevated,
it is possible to observe the caudal lobe surrounding the vena cava [9]. The sections are
separated by deep interlobular fissures and can be further subdivided into eight segments,
which are determined by the patterns of blood supply and bile duct drainage. The different
parts of the liver are numbered in a counterclockwise direction. Segment I corresponds
to the caudate lobe. The left lateral lobe comprises segments II and III, while segment IV
represents the left medial lobe. The right medial lobe is associated with segments V and
VIII, and the right lateral lobe consists of segments VI and VII [10,11]. Figure 2 shows
the anatomy of the liver divided into segments observed from the diaphragmatic (A) and
abdominal (B) surfaces.

Figure 2. Segmental anatomy of the liver: diaphragmatic (A) and abdominal (B) surfaces [9].

The pig liver has a specific system of reflux veins that differs from that of humans. In
the case of the porcine liver, the arterial blood supplying oxygen and nutrients to the organ
combines with the blood of the reflux vein, and then the two bloods mix in vessels called
hepatic glomeruli. This process allows the porcine liver to access nutrients and oxygen and
allows for the removal of metabolic products [12].
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2.2. Bone System

Ribs are long, arched bones that form a ring around the rib cage (Figure 3). Depending
on the species, a pig’s rib cage consists of 13-17 pairs of ribs (Figure 4). The last two pairs
are known as free ribs, which are not connected to the sternum. In the structure of a single
rib, the shaft and the two tips—anterior and posterior—are distinguished. The diameter of
the bone changes with length, where the anterior end is much thicker. This phenomenon is
the result of more bone tissue, which provides a stronger connection between the ribs and
the rest of the rib cage [13].

Figure 4. The bone system of a pig [15].

The rib shaft is the main part of the bone, which is a long and curved structure. It
consists of a dense bone tissue, which provides it with strength and protection for the organs
in the rib cage. It has two rib processes on the sides facing backward. The rib processes
are shaped like hooks that connect to the spinous processes of the spinal vertebrae, which
hold the ribs in place. The back of the rib connects to the spine through the rib—vertebral
joint, which allows for a mobile connection to the corresponding vertebra of the spine. This
connection provides flexibility and allows the chest to move during breathing. The front
ends of the ribs connect to the sternum, which is a flat, horizontal bone located at the front
of the rib cage, using rib cartilage. This is a flexible connection that allows some degree of
rib movement and cushions forces during breathing. Encasing the ribs are the rib muscles,
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which are crucial for facilitating the movement of the rib cage during breathing. These
muscles help raise and lower the ribs, allowing the space inside the rib cage to expand and
contract [13].

The structure of a single rib consists of two primary layers: an outer compact layer
and an inner spongy layer. The compact part, also called the cortical substance of the bone,
accounts for most of the mass and volume of the bone. It mainly consists of compact bone
tissue, which is a densely packed, hard, and durable form of bone tissue. It surrounds the
inner spongy substance of the bone and is mainly found in the middle part of the bone. It is
a porous, plexiform structure, which makes bones lighter but maintains their strength. This
structure allows the body to maintain mobility while reducing stress on the body. Tables 1
and 2 show the selected mechanical properties of a cortical and spongy bone structure.

Table 1. Mechanical parameters of the pig’s cortical bone material [14].

Parameter Value Unit
Density p 1691.0 kg/ m>
Young’s modulus E 9.38 GPa
Poisson’s ratio v 0.3 -
Yield strength Rg 70.88 MPa
Exponent of consolidation n 1.2 -

Table 2. Mechanical parameters of the pig’s spongy bone material [14].

Parameter Value Unit
Density p 773.0 kg/m?3
Young’s modulus E 1.8 GPa
Poisson’s ratio v 0.45 -
Yield strength Rg 20.48 MPa
Exponent of consolidation n 2.0 -

2.3. Pig’s Skin

The pig’s skin is an external, durable, and flexible organ that covers almost its entire
body. It is a heterogeneous material composed of three primary layers: the epidermis,
dermis, and subcutaneous tissue (Figure 5). The epidermis, the outermost layer, is primarily
composed of dead cells, with a thickness ranging from 30 to 140 um [16]. The dermis lies
directly beneath the epidermis and contains collagen fibers, elastin fibers, blood vessels,
sebaceous glands, and sweat glands. The innermost layer, known as subcutaneous tissue, is
a fatty layer situated beneath the dermis. The average thickness of the skin in the thoracic
region is 2.3 mm, and its density is 1000-1300 kg/m?, depending on the species studied [17].
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Figure 5. Pig’s skin divided into layers [18].

From a mechanical perspective, leather is regarded as a composite material charac-
terized by a highly hierarchical structure. Its multilayered nature also makes it a highly
anisotropic material. Skin tissues exhibit viscoelastic mechanical properties, and under
the action of pre-stress, it shows an uneven distribution of changes on its surface [19].
Collagen fibers play a significant role in determining the mechanical properties of the skin,
particularly in their structural arrangement and orientation. The orientation of collagen
fibers is not indifferent. There is a preferred orientation described as Langer lines, where
there is optimal tension in the skin.

The viscoelastic properties of skin tissue are demonstrated by the hysteresis observed
in the stress—strain relationship as depicted in Figure 6. The graph illustrates the energy
lost within the tissue during the loading and unloading process. This phenomenon occurs
as a result of internal friction, where the energy of mechanical deformation is converted to
heat [20]. Skin tissue hardening under uniaxial tension begins at lower stress levels when
aligned parallel to the preload direction compared to stresses transverse to the preload
direction. This behavior is explained by defining skin as an orthropic material.

18
16 - , Pig skin: abdomen,
- 4 parallel to spine
& 14 +  (Ankerson ef al. 1999) _
= . Human skin: abdomen
— 12 - 1 {Jansen and Rottier 1958)
"]
w r
£ 10 '
] '’ Pig skin: abdomen,
g 8- ’ perpendicular to spine
= ' (Ankerson ef al. 1999)
g 61 .
E . Pid Rat skin: back
o 41 , (Dombi et al. 1993)
w 2 4 ':
D < T T T T T T
000 020 040 060 080 1.00 120 1.40

Figure 6. Uniaxial tension for stretching human, pig, and rat skin [21-23].

Engineering Strain

97



Livers 2025, 5, 3

Determining the values of the mechanical parameters of skin tissue is challenging.
Young’'s modulus is estimated to range between 7.6 and 62.6 MPa, where tensile strength
for samples taken parallel to the spine is 2.5-15.7 MPa [17].

3. Assumptions for Numerical Modeling

A hybrid numerical approach was used in the modeling, combining features of the
finite element method (FEM) and smoothed particle hydrodynamics (SPHs). The FEM was
used to simulate bodies with a homogeneous and continuous structure, characterized by
a compact material structure. In contrast, the SPH method was used for materials with
a discontinuous structure, such as porous materials. The porosity of these materials was
only a small fraction of the total volume of the component under study, which made it
impossible to accurately model the pores using the conventional FEM due to the need for a
very fine discretization mesh. As a result, the two methods were combined to effectively
represent the various structural properties of the materials under analysis.

Rheological models are mathematical or physical models that describe the behavior
of materials under stress and strain. Nonlinear rheological models are a type of these
models that account for nonlinear stress—strain relationships in a material. In studies of the
properties of soft tissues such as the liver, simplified models such as the linear-elastic model
are often used to describe their behavior. The linear-elastic model is versatile and allows
for the analysis of a material’s behavior under different types of loading. However, this
general idea has some limitations due to the assumption of a linear rheological response of
the material, which can lead to errors.

In contrast, another approach describes hyper-stress models as dominant when related
to viscosity. Basic diagrams of the most commonly used viscoelastic models in the mathe-
matical description of liver tissue and the strain energy density functions of hyperelastic
models are presented in Table 3.

Table 3. Deformation energy density functions of models.

Model Equation
Neo-Hooke W =Cy(I; —3) ‘
Mooney-Rivlin W =Y Cij(l —3)' (I, - 3)
Ogden WZZ(%) (A‘i‘k+)\§‘k+)\gk73>
Yeoh W =Y Ce(I -3)F
Arruda-Boyce W = nkB6 [%(Il -3)+ (ﬁ) (112 - 9) + (ﬁ) (113 - 27) +-. ]
Veronda-Westmann W=0C <ec3(11_3) - 1) +Co(I; —3)

Among the hyperelastic models presented in Table 3, except for the last one, all
models represent polynomial functions, describing rubber-like materials subjected to large
deformations. The Veronda—Westmann model, on the other hand, is an exponential model.

In order to reduce the likelihood of erroneous analysis results, a different approach
is used to study the structure of the tissues. It involves describing their properties using
hyperelastic and hyperelastic models [24]. These models enable more precise predictions
of the mechanical behavior of various elastomers or soft tissues. Given the complexity of
rheological models and the extensive input data required, the focus was narrowed to two
hyperelastic rheological models: the Yeoh model and the Ogden model. Both models are
widely referenced in the literature for accurately characterizing the mechanical response of
the liver. A mathematical approach was selected to compare these models, emphasizing
simplicity in calculations while still providing valuable data for simulations.

Yeoh'’s hyperelastic material model provides a phenomenological representation of
the deformation behavior of nearly incompressible and nonlinear elastic materials, such
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as rubber. This model builds on Ronald Rivlin’s observation that the elastic properties of
rubber can be characterized using the strain energy density function, which is expressed as
a power series of strain invariants.

Yeoh’s model, often referred to as the reduced polynomial model due to its polynomial
format of the strain energy density function, was originally proposed in a cubic form. This
formulation considers only the first strain invariant I; and is specifically designed for
completely incompressible materials. The strain energy density function for Yeoh’s model
is expressed as follows:

W:ECk(Il—?))k 1)

where Cy, is the material’s constants (Table 4). The quantity 2C; can be interpreted as the
initial shear modulus.

Table 4. Yeoh model’s material constants.

Material Constants

Sample

Cro Cxo Czo
1 1.414 51.352 189.630
2 1.571 36.782 452.368
3 0.418 89.325 —8.329
4 0.952 25.984 5.219

The Yeoh mathematical model is presented below.

1 2 1 4 1 6
U = Cio(I; — 3) + Cao(Iy —3)* + Cao(I; — 3)° + H(IEI 1)+ H(]el -1) + H(IEI -1)
1 2 3
2 12 12 2
11:)\1+)\2+A3,}10:2C10,K0:E (3)

The Ogden material model is a hyperelastic framework designed to characterize the
nonlinear stress—strain behavior of complex materials, including polymers and biological
tissues. This model was developed by Raymond Ogden in 1972 and has since become
a widely used approach for modeling the mechanical properties of such materials. The
model plays a key role in determining stress—strain relationships in hyperelastic materials.
It characterizes materials as isotropic, incompressible, and hyperelastic.

Similar to other hyperelastic models, Ogden’s model assumes that a material’s be-
havior can be characterized by a strain energy density function, which forms the basis
for deriving stress—strain relationships. In Ogden’s model, the strain energy density W is
expressed in terms of the principal stretches A;; =1, 2, 3.

W:Z<Z:> (A +A8F 4+ 24 - 3) )

Analyzing a material that is not in compression during uniaxial stretching uses a
stretching factor, defined as A = I/ly. Here, | represents the length after stretching, and Iy is
the original, unstretched length of the material.

N 24 : ; N 1 2i
u:Zizl [Tzl(/\’f +)‘g +)‘g _3)"’21':161,(]61—1) )
1
N
Ho = Zizl Hi (6)
2
Ko=1p5; @)
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For incompressible materials, the principal stresses satisfy the following condition [25]:
AMA2A3 =1 ®)

The two constants used in the Ogden model are determined through experimental
data. Figure 7 shows the stress—strain curve in pig skin tension fitted to Ogden’s one-
particle model in quasi-static tension. The experimentally determined Ogden constants
are shown in Table 5. Having knowledge of one of the two constants in the Ogden model
enables a reasonably accurate approximation of the experimental data.

3009 —o— Ogden fit
1 —a— Parallel to spine

250 - —o— Ogden fit
- —e— Perpendicular to spine
@ |
~ 200+
2
g J
v
50 150+
g
b5 4
g
‘5o 1004
=
- ]

50+
04 .

I | I ! ! '
1.6 1.8 2.0 2.2 24 2.6

Stretching Ratio (%)

! |
1.0 1.2 14

Figure 7. Tensile stress response of pig skin at 0.005 m/s strain rate [25].

Table 5. Material constants of Ogden’s model.

Material Constants

Sample
"M &1 H2 [1%) M3 o3
1 0.752 53.713 127.595 1.284 41.126 5.055
2 0.242 15.052 5.452 —0.099 42.042 —0.022
3 2.220 8.878 32.485 —0471 23.779 0.189
4 2.428 10.507 6.411 2.110 16.033 —0.782

Regarding the strength study of the problem under consideration, a numerical anal-
ysis was carried out using the Abaqus program. The process began with the creation of
geometric models in Inventor, and then these models are exported to a computational
environment in .step format. In order to describe the mechanical properties of biological
materials, the Johnson-Cook rheological model was used. This is a rheological model used
to characterize materials with an elastic—plastic behavior with nonlinear amplification. The
initial part of the model describes the linear response of the material under a given load
and is characterized by Young’s modulus and Poisson’s ratio. However, beyond this limit,
the material exhibits nonlinear strengthening, which is captured by the Johnson—Cook
mathematical model in a numerical analysis. The Johnson-Cook model is based on the von

100



Livers 2025, 5, 3

Mises flow stress and incorporates nonlinear strain-dependent strengthening, strain rate
effects, and thermal fatigue. The Johnson-Cook model is typically expressed as follows:

oy = (A + Be’”n) (1 + clné*) (1—-1") 9)
where
w &
e == (10)
€0
T* — T - Troom (11)

Tmel [ Troom

where A is the yield strength of the material; B is the yield strength constant; c is the
dynamic strengthening factor; n is the strengthening exponent; m is the thermal weakening
factor; g” is the effective plastic strain; g” is the strain rate; ¢ is the dimensionless effective
strain rate; € is the reference value for the strain rate; T* is the dimensionless (homologous)
temperature; Tyoon is the reference temperature; T,,,; is the melting temperature, and T is
the base (current) temperature.

4. Numerical Simulations and Results

Given the complexity of the rheological model and the large number of input parame-
ters, the remainder of the paper focuses on the analysis of two specific rheological models:
the Yeoh model and the Ogden model. For this purpose, preliminary numerical analyses
were carried out by stimulating the process of pressing the penetrator into the liver sample.
Due to the lack of available experimental results, we relied on publicly available literature
data. This chapter aims to verify the numerical methods used. In order to simplify the
calculations, two mathematical models that are effective for simulation applications were
selected. The Ogden and Yeoh hyperelastic models, widely referenced in the literature for
modeling the mechanical response of the liver, were chosen for our analysis.

The study began by modeling the geometry of the intender and the structure of the
liver. The proposed intender was cuboidal in shape with dimensions of 8 x 10 x 30 mm.
In order to simplify the simulation, a cuboid of 8 x 32 x 90 mm was assumed as the liver,
for which parameters were set corresponding to the mechanical properties given in the
table below (Table 6).

Table 6. Mechanical parameters of the pig’s liver.

Parameter Value Unit
Density p 1.075 g/cm3
Young’s modulus E 1.1 kPa
Compressive stress Rc 123.0 kPa
Yield strength Rg 205.0 kPa
Strain energy density 18.19 kJ/m3

Figure 8 shows the obtained stress results for the simulation of the intender cavity in
the liver structure for four time steps. A comparison of the results obtained for the von
Mises and Tresca stress results is shown.

Subsequently, a numerical model of the liver structure as an organ with complex
structure and geometry was developed. Then, a system was created to simulate the
examination of the liver percutaneously. The process was carried out in three stages: the
first focused on modeling the soft tissues, such as the skin; the second addressed the
modeling of hard tissues, such as the ribs; and the third stage involved integrating the
collected data with the liver model and scaling it appropriately.
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Figure 8. Cont.
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Figure 8. Comparison of von Mises and Tresca stress results for a non-deformable penetrator.

In this stage, the rib component was modeled, distinguishing between the external
compact layer and the internal spongy layer. The mechanical parameters required for
developing the numerical models of these components are provided in Tables 7 and 8. Due
to its porous structure, the spongy part of the bone was modeled using smoothed particle
hydrodynamic (SPH) elements, while the remaining parts were modeled using the finite
element method (FEM).

Table 7. Mechanical parameters of the cortical bone substance.

Parameter Value Unit
Density (o) 1850.0 kg/m3

Young’s modulus (E) 1.80 GPa

Poisson’s ratio (v) 0.35 -
Johnson—-Cook Model

Yield strength (A) 160.0 MPa

Fixed fortification (B) 165.0 MPa
Exponent of consolidation () 0.1 -

Table 8. Mechanical parameters of the spongy bone substance.

Parameter Value Unit
Density (p) 900.0 kg/m3

Young’s modulus (E) 18.0 MPa

Poisson’s ratio (v) 0.4 -
Johnson—-Cook Model

Yield strength (A) 42.0 MPa

Fixed fortification (B) 55.0 MPa
Exponent of consolidation (1) 0.9 -

A series of numerical simulations were performed on the developed geometric models,
incorporating initial and boundary conditions, as well as parameters for simulating the
liver’s loading within the elastic range. The first numerical analysis focused on a single
rib. The rib’s average length ranged between 30 and 40 cm, with a typical width and
depth between 5.5 and 7.5 cm, which was measured along its curved length [13]. For this
study, these values were averaged across the majority of the population. The model was
discretized with a resolution of 0.5 mm, employing Tetra-type elements for the simulation.
The goal was to represent the wave motion that occurs when performing elastography. A
rectangular-shaped inductor was used in the analysis.
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In addition, numerical simulations were carried out at various signal frequencies, from
1.0 to 5.0 MHz. Based on the results, hard tissues were analyzed to evaluate the accuracy
of the modeling for both cortical and spongy structures, as well as the bone’s capacity to
absorb sound waves. Finally, a comprehensive model combining soft tissues, hard tissues,
and liver elements was validated to ensure its accuracy and reliability.

The simulation results of mechanical wave propagation through tissues, ribs, and the
liver without an additional cap revealed the occurrence of interference phenomena at the
level of the rib bones (Figures 9 and 10). Subsequent stages of the simulation were excluded
due to wave reflection at the liver’s edge, as the model did not include adjacent organs. The
wave’s effects were meticulously analyzed within a frequency range of 1.0 to 5.0 MHz, liver
tissue stiffness between 2.7 and 16.5 kPa, and a liver steatosis level below 270 dB/m. From
this analysis, the speed of sound propagation in the studied environment was determined.
Specifically, for an excitation frequency of 3.5 MHz, the simulation yielded a propagation

velocity of 1420 m/s.

]
VEnone 3
+Z000e-03
itnnenon

t=1.66 X 10*s t=5.0x10*s

t=8.33x10*s t=1.16 x 103s

Figure 9. Cont.
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Figure 9. Wavefront displacements for the system at individual time steps: t = 1.66 x 107%s,
t=50%x10"*s, t =833 x 107*s, t =116 x 1035, t =150 x 10725, t = 1.83 x 1073 5,
t=2.16 x 107%s,and t =2.50 x 1073 s.
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Figure 10. Summary of the propagation of the mechanical wave in each time step: t = 1.66 x 104,
t=50x10"*s,t=833 x10"*s,and t =1.16 x 10 3.

Tests were carried out for the use of the FibroScan® device together with the six types of
caps designed. Two geometric designs for the caps were selected for analysis: a cylindrical
one using the designation E15 and a conical one referred to as DO0. Tetra-type elements with
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an additional node inside were adopted for discretization. Geometric models were made
based on technical documentation. Figure 11 shows the adopted layout with the overlays
undergoing discretization.

(@) (b)

Figure 11. Discretization of caps: (a) cylindrical and (b) conical [26].

From conducting preliminary simulations, it was noted that the size of the discretiza-
tion component of the model does not affect the results obtained (Table 9). The individual
variables in each frequency occur due to the way the computer software represents the
results and does not affect the result (rounding of numbers).

Table 9. Summary of the results for a cylindrical head with different discretization sizes.

Cap l;f‘;l;l;z?;l&fl_;};]e Wave[:n\‘//e;l]oaty 0.5 mm 1.0 mm 1.5 mm 2.0 mm
1.0 843 843 842 842 842
15 906 906 905 905 906
2.0 969 969 969 969 969
2.5 992 991 992 991 992
cylindrical 3.0 1050 1050 1051 1050 1050
3.5 1083 1082 1082 1083 1082
4.0 1132 1132 1132 1132 1132
4.5 1183 1182 1182 1183 1184
5.0 1243 1245 1244 1243 1244
Cap 1311:(;1:11;2:}[’1\(/)[;1;]6 Wav;:n“/;l]oaty 2.5 mm 3.0 mm 4.0 mm 5.0 mm
1.0 843 841 843 843 843
15 906 906 905 905 906
2.0 968 969 968 968 969
2.5 992 991 992 991 992
cylindrical 3.0 1050 1051 1050 1051 1050
3.5 1083 1082 1083 1082 1082
4.0 1132 1132 1132 1132 1132
4.5 1183 1182 1182 1182 1182
5.0 1245 1243 1244 1243 1245

In the first stage of wavefront propagation studies, a numerical analysis was conducted
on two types of cap geometries: conical and cylindrical, with an assumed wave excitation
frequency of 3 MHz. Figure 12 presents a summary of wave propagation for the conical cap
at successive time moments: 3.3 x 1074, 6.6 x 1074 s, and 1.0 x 1073 s. The observations
show how the size and intensity of the wave change as the propagation process continues
through the medium.

107



Livers 2025, 5,3

UM

U, Magnituds v,

+4:8298-03
+0.0006+00

WAVE
FRONT

(a) (b) (©)

Figure 12. Summary of wave propagation for the conical cap with frequency 3 MHz in time
(@)33 x107*s,(b) 6.6 x 107 s,and (¢) 1.0 x 103 s.

In comparison, Figure 13 illustrates the wave propagation for the cylindrical cap at
the same time moments: 3.3 x 104 s, 6.6 x 10~* s, and 1.0 x 103 s. This comparison
allows for an assessment of how the cap geometry influences the shape and scattering
of the mechanical wave. The differences in propagation are evident in the way the wave
spreads and in the efficiency of energy dispersion within the medium, which is crucial for
further analysis of the models’ effectiveness.
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Figure 13. Summary of wave propagation for the cylindrical cap with frequency 3 MHz in time
(@)3.3 x 107%s, (b) 6.6 x 10~%s,and (c) 1.0 x 103 s.

This approach enables the evaluation of which geometry better reduces wave intensity,
which is significant for applications in non-invasive medical examinations, such as liver
assessment using a cap model.

Initially, the caps were made by using three different materials: Agar, Ecoflex 00-20,
and Medical Gel. Based on the results obtained on experimental animals and post-mortem
organs, the best-fitting material in relation to the tissue under study was selected, which
turned out to be Ecoflex 00-20.
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A numerical analysis was carried out while maintaining the set frequency for the
inductor at 1.0-5.0 MHz. The following is an example of the results obtained for caps
made of the Ecoflex 00-20 material using an exciter frequency of 2.0 MHz. The change in
displacement during the phenomenon and the value of attenuation (CAP) in relation to
the obtained stiffness were analyzed depending on the mathematical model used. The
juxtaposition of damping results for different numerical models using a conical cap and a
cylindrical cap made of the Ecoflex 00-20 material (Figures 14 and 15) is important in the
context of comparing their effectiveness in reducing the intensity of the mechanical wave
(Tables 10 and 11).

At specific time steps, i.e., t = 5.0 x 107%s,t=1.0x103s, t=2.0 x 1073 s, and
t=3.0 x 1073 s, changes in the displacements of the wavefront within the simulated liver
tissue can be observed. These displacement values indicate the evolution of the mechanical
wave within the tissue under study. At the initial time step, t = 5.0 x 10~* s, the wave is
in its early propagation phase, traveling along the cylindrical applicator and progressing
through the tissue as a longitudinal wave. As time progresses, i.e., at subsequent time
steps, the wave gradually spreads through the simulated tissue, moving further from the
generating source. By the final time step, in the description of the mechanical wave, the
wavefront extends to a greater distance from the cylindrical applicator. A portion of the

wave is absorbed by the bony structures present in the system, such as the ribs.

t=5.0x10"s t=1.0x1073s

t=2.0x1073s

t=3.0x1073s

Figure 14. Displacements of the wavefront for the cylindrical cap made of Ecoflex 00-20 material
at the following individual time steps: t = 5.0 x 107%s,t=10x%x 1035, + =20 x 103 s, and
t=3.0 x 1073 s.
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Figure 15. Wavefront displacements for a conical cap made of the Ecoflex 00-20 material at the
following individual time steps:  =5.0 x 10™*s,t=1.0 x 10735,t=2.0 x 1073s,and t = 3.0 x 1073 s.

The cylindrical design of the applicator directly impacts the mechanics of wave propa-
gation within the tissue. The shape of the tool affects the wave properties, including its
amplitude, and plays a significant role in its interaction with the examined tissue during
the simulation of a percutaneous liver assessment.

Table 10. Summary of the damping results for the applied numerical models using a cylindrical cap
made of the Ecoflex 00-20 material.

Mathematical Model Name CAP (dB/m) E (kPA) Median
Yeoh flank 240 4.7
J-C breastbone 172 11.2
J-C back 213 9.7
Yeoh flank 242 8.2
J-C breastbone 253 7.5
J-C back 214 4.3
Odgen flank 241 6.5
J-C breastbone 223 8.9
J-C back 165 7.1
Odgen flank 264 13.4
J-C breastbone 241 3.6
J-C back 157 3.8
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Table 11. Summary of the damping results for the numerical models using a conical cap made of the
Ecoflex 00-20 material.

Mathematical Model Name CAP (dB/m) E (kPA) Median

Yeoh flank 245 5.1
J-C breastbone 184 10.2
J-C back 201 9.3
Yeoh flank 256 8.5
J-C breastbone 248 5.9
J-C back 211 5.1
Odgen flank 236 6.9
J-C breastbone 213 7.8
J-C back 185 8.3
Odgen flank 281 154
J-C breastbone 223 4.3
J-C back 157 49

The conical applicator represents a geometric form that influences the focusing or
scattering of the wave within the examined tissue. At the first time step, f =5.0 x 10745,
an early stage of wave propagation from the conical applicator is observed. The area
where the wave is noticeable is limited and does not extend to greater distances, similar to
the early stage described in the previous phenomenon. As time advances, at subsequent
time steps, the conical shape of the applicator enables the observation of wave dispersion
within the studied medium. By the final time step, t = 3.0 x 1073 s, the area in which the
wave is observed reaches its maximum size, but the intensity is significantly diminished.
The wavefront displacement values also change over time. At the first time step, the
displacement reaches a maximum value of 0.05 mm, while at the final time step, it decreases
to 0.01 mm, corresponding to the described decrease in wave intensity as it propagates
through the simulated medium.

In conclusion, the shape of the conical applicator has a crucial impact on wave prop-
agation in the tissue during the simulation of a percutaneous liver assessment. This tool
shape determines the area and intensity of the wave as well as its behavior in the examined
tissue at the different time stages of the simulation.

5. Validation Research

FibroScan® technology represents a leading technique for assessing liver stiffness. This
technique utilizes a low-frequency acoustic wave to non-invasively measure the stiffness of
liver tissue. One of the key parameters characterizing this technology is tissue elasticity,
denoted by the elasticity parameter E. In this study, applicators with two geometric shapes
were considered: a cylindrical shape, designated as E15, and a conical shape, referred to as
DO, both constructed from the Ecoflex 00-20 material.

Validation studies of liver stiffness measurements were conducted using the FibroScan®
device in percutaneous assessments (Figure 16), taking into account the elasticity parameter
E, which was expressed in kPa [27]. Advanced numerical models of liver tissues were
developed and utilized to perform numerical simulations in the Abaqus software, allow-
ing for the evaluation of the accuracy and effectiveness of this technology under various
clinical conditions.

To conduct a comparative analysis of the results obtained from numerical simulations
against reference data derived from histological studies and in vivo measurements on pigs
using the FibroScan® (Figure 17), the outcomes for the Ecoflex material are presented in
Table 12.
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Figure 16. The procedure of liver elastography in pigs using the FibroScan® device.
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Figure 17. Example results obtained using the FibroScan® device.

The study involved eight Polish landrace pigs sourced from the same breeding facility.
Female pigs aged 1620 weeks with an initial weight of 4045 kg were selected for the
experiments. Elastographic measurements were conducted four times at weekly intervals.
Prior to the study, all animals were acclimatized to the handling and grooming procedures.
The pigs were fed an identical full-portion feed mixture in accordance with nutritional
standards and kept under uniform husbandry conditions. Animal care was conducted
in compliance with the National Institutes of Health guidelines for the care and use of
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laboratory animals. The experiments were approved and carried out in accordance with the
regulations set forth by the Local Ethics Committee in Wroctaw (Approval No. 46/2022/P1
dated 16 November 2022).

Table 12. Summary of the results for validation.

Research on Organs Numerical Simulations
Pig no. Date Cap E (kPA) Median Cap E (kPA) Median

Ecoflex DO 17.4

W8 8236 9 March 2023 Ecoflex E15 19.0 Ecoflex DO 11.1
Ecoflex DO 11.4

W7 8337 9 March 2023 Ecoflex E15 7 Ecoflex DO 6.5
Ecoflex DO 24.7

W6 8252 9 March 2023 Ecoflex E15 235 Ecoflex DO 17.6
Ecoflex DO 15.2

W5 8093 9 March 2023 Ecoflex E15 153 Ecoflex DO 18.2
Ecoflex Di 14.2

W2 0590 22 December 2022 coflex DO Ecoflex E15 7.5
Ecoflex E15 -
Ecoflex DO 12.7

W1 0586 22 December 2022 Ecoflex E15 _ Ecoflex E15 16.6

W3 0630 22 December 2022 Ecoflex DO 165 Ecoflex E15 10.2
Ecoflex E15 -
Ecoflex Di 19.

W4 0661 22 December 2022 coflex DO 95 Ecoflex E15 134
Ecoflex E15 -

Elastographic examinations were conducted under general anesthesia using propofol
(2 mg/kg) and isoflurane (1.5 vol%), following premedication with ketamine (10 mg/kg),
midazolam (0.3 mg/kg), and medetomidine (0.03 mg/kg), with the animal positioned on
its left side. An example result of liver elasticity measurement in a pig was obtained using
the FibroScan® Mini + 430 device equipped with an XL probe (5 MHz) and a stabilization-
enhanced applicator, and the liver was placed in a specialized container.

No significant correlation was demonstrated between liver elasticity, measured directly
in liver samples (Elasto direct; E kPa), and the results were related to non-invasive liver
steatosis and liver elasticity obtained from in vivo animal studies (Table 13). The liver
elasticity results (direct) were analyzed using a one-way analysis of variance (ANOVA). The
application of the FibroScan® device probe in liver stiffness measurement was considered,
with the elasticity parameter E expressed in kPa.

Table 13. Pearson correlation coefficients calculated for 8 animals.

Correlation Coefficient

Std.

Variable Mean . . Elasto Direct E (kPA)
Deviation E (kPa) CAP (dB/m) SD Median IQR/Med.
Elasto direct E (kPa) 16.7 5.6 1.000 —0.283 —0.061 —0.258 —0.267
CAP (dB/m) 52.8 11.9 —0.283 1.000 0.174 0.214 0.288
SD 17.9 1.2 —0.061 0.174 1.000 0.407 0.689
E (kPA) median 10.0 3.8 —0.258 0.214 0.407 1.000 0.032
IQR/Med. 0.4 0.2 —0.267 0.288 0.689 0.032 1.000

Figures 18 and 19 show the results of the analysis of the agreement of elasticity
measurements in kPa, obtained using the FibroScan® applicator with a conical overlay
(DO0) and a cylindrical overlay (E15) made of the Ecoflex 00-20 material. The horizontal
axis of the graph (x) shows the average elasticity values determined using the direct and
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simulation methods, while the vertical axis (y) represents the differences between these

values for each measurement.
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Figure 18. Bland—-Altman Plot for Ecoflex DO0.
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Figure 19. Bland-Altman Plot for Ecoflex E15.

The graph shows the middle line (blue), which represents the average difference (bias)
between the results of the two methods, as well as the dashed lines (red) marking the
limits of agreement (limits of agreement), calculated as +1.96 standard deviations from

the average difference. Most of the points on the graph are within the limits of agreement,

indicating good agreement between the direct and simulation methods.

The variation in results may be due to differences in the geometry of the applicator, the

properties of the Ecoflex 00-20 material, and local differences in the mechanical properties of

the tissue being tested. The limits of agreement show the range within which the differences
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between the methods are statistically acceptable, confirming that the measurement and
simulation method used is consistent in analyzing the elasticity of the tissue under the
specified conditions.

6. Results and Discussion

Numerical analysis results indicate that no significant differences were observed in
the outcomes associated with the applied mathematical model. Both the Yeoh and Ogden
rheological models produced comparable results, with the differences being negligible. The
variance in the results, approximately 8%, represents a very good fit. Greater discrepancies
were noted in the constant parameters used in the calculations—the obtained results upon
altering these parameters showed larger variations within +27%. Nevertheless, these
results were deemed satisfactory, likely due to significant variability in the initial data of
the rheological models. These results were used in further numerical simulations.

In the frequency range of 1.0-5.0 MHz, ultrasound attenuation in the skin increases
with frequency, averaging from several to over ten dB/cm. Excessive attenuation within
the scanning device’s applicator could weaken the ultrasonic wave entering the liver
tissue, leading to measurement errors or making measurements impossible. The analysis
employed durable gel-like or rubber-like materials with attenuation in the range of several
to over ten dB/cm, which enabled accurate results.

The results of the conducted studies indicate that the shear wave velocity increases
with increasing tissue stiffness, which is confirmed in the literature [6]. However, it should
be noted that higher stiffness does not necessarily mean higher wave frequency, which may
be a limitation due to the characteristics of the device and its configuration according to the
manufacturer’s recommendations. This limitation may affect the interpretation of results
under other test conditions. Future studies should consider the possibility of using other
device configurations or alternative measurement techniques to compare results.

All elastography studies conducted on experimental animals using the percutaneous
technique yielded valid results. In experiments performed on livers collected immediately
post-euthanasia, measurements were successfully obtained using all applicator types on
four livers placed in a specially prepared container that simulated the shape of a human
liver. In the first four cases, where the livers were placed in a standard organ retrieval
dish, measurements could not be obtained. Additionally, the first batch of agar-based
applicators was prone to damage, preventing measurements, but this issue did not occur
with applicators made of Ecoflex 00-20.

Using the Johnson—-Cook rheological model resulted in an excellent fit for both the
compact and spongy bone structures, such as the ribs. Moreover, applying the hybrid
FEM/SPH method in this case yielded very satisfactory results. The spongy bone structure
proved to be an excellent model for SPH applications.

The presented numerical analysis results for the preliminary assessment of the effec-
tiveness of mechanical wave propagation, following the application of the scanning device
to the examined organ, confirm the correctness of the adopted methodology. The wave
velocity result (1420 m/s) correlates well with the healthy liver value (1480 m/s), indicating
a very good match.

A comparative analysis between Tables 10 and 11 highlights the differences in attenua-
tion results for various numerical models using two types of Ecoflex 00-20 applicators. For
the Yeoh model, in the case of the cylindrical applicator, the attenuation values (CAP) for
the side are 240 and 242 dB/m, while for the conical applicator, they are 245 and 256 dB/m.
It is noted that the attenuation values are similar for both applicators, but slightly higher for
the conical one. For the Johnson—-Cook model in different configurations (bridge, back) for
cylindrical and conical applicators, the attenuation differences are more varied. Generally,
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the attenuation results for the cylindrical and conical applicators in this model do not show
a consistent pattern—some cases yield similar values, while others differ more. For the
Ogden model, side attenuation results for the cylindrical applicator are 241 and 264 dB/m,
and for the conical applicator, the values are 236 and 281 dB/m. Attenuation values for this
model show some differences between applicators, with the conical applicator sometimes
reaching higher values. In summary, the attenuation analysis results for the different
numerical models using cylindrical and conical Ecoflex 00-20 applicators show no clear
rule for which applicator yields better attenuation results across all models. Attenuation
values differ between applicators for different models, indicating the complexity of the
applicator geometry’s impact on attenuation properties in numerical studies.

Chapter 5 validates the numerical simulation results by comparing them with data
from report number NOCBR000.7117.55.30/Wet /2022 [27]. Liver elasticity measurements
with the E15 applicator hover around similar values, regardless of the measurement method
(porcine liver measurements or numerical simulations). The average liver elasticity with
the E15 applicator (numerical simulations) was 11.6 kPa. Conversely, liver elasticity mea-
surements with the D0 applicator showed variability, both in porcine liver measurements
and numerical simulations. The average liver elasticity with the DO applicator (numerical
simulations) was 15.2 kPa. It is noted that the applicator shape significantly affects liver
elasticity measurement results. The conical applicator (D0) tends to yield higher liver
elasticity values compared to the cylindrical applicator (E15), both for direct organ mea-
surements and numerical simulations. These differences may be due to varying mechanical
properties and the interaction of the applicator shapes with liver tissue, as well as their
influence on sound wave transmission during measurements.

This study verified applicator geometries using numerical models on animals within
the measurement frequency range of 1.0-5.0 MHz, covering the following parameters:
liver fibrosis between 1.5 and 12.5 kPa and steatosis < 5%, 5-33%, 33-66%, and above 66%.
The numerical simulation results were referenced against a healthy liver baseline value,
with liver stiffness at 4.5 kPa and steatosis below 300 dB/m. Experimental and simulation
results correlate, confirming the validity of the study.
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Abstract: Background/Objectives: Visceral adipose tissue (VAT) may play a direct role
in the development of metabolic dysfunction-associated steatotic liver disease (MASLD)
and its progression to metabolic dysfunction-associated steatohepatitis (MASH). In this
study, we employed untargeted proteomics analyses on paired biopsies from VAT and
liver tissues of patients with obesity, MASLD, and MASH. Our objective was to investigate
tissue-specific protein expression patterns in search of a potential proteomic signature
associated with MASH in both VAT and liver tissue. Methods: VAT and liver tissue were
collected from 70 subjects with severe obesity (SWOs) and nine control study subjects
without obesity (CON). SWOs were stratified on the basis of liver histology into LS—
(no liver steatosis), LS+ (liver steatosis), and MASH. Peptides were extracted from frozen
tissue and were analyzed by liquid chromatography coupled to tandem mass spectrometry
(LC-MS/MS). Raw files were analyzed with Spectronaut, proteins were searched against
the human FASTA Uniprot database, and the significantly expressed proteins in the two
tissues were analyzed. The p-values were false discovery rate (FDR) corrected. Results: A
total of 59 VAT and 42 liver proteins were significantly differentially expressed between the
four groups: LS—, LS+, MASH, and CON. The majority were upregulated, and many were
related to lipid metabolism. In VAT, only one protein, the mitochondrial sulfide:quinone
oxidoreductase (SQOR), was significantly downregulated in the MASH group only. In liver
tissue from patients with MASH, six proteins were significantly altered compared with
the three other groups. Correlation analyses between the top 10 positive VAT and liver
proteins were dominated by inflammatory and detoxification proteins. Conclusions: The
presence of MASH was not reflected in the VAT proteome, and both the VAT and the liver
proteome were generally affected more by the presence of obesity than by MASLD severity.
Several immunomodulating proteins correlated significantly between VAT and liver tissue
and could reflect common pathophysiological characteristics.
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1. Introduction

The harmful impact of the excessive deposition of visceral adipose tissue (VAT) on
the risk of metabolic disease, type 2 diabetes (T2DM), and cardiovascular disease has been
recognized for decades [1,2]. Adipose tissue has major metabolic as well as endocrine
functions. Adipose tissue-derived adipocytokines and fat-derived metabolites such as free
fatty acids affect the physiology of other organs [3-5], but VAT in particular is associated
with metabolic disease risk. In clinical practice, waist circumference, which correlates
with truncal VAT mass, is central to identifying patients at increased risk of metabolic
comorbidities including metabolic dysfunction-associated steatotic liver disease (MASLD)
and metabolic dysfunction-associated steatohepatitis (MASH) [6-8]. An expansion of
visceral fat mass negatively impacts adipose tissue physiology and function as the resulting
rise in metabolic and oxidative stress contributes to peripheral insulin resistance and
disrupts the overall homeostasis of VAT [1]. These alterations are exerted, in part, through
changes in the secretion of adipokines and proinflammatory cytokines with the subsequent
creation of an inflammatory and metabolic dysfunctional milieu with resultant adipocyte
death and fibrosis deposition within the adipose tissue with infiltration and proliferation
of macrophages contributing to obesity-associated adipose tissue inflammation [9-13].

In MASLD, triglycerides accumulate within the hepatocytes and cause liver steatosis;
the condition may progress to MASH, which is characterized by necroinflammation of
the liver tissue and formation of liver fibrosis [14]. In MASLD, the changes that occur in
VAT and liver tissue seem to share some pathophysiological characteristics. In addition,
mesenteric and omental VAT are venously drained to the liver via the portal vein. According
to the portal vein theory, free fatty acid adipocytokines and inflammatory cytokines derived
from the VAT access the liver and could contribute to the development of liver steatosis
and perhaps impact the progression of MASLD to MASH and liver fibrosis [15].

Mass spectrometry (MS)-based proteomic analyses offer fast and large-scale analyses of
the proteomes and can identify alterations in protein abundance in relation to disease. MS-
based proteomics could serve as a tool for the identification of proteins that are upregulated
or downregulated in patients with MASLD and MASH. However, untargeted proteomics
has been applied to adipose tissue in other metabolic diseases, particularly T2DM [16,17].

MASLD remains more unexplored in this context, and most studies have focused on
the plasma proteome in relation to MASLD and MASH [18-22], in search of diagnostic
markers of MASLD severity. Liver tissue proteomics has previously been applied in
human MASLD [23,24], but to a much lesser extent, some studies with focus on MASH
associated hepatocarcinogenesis [25,26] and MASH fibrosis [27]. Very limited data exist on
the proteomic pattern in adipose tissue in the context of MASLD.

Consequently, the concomitant assessment of VAT and liver tissue allows for a detailed
evaluation of the changes that occur in patients with obesity, MASLD, and MASH, and
tissue proteomics analyses could provide important information about the underlying
pathophysiology of MASLD.

In this cross-sectional study, we conducted tissue proteomics analysis on paired
biopsies from omental visceral adipose tissue (VAT) and liver tissues in 70 patients with
severe obesity. These patients were categorized based on the presence or absence of
varying stages of MASLD and MASH. Additionally, we included nine control subjects
without obesity.
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Our primary aims were to describe the protein patterns in liver and visceral adipose
tissue with increasing severity of MASLD and to explore the potential overlap of proteins
that are significantly upregulated or downregulated in both liver tissue and VAT. By
identifying potential shared protein changes, we sought to uncover a distinct proteome
signature specific to MASH in both tissue types.

2. Materials and Methods
2.1. Cohort and Study Investigations

We collected omental VAT and liver tissue from 70 SWOs undergoing laparoscopic
bariatric surgery and control study subjects without obesity (CON) undergoing planned
laparoscopic cholecystectomy at Copenhagen University Hospital Hvidovre between De-
cember 2016 and October 2019. Tissue samples were collected immediately after induction
of anesthesia and trocar placement, before the actual surgical procedure.

After sampling, the VAT was trimmed and cut into smaller pieces of 50-100 mg and
immediately snap frozen in liquid nitrogen before storage in a —80-degree freezer until
analysis. The liver tissue was similarly trimmed; the capsule was removed; and it was cut
into pieces of 50 mg, snap frozen, and stored as described above. In addition, part of the
liver biopsy underwent fixation in paraformaldehyde for later paraffin embedment and
histological analysis.

The study was conducted according to the Declaration of Helsinki and was ap-
proved by the Regional Ethics Committee of Capital Region, Denmark (H-16030784 and
H-16020782). All study subjects gave oral and written consent.

2.2. Liver Histology and Grouping of Study Subjects

Liver histology was assessed by three pathologists. The MASLD activity score the
(referred to as the NAFLD activity score, NAS) was used to group patients with obesity
as follows:

(1) No liver steatosis (LS—): no liver steatosis present in liver biopsies;

(2) Liver steatosis present (LS+): liver steatosis present but without MASH (NAS
score < 5);

(3) MASH: NAS > 5 with points from all subcategories (steatosis, inflammation, and
ballooning).

2.3. Sample Preparation for MS Analysis

Frozen liver and VAT biopsies were homogenized on a Precellys24 homogenizer
(Bertin Technologies, Montigny-le-Bretonneux, France) in 300 pL SDC reduction and alky-
lation buffer (PreOmics GmbH, Martinsried, Germany) containing 1x Roche phosphatase
inhibitor with ceramic beads (2.8 and 1.4 mm zirconium oxide beads, Precellys). Approx-
imately 15 mg of liver and 50 mg of VAT were processed as the starting material. The
homogenates were incubated at 95 °C for 10 min (1200 rpm) and subsequently transferred
to a new 1.5 mL Eppendorf tube, from which 45 pL of homogenate was further transferred
to a 96-well plate and sonicated for 5 min using the Covaris Adaptive Focused Acoustics
(AFA) sonication system (Covaris, Woburn, MA, USA). The protein content was determined
by Tryptophan assay, and an aliquot of 50 ug was digested overnight with LysC and trypsin
at a 1:50 ratio (ng of enzyme to pg of protein) at 37 °C (1700 rpm). Peptides were acidified
to a final concentration of 0.1% trifluoroacetic acid (TFA). Approximately 20 pg of peptides
were loaded on Stage-Tips and washed with isopropanol/1% TFA (200 uL) and then 0.2%
TFA (200 pL). Peptides were eluted with 60 pL of elution buffer (80% acetonitrile/1%
ammonia) and dried at 60 °C using a SpeedVac centrifuge Concentrator plus) (Eppendorf,
Hamborg, Germany) Dried peptides were dissolved and sonicated in 5% acetonitrile/0.1%

121



Livers 2025, 5, 16

TFA, and the concentration was measured using Nanodrop. Peptide mixtures were stored
at —80 °C until further analysis. Quality control samples of pooled tissue homogenate were
included for measuring the workflow variation.

2.4. LC-MS/MS Analysis (Liquid Chromatography-Mass Spectroscopy/Mass
Spectrometry Analysis)

Samples were measured using LC-MS instrumentation consisting of an EASY-nLC
1200 system (Thermo Fisher Scientific, San Jose, CA, USA) interfaced online with a Q
Exactive HF-X Orbitrap (Thermo Fisher Scientific, Bremen, Germany). Purified peptides
were separated on 42.5 cm HPLC columns (ID: 75 um; in-house packed into the tip with
ReproSil-Pur C18-AQ 1.9 um resin (Dr. Maisch GmbH)). Approximately 500 ng of peptides
were injected for each LC-MS/MS analysis. Peptides were loaded in buffer A (0.1% formic
acid) and eluted with a linear 82 min gradient of 3-23% of buffer B (0.1% formic acid, 80%
(v/v) acetonitrile), followed by an 8 min increase to 40% of buffer B. The gradients then
increased to 98% of buffer B within 6 min, which was maintained for 4 min. Flow rates
were maintained at 350 nL/min. Re-equilibration was performed for 4 pL of 0.1% buffer A
at a pressure of 700 bar. The column temperature was kept at 60 °C.

For liver tissue samples, MS spectra were acquired using the data-independent ac-
quisition (DIA) mode, enabled by MaxQuant. Live [28], in which the scan protocol was
defined. Each acquisition cycle consisted of a survey scan at resolution of 60,000 with an
automatic gain control target (AGC) of 3 x 10° and a maximum injection time of 100 ms,
followed by 66 DIA cycles at a resolution of 15,000 with an AGC of 3 x 10°/22 ms IT ata
range of 300-1650 m/z. Higher-energy collisional dissociation (HCD) fragmentation was
set to a normalized collision energy of 27%. In all scans, PhiSDM [29] was enabled with
100 iterations, and the spectra type was set to centroid. For adipose tissue samples, the
DIA-MS method consisted of an MS1 scan from the 350-1650 m1/z range (AGC target of
3 x 10%, maximum injection time of 60 ms) at a resolution of 60,000 and 32 DIA segments
(Dataset EV1, AGC target of 3 x 10°, maximum injection time of 45 ms). The acquisition of
samples was randomized to avoid bias.

2.5. Quantification and Statistical Analysis: Raw Data Processing and Analysis

All raw files were analyzed with Spectronaut Pulsar X (version 13.10) with default
settings except that the “quantification” data filtering parameter “Q-value” was set to
“complete”. The DIA hybrid spectra were searched against in-house generated libraries
for human liver and adipose tissue using the same LC setup searching against the human
FASTA Uniprot database (version 201801, containing 93k entries). Proteins with more than
30% of missing values were discarded. Samples with fewer than 2500 quantified proteins
were also discarded. Normalization based on the median protein intensity of each sample
was performed. The remaining missing values of the dataset were imputed by drawing
random samples from a normal distribution (down-shifted mean by 1.8 standard deviation
(SD)) and scaled SD (0.3) relative to that of the proteome abundance distribution, with
which we performed the statistical analysis. Statistical and bioinformatics analyses were
performed with the Perseus software (version 1.6.5.0) and Python software (version 3.8.2).
Specifically, one-way ANOVA was performed using the Python open-source statistical
package “pingouin” (https://pingouin-stats.org/) corrected for multiple hypothesis test-
ing by Benjamini-Hochberg at 5% FDR (false discovery rate), followed by Tukey’s HSD
(honestly significant difference) test. Pair-wise correlation between VAT and liver tissue
protein levels was performed with the pingouin. pairwise_correlation module with a sig-
nificance level of Benjamini-Hochberg-corrected FDR at 5b% (g-value). For the proteomics
analyses, a g-value < 0.05 was considered statistically significant.
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Before filtering for 70% (meaning that a given protein must be expressed/detectable
in 70% of the samples within the specific tissue type), we detected 3200 protein groups
(17,570 peptides) in VAT and 5151 protein groups in liver tissue (35,965 peptides).

The following databases were used to characterize the function, cellular compartment,
and tissue distribution/expression of the significant proteins: uniprot.org, proteinatlas.org,
metabolicatlas.org, genecards.org, and omim.org.

Clinical and anthropometrical data were presented as the mean (SD). p-values were
one-way ANOVA with Bonferroni correction or Chi square/Fischer’s exact test. p < 0.05
was considered statistically significant.

Illustrations were made in Perseus software (version 1.6.5.0) and with the use of
biorender.com (accessed on 15 December 2024).

See Figure 1 for a schematic overview of the study workflow.

Untargeted proteomics work flow
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Figure 1. Study workflow. Schematic illustration of the proteomics workflow in liver and visceral
adipose tissue sampled from control study subjects and from patients with obesity and increasing
severity of MASLD. Created in BioRender. Pedersen, J. (2025) https:/ /www.biorender.com/, accessed
on 15 December 2024.

3. Results

Table 1 depicts the clinical characteristics of the three MASLD groups (LS—, n = 34; LS+,
n =20; and MASH, n = 16) and controls (CON, n = 9). The number of patients with T2DM
in each group was three (LS—), seven (LS+), and nine (MASH). Insulin resistance evaluated
by HOMA-IR was progressively worsened from CON to MASH of about four-fold. In the
MASLD groups the BMI ranged from 41.8 to 44.6 kg/m? compared with 24.4 kg/m? in the
CON group.
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Table 1. Clinical, anthropometrical, and biochemical data at baseline in study subjects with obesity
undergoing bariatric surgery and stratified by histological MASLD severity (LS—, LS+, and MASH)
and control study subjects without obesity (CON).

Study Subjects with Obesity According to Histology

Subjects Without Obesity

LS— LS+ MASH CON
(n=34) (n =20) (n=16) n=9)
Liver histology
MASLD activity score (NAS) 2.3(0.9) 3.2(0.7) 5.1(0.3) 1.1 (0.9)
Steatosis 0.0 (0.0) 1.1 (0.3) 1.7 (0.6) 0.0 (0.0)
Inflammation 1.1 (0.6) 0.9 (0.3) 1.6 (0.5) 0.9 (0.6)
Ballooning 1.2 (0.5) 1.2 (0.5) 1.9 (0.3) 0.2 (0.4)
Fibrosis 1.0 (0.3) 1.2 (0.4) 1.1 (0.5) 0.9 (0.3)
Age, years 45 (11) 45 (8) 45 (9) 39 (8)
Female (%) 25 (58) 9 (21) 9(21) 7 (78)
Diabetes, 1 (%) 3 (16) 7 (37) 9 (47) NA
Weight, kg 124 (20) * 138 (29) * 125 (17) * 71 (10)
BMI, kg/m? 41.8(5.1)* 446 (8.4)* 424 (54)* 24.4(2.2)
Waist-hip ratio 0.88 (0.11) 0.95(0.13) 0.98 (0.08) ** 0.83 (0.10)
Systolic blood pressure, mmHg 126 (12) 130 (14) 131 (16) 117 (11)
Diastolic blood pressure, mmHg 81 (8) 82 (9) 82 (11) 77 (9)
Heart rate (BPM) 72 (12) 76 (13) 76 (14) 69 (7)
ALT, U/L 28 (10) 34 (15) 39 (15) ** 21(9)
AST, U/L 24 (6) 25 (9) 27 (7) 21 (4)
Fasting plasma glucose, mmol/L 5.9(0.7) 6.8 (1.5) 7.0(2.2) 5.5(0.4)
C-peptide pmol/L 1162 (343) * 1217 (257) * 1649 (523) *18 791 (204)
Fasting insulin pmol/L 118.8 (47.3) 122.78 (44.6) 208.6 (88.9) *18 63.3 (30.4)
HbA1lc 35(3) 41 (8) +* 37 (4)* 32 (3)
HOMA-IR 44(1.8) 52(1.7) 9.1 (4.2) 8 22(1.1)
LDL cholesterol, mmol/L 2.79 (0.98) 2.25 (0.56) 2.02 (0.61) 2.59 (0.53)
HDL cholesterol, mmol/L 1.22 (0.27) 1.20 (0.41) 1.09 (0.15) 1.39 (0.23)
VLDL cholesterol, mmol/L 0.58 (0.24) 0.69 (0.43) 0.75(0.33) 0.50 (0.21)
Triglycerides, mmol/L 1.29 (0.52) 1.53 (0.95) 1.66 (0.74) 1.13 (0.50)
HsCRP (mg/L) 52 (4.1) 9.2(10.7) * 5.1(3.7) 1.5 (1.3)

Data are presented as mean (SD). p-values are one-way ANOVA with Bonferroni correction or Chi square/Fischer’s
exact test. LS, liver steatosis; MASH, metabolic dysfunction-associated steatohepatitis; CON, control study
subjects; MASLD, metabolic dysfunction-associated steatotic liver disease; BMI, body mass index; mmHg,
millimeter mercury; BPM, beats per minute; ALT, alanine aminotransferase; AST, aspartate aminotransferase;
HbAlc, glycated hemoglobin; HOMA-IR, homeostatic model assessment for insulin resistance; LDL, low-density
lipoprotein; HDL, high-density lipoprotein; VLDL, Very—low—densit?l lipoprotein; HsCRP, highly sensitive C-
reactive protein; mm, millimeters. * p < 0.05 compared with CON. ¥ p < 0.05 compared with LS—. § p < 0.05
compared with LS+.

3.1. Liver Tissue

In liver tissue we detected 32 differentially expressed proteins (DEPs) with significant
upregulation or downregulation between the four groups (Table 2 and Figure 2). Of these,
18 were upregulated, and 14 were downregulated in the MASLD groups when compared
with CON.
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Table 2. Differentially expressed proteins in liver tissue in CON, LS—, LS+, and MASH identified by
untargeted proteomics analyses.

CON LS— LS+ MASH . . .
. Gene Location Tissue Main
Protein Name Name Log2 Log2 Log2 Log2 in Cell Specificit Function(s)
Intensity Intensity Intensity Intensity P y
Upregulated liver proteins in SWO/MASLD groups
Metabolism
Isocitrate " « M, C,
dehydrogenase 2 IDH2 22.57 22.81 22.97 23.03 PX Low TCA
Glycerol-3-phosphate -5y 22.12 22.71% 22.86 * 22.84 * C Low CaM, LiM, LiB
dehydrogenase 1
OBG like ATPase 1 OLA1 18.86 19.20 * 19.33 * 19.35* C Low CP, ATPH, GTPH
ATP citrate lyase ACLY 18.40 18.06 18.76 1 18.72 % C Low ACoA, LiM, LiB
ChoB, ChoM,
Mevalonate kinase MVK 17.99 18.11 18.79 18.92 »* C, PX Low LiM, LiB, SterB,
SterM
15-
hvd . ot " Placenta, .
ydroxyprostaglandin HPGD 18.07 18.77 19.37 19.32 C N . FAM, LiM, PGM
liver, GI tract
dehydrogenase
Perilipin 1 PLIN1 14.24 14.99 16.09 ** 16.25 %+ Atcil;fl‘l’ese LiMM, LiBi
Perilipin 2 PLIN2 15.09 15.08 16.87 17.09 Atifl‘l’ese LiMM, LiBi
Transport and
carriers
Apolipoprotein 3 APOL3 15.03 16.21* 16.51 * 16.64 * C Low LiT
Solute carrier famil MTC, MTT,
25 member 42 y SLC25A42 15.03 16.31 * 16.51 * 16.57 * M Liver ADPT, ATPT,
AMPT, ACoAT
Archain 1 ARCN1 18.23 18.26 18.38 ** 18.31 V, ER Low ERGT, PT
Protein transport SEC24A 16.65 16.81 17.00 17.01 v Low ERGT, PT
protein Sec24A
Cytoskeleton, ECM
and signal
transduction
Collagen type XVIIL (5 1909 18.62 19.11 % 19.23 % 19.40 * ECM Liver EMO
alpha 1 chain
Radixin RDX 20.70 20.93* 20.98 * 21.04* PM Ag‘};iréal CO, CA, ST
Moesin MSN 20.38 20.96 * 20.93 * 20.76 * PM Low CO, CA, ST
Protein kinase
cAMP-dependent  ppyapin 1837 18.61 * 18.64 * 18.67 * C Low cAMP, ST
type I regulatory
subunit alpha
Cell, quality, cell
cycle, and apoptosis
Tumor protein p53 " " ot .
inducible protein 3 TP5313 13.96 15.13 15.84 16.03 C Intestine Apop(+), SR
Retinoblastoma RBBP9 18.01 18.17 1831 * 18.28 * N Low SH, TS, CCR
binding protein 9
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Table 2. Cont.

CON LS— LS+ MASH . . .
. Gene Location Tissue Main
Protein Name Name Log2 Log2 Log2 Log2 in Cell Specifici Function(s)
Intensity Intensity Intensity Intensity P ty
Downregulated liver proteins in SWO/MASLD groups
Metabolism
Glycerate kinase GLYCKTK 19.80 19.36 * 19.09 * 19.15* CG Liver FC, SD
Glyoxylate
hydroxypyrovate GRHPR 24.04 23.82 23.59 ** 23.69 * C N Liver GlyoxM, PyroM
dehydrogenase
GIP cyclohydrolase T - pypp 20.09 19.70 * 19.51 * 19.55 * C,N Liver RP
feedback regulator
Methionine
adenosyltransferase MAT1A 21.67 21.57 21.38 21.34 %t C Liver 1CM, MT, MetC
1A
Adenosylhomocysteinase ACHY 22.53 2222 22.08 * 2213 % C Low 1CM, MT
Hydroxysteroid Liver,
17-beta HSD17B2 19.79 19.32 19.00 * 18.94 * ER intestine, LiB, LiM, SteB
dehydrogenase 2 placenta
Hydroxysteroid Immune . .
17-beta HSD17B11  19.51 19.33 19.98 18.82% ER, LD cells, LiB, LiM, SterB,
. X AndC, EstB
dehydrogenase 11 intestine
Cytochrome P450 FAM, CholM,
family 3 subfamily A CYP3A4 21.85 21.71 21.01 4 21.19 C,ER Liver LiM, LiB, SterB,
member 4 SterM, DrugM
Mitochondrial
Sideroflexin 2 SFXN2 17.88 17.36 17.14 ** 17.65 M low MTTT, AAT
Cytochrome b-cl cYc1 19.74 19.35* 19.35* 19.23 % M low ET, ATPS, RCP
complex (CIII)
Intracellular
transport and carriers
VAMP associated VAPA 19.30 19.25 19.14 1906+t  ERN Low ERGT, PT, MF
protein A PM
Cell quality, cell
cycle, apoptosis
. Autop(—),
Deathrais?fl‘ated DAP 17.97 17.65 17.44 17.24 %1 V,M, N Pancreas Apop(—),
prote NFkaBTF(—)
Heat shock protein
family A (Hsp70) HSPA1B 20.93 20.97 20.65 t 20.78 V,C,N Vagina CHA, PE, SR
member 1B
Cyclin-dependent  opypnqp 14.78 14.83 14.40 13.49+ N,V Low cCP

kinase inhibitor

Location in cell: C, cytosol; ECM, extra cellular matrix; ER, endoplasmatic reticulum; G, Golgi apparatus; LD,
lipid droplets; M, mitochondria; N, nucleus; PM, plasma membrane; PX, peroxisome; V, vesicles. Main function:
AAT, amino acid transport (serine); ACoA, acetyl CoA; ACoAT, acetyl CoA transport; ADPT, ADP transport;
AMPT, AMP transport; AndC, androgen catabolism; Apop(+), positive regulator of cell apoptosis; Apop(—),
negative regulator of cell apoptosis; ATPH, ATP hydrolysis; ATPS, ATP synthesis; ATPT, ATP transport; Autop(—),
negative regulator of autophagia; CA, cell adhesion; CaM, carbohydrate metabolism; cAMP, cyclic adenosine
monophosphate; CCR, cell cycle regulator; CHA, chaperone; ChoB, cholesterol biosynthesis; ChoM, cholesterol
metabolism; CO, cytoskeleton organization; CP, cell proliferation; CCP, cell cycle progression; DrugM, drug
metabolism; EMO, extracellular matrix organization; ERGT, endoplasmatic reticulum-Golgi apparatus transport;
EstB, estrogen biosynthesis; ET, electron transport; FAM, fatty acid metabolism; FC, fructose catabolism; GlyoxM,
glyoxylate metabolism; GTPH, GTP hydrolysis; LiB, lipid biosynthesis; LiBi, lipid binding; LiM, lipid metabolism;
LiMM, lipid metabolism modulator; LiT, lipid transport; MetC, methionine catabolism; MF, membrane fusion; MT,
methylation; MTC, mitochondrial carrier (ACoA transport into mitochondria in exchange for ATP/ADP/AMP);
MTTT, mitochondrial transmembrane transport; NFkaBTF(—), negative regulator of NF-Kappa Beta transcription
factor; PF, protein folding; PGM, prostaglandin metabolism (interleukins, eicosanoids, etc.); PT, protein transport;
PyroM, pyrovate metabolism; RCP, respiratory chain protein; RP, regulatory protein (phenalyalanine metabolism);
SD, serine degradation; SH, serine hydrolase (unidentified substrates); SR, stress response; ST, signal transduction;
SterB, steroid biosynthesis; SterM, steroid metabolism; TCA, tricarboxylic acid cycle; Ts, tumor suppressor; 1CM,
one carbon metabolism. * g-value (FDR adjusted p-value) < 0.05 compared with CON, * g-value (FDR adjusted
p-value) < 0.05 compared with LS—.
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Figure 2. Heat map of significant liver proteins with increasing severity of histological MASLD.
The heat map shows the 32 (out of 5151 liver protein groups in total) differentially expressed liver
proteins (g value (FDR-adjusted p-value) < 0.05) in CON, LS—, LS+, and MASH. Eighteen proteins
were generally upregulated (red color) in MASLD compared with CON, and 14 proteins were
downregulated (blue color) in MASLD compared with CON. The specific log2 intensities of a given
liver protein and the significance patterns between the four groups for a given protein can be
found in Table 3. * g-value (FDR adjusted p-value) < 0.05 compared with CON. ' g-value (FDR
adjusted p-value) < 0.05 compared with LS—. Created in BioRender. Pedersen, J. (2025) https:
/ /BioRender.com/ori5dwe6, accessed on 15 December 2024.

Table 3. Differentially expressed proteins in visceral adipose tissue identified by untargeted pro-
teomics analysis in CON, LS—, LS+, and MASH.

CON LS— Ls+ Mash . . .
. Gene Location Tissue Main
Protein Name Name Log2 Log2 Log2 Log2 in Cell Specifici Function(s)
Intensity Intensity Intensity Intensity P ty
Upregulated VAT proteins in MASLD
Metabolism

L-lactate Heart

dehydrogenase B LDHB 16.53 17.96 * 18.51 * 18.40 * C . ! CM, PyrvM, Ferm
. kidney
chain

fnorganic PPA1 1347 15.30 * 15.28 * 15.68 * C Low PhosM

pyrophosphatase
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Table 3. Cont.

CON LS— Ls+ Mash . . .
. Gene Location Tissue Main
Protein Name Name Log2 Log2 Log2 Log2 inCell  Specifici Function(s)
Intensity Intensity Intensity Intensity P ty
Lipid metabolism
Sulfotransferase 1A1 ~ SULT1A1 13.36 14.96* 14.50 15.36 * C Liver CateM, )L<11\1\/[/[ SterM,
Fatty aldehyde ALDH3A2 1241 14.19 * 14.00 1437*  PXM, ERM Low FAM, LiM, SB
dehydrogenase
Aldo-keto reductase gy g 16.83 18.12* 18.28 * 18.47 * C Liver PM, SterM
family 1 member C1
3-oxo-5-betassteroid -\ gpqpyg 14.86 16.97 * 17.16 * 17.85* C Liver ~ AndM,BAB ChoC,
4-dehydrogenase SterM
Aldo-keto reductase " N Adrenal CM(PP), SteM,
family 1 member B AKR1B1 13.24 14.44 14.42 14.45 C gland PGM, SIG
M, SteM, ProglM,
gﬁﬁ'kiﬁi‘fsgaég AKR1C3 15.07 16.06 * 1651 % 1653 * C Liver AndM, CellD(+),
y Apop(+) ROSM(+)
Liver .
CES1 17.31 18.45* 18.95* 18.94 * ER Liver FAM, XM, ChoB
carboxylesterase 1
Liver,
Epoxide hydrolase 1 EPHX1 1591 17.91* 17.95* 17.78 * ER adrenal AHC, DtX
gland
Alkylglycerone . R
AGPS 7.80 10.68 * 10.68 10.16 * PX Low LiB, LiM
phosphate synthase
Mitochondrial
Mitochondrial carni-
tine/acylcarnitine SLC25A20 11.57 13.17 13.02* 13.36 * M Low CarnS
carrier protein
Sulfide:quinone
oxidoreductase, SQOR 13.72 12.83 12.89 13.85 8 M Low H,SM
mitochondrial
Inflammation
Complement Clq Lyr.nph01d
XC (extra tissue
subcomponent C1QC 15.19 16.37 * 16.61 * 16.26 * ComP, ImR(+)
. cellular) (mono-
subunit C
cytes)
Lymphoid
Complement Clr CIQR 12.93 14.41% 14.10* 14.00 * XC (t‘nfzzf) ComP, ImR(+)
cytes)
Alpha-1- AMBP 14.86 16.41% 1627 * 16.59 * G, S, XC Liver HVI, ImR(—)
microglobulin
Intracellular
transport and
carriers
Member RAS RAB5C 15.49 16.45* 16.36 * 16.50 * EN Low PT
oncogene family
VPS35 endosomal
protein sorting factor VPS35 14.76 1543 * 15.43* 15.69 * EN, PM Low GPMT, PT
like
Coatorgzias;“bumt COPB2 13.56 14.27 * 14.41 * 14.37 * C Low ERGT, PT
ADP-ribosylation ARF3 15.05 16.11* 16.11* 1613 % ER Brain ERGT, PT
factor 3
MAL proteolipid MAL2 11.19 14.12% 1423 % 14.42 % PM Esophagus TC (PIGR)
protein 2
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Table 3. Cont.

CON LS— Ls+ Mash . . .
. Gene Location Tissue Main
Protein Name Name Log2 Log2 Loga Log2 inCell  Specifici Function(s)
Intensity Intensity Intensity Intensity P ty
Cytoskeleton and
ECM
Keratin, type II KRT1 14.85 1645 * 16.06 * 1635 * PM Skin CO, ST, ComA
cytoskeletal 1
Vimentin VIM 21.16 2249 * 2247 * 22.49 * PM, CS,N Low CO, HVI
C"Hagerc‘}f;ﬂ‘a'z ™) corsaz 18.08 19.55* 19.90 * 19.92* ECM Placenta EMO
T“bulé}rl‘alzﬁta'm TUBB2A 14.90 15.41 15.80 * 15.87 % s Brain CO, MCC
Lipoma-preferred LPP
partner
Signal transduction
and regulation,
apoptosis
Tyrosine YWHAZ 18.42 19.21% 19.28 * 19.44 % C,N low ST, Apop(-),
3-monooxygenase Angio(+)
Phospholysine
phosphohistidine
inorganic LHPP 12.19 13.88 * 13.90 * 13.71 % C Brain PDP
pyrophosphate
phosphatase
Annexin A5 ANXA5 17.59 18.94 * 19.15* 19.13 * NM Low ST, BC(-),
Apop(-)
Pleckstrin
homology-like PHLDB1 12.23 13.88 * 13.95 * 13.86 * N, MiS Brain Reg
domain family B
member 1
Dual specificity
mitogen-activated N " " MAPKSC(+),
protein kinase kinase MAP2K1 11.92 13.10 13.29 13.49 C,PM Low PPARGSC(+)
1
Receptor-type B
tyrosine-protein PTPRS 9.16 12.15* 11.74 % 10.86 C,PM Low ST, MAPK(-),
ImR(—)
phosphatase S
Cell cycle, cell
quality, and
apoptosis
Atlastin-3 ATL3 12.63 14.00 * 14.24 * 14.21 % ER Low ERQ
Reticulon-4 RTN4 13.33 13.90 1417 % 14.28* ER Low ERS, Angio(+),
Infl(+)
Crystallin alpha B CRYAB 18.29 20.31* 20.76 * 20.62 * C,PM Muscle CHA
Heat S}ggf;é’mtem HSPB6 16.24 18.22* 18.23* 1835+ C,G Muscle  CHA, SR, Angio(+)
Heterogeneous
nudlear mRNAp, mRNAs,
. ce . HNRNPA2B1 16.40 17.68 * 17.63 * 17.69 * N Low mRNAt, HVI,
ribonucleoproteins ImR(+)
A2/B1
Parkinsonism CHA, PRep,
[rmsomns PARK? 15.51 17.17 * 16.96* 17.11* C,N Low PDeglyc, OxSS,
associated deglycase
MtHom
Follistatin-related FSTL1 10.56 11.50 * 11.67 * 11.98 * c,v Low CP,CD
protein 1
Coactosin-like Blood,
protein COTL1 14.19 15.28 * 15.32 % 15.25* C lymphoid CHA, LeuS
tissue
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Table 3. Cont.

Protein Name

Gene
Name

CON
Log2
Intensity

LS—
Log2
Intensity

Ls+
Log2
Intensity

Mash
Log2
Intensity

Location
in Cell

Tissue
Specificity

Main
Function(s)

Miscellaneous

Myoglobin

MB

9.99

12.72%

12.05

13.07 *

Muscle

OxT, OxR

Cystatin-B

CSTB

16.15

17.57 *

17.47 *

17.63 *

C N

Esophagus,
tongue

Pro(—)

Unknown function

FUN14
domain-containing
protein 2

FUNDC2

12.99

14.22 %

14.31 *

14.23 *

N,M

Low

MTautop

Downregulated VAT proteins in MASLD

Mitochondrial
metabolism

2-oxoisovalerate
dehydrogenase
subunit alpha,

mitochondrial

BCKDHA

13.00

12.43

11.32*

11.04*

Low

BCAAC

Pyruvate
dehydrogenase
protein X component,
mitochondrial

PDHX

13.88

12.32%

12.31 %

11.24 %

Low

AcoAB, PyrvM

ATP synthase
subunit alpha,
mitochondrial

ATP5A1

18.58

17.85 *

17.89 *

17:54 *

Low

ATPsyn

GTP:AMP
phosphotransferase
AKS3, mitochondrial

AK3

16.21

15.25*

15.08 *

15.51*

Low

NPI

Sulfide:quinone
oxidoreductase,
mitochondrial

SQOR

13.72

12.83

12.89

13.85 18

Low

HySM

Lipid metabolism

Very-long-chain
enoyl-CoA reductase

TECR

15.21

14.34 *

14.37 *

14.33 *

ER

Low

FAB, FAE, FAM,
LiB, LiM, SteM, SM

Enoyl-CoA delta
isomerase 1,
mitochondrial

ECI1

15.00

14.49

14.13*

13.98 **

Muscle

FAOX, FAM, LiM

Cytochrome b5

CYP5A

17.46

16.51 %

16.47 *

16.00 *

Liver

ET

Signal transduction

Calcium/calmodulin-
dependent protein
kinase II delta

CAMK2

14.66

14.04 *

13.70 *

13.92 %

C,PM

Low

CaB, ST

Intracellular
transport

AP-1 complex
subunit mu-1

APIM1

15.54

13.93 *

13.93 *

14.36

CG

Low

PT, HVI

Cytoskeleton, ECM
and signaling

Tight junction
protein 2

TJP2

12.89

11.71*%

11.22%

11.05*

PM, CJ

Low

CA,TJ

Cell cycle, cell
quality, and
apoptosis

SH3
domain-containing
kinase-binding
protein 1

SH3KBP1

14.08

12.72%

12.65 *

13.08

CS

Low

ST, CO, CA

Serine/threonine-
protein phosphatase
2A activator

PTPA

13.94

13.01 %

13.85 t

13.01

C N

Low

PE, DNArep, CCP
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Table 3. Cont.

CON LS— Ls+ Mash . . .
. Gene Location Tissue Main
Protein Name Name Log2 Log2 Log2 Log2 inCell  Specifici Function(s)
Intensity Intensity Intensity Intensity P ty
Antioxidant defense
Probable hydrolase PNKD 13.28 12.41* 1226 * 12.22% M Low GlutB(+)
PNKD
Miscellaneous
Sperm-associated Testis, epi-
. SPAG17 20.56 18.68 * 18.70 * 18.88 * C,CS didymis, CilB, CilF
antigen-17 brai
rain
Family with
sequence similarity =~ FAM114A2 11.54 10.26 * 11.30 11.09 \% low PuNB
member A2
Hemoglobin subunit HBA1 25.86 24,55 * 2436 * 25.02 C Bone OXT
alpha marrow

Location in cell: C, cytosol; CJ, cell junction; CS, cytoskeleton; ECM, extra cellular matrix; EN, endosome; ER,
endoplasmatic reticulum; ERM, endoplasmatic reticulum membrane; G, Golgi apparatus; M, mitochondria;
MiS, mitochondrial spindle; N, nucleus; NM, nuclear membrane; PM, plasma membrane; PX, peroxisome;
PXM, peroxisome membrane; S, secreted; V, vesicle; XC, extra cellular. Main function: ACoAB, acetyl CoA
biosynthesis; AHC, aromatic hydrocarbon catabolism; AndM, androgen metabolism; Angio(+), positive regulator
of angiogenesis; Apop(+), positive regulator of cell apoptosis; Apop(—), negative regulator of cell apoptosis;
ATPsyn, ATP synthesis; BAB, bile acid biosynthesis; BC(—), negative regulator of blood coagulation (anti-
coagulant); BCAAC, branched chain amino acid; CA, cell adhesion; CaB, calcium binding; CarnS, carnitine
shuttle; CateM, cathecolamin metabolism; CCP, cell cycle progression; CD, cell differentiation; CellD(+), positive
regulator of cell death; CHA, chaperone; ChoB, cholesterol biosynthesis; ChoC, cholesterol catabolism; CilB,
cilium biosynthesis; CilF, cilium function; CM, carbohydrate metabolism; CM(PP), carbohydrate metabolism
(polyol pathway); CO, cytoskeleton organization; ComA, complement activation; ComP, complement pathway;
CP, cell proliferation; DNArep, DNA repair; Dtx, detoxification; EMO, extra cellular matrix; ERGT, endoplasmatic
reticulum-Golgi apparatus transport; ERS, endoplasmatic reticulum stabilization; ERQ, endoplasmatic reticulum
quality; ET, electron transport; FAB, fatty acid biosynthesis; FAE, fatty acid elongation; FAM, fatty acid metabolism;
FAOX, fatty acid beta oxidation; Ferm, fermentation; GlutB(+), positive regulator of gluthation biosynthesis; GPMT,
Golgi-plasma membrane transport; HVI, host—virus interaction; H2SM, hydrogene sulfide metabolism; ImR(+),
positive regulator of immune response; ImR(—), negative regulator of immune response; Infl(+), inflammation;
Leus, leukotriene synthesis; LiB, lipid biosynthesis; LiM, lipid metabolism; MAPK(—), negative regulator of MAP
kinase; MAPKSC(+), positive regulator of MAPK signaling cascade; MCC, miotic cell cycle; mRNAp, mRNA
processing; mRNAs, mRNA splicing; mRNAt, mRNA transport; MTautop, mitochondrial autophagia; MtHom,
mitochondrial homeostasis; NPI, nucleoside phosphate interconversion; OxR, oxygen transport; OxSS, oxygen
stress sensor; OxT, oxygen transport; PDeglyc, protein deglucase activity; PDP, protein dephosphorylation; PF,
protein folding; PGM, prostaglandin metabolism; PhosM, phosphate metabolism; PM, progesterone metabolism;
PPARGSC(+), positive regulator of PPRAG signaling cascade; PRep, protein repair; Pro(—), protease inhibitor;
PT, protein transport; PuNB; purine nucleotide binding; PyrvM, pyruvate metabolism; Reg, regulator; ROSM(+),
positive regulator of reactive oxygen species; SIG, signaling; SB, sphingolipid biosynthesis; SM, sphingolipid
metabolism; SR, stress response; ST, signal transduction; SterM, steroid metabolism; TJ, tight junction; TC,
transcytosis; XM, xenobiotic metabolism. * g-value (FDR adjusted p-value) < 0.05 compared with CON, * g-value
(FDR adjusted p-value) < 0.05 compared with LS—, § g-value (FDR adjusted p-value) < 0.05 compared with LS+.

Six of the fourteen downregulated proteins and three of the eighteen upregulated
proteins were “liver specific”, indicating an impaired synthesis of proteins in the liver

The DEPs were grouped primarily in three predominant significance patterns: (1) sig-
nificant upregulation or downregulation in the MASLD groups (12 proteins) vs. CON with
otherwise no significance among the four groups, (2) significant upregulation or down-
regulation between LS+ or MASH vs. CON and/or LS— (ten proteins), and (3) significant
upregulation or downregulation between LS+ and MASH combined vs. CON and/or LS—
(seven proteins).

Six proteins were significantly altered in the MASH group compared with LS+, LS—,
and CON. One protein was upregulated (mevalonate kinase (MVK)), and five proteins were
downregulated (hydroxysteroid 17-beta dehydrogenase 11 (HSD17B11), cyclin-dependent
kinase inhibitor 1B (CDKN1B), death associated protein (DAP), methionine adenosyl-
transferase 1A (MAT1A), and VAMP associated protein A (VAPA)). Four proteins were
significantly altered in the LS+ group compared with remaining groups; one was upreg-
ulated (archain 1 (ARCN1)), and three were downregulated (cytochrome P450 family 3
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subfamily A member 4 (CYP3AB), sideroflexin-2 (SFXN2), and heat shock protein family A
(Hsp70) member 1B (HSPA1B)).

3.2. Differentially Expressed Upregulated Liver Proteins (Table 2 and Figure 2)

Among the 18 upregulated proteins, 12 proteins showed the highest intensities in the
MASH group, and 6 proteins showed the highest intensities in the LS+ group. None of the
proteins expressed the highest intensity in the LS— group.

When we sorted the upregulated proteins according to their main biological functions,
the “metabolism” group (proteins associated with primary cellular metabolic functions)
comprised the highest number of proteins (eight seven proteins, including isocitrate dehy-
drogenase 2 (IDH2), Glycerol-3-phosphate dehydrogenase 1 (GPD1), OBG like ATPase 1
(OLA1), ACLY (ATP citrate lyase), (mevalonate kinase (MVK), 15-hydroxyprostaglandin
dehydrogenase (HPGD), Perilipin 1 (PLIN1), and perilipin 2 (PLIN2)). As previously
mentioned, MVK was the only upregulated DEP in MASH.

The perilipins (PLIN1 and PLIN2) coat lipid droplets and are otherwise known to
be highly expressed in adipocytes [30]. Out of the 32 hepatic DEPs, PLIN1 and PLIN2
were the proteins with highest fold changes (around three), whereas PLIN1 was three-fold
higher in LS+ and MASH compared with CON (g-value = 0.006); for PLIN2 this three-fold
increase was observed between LS+/MASH and LS—, with no statistical significance when
compared with CON.

Other liver proteins with significant upregulation were grouped as “intracellular
transport proteins” (four proteins) and proteins related to the cytoskeleton, intracellular
signal transduction, and extracellular matrix formation (five proteins). In the former group
we found apolipoprotein 3 (APOL3), a lipid transporter which showed a 1- to 2.5-fold
increase in the MASLD groups. Two proteins from the latter group, moesin (MSN) and
radixin (RDX), were significantly upregulated in all three MASLD groups. Together with
the protein “ezrin”, MSN and RDX were recognized as the “ezrin/radixin/Moesin (ERM)
family” [31]. Last, tumor protein p53 inducible protein 3 (TP5313) was a highly upregulated
protein with tripled intensity in MASH and LS+ and doubled intensity in LS— when
compared with CON.

3.3. Differentially Expressed Downregulated Liver Proteins (Table 2 and Figure 2)

Among the downregulated DEPs, 50% had the lowest intensities in MASH, and 50%
had the lowest intensities in LS+. None of the downregulated proteins had the lowest
intensities in LS—.

The largest groups of proteins (eight proteins; Glycerate kinase (GLYCKTK), Glyoxy-
late hydroxypyrovate dehydrogenase (GRHDR), GTP cyclohydrolase I feedback regula-
tor (GCHFR), Methionine adenosyltransferase 1A (MAT1A), Adenosylhomocysteinase
(ACHY), Hydroxysteroid 17-beta dehydrogenase 2 (HSD17B2), Hydroxysteroid 17-beta
dehydrogenase 11 (HSD17B11), and Cytochrome P450 family 3 subfamily A member 4
(CYP3A4)) belonged to the “metabolism” group. GLYCKTK, which is involved in the
catabolism of serine and the metabolism of fructose, was significantly downregulated in all
three MASLD groups. CYP3A4 was significantly downregulated in LS+.

3.4. Visceral Adipose Tissue

In VAT we found 59 DEPs between the four groups (Table 3 and Figure 3). In VAT,
42 proteins (71%) were upregulated, and 17 proteins (29%) were significantly downregu-
lated. Moreover, we observed considerable differences in protein intensities with up to
8.5-fold higher or lower intensities between groups (primarily CON vs. one or more of the
MASLD groups) for specific proteins. Significant differences for a given DEP between the
groups were predominantly observed between the MASLD groups collectively and CON
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(34 upregulated and 9 downregulated), followed by significance between MASH /LS+ and
LS—/CON (4 upregulated and 2 downregulated) with the rest of the proteins (4 upregu-
lated and 5 downregulated) showing other significance patterns.
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Figure 3. Heat map of significant VAT proteins with increasing severity of histological MASLD.
The heat map shows the 59 (out of 3200 VAT protein groups in total) differentially expressed VAT
proteins (g-value (FDR adjusted p-value) < 0.05) in CON, LS—, LS+, and MASH. A total of 42 proteins
were generally upregulated (red color) in MASLD compared with CON, and 17 proteins were
downregulated (blue color) in MASLD compared with CON. The specific log?2 intensities of a given
VAT protein and the significance patterns between the four groups for a given protein can be found in
Table 3. * g-value (FDR adjusted p-value) < 0.05 compared with CON, T g-value (FDR adjusted p-value)
< 0.05 compared with LS—, § g-value (FDR adjusted p-value) < 0.05 compared with LS+. Created in
BioRender. Pedersen, J. (2025) https:/ /BioRender.com/nbub800, accessed on 15 December 2024.
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Only a single protein, the mitochondrial sulfide:quinone oxidoreductase (SQOR),
was exclusively downregulated in MASH. LS+ had significant upregulation of the
serine/threonine-protein phosphatase 2A activator (PTBA), a chaperone protein governing
DNA repair and protein folding.

3.5. Differentially Expressed Upregulated VAT Proteins (Table 3 and Figure 3)

Upregulated proteins were grouped according to main function and are depicted in
Table 3. Nine of the upregulated proteins were involved in lipid metabolism. Notably,
four of these (hydroxysteroid dehydrogenase (AKR1C1), steroid 53-reductase (AKR1D1),
aldose reductase (AKR1B1), hydroxysteroid dehydrogenase (AKR1C3)) belonged to the
aldo-keto reductase family.

We found upregulation of the complement system through complement C1 subcom-
ponents Clr and C1q. They assembled with subcomponent C1s to form the C1 complex,
which was the first component in the serum complement system and the activator of the
classical (antigen—antibody) component pathway.

Other proteins with significant upregulation included intracellular signaling, cytoskele-
tal, and extracellular matrix proteins and proteins related to cell/organelle quality including
several chaperones (heat shock protein beta-6 (HSPB6), crystallin alpha B (CRYAB), parkin-
sonism associated deglycase (PARK?), and coactosin-like protein (COTL1)). Of these,
HSPB6 also functions as a stress sensor [32].

Notably, myoglobin (MB), a protein found primarily in muscle with excellent oxygen
binding and reservoir capacities, showed prominent upregulation with four to six times
higher expression in MASLD groups than CON. Last, several proteins aiding angiogenesis
(e.g., tyrosin-3 monooxygenase (YWHAZ), reticulon 4 (RTN4), and heat shock protein
beta-6 (HSPB6)) were upregulated in MASLD groups.

3.6. Differentially Expressed Downregulated VAT Proteins (Table 3 and Figure 3)

The 17 downregulated proteins were scattered over several groups.

Five proteins were mitochondrial proteins and included the ATP synthase subunit
alpha (ATP5A1), which is one of the core components of the ATP synthase complex in the
electron transport chain.

In addition, the mitochondrial 2-oxoisovalerate dehydrogenase subunit alpha (BCK-
HDA) was also significantly downregulated in LS+ and in MASH by two-fold compared
with CON. BCKHDA is the alpha subunit of the decarboxylase component of the branched
chain dehydrogenase (BCKD) complex that catalyzes the second and irreversible step in
the catabolism of branched chain amino acids valine, leucine, and isoleucine.

3.7. Associations Between VAT and Liver Tissue in MASLD: Correlation Data (Table 4)

Twenty-four proteins correlated significantly between VAT and liver tissue (Table 4).
Of these, 22 correlated positively, and 2 correlated negatively. The protein with the highest
correlation coefficient was Hemoglobin subunit gamma-1 (HBG1), which is the gamma
chain of fetal hemoglobin («2y2) (Pearson’s r = 0.71). Interestingly, angiotensinogen
(AGT), the precursor of angiotensin, was the protein with the second-strongest correlation
coefficient.

Four of the ten proteins with the highest correlation coefficients were related to the
immune system; two were immunoglobulins (immunoglobulin heavy constant alpha 2
(IGHA2) and immunoglobulin heavy constant mu (IGHM)), and two belonged to the
complement cascade, namely, complement C4-A (C4A) and complement C4-B (C4B). The
latter two are the components of the complement component C4, a central component of
the classically activated pathway in the complement cascade.
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Ribosyldihydronicotinamide dehydrogenase [quinone] (NQO2), glutathione S-
transferase theta-1 (GSTT1), and NAD(P)HX epimerase (NAXE), proteins with the third-,
fourth-, and fifth-highest correlation coefficients, are all involved in oxidative defense,

detoxification, and/or repair mechanisms.

Table 4. The 24 significant FDR-adjusted proteins by correlation analysis between VAT and liver

tissue.
. , .. Tissue . .

Protein Name Gene Name g-Value Pearson’s r Location in Cell P Main Function(s)

Specificity
Hemoglobin subunit HBG1 0.0000 0.717 C Placenta FetalHG, Oxb, OXT
gamma-1
Immunoglobulin heavy IGHA2 0.0000 0.630 PM, secreted Low ImR
constant alpha 2
Angiotensinogen AGT 0.0000 0.624 Secreted Liver RAAS, BPReg
R1bosyldlhydromco'tmamlde NQO2 0.0000 0.603 C Low DeTox, OxStress
dehydrogenase [quinone] protector
Glutathione 8-transferase GSTT1 0.0001 0.595 C Breast GluthB, GluthM
NAD(P)HX epimerase NAXE 0.0001 0.586 C, N Low NAD(P)HXrep
Immunoglobulin heavy IGHM 0.0002 0.557 PM, secreted Low ImR
constant mu
Complement C4-A C4A 0.0005 0.554 Secreted Liver CP, ImR(+)
Copine-1 CPNE1 0.0006 0.535 N, NM Low TNFaSig, TF
Enoyl-CoA hydratase
domain-containing protein ECHDC3 0.0006 0.532 M Liver, muscle FAM, LiM
3, mitochondrial
Complement C4-B C4B 0.0010 0.521 Secreted Liver CP, ImR(+)
Afamin AFM 0.0025 0.5 ECM, Se Liver PT, FAB
N-acetylneuraminate lyase NPL 0.0452 0.492 VE, PM Blood CM
Epsin-1 EPN1 0.0041 0.491 PM, C Low Endocytosis
Acyl-coenzyme A ACOT1 0.0064 0476 M Liver FAM, AcoAM

thioesterase 1

Phosphoglucomutase-1 PGM1 0.0068 0.473 C Muscle CM, GluM
. Adipose tissue,

Glycogenin-2 GYG2 0.0290 0.44 C N brain, breast GlycB
Tyms‘“e'lgé’;f“‘ kinase CSK 0.0313 0433 Ay Lymphoid tissue Reg, Imm
Heat shock protein HSP propggpag 0,030 0.428 C Vagina Cha, HVI, SR

90-alpha
Interferon-induced protein
with tetratricopeptide IFIT1 0.0367 0.426 C Low HVI, Imm
repeats 1

Histidine-rich HRG 0.0455 0.415 Secreted Liver Angio(+), BC, Chem

glycoprotein
TetratrlcopePtlde repeat TTC38 0.0498 0.411 C, secreted Liver, intestine Unknown

protein 38
60S ribosomal protein L38 RPL38 0.0453 —0.416 ER, C Low RibP, translation
RAB14 member RAS RAB14 0.0450 ~0.419 Er, C Low RibP, translation

oncogene family

Oxb, oxygen binding; OxT, oxygen transport; ImR, immune response; RAAS, renin-angiotensinogen—aldosterone
system; BPReg, blood pressure regulator; DeTox, detoxification process; OxStress, oxidative stress; GluthB,
gluthation biosynthesis; GluthM, gluthation metabolism; NAD(P)HXrep, repairs NAD(P)H hydrates (NAD(P)HX);
CP, complement pathway; ImR, immune response; TNFaSig, TNF-alpha signaling; TF, transcription factor; FAM,
fatty acid metabolism; LiM, lipid metabolism; PT, protein transport; FAB, fatty acid binding; AcoAM, acetyl
CoA metabolism; CM, carbohydrate metabolism; GlycB, glycogen breakdown; Imm, adaptive immunity; Cha,
chaperone; HVI, host-virus interaction; Angio(+), positive regulator of angiogenesis; BC, blood coagulation;

Chem, chemotaxis; RibP, ribosomal protein.
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4. Discussion

4.1. No Owverlapping DEPs in VAT and Liver Tissue in Subjects with Obesity, MASLD,
and MASH

This study presents a comprehensive human investigation analyzing the distinct
protein signatures of the liver and VAT in 70 individuals with obesity and varying degrees
of MASLD severity. It also explores the relationships between the proteomes of these two
tissues. To our knowledge, this represents the largest human MASLD proteomics dataset
to date featuring paired liver and VAT biopsies.

We initially hypothesized that certain proteins would be simultaneously and signif-
icantly upregulated or downregulated in both tissues; however, no such proteins were
identified. We also found no evidence of a MASH-specific proteome in VAT.

These findings challenge our assumption of a unified proteomic signature linking
VAT dysfunction with liver pathology in MASLD/MASH and our hypothesis that MASLD
progression involves shared proteomic alterations across metabolic tissues such as VAT.

Overall, the protein expression patterns showed minimal differences between the
MASLD groups. For instance, we did not find inflammatory proteins in VAT to be gen-
erally more upregulated in MASH than in LS+. Surprisingly, we found merely a single
VAT protein, which was significantly upregulated in MASH only, namely, SQOR. SQOR
catalyzes the primary step in the metabolism of hydrogen sulfide (H;S) within the mito-
chondria [33]. H,S is a gasotransmitter, which is toxic in high concentrations and at low
concentrations acts cytoprotectively and is involved in many different biological functions
including anti-inflammatory and proinflammatory abilities [34]. We can only speculate if
SQOR is upregulated due to high HjS levels in the VAT of MASH patients, but due to the
descriptive nature of this study we can draw no conclusions if this is, in fact, the case.

It is possible that the absence of overlapping DEPs may be due to the inherent hetero-
geneity between liver and adipose tissues as each exhibits tissue-specific metabolism and
protein turnover. It is well established that certain proteins show strong tissue specificity
(e.g., adipocytokines in VAT and albumin in the liver). In addition, there are indeed notable
metabolic differences between the two tissues, such as the liver being a key site for protein
degradation, where hepatocytes break down proteins into amino acids for various liver-
specific metabolic pathways, but this study measured intact proteins rather than amino
acids or degradation products. Therefore, our data reflect proteins actively synthesized in
the tissue, representing gene expression through to translation. However, we cannot from
this study determine the ultimate fate of individual proteins—whether they are secreted or
rapidly degraded intracellularly.

Although tissue heterogeneity could partly explain the lack of overlapping DEPs
between the liver and VAT, it does not explain the lack of a more distinct MASH-specific
proteome in VAT. This may instead be attributed to the overall limitations of the study,
which are discussed later, or it could be that MASH is not specifically represented in VAT,
as the VAT proteome is instead overshadowed by the presence of obesity.

Based on the protein expression patterns, we generally observed the tendency of CON
and LS— to group together and LS+ and MASH to group together or that the significance of
a given protein (e.g., AKR1B1, SLC25A20, RTN4, BCKDHA, and ECI1) was found between
LS+ and MASH vs. CON but not LS— vs. CON. Yet, the log2 intensities for the given
protein were often still numerically much higher or lower in LS— compared with CON
and thus may indicate a distinct biological difference—probably obesity—between these
groups despite the absence of histological liver steatosis in both groups. The observed
expression patterns in VAT therefore appear to reflect the metabolic deterioration that is
associated with central obesity. The severity of MASLD is linked to the degree of metabolic
dysregulation [35]. Our analyses were unable to determine if the observed differences
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reflected common risk factors or if there was a direct link between metabolic dysfunction
in VAT and MASLD severity. Of note, among the included participants, those with MASH
and LS+ were more likely to have T2DM, and they had a higher HOMA-IR and had higher
levels of plasma liver enzymes. This was, however, not clearly reflected in the VAT DEPs.

Up until very recently [24,36], no human studies had specifically compared VAT and
liver tissue proteomics in relation to MASLD severity. In the very recent study by Boel and
colleagues [24], 58 liver and 27 VAT samples from an MASLD cohort similar to ours were
available for analyses. However, the proteomics data were integrated with liver single-cell
analyses and plasma proteomics analyses, making specific comparison with our findings
difficult.

Castané et al. [36] performed proteomics analyses of liver and VAT in patients with
MASH, but the analyses were also coupled with transcriptomics, plasma, and genetics.
Yet, proteomics analyses were only applied in 18 VAT and liver tissue biopsies. Through
enrichment analyses of proteomics and lipidomics, they found an association between
MASH and mitochondrial dysfunction in VAT. We found similar downregulation of several
mitochondprial proteins in VAT, which is discussed in more detail below.

4.2. Changes in the VAT Proteome in Obesity, T2DM, and MASLD

Numerous studies have explored the human obese VAT proteome in relation to
T2DM [37-39], in metabolically healthy vs. unhealthy subjects with obesity [40], as well
as differences between SAT and VAT from individuals with obesity [41]. Several of the
other VAT upregulated DEPs found in our study have been identified in other human
obesity /T2DM studies, e.g., annexin (ANXAD5) [37,42], liver carboxyl esterase 1 (CES1) [42],
Complement Clr C1QC [42], and myoglobin (MB) [43]. Moesin (MSN), which we found
upregulated in the liver has similarly been found upregulated in VAT and SAT in subjects
with obesity [37]. In addition, we found that C1QC, which is the c-chain of the human
complement subcomponent Clq, was significantly upregulated in all three MASLD groups
and pointed toward general upregulation of the completement cascade, which is an active
innate immune response and promotes inflammation. It is difficult in interpret the latter
finding as we have come across no studies for comparison. We also found upregulation of
the perilipins PLIN1 and PLIN2 in the liver tissue but not in the VAT. PLIN1 is believed
to function as a lipid droplet protector that modulates the action of the hormone sensitive
lipase in adipose tissue and thus helps regulate lipid metabolism. In its absence, leanness
is promoted at the expense of insulin resistance in PLIN1 knock-out mice [44]. PLIN1 and
especially PLIN2 have previously been associated with the development of MASLD in
rodent models and human [45,46].

We also note the relative “overrepresentation” of downregulated DEPs related to
mitochondrial function and metabolism—e.g., BCKDHA, ATP5A1, PDHX, AK3, and SQOR,
the latter being the single VAT DEP significant in MASH only. Prominent downregulation
of mitochondprial proteins and proteins related to the respiratory machinery in obesity has
recently been recognized in a diet-induced obesity mouse model [47] and in the study by
Castarié et al. [36], but more systematic human data are lacking. Our finding of significant
downregulation of BCKDHA is interesting as plasma levels of branched chain amino acids
(leucine, isoleucine, and valine) have been reported to be increased in insulin resistant
individuals with obesity. In addition, adipose tissue is recognized as an important site for
BCAA catabolism [48]. Other studies have also reported significant downregulation in
obese adipose tissue of the enzymes responsible for BCAA catabolism [49], including the
branched chain ketoacid dehydrogenase complex (BCKDHC) of which the BCKDHA is a
subunit and that catalyzes the irreversible catabolic step in BCAA breakdown.
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4.3. Correlation Analyses Pinpoint Inflammatory and Detoxification Proteins

In the correlation analyses between VAT and liver, the top 10 positive correlations
were dominated by inflammatory proteins and proteins involved in oxidative defense
mechanisms and detoxification processes. This could point toward simultaneous upregula-
tion and overlapping pathophysiology in the two tissues. It could be argued that the high
abundance of secretory proteins (Table 4) among the proteins with high correlation scores
represents “contamination” of plasma and blood vessels in the two tissues. However, we
would then have expected to see high correlation scores of other plasma proteins with very
high abundance in plasma, e.g., albumin or hemoglobin subunit A (normal hemoglobin).
But this was not the case. Rather, the finding of IGHA2, IGHM, C4A, and C4B was probably
reflective of synergy in intrahepatic and intra-adipose tissue antibody production as a
systemic response to regulation of immune homeostasis and inflammation.

The protein with the highest correlation score was fetal hemoglobin gamma chain
(HBG1). Under normal physiological conditions (except pregnancy), fetal hemoglobin
only exists in very limited amounts in adults, comprising < 0.6% of total hemoglobin [50].
The synthesis of fetal hemoglobin, which has higher oxygen affinity than hemoglobin, is
confined to a population of erythrocytes termed the F-cells [50]. The presence of HBG1 and
the high correlation score of 0.717 between the two tissues can only be speculative as there
are very limited data on adult fetal hemoglobin in conditions other than {3-thalassemia and
sickle cell anemia. Also, we have not investigated the specific intensities of HBG1 between
MASLD groups and CON in VAT and liver. We can only speculate as to whether severe
obesity and/or metabolic disease perhaps induce an increase in F-cell erythrocytes that
are capable of producing hemoglobin gamma-chains. Further research into this finding
is warranted.

4.4. Changes in the Liver Proteome in Relation to Obesity and MASLD

In the liver tissue we found a couple of DEPs that were upregulated or downregulated
in MASH and LS+ exclusively, but it was difficult to conclude on any specific patterns as
the DEPs were very heterogenous in both function and cellular compartment. However,
we did observe a tendency of the upregulated proteins to be related to lipid and cholesterol
metabolism (OLA1, ACLY, MVK, HPGD, APOL3, PLIN1, and PLIN2) and to cytoskeleton
and ECM reorganization (COL18A1, RDX, and MSN). Upregulation of ECM proteins in
MASLD has been recognized in a study by Yuan and colleagues, who analyzed the liver
tissue proteome from 12 patients with obesity classified as metabolically healthy but with
obesity and 44 patients with obesity and MASLD according to liver histology [23]. By
gene ontology analysis, they furthermore report significant downregulation of mitochon-
drial oxidative phosphorylation through downregulation of components of the complex
I (NADH dehydrogenase complex) and complex IV (cytochrome c oxidase) in MASLD
subjects. In comparison, we found significant downregulation of complex III (CYC1), but
this downregulation was equal in all MASLD groups compared with CON.

We have previously investigated the plasma proteome in a study cohort comprising
48 individuals with and without MASLD and liver cirrhosis and validated a promising
panel of plasma proteins in a mouse model [18]. Among the promising proteins we found
the polymeric immunoglobin receptor PIGR to be significantly upregulated in MASLD and
to increase with increase in liver disease (individuals with obesity but without MASLD,
T2DM with MASLD, and patients with cirrhosis). PIGR is a transmembrane glycoprotein, a
Fc receptor, that enables transcytosis of immunoglobulins from the basolateral to the apical
surface of epithelial cells, thus mediating the secretion of IgA and IgM [51]. We did not
confirm the findings of upregulated PIGR in the present data in either liver or adipose tissue.
However, we did discover MAL proteolipid protein 2 (MAL2) to be roughly eight-fold

138



Livers 2025, 5, 16

increased in all three MASLD groups compared with CON. MAL2 was the protein showing
the biggest difference in intensities between groups. This is interesting because MAL2
is an essential component of the transcytotic machinery [52,53] and has previously been
implicated in PIGR-mediated transcytosis, where depletion of MAL2 blocked polymeric
immunoglobulin receptor transcytosis in liver cells (the hep g2 cell line) [52]. Although data
derived from cell lines should be evaluated with some caution, the potential association
between MAL2 in VAT and PIGR found in plasma in two different MASLD cohorts is still
noteworthy. Adding to this notion, the proteins with the second and the sixth strongest
correlations between VAT and liver tissue were the heavy chains of precisely IgA and IgM
(IGHA2 and IGHM, respectively).

4.5. Strengths and Limitations

We wanted to explore potential overlapping DEPs in MASH between VAT and liver
and to characterize the VAT proteome in MASH. The rationale was to assess common
pathophysiological traits in the two tissues. However, this exploratory approach has
limitations, which may hinder the true answer(s) to the hypotheses. In addition, as this is a
descriptive, cross-sectional study, no causal associations can be made. By stratifying the
study cohort based on liver histology and applying one-way ANOVA, we may also have
missed interesting and significant proteins.

There are also some inherent drawbacks in proteomics studies in general. For in-
stance, the generated data depend on the subjective threshold set for DEPs. In addition,
the analysis discards most of the proteins and as a result focuses on the significant DEPs,
which comprise only <0.1% of the analyzed total proteome in the respective tissues. Fur-
thermore, by filtering for 70% (meaning that only proteins that are detectable in 70% of
the samples enter the analysis), there is an inherent risk of filtering out proteins that were
indeed significant in one group only. We may therefore have missed important proteins
in one or more of the groups. Finally, the grouping of the study subjects according to the
histopathological MASLD severity may pinpoint the weaknesses of the NAFLD activity
score as we observe very little difference in protein expression between the MASLD groups,
particularly between LS+ and MASH.

Proteomics studies and the generated data herein are in general difficult to compare
due to significant heterogeneity in endpoints, grouping, analytical methodology (e.g.,
targeted vs. untargeted approach), and data acquisition (use of FDR and considerations
regarding significance). In addition, many studies have very low values of n, down to 4
per group [39], but typically, n is around 10 per group. In comparison, our cohort consisted
of 79 study subjects, and the applied LC-MS analyses performed were of very high quality
and robustness.

5. Conclusions

This study represents the largest human investigation to date evaluating the proteome
profiles of visceral adipose tissue (VAT) and liver tissue in individuals with obesity, MASLD,
and MASH. Contrary to our hypothesis, we did not identify overlapping DEPs between
VAT and liver tissue, nor did we find a VAT-specific proteomic signature that clearly
distinguished MASLD severity. Instead, the proteomic patterns in VAT appeared to reflect
metabolic dysfunction associated with obesity rather than MASLD progression. Notably,
while some inflammatory and metabolic proteins showed significant correlations between
VAT and liver, these did not translate into a unified proteomic profile linking the two
tissues in MASLD pathology. The identification of proteins such as SQOR and MAL2 raises
interesting mechanistic questions, particularly in relation to mitochondrial function and
immune regulation, warranting further investigation. Given the heterogeneity of proteomic
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findings across MASLD groups and the potential influence of methodological constraints,
future studies with refined proteomic analyses and larger, more targeted cohorts will
be critical for uncovering definitive biomarkers and elucidating the complex metabolic
interplay between VAT and liver in MASLD and MASH progression.
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Abstract: To clarify the risk factors for the aggravation of esophagogastric varices (EGVs) after hepati-
tis C virus (HCV) eradication with direct-acting antiviral (DAA) therapy, we enrolled 167 consecutive
patients with HCV-related compensated cirrhosis who achieved a sustained virological response
(SVR) after DAA therapy. During a median of 69 months, EGVs were aggravated in 42 (25%) patients
despite SVR. The cumulative 1-, 3-, 5-, and 10-year aggravated EGV rates were 7%, 23%, 25%, and
27%, respectively. Multivariate analysis identified a platelet count < 11.0 x 104 /uL, LSM > 18.0 kPa,
total bile acid > 33.0 pumol/L, and a diameter of left gastric vein (LGV) > 5.0 mm at HCV eradication
as independent risk factors for EGV aggravation post-SVR. In groups that met all of these risks, the
cumulative EGV aggravation rates at 1, 3, and 5 years were 27%, 87%, and 91%, respectively. However,
none of the patients who had only one or none of the risk factors experienced EGV aggravation.
Platelet count, LSM, total bile acid, and diameter of LGV at HCV eradication were associated with
aggravated EGV post-SVR. EGVs tend to worsen as two or more of these risk factors increase.

Keywords: direct-acting antiviral; sustained virological response; esophagogastric varices; liver
stiffness measurement; total bile acid; left gastric vein

1. Introduction

The achievement of sustained virological response (SVR) in patients with chronic
hepatitis C virus (HCV) infection reduces the risk of progressing to liver decompensation
and hepatocellular carcinoma (HCC), leading to improved survival [1]. Hepatic function
in patients with SVR could gradually recover with a long-term maintenance of normal-
ized hepatic enzyme levels and a regression of hepatic liver necrosis, inflammation, and
fibrosis [2]. Portal hypertension is a major consequence of cirrhosis and is responsible for
its most severe complications, including ascites, bleeding from esophagogastric varices
(EGVs), and portosystemic encephalopathy. SVR achievement by direct-acting antiviral
(DAA) therapy was reported to decrease portal venous pressures [3-7], which is expected
to reduce the risk of portal hypertension in liver cirrhosis patients with HCV infection.

However, if portal hypertension or EGVs have already developed prior to DAA
therapy, or if collateral vessels are dilated, symptoms associated with portal hypertension
might be difficult to improve even if SVR is achieved. We have previously reported that
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patients with HCV-related cirrhosis who had already developed collateral vessels may
experience an aggravation of EGVs or develop portosystemic encephalopathy after they
achieve SVR [8]. Tsuji et al. also reported that even if SVR was achieved with DAA
therapy, patients with HCV-related compensated cirrhosis who had already developed
portosystemic shunt showed little improvement in liver function [9]. Therefore, careful
follow-up is necessary for liver cirrhosis patients with portal hypertension even after
achieving SVR. On the other hand, risk factors for complications associated with worsening
portal hypertension after SVR remain unclear.

In portal hypertension, it is important to evaluate the status of portal venous pressure,
and hepatic venous pressure gradient (HVPG) is used as an estimate [10]. However, the
measurement of HVPG is invasive. Therefore, we decided to use non-invasive testing
to elucidate the risk factors for worsening portal hypertension after SVR in HCV-related
cirrhosis patients. In the present study, in addition to liver stiffness, platelet count, and
diameter of portosystemic collateral vessels, we also analyzed autotaxin and bile acid levels
as liver fibrosis markers. In particular, although autotaxin has recently been reported as
a new liver fibrosis marker that increases from the early stage of fibrosis and has a high
diagnostic ability [11], there are few reports on the relationship between bile acid and
complications in portal hypertension.

In this study, we retrospectively analyzed the risk factors for worsening portal hyper-
tension in patients with HCV-related cirrhosis after eradicating HCV.

2. Materials and Methods
2.1. Patients

We enrolled 167 patients with HCV-related cirrhosis who achieved SVR following DAA
therapy at Hiroshima University Hospital between May 2010 and March 2020. Patients
whose serum HCV RNA was undetectable 24 weeks after the end of DAA therapy (EOT)
were diagnosed as SVR. All patients underwent regular surveillance via liver function tests,
ultrasonography, dynamic computed tomography (CT), and endoscopic examinations. All
patients provided written informed consent to participate in the study in accordance with
the ethical guidelines of the Declaration of Helsinki and with a program approved by the
ethics committee of Hiroshima University Hospital (Approval No. E-873).

2.2. Clinical and Laboratory Assessments

This study included patients with compensated cirrhosis. Cirrhosis was assessed
based on liver imaging tests or prior liver biopsy showing F4. Patients with Child-Pugh
class A scores without a history of decompensated events were considered to have com-
pensated cirrhosis, and patients with Child-Pugh class B or C or patients with a history of
decompensated events were considered to have decompensated cirrhosis. This study did
not include patients with decompensated cirrhosis. Laboratory assessment was performed
before treatment and at 24 weeks, and 1, 2, and 3 years after the EOT. In addition to general
biochemical tests, autotaxin and bile acids were also included, and the albumin-bilirubin
(ALBI) score and fibrosis-4 (FIB-4) index, which serve as surrogate markers of hepatic spare
ability and liver fibrosis, respectively, were calculated as previously reported [12,13].

2.3. Measurement of Liver Stiffness

We measured the severity of liver stiffness measurement (LSM) before DAA therapy,
at 24 weeks (SVR achievement), and 1, 2, and 3 years after DAA therapy using vibration-
controlled transient elastography (VCTE). Patients were placed in a supine position with
the right hand at the most abducted position for scanning the right lobe of the liver [14].
When at least 10 valid measurements were obtained with valid measurements at >60%
and an interquartile range of <30%, such measurements were considered valid and the
median value of these measurements was used for analysis.
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2.4. Endoscopic Examination for Assessing EGV's

We evaluated the endoscopic findings of EGVs based on the classification of the
Japanese Society for Portal Hypertension and Esophageal Varices [15]. The different forms
(F) of EGVs were classified as follows: FO was treated and completely treated, with no
varices; F1 was straight and relatively thin; F2 was beaded and moderately thick; and F3
was thick, nodular, or mass-like. There are three types of red color (RC) sign: red wale
marking, cherry red spot, and hematocystic spot. RC1 was observed only in one-line varices,
RC2 was observed between RC1 and RC3, and RC3 was observed in all circumferential
varices. Endoscopy was performed within 6 months before starting antiviral therapy and
was evaluated at least once during each following year. Compared with baseline findings
on follow-up endoscopy, a worsening of F and RC signs was defined as an aggravation of
EGVs. The endoscopy results were confirmed by two expert endoscopists.

2.5. CT Examination for Portal Hypertension

All patients underwent CT examination 24 weeks after EOT achievement. CT was
performed in the high-quality scanning mode. We focused on the left gastric vein (LGV)
and splenorenal shunt as portosystemic collateral vessels, and these vessels were evaluated
by dynamic CT, measuring the vessel diameter and recording the widest part of the vessel
in all cases in this study.

2.6. Statistical Analysis

Continuous variables were expressed as median and range. Continuous variables
were analyzed using the Mann-Whitney U-test. Aggravated EGVs were calculated using
the Kaplan-Meier method, and differences between groups were assessed using a log-rank
test. Multivariate analysis was performed using a Cox proportional hazard model with
a stepwise selection of variables or two logistic regression analyses. Receiver operating
characteristic curves were used to determine the cutoff values for predicting the aggravated
EGV-related events in the patients. All statistical analyses were performed using IBM SPSS
version 23.0 and p < 0.05 was considered significant.

3. Results
3.1. Baseline Characteristics of the Patients

The baseline characteristics of the 167 patients are shown in Table 1. The present study
included 82 men and 85 women, with a median age of 74 (range 48-90) years. The median
FIB-4 index was 5.98 (range 3.27-26.09), the ALBI score was —2.56 (range —3.43 to —1.28),
and the LSM was 18.9 kPa (range 5.6-44.2). Before initiating DAA therapy, 51 of 167 (31%)
patients had complications due to EGVs, classified as F1 in 42 (25%) patients and F2 in 9
(5%) patients. The RC sign was not observed in any of the patients with EGVs.

Table 1. Clinical characteristics of 167 patients with HCV-related compensated cirrhosis who achieved
SVR by DAA therapy.

Category
Age, years 74 (48-90)
Sex, male/female 82/85
Body mass index, kg/m? 22.3 (14.7-39.1)
Total bilirubin, mg/dL 0.8 (0.3-3.6)
Aspartate aminotransferase, [lU/L 49 (12-351)
Alanine aminotransferase, IU/L 37 (82-54)
Albumin, g/dL 3.9 (2.3-5.1)
Total cholesterol, mg/dL 140 (75-256)
Ammonia, ug/dL 40 (10-128)
Platelet count, x10*/uL 9.8 (3.0-29.5)
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Table 1. Cont.

Category

Prothrombin activity, %
Alfa-fetoprotein, ng/mL
FIB-4 index
ALBI score
Liver stiffness measurement, kPa
Total bile acid, umol/L
Autotaxin, mg/L

83 (31-112)

7.3 (1.1-482.9)
5.98 (3.27-26.09)
—2.56 (—3.43-—1.28)
18.9 (5.6-44.2)
32.3 (1.73-17.7)
1.89 (0.76-43.29)

Past history of HCC treatment *, yes/no 89/78
Diameter of left gastric vein, mm 49 (2.8-13.9)
Diameter of splenorenal shunt, mm 8.1 (6.7-23.1)
Esophagogastric varices, F1/ F2 41/7
Gastric varices, F1/F2 1/2
DAA regimen, n
Daclatasvir/asunaprevir 81
Sofosbuvir /ledipasvir 31
Ombitasvir/paritaprevir/ritonavir 16
Elbasvir/grazoprevir
Daclatasvir/asunaprevir/beclabuvir 1
Sofosbuvir + ribavirin 19
Glecaprevir/pibrentasvir 16

Continuous data are represented as median and range, and categorical data are represented as counts of patients.
*, DAA therapy was received after curative treatment for HCC. FIB-4 indeX, Fibrosis-4 index; ALBI, albumin—
bilirubin grade; HCC, hepatocellular carcinoma.

3.2. Aggravated EGV's after Eradicating HCV

During the median follow-up period of 69 (range 3-127) months, EGVs were aggra-
vated in 42 (25%) patients despite achieving SVR. Twelve patients increased from FO to F1,
two patients from FO to F3, seventeen patients from F1 to F2 or had an appearance of the RC
sign, seven patients from F1 to F3 or had an appearance of the RC sign, and four patients
from F2 to F3 or had an appearance of the RC sign. The cumulative 1-, 3-, 5-, and 10-year
aggravation rates of EGVs were 7%, 23%, 25%, and 27%, respectively (Figure 1). Although
HCC recurred in 53 patients, portal vein tumor thrombosis was not observed in any of them.

1.0
0.8
0.6

0.4

0.2

Cumulative rate of EGV aggravation

0 12 24 36 48 60 72 84 96 108 120 132

Months after end of treatment

Figure 1. Cumulative rate of esophagogastric varix (EGV) aggravation after the achievement of
sustained virological response.
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3.3. Changes in Liver Function Test, Serum Fibrosis Markers, and Liver Stiffness after
Achieving SVR

Changes in liver function test, serum fibrosis markers, and liver stiffness after SVR
depending on the presence or absence of EGV aggravation are shown in Figure 2. In patients
without EGV aggravation, the median ALBI score decreased significantly (p < 0.001) from
—2.59 before treatment to —2.86 at 24 weeks from EOT achievement. One, two, and
three years from EOT, the median ALBI score decreased to —2.87, —2.92, and —3.12,
respectively, and the improvement in liver function was maintained. The median FIB-4
index decreased significantly (p < 0.001) from 5.12 before treatment to 4.19 at 24 weeks from
EOT. It decreased to 4.20, 3.86, and 3.14, one, two, and three years from EOT, respectively,
and the improvement in liver function was also maintained. The median LSM decreased
significantly (p < 0.001) from 14.3 kPa before treatment to 12.5 kPa at 24 weeks from EOT,
decreasing to 9.2 kPa, 8.9 kPa, and 6.3 kPa, one, two, and three years from EOT, respectively,
and the improvement in liver stiffness was maintained. In patients with aggravated EGVs,
the median ALBI score decreased significantly (p < 0.001) from —-2.37 before treatment to
—2.72 at 24 weeks from EOT achievement, decreasing to —2.81, —2.81, and —3.12, one,
two, and three years from EOT, respectively, and the improvement in liver function was
maintained. The median FIB-4 index decreased significantly (p < 0.001) from 7.78 before
treatment to 6.82 at 24 weeks from EOT achievement and decreased to 5.56, 5.42, and
4.38, one, two, and three years from EOT, respectively. The improvement in liver function
was maintained. On the other hand, no significant improvement in LSM was observed,
decreasing only slightly from 27.5 kPa before treatment to 27.4 kPa at 24 weeks from EOT
and 26.2 kPa even one year from EOT. However, LSM decreased significantly to 22.5 kPa
two years from EOT (p < 0.001).
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Figure 2. Changes in liver function and liver fibrosis following achievement of sustained virological
response. Changes in ALBI score, FIB-4 indeX, and liver stiffness at baseline (Pre), SVR, and one year
(PT1Y), two years (PT2Y), and three years (PT3Y) post-treatment in patients with and without
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aggravation of esophagogastric varices (EGVs). In these box-and-whisker plots, lines within the
boxes represent median values. The upper and lower lines of the boxes represent the 75th and 25th
percentiles, respectively, and the upper and lower bars outside the boxes represent the 90th and 10th
percentiles, respectively.

3.4. Changes in Liver Stiffness after Achieving SVR and Aggravated EGVs after Eradicating HCV
by Pretreatment LSM

Because LSM seems to be associated with aggravated EGVs, we analyzed changes
in LSM after SVR based on the pretreatment LSM level. In the group of patients with
a pretreatment LSM of 15-20 kPa, the median LSM decreased significantly from 18.5 at
pretreatment to 13.6 when SVR was achieved (p < 0.05) and further reduced to 9.6 and
9.4 kPa at 1 and 2 years from EOT, respectively (Figure 3a). In the group with an LSM of
20-30 kPa, the median LSM decreased significantly from 25.2 at pretreatment to 21.8 when
SVR was achieved (p < 0.05) and further reduced to 16.9 and 12.6 kPa at 1 and 2 years from
EOT, respectively. By contrast, in the group with pretreatment LSM > 30 kPa, the median
LSM decreased only slightly from 34.7 at pretreatment to 33.2 when SVR was achieved
and 31.6 kPa at 1 year from EOT. These findings indicate that LSM is less likely to improve
despite eliminating HCV when pretreatment LSM > 30 kPa. We analyzed the association
between aggravated EGVs and pretreatment LSM. The cumulative aggravated EGV rates
at 1, 3, and 5 years were 14%, 63%, and 74% for the group with a pretreatment LSM >
30 kPa; 10%, 31%, and 31% for the group with an LSM of 20-30 kPa; 4%, 16%, 16% for
the group with an LSM of 15-20 kPa; and 0%, 0%, and 7% for the group with an LSM of
10-15 kPa, respectively (Figure 3b). By contrast, no patients with a pretreatment LSM <
10 kPa had aggravated EGVs (p < 0.001).
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Figure 3. (a) Changes in liver stiffness measurement (LSM). Patients were classified into three groups
with respect to LSM at the start of antiviral therapy 15-20 kPa, 20-30 kPa, and >30 kPa. LSM
was measured at baseline (Pre), SVR, one year (PT1Y), and two years (PT2Y). (b) Cumulative
rate of esophagogastric varix (EGV) aggravation after end of treatment according to liver stiffness
measurement (LSM) at the start of antiviral therapy.
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3.5. Serum Bile Acid and Predictive Factors Associated With Aggravated EGV's

The total serum bile acid level at 24 weeks from EOT was significantly correlated
with LGV diameters (Figure 4). We then analyzed predictors for post-SVR aggravated
EGVs, including serum total bile acid. Univariate analysis showed that platelet count,
LSM, total bile acid level, autotaxin level, history of HCC, and the diameter of the LGV
at 24 weeks from EOT were significantly associated with aggravated EGVs (Table 2).
Multivariate analysis identified platelet count < 11.0 X 10*/uL (hazard ratio [HR] 3.769
for >11.0 x 10*/uL, p = 0.008), LSM > 18.0 kPa (HR 4.834 for <18.0 kPa; p = 0.006),
total bile acid > 33.0 pmol/L (HR 3.341 for <33.0 umol/L, p = 0.009), and the diameter of
LGV > 5.0 mm when HCV was eradicated (HR 5.891 for <5.0 mm, p < 0.001) as independent
risk factors for aggravated EGVs after achieving SVR. On the other hand, although the
correlation between the LGV diameters at 24 weeks from EOT and autotaxin level is shown
in Figure S1, autotaxin level was not a significant factor in multivariate analysis. Receiver
operating characteristic curves were generated for both values, and the optimal cutoff
values were identified as 11.0 x 10*/uL for platelet count at SVR, with an area under the
curve (AUC) of 0.786 (p < 0.001), 18.0 kPa for liver stiffness at SVR with an AUC of 0.883
(p < 0.001), 5.0 mm for the maximal diameters of the LGV with an AUC of 0.901 (p < 0.001),
and 33 pumol/L for total bile acid at SVR with an AUC of 0.767 (p < 0.001) (Figure 5).
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Figure 4. Correlation between the diameter of the left gastric vein and total bile acid at the end
of treatment.

Table 2. Univariate and multivariate analyses of risk factors associated with aggravation of esopha-
gogastric varices after eradicating HCV.

Multivariate Analysis

Univariate Analysis HR (95% CI)

Category

p-Value p-Value
Age, <70/70< years 0.559 -
Sex, male/female 0.649 -
Body mass index, <23/23< kg/ m?2 0.562 -
Total bilirubin, <1.0/1.0< mg/dL 0.656 -
Aspartate aminotransferase, 0317 N

<30/30<IU/L
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Table 2. Cont.

Category

Univariate Analysis

Multivariate Analysis
HR (95% CI)

p-Value p-Value
Alanine aminotransferase,
<20/20<TU/L 0-258 - -
Albumin, <4.2/4.2< g/dL 0.086 - -
Total cholesterol, <170/170< mg/dL 0.382 - -
Ammonia, <40/40< pg/dL 0.426 - -
Platelet count, <11.0/11.0< x10%/ uL <0.001 3.769 (1.424-9.977) 0.008
Prothrombin activity, <80/80< % 0.351 - -
Alfa-fetoprotein, <5.0/5.0< ng/mL 0.763 - -
FIB-4 index, <4.39/4.39< 0.482 - -
ALBI score, <-2.82/-2.82< 0.095 - -
Liver itllgg‘/’sfsrg;ai‘;fmem <0.001 4.834 (1.706-10.794) 0.006
Total bile acid, <33.0/33.0< pumol/L <0.001 3.341 (1.350-8.173) 0.009
Autotaxin, <1.9/1.9< mg/L 0.008 1.921 (0.685-5.832) 0.286
Past history of HCC treatment *, yes/no 0.022 1.532 (0.523-4.386) 0.485
piameter S’/f ;f’of;g;fgm ven, <0.001 5.891(2.596-14.228) <0.001
Diameter of splenorenal shunt, 0.051 B B
<8.0/8.0< mm

FIB-4 index, Fibrosis-4 index; ALBI, albumin-bilirubin; HCC, hepatocellular carcinoma; HR, hazard ratio; CI,
confidence interval. *, DAA therapy was received after curative treatment for HCC.

We analyzed the cumulative rate of aggravated EGVs according to the number of risk
factors. In patients who had all four risk factors, LGV diameter > 5.0 mm, LSM > 18.0 kPa,
platelet count < 11.0 x 10*/uL, and total bile acid > 33.0 pumol/L, the cumulative EGV
aggravation rates at 1, 3, and 5 years were 27%, 87%, and 91%, respectively. In patients
with three risk factors, the cumulative aggravation rates at 1, 3, and 5 years were 7%, 40%,
and 53%, respectively. In patients with two risk factors, the cumulative aggravation rates at
1, 3, and 5 years were 0%, 12%, and 12%, respectively. By contrast, none of the patients who
had zero or one risk factors experienced aggravated EGVs during the observation period

(p < 0.001) (Figure 6).
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Figure 5. Receiver operating characteristic curves for platelet count, liver stiffness measurement
(LSM), diameter of the left gastric vein (LGV), and total bile acid at SVR.
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Figure 6. Cumulative rate of esophagogastric varix (EGV) aggravation after the end of treatment. Pa-
tients were divided into four groups based on risk factors (the diameter of left gastric vein > 5.0 mm, liver
stiffness measurement > 18.0 kPa, platelet count < 11.0 x 10*/uL, and total bile acid > 33.0 pmol/L).
Patients having all four risk factors (thick solid line), three risk factors (thin solid line), two risk factors
(long dotted line), and with one or no risk factors (gray solid line).

4. Discussion

During the median observation period of 69 months, 42 (25%) patients with HCV-
related liver cirrhosis experienced an aggravation of their EGVs despite achieving SVR.
This finding is consistent with previous reports that EGVs were aggravated in 13-58% of
patients with HCV-related cirrhosis who achieved SVR [16,17].

Liver function and liver fibrosis estimates based on the ALBI score and FIB-4 index
improved after SVR regardless of whether EGVs were aggravated. However, the median
LSM failed to improve for the first two years when LGV worsened. Moreover, in patients
who had LSM > 30 kPa before treatment, the median LSM did not decrease until one
year from EOT, and subsequently improved by two years from EOT. Furthermore, the
cumulative aggravated EGV rates at 1, 3, and 5 years were 14%, 63%, and 74% for the group
with a pretreatment LSM > 30 kPa, and aggravation rates were significantly higher in the
LSM > 30 kPa group. Liver stiffness obtained by elastography has been reported to be
useful not only for diagnosing liver fibrosis but also for diagnosing portal hypertension,
especially clinically significant portal hypertension [18]. LSM is widely used as a non-
invasive test for liver cirrhosis and portal hypertension [19]. In this study, the LSM cutoff
in Figure 3 was used as a criterion for liver stiffness, and the analysis was performed
using the LSM presented in the Baveno VII guideline as a reference [20]. Previously,
according to the Baveno VI criteria, if liver stiffness by VCTE is LSM < 15.0 kPa and platelet
count > 15 x 104/ uL, clinically significant portal hypertension is excluded. However, in
compensated cirrhosis patients whose liver stiffness with VCTE is LSM > 20 kPa and
platelet count < 15 x 104 /uL, the presence of clinically significant portal hypertension
cannot be ruled out, and upper gastrointestinal endoscopy is proposed [10]. Indeed,
as shown in Figure 3a, when liver stiffness is already elevated before DAA therapy, a
drastic reduction in liver stiffness is not expected after SVR because a long time is needed
to improve liver stiffness, suggesting a high risk of EGV worsening. Furthermore, the
aggravation of EGVs has been observed even when LSM was 10-15 kPa, so liver stiffness
and platelets alone may not be sufficient; therefore, it is necessary to combine several risk
factors to identify the conditions that aggravate EGVs.

Recently, spleen stiffness has been measured in the same way as liver stiffness and is
reported to relate to EGV thickness and HVPG [21]. Furthermore, liver stiffness is positively
correlated with EGVs in HCV-related cirrhosis patients [22]. Ogasawara et al. reported
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that liver stiffness 24 weeks after EOT is associated with aggravated EGVs in HCV-related
cirrhosis patients after SVR [23]. Based on these observations, we believe it is important to
evaluate EGV status before DAA therapy in patients with HCV-related cirrhosis.

This study newly found that total bile acids were associated with the diameter of
LGV and were an independent factor for predicting EGV aggravation after SVR. Bile acids
are produced in the liver and stored in the gallbladder. After meals, the stored bile acids
are released into the small intestine. Approximately 95% of the bile acids in the intestinal
tract are reabsorbed and return to the liver through the portal vein as part of the bile acid
enterohepatic circulation [24]. Other than that, bile acid concentrations are influenced by
absorption from the intestine [25], as well as uptake by hepatocytes [26], hepatic blood
flow [27], and renal clearance [28]. Serum total bile acids are elevated in patients with
liver cirrhosis [29,30], and portosystemic shunts are associated with elevated serum bile
acid in peripheral blood [31,32]. Hayashi et al. measured portal pressure in patients who
underwent percutaneous transhepatic portal vein puncture and showed that bile acid levels
were positively associated with portal pressure [33]. Certainly, in portal hypertension, it
is necessary to understand the status of portal venous pressure, and HVPG is used as a
substitute for portal venous pressure [10]. However, since HVPG measurement is invasive
and is not currently covered by insurance in Japan, non-invasive tests are needed for
evaluating portal hypertension. In this study, we demonstrated the usefulness of total bile
acids for indicating the changes in portal hypertension and its progress.

As mentioned above, several cases showed a worsening of EGVs after SVR even
though LSM was low at the start of treatment. Therefore, we believe that it is necessary to
use multiple factors, including other fibrosis markers, to identify cases with EGV aggrava-
tion. Here, we identified the following independent risk factors for post-SVR aggravated
EGVs: platelet count < 11.0 x 10%/uL; LSM > 18.0 kPa; total bile acid > 33.0 pmol/L; and
LGV diameter > 5.0 mm. These findings are consistent with the Baveno VII guidelines [20],
which recommends a surveillance of EGVs based on platelet count and LSM. The existence
of EGVs or portosystemic collateral vessels increases the risk of aggravated EGVs and the
incidence of portosystemic encephalopathy in patients with HCV-related cirrhosis, even
after successfully eradicating HCV through DAA therapy [7-9]. By adding serum bile acid
levels to these previously reported factors, the risk of aggravated EGVs can be stratified
with higher accuracy. Patients with all four risk factors had a significantly higher risk of
aggravated EGVs; thus, strict surveillance by dynamic CT and endoscopic examination
is warranted for such patients. By contrast, no patients with one or none of these risk
factors developed aggravated EGVs. These patients seem to have an extremely low risk
of aggravated EGVs after SVR, suggesting that the surveillance of EGVs is not needed for
such patients.

5. Conclusions

In conclusion, we found that even among patients who successfully achieved SVR
following DAA therapy, portal hypertension did not immediately improve in patients
with compensated liver cirrhosis, particularly those with at least two of the following risk
factors: LGV diameter > 5.0 mm, LSM > 18.0 kPa, platelet count < 11.0 x 10%/uL, and total
bile acid > 33.0 umol/L. These patients may require monitoring for aggravated EGVs after
SVR is achieved.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/livers4030025/s1, Figure S1. Correlation between the diameter of left
gastric vein and autotaxin at the end of treatment.
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Abstract: Liver cirrhosis, a progressive and often irreversible condition, exerts widespread
systemic effects, with the skin frequently serving as a visible window into the extent of
hepatic dysfunction. Cutaneous manifestations, such as spider angiomas, palmar erythema,
jaundice, and pruritus, not only reflect underlying pathophysiologic changes but also
serve as important, non-invasive diagnostic and prognostic markers of disease severity.
Early detection of such cutaneous findings may allow for early treatment, optimize pa-
tient management, and improve outcomes. This review addresses the various cutaneous
manifestations of liver cirrhosis, their pathogenesis, and their prognostic and diagnostic
importance, emphasizing the need for heightened clinical awareness of the improvement
in patient care.

Keywords: liver cirrhosis; cutaneous manifestations; spider angiomas; palmar erythema;
jaundice; pruritus; dermatologic signs; hepatic dysfunction

1. Introduction

Liver cirrhosis represents the end stage of chronic liver injury from a variety of
etiologies, including alcohol use, viral hepatitis, and metabolic-dysfunction-associated
steatotic liver disease (MASLD), and other etiologies [1,2]. As the liver progressively fails,
systemic manifestations emerge, often offering the clinician early and critical clues to the
underlying disease [3]. Among these, dermatologic signs are especially valuable, providing
a non-invasive and accessible means for detecting hepatic dysfunction [4].

There are several etiologies that can lead to liver cirrhosis. These include but are
not limited to metabolic-dysfunction-associated steatotic liver disease (MASLD), alcohol-
associated liver disease, hepatitis C virus (HCV), hepatitis B virus (HBV), autoimmune
hepatitis, primary biliary cholangitis (PBC), primary sclerosing cholangitis (PSC), drug-
induced liver injury, and genetic syndromes, such as hemochromatosis, Wilson’s disease,
and alpha-1 antitrypsin deficiency. Among these etiologies, MASLD is currently the fastest-
growing indication of liver transplantation in Western countries, with high prevalence in
the United States.

Cutaneous manifestations, such as spider angiomas, palmar erythema, jaundice, and
pruritus, are common in cirrhotic patients and often precede more severe clinical deteriora-
tion. These signs reflect a complex interplay between vascular, hormonal, and metabolic
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disturbances resulting from impaired liver function [5]. Furthermore, the presence and
severity of certain skin findings have been correlated with disease progression and progno-
sis, making them essential components of the clinical assessment [6].

Despite their diagnostic significance, the recognition of these cutaneous clues is fre-
quently overlooked or underestimated, delaying appropriate intervention [7]. In order
to address this gap in the literature, we provide this review article after conducting a
comprehensive PubMed search to identify original and review articles discussing skin
manifestations of cirrhosis, with a focus on their pathophysiology and prognostic signifi-
cance. Relevant studies were screened to ensure inclusion of the most current and clinically
meaningful evidence. This review aims to explore the spectrum of skin manifestations in
liver cirrhosis, delve into their underlying pathophysiological mechanisms, and highlight
their clinical implications in diagnosis, disease staging, and management.

The current review article summarizes up-to-date data on various skin manifestations
of liver cirrhosis. It offers a one-stop shop for hepatologists and dermatologists to review
current evidence on the pathophysiology of different cutaneous manifestations in patients
with liver cirrhosis. Furthermore, it summarizes the diagnostic and prognostic value of
various skin findings in liver cirrhosis.

2. Overview of Liver Cirrhosis and Systemic Manifestations

Cirrhosis is due to chronic liver inflammation that leads to diffuse fibrosis [8]. Three
main cell types contribute to the progression of fibrosis and alteration of the hepatic
architecture, as follows: hepatic stellate cells (HSCs), myofibroblasts, and liver sinusoidal
endothelial cells (LSECs). HSCs and myofibroblasts secrete extracellular matrix, while
LSECs lose their permeability and undergo new capillary formation and vasoconstriction.
Another major component of the development of fibrosis is the presence of inflammatory
cells, such as macrophages and neutrophils, that release pro-inflammatory cytokines and
produce reactive oxygen species [9]. The combination of inflammation and vasoconstriction
leads to high resistance and pressure in the portal vasculature. As a result, there is increased
production of nitric oxide and vasodilation in the splanchnic circulation as an attempt to
increase portal blood flow. Increased resistance and blood flow lead to the development of
portal hypertension, a sign of cirrhosis that is associated with a high risk of complications,
such as ascites, gastrointestinal bleeding, hepatic encephalopathy, and renal dysfunction [8].
A compensatory mechanism in response to portal hypertension is the creation of alternate
pathways for blood to travel between the portal and systemic circulation. The most
clinically relevant examples are esophageal or gastric varices, which are prone to bleeding
if the pressure exceeds the capacity of the vessel wall [10].

Portal hypertension and hepatic insufficiency lead to the distinctive clinical manifes-
tations of cirrhosis. One of the most common symptoms of cirrhosis is ascites, the accu-
mulation of fluid in the peritoneal cavity. Ascites fluid formation is due to a downstream
effect of hypoperfusion of the renal system, leading to activation of the renin-angiotensin—
aldosterone system and retention of fluid. The rise in blood volume causes more filtration
out of mesenteric vessels into the peritoneum [10]. Another common complication of cir-
rhosis is hepatic encephalopathy (HE), which is reported in 30% of patients with cirrhosis.
While its pathophysiology is not entirely understood, HE is a spectrum of neuropsychiatric
abnormalities that is thought to be due to decreased metabolism of ammonia by the liver.
Ammonia is capable of crossing the blood—-brain barrier and precipitates encephalopathy by
causing swelling of astrocytes, altering pH, and disrupting cellular metabolism [11]. Acute
kidney injuries (AKIs) are also prevalent in patients with cirrhosis and manifest as a rise in
serum creatinine greater than 50% from baseline and a decrease in glomerular filtration
rate. Other manifestations include hepatorenal syndrome, which is a specific type of renal
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failure in patients with cirrhosis [8]. Other non-specific systemic manifestations of cirrhosis
include fatigue, weakness, and weight loss. Cirrhosis can also present asymptomatically,
and laboratory findings can aid in establishing a diagnosis, such as elevated liver enzymes,
thrombocytopenia, anemia, and coagulopathy [9].

3. Cutaneous Manifestations: Clinical Features

o  Spider Angiomas/Telangiectasias

Telangiectasias refer to dilated small blood vessels visible on the surface of skin or
mucous membranes. Spider angiomas, also referred to as spider telangiectasias, are the
most common telangiectatic lesion seen in patients with cirrhosis. They appear as a central
erythematous to violaceous brown macule surrounded by clusters of web-like vessels
(Figure 1A,B). They are vascular dermatologic lesions which arise when the sphincteric
muscle surrounding a cutaneous arteriole fails, resulting in dilation of the arteriole and
its associated numerous thin-walled capillary branches, resulting in their spider-leg-like
appearance. They are blanchable and most commonly observed on the face, neck, upper
chest, and arms in adults, possibly due to the proximity to the superior vena cava. It is
estimated that one-third of patients with liver cirrhosis present with spider angiomas, and
they are more common in women than men [12].

Figure 1. Telangiectasises overlying erythematous patches on the right lower eyelid (A) and upper
chest (B).

While the exact pathogenesis is still unknown, neovascularization is a likely con-
tributor of spider angioma formation through vascular endothelial growth factor (VEGEF)
and basic fibroblast growth factor (bFGF), which stimulate endothelial cell proliferation
and angiogenesis (Figure 2). Elevated levels of both VEGF and bFGF were found in the
plasma of cirrhotic patients compared to healthy controls, and the elevation of VEGF was
correlated with the size of patients’ spider angiomas [13]. Elevated levels of substance P
have also been detected in patients with MASLD cirrhosis [14]. However, spider angiomas
can also be observed in non-cirrhotic conditions, including pregnancy and patients taking
oral contraceptives, which are thought to occur due to increased estrogen levels, resulting
in increased dilation, permeability, and proliferation of vessels, which often resolve sponta-
neously following childbirth or cessation of birth control [12]. The impaired ability of the
liver to metabolize estrogen in a cirrhotic state thus also likely contributes to the formation
of spider angiomas in cirrhosis.
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Figure 2. Simplified figure illustrating the pathophysiology of spider angioma in liver cirrhosis.
VEGEF: vascular endothelial growth factor; bFGF: basic fibroblast growth factor.

The presence of spider angiomas has been shown to correlate with and can act as skin
markers for hepatopulmonary syndrome and esophageal varices, two serious complications
of cirrhosis [12,15]. While a prior study suggested that the total number of spiders angiomas
and their locations could be associated with the severity of chronic liver disease, more
research is needed to determine the overall prognostic importance [16].

While spider angiomata is the most common telangiectatic lesion seen in patients
with cirrhosis, diffuse cutaneous telangiectasias, including acquired bilateral telangiectatic
macules (ABTMs), and telangiectasia macularis eruptiva perstans (TMEP) have also been
described in the setting of chronic liver disease [17].

ABTM refers to a pattern of red brown macules with telangiectasia along the upper
arms, notably, the telangiectatic nature of the macules is typically only visible via der-
moscopy. In a study characterizing the etiology of these lesions, Kim et al. found that 54%
of patients had hepatic disease, including alcoholic cirrhosis. Treatment for ABTM involves
addressing the underlying liver disease [17]. Differential diagnoses for ABTM include
erythematotelangiectatic rosacea, generalized essential telangiectasia, spider angiomata,
hereditary hemorrhagic telangiectasia, and pigmented purpuric dermatoses (PPD).

TMEP is a type of cutaneous mastocytosis that presents with pruritic erythematous
to brownish macules seen with telangiectasia, typically distributed on the trunk and up-
per extremities [18]. Unlike other mast-cell-mediated disorders, TMEP has a negative
Darier’s sign, meaning physical disruption of lesions do not result in swelling and urticaria.
Histopathology traditionally shows perivascular mast cell infiltrate. A case report by
Huang et al. describes a patient with cirrhosis and TMEP and highlights the importance
of consideration of telangiectatic disorders in cirrhosis outside of the predominant spider
angiomata. TMEP is managed with antihistamines and avoidance of hepatotoxic sub-
stances. Differential diagnoses for TMEP include urticaria pigmentosa (presents without
telangiectasia), spider angiomata (presents with spiraling vessels extending from central
arteriole and without increased mast cells on biopsy), and systemic mastocytosis [18]

e  Palmar Erythema

Another cutaneous manifestation of cirrhosis is palmar erythema (Figure 3). Palmar
erythema presents as bilateral and symmetric, non-pruritic, and non-painful erythema
along the palmar surface, most commonly along both the thenar and hypothenar eminences.
It has been estimated that about 23% of cirrhotic patients present with palmar erythema [19].
It is thought to occur most frequently in the palms due to the higher density of arteriovenous
shunts and microscopic evaluation in patients with palmar erythema has shown an increase
in the dilation of capillaries and increased palmar superficial arterial and venous plexi [20].
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Again, increased estrogen levels are thought to be the mechanism associated with the
vasodilation leading to palmar erythema, as estradiol stimulates the production of nitric
oxide via nitric oxide synthase which induces vasodilation [15,20].

Estradiol Palmar
erythema

Nitric oxide

—— Vasodilation
synthase

Figure 3. Simplified figure illustrating the pathophysiology of palmar erythema in liver cirrhosis.

As palmar erythema is associated with increased free estrogen levels, it can be a physi-
ologic change observed in pregnancy. Palmar erythema is also associated with autoimmune
diseases, including rheumatoid arthritis, Kawasaki disease, diabetes, and sarcoidosis. In
addition, palmar erythema can be drug-induced with normal liver function, with offending
medications including albuterol and topiramate or other medications that induce hepatic
damage, such as amiodarone, statins, fibric acid derivatives, and biologics [19,21].

e Jaundice

Jaundice refers to yellow to green discoloration of skin caused by the deposition
of bilirubin and its precursors. Jaundice is typically seen when serum bilirubin exceeds
between 2 and 3 mg/dL. The face, sclera, and mucous membranes (tissues with high elastin
content) are most often affected, though discoloration can be seen throughout the body [5].

The liver is the primary organ involved in bilirubin metabolism as part of the
hemoglobin breakdown process. The conjugation state of the bilirubin allows for differenti-
ation of jaundice etiologies, as follows: prehepatic, with unconjugated hyperbilirubinemia,
intrahepatic, with conjugated and unconjugated hyperbilirubinemia, and post hepatic,
with conjugated hyperbilirubinemia. Jaundice in cirrhosis is classified as intrahepatic, and
the degree of jaundice generally correlates with advancement of liver disease [5]. Jaundice
is an extremely clinically significant sign. It is a poor prognostic marker and indicates an
increased risk of complications. New-onset jaundice in a patient with cirrhosis warrants
evaluation for acute-on-chronic causes of hepatic decompensation, including drug-induced
hepatitis, infection, or biliary stricture. Treatment of jaundice involves treatment of the
underlying pathology. In the case of intrahepatic causes, treatment should prioritize appro-
priate volume status and prevention of infection or gastrointestinal bleeding. In cases where
biliary obstruction is noted, endospcoical or surgical drainage may be necessary [22,23].

e  Pruritus

Pruritus is a common symptom and often an early symptom of chronic liver disease.
Pruritus typically affects the palms and soles, though it can become generalized throughout
the back, abdomen, and legs [24]. It is often chronic, though periodic, as it has been matched
to circadian rhythm and shown to be worse in the evenings. Warm weather can trigger itching
and advanced age, concomitant diabetes, and worsening liver disease are risk factors for
development of pruritus [25]. Associated excoriation, lichenification, and secondary infection
can mimic prurigo nodularis, lichen simplex chronicus, and contact dermatitis.
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Pruritus is most prevalent in patients with cholestatic pathologies, affecting 70% of those
with primary biliary cirrhosis (PBC). Further, patients with hepatitis B and C, intrahepatic
cholestasis of pregnancy (ICP), sclerosing cholangitis, bile duct carcinoma, and biliary ob-
structions have been shown to be affected at greater levels [24]. The mechanism of cholestatic
pruritus is multifaceted and likely involves bile acid accumulation, various cytokine release,
endogenous opioids, and activation of specific sensory receptors. Prior research has estab-
lished that bile salts can cause mast cell degranulation, which leads to itching [26].

T-cell involvement is likely, as when bile acids activated farnesoid X receptor, a nuclear
regulator of bile acid metabolism, increased release of IL-31, a cytokine known to induce
itching, was seen. Further, when patients with cholestatic liver pathologies were given
Cilefexor, a nonsteroidal FXR agonist, they had increased levels of IL-31 and pruritus [27].
Notably, not all patients with pruritus and chronic liver disease have elevated bile acids;
thus, newer theories implicate the release of other pruritogens lysophosphatidic acid (LPA)
and autotaxin due to hepatocyte injury in the pathogenesis. Endogenous opioids are
thought to be involved in cholestatic pruritus, as impaired clearance leads to subsequent
systemic elevation of compounds such as enkephalins and b-endorphin. These compounds
act on the known pruritis inducing mu-opioid receptor (MOR) and may downregulate
the kappa opioid receptor (KOR), an inhibitor of itch. Studies have investigated MOR
inhibitors naloxone and naltrexone for the treatment of cholestatic pruritus and showed a
decrease in scratching activity [28,29]. Recent research has shown that bile acids activate
sensory neuron receptor Mas-related G protein-coupled receptor X4 (MRGPRX4), and
murine studies have demonstrated that upregulation of MRGPRX4 results in increased
pruritus (Figure 4) [30].

Upregulation of ‘
Uljl“ MRGPRX4 IL-31

Endogenous A LPA &

opioids - i h Autotoxin
9 r‘

Figure 4. Simplified figure illustrating the pathophysiology of pruritus in liver cirrhosis.

Treatment of pruritis in hepatic disease focuses on removal of bile acids from systemic
circulation. Cholestyramine, an anion exchange resin, which binds bile acids in the gut
lumen, is the first-line treatment [26]. Alternate therapies focus on disrupting metabolism
of potential pruritogens or blockage of the itch response and include rifampicin, naltrexone,
and sertraline [26].

e  Stasis ulcers

Stasis ulcers, also referred to as venous ulcers, occur in cirrhotic patients secondarily
to portal hypertension, resulting in edema and swelling from venous incompetency.

Most commonly, the skin will initially experience statis dermatitis due to fluid leak-
age from the venous capillaries, causing inflammation and thickening of the skin. The
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edematous fluid has impaired immune cell trafficking, resulting in chronic inflammation
with mononuclear cells, fibroblast proliferation and collagen deposition, and progressive
lymphatic duct obliteration. As inflammation and interstitial edema progresses, open
ulcers may arise (Figure 5). Most commonly, the ulcers are shallow and flat, with irregular
borders that may be surrounded by discoloration [31].

Stasis
dermatitis

Fibroblasts

Fluid leakage
from venous
capillaries

Figure 5. Simplified figure illustrating the pathophysiology of stasis dermatitis in liver cirrhosis.

Stasis ulcers are most common on the lower legs due to the effects of gravity on the
microcirculation [31]. Classically, these lower leg ulcers are often refractory and difficult
to treat, but a case series revealed that decompression of the portal circulation via the
placement of a transjugular intrahepatic portosystemic shunt (TIPS) leads to complete
and sustained ulcer healing [32]. While cirrhosis is a known cause of stasis ulcers, venous
hypertension resulting in stasis ulcers can also arise secondary to heart failure, renal
failure, use of vasodilator drugs such as amlodipine, and with diseases of the lymph
vessels [31]. More research is needed to better elucidate the relationship and prevalence
between cirrhosis and statis ulcer development (Figure 6).

Figure 6. A well-demarcated venous stasis ulcer on the lower abdominal wall (A) and chronic ascites

in the lower abdomen (B).

e  Other Skin and Nails Findings:

O Terry’s nails

Terry’s nails, coined in 1954, refers to proximal whitish discoloration of the nail bed
with a narrow (0.5-3 mm) brown to red band at the onychodermal region, seen in patients
with alcoholic cirrhosis [33].
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Prevalence of Terry’s nails in cirrhosis is approximately 25% and is hypothesized to be
caused by telangiectatic changes in the nail and hypoalbuminemia [34,35]. Though initially
discovered in cirrhosis, Terry’s nails have been described in patients with congestive
heart failure, renal disease, diabetes, tuberculosis, reactive arthritis, and as an age-related
phenomenon [34]. (Notably, when identified in younger patients, Terry’s nails are more
likely to be caused by hepatic disease, thus a high degree of clinical suspicion must be
maintained in these individuals [34].) Key differential diagnoses of Terry’s nails include
Lindsay’s nails, proximal white discoloration of approximately 50% of the nails with
blanchable distal red-brown discoloration (half and half nails) strongly associated with
chronic kidney disease and thought to be caused by azotemia. Both Terry’s and Lindsay’s
nails are a form of proximal apparent leukonychia (whitish discoloration due to disruption
of the nail plate), and one study found that 43.8% of patients at a liver disease treatment
center had leukonychia, predominantly Terry’s nails type though Lindsay’s nail type was
noted [36]. Degree of distal discoloration and whether it is blanchable (Terry’s nails are
typically non-blanching) are useful differentiating features. Treatment for Terry’s nails
involves treatment of underlying hepatic disease, though visible nail changes may take
months and lag behind resolution of other symptoms.

O Clubbing

Clubbing refers to rounded, bulging growth of the distal nail with a loss or increase in
the nail bed angle associated with chronic systemic disease.

In the case of cirrhosis, long standing hypoxia with subsequent increased blood flow
and growth factor release result in the spongy, bulbous appearance of fingernails (Figure 7).
One study found clubbing in 35% of patients with liver cell failure [37]. Clubbing has
been noted in cirrhosis in cases of advanced disease and thought to be connected to
release of hepatocyte growth factor [38]. Differential diagnoses for etiology of clubbing
include pulmonary, cardiac, and gastrointestinal pathologies. Other nail changes seen in
cirrhosis include brittle nails, onychorrhexis, and increased longitudinal striations [37]. The
myriad nail changes described in association with cirrhosis warrant comprehensive nail
examination for patients with suspected hepatic dysfunction.

Spongy, bulbous
appearance

Long-standing
hypoxia(+02)

Figure 7. Simplified figure illustrating the pathophysiology of clubbing in liver cirrhosis.

O Xanthomas/xanthelasma

Xanthomas refer to yellow to orange papules, plaques, or nodules, which are cutaneous
cholesterol deposits. Pathogenesis involves impaired hepatic clearance of lipoproteins,
leading to deposits of lipid-laden macrophages in the dermis (Figure 8). Lesions are
typically soft, fluctuant in growth, and asymptomatic, though they can be pruritic in the
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setting of cholestatic disease [5]. Xanthomas can occur throughout the body and in any
pathology with hypercholesterolemia, as well as secondary dyslipidemia in the setting
of hepatic disease. In patients with cirrhosis, lesions are noted to appear as eruptive
xanthomas, clusters of papules typically distributed on extensor surfaces, which appear
and resolve in the course of weeks, xanthelasma, and tendinous or planar xanthomas [39].
Xanthelasma refers to the distribution of xanthomas along the medial upper eyelid and is
associated with PBC [40]. Tendinous xanthomas (the Achilles tendon is often affected) and
xanthoma striatum palmare, in which the creases of the palms and digits appear with soft
yellow deposits, are also associated with PBC [41].

Impaired Hepatic
Clearance of
Lipoproteins

Deposits of Lipid-
Laden Macrophages
in the dermis

Figure 8. Simplified figure illustrating the pathophysiology of xanthomas in liver cirrhosis.

Treatment of xanthomas involves addressing hyperlipidemia; therapeutic options that
have shown success in cirrhosis-associated lesions include cholestyramine and ursodeoxy-
cholic acid (UDCA), as well as plasmapheresis in severe cases [42]. Xanthelasma may
not be refractory to pharmacological therapy, and surgical excision and laser treatment
may be necessary [43]. Differential diagnoses for xanthomas include but are not limited
to syringoma, sebaceous gland hyperplasia, milia, cutaneous sarcoidosis, and necrobiotic
xanthogranuloma [44].

O Caput medusae

Caput medusae refers to engorgement of superficial periumbilical veins and formation
of collateral vessels in response to severe portal hypertension and rerouting through
portocaval anastomoses.

The name is derived from the tortuous and snake-like appearance of the vessels and
is a cutaneous sign of severe portal hypertension; studies have shown the presence of
caput medusa in patients with hepatic dysfunction to have a positive likelihood ratio
of 9.5 for cirrhosis [45]. It is associated with increased risk of complications including
gastrointestinal bleeding and hepatic encephalopathy. When evaluating caput medusae,
blood flow toward the head and limbs is indicative of portal hypertension. General
enlargement of abdominal wall venous structures is not seen as often as caput medusa
but is also a highly specific cutaneous sign of cirrhosis [46]. Treatment for caput medusae
typically includes non-selective beta blockers carvedilol or propranolol to address portal
hypertension. Intractable cases may necessitate transjugular intrahepatic portosystemic
shunt (TIPS), and liver transplantation is definitive therapy in cirrhosis with severe portal
hypertension [47]. Differential diagnoses for caput medusae encompass any pathology
that elevates portal venous pressure, including portal vein thrombosis, right-sided heart
failure, abdominal mass or malignancy, inferior vena cava obstruction, schistosomiasis,
and Budd-Chiari syndrome [48].

163



Livers 2025, 5, 37

O Pellagra

Pellagra refers to the syndrome caused by deficiency of niacin (vitamin B3), an impor-
tant co-factor in metabolism. The triad of pellagra involves skin manifestations and neuro-
logical and gastrointestinal symptoms. Cutaneous manifestations are often marked pho-
tosensitivity and symmetrical erythematous-to-hyperpigmented plaques in sun-exposed
areas. Classically, there is involvement of the C3—C4 dermatome with a “collar-like” dis-
tribution. Neurologic and gastrointestinal symptoms associated with pellagra include
irritability, insomnia, general cognitive decline, encephalopathy, diarrhea, and glossitis.
Pellagra is relevant in the context of alcoholic cirrhosis, as alcohol interferes with hepatic
metabolism of B3 and with the absorption of the precursor to niacin—tryptophan. Further,
alcoholic cirrhosis is often associated with malnutrition, and, thus, insufficient intake of
vitamin B3 further predisposes individuals to deficiencies. Pellagra may present as altered
mental status, and the triad of symptoms may be subtle, and, thus, clinicians must have a
high degree of suspicion to identify this syndrome.

O Acanthosis Nigricans

Acanthosis nigricans (AN) presents as hyperpigmented, velvety plaques in intertrigi-
nous regions, including the axilla, groin, and neck. The pathophysiology of AN, which is
strongly associated with metabolic syndrome and T2DMV,, is likely due to hyperinsulinemia
and subsequent activation of various fibroblast growth factors. MASLD involves insulin
resistance, and, thus, AN is a potential cutaneous manifestation of this disease. A recent
cross-sectional study demonstrated that AN correlated to a greater degree of steatosis in
individuals with MASLD cirrhosis.

O Erythema Nodosum and Pyoderma Gangrenosum

Inflammatory bowel disease (IBD), with or without primary sclerosing cholangitis
(PSC), is associated with erythema nodosum or pyoderma gangrenosum. Erythema no-
dosum presents as red, tender nodules on the lower extremities. Pyoderma gangrenosum
manifests first as erythematous pustules or nodules and then spreads to adjacent skin
and develops into burrowing ulcers. Both of these skin manifestations are extrahepatic
complications of PSC, and when seen clinically, should raise suspicion for underlying
cirrhotic disorders.

4. Pathophysiological Mechanisms Linking Liver Dysfunction to
Skin Changes

The liver plays a vital role in numerous physiological processes, including the synthe-
sis of hormone-transporting proteins, conjugation of bilirubin, detoxification of drugs and
toxins like alcohol, and the metabolism of lipids, carbohydrates, and other nutrients [43].
Hepatic injury can impair any of these functions, potentially leading to systemic effects
that can involve the skin [43].

Hormonal imbalances resulting from liver cirrhosis have widespread effects, particu-
larly on sex hormone regulation. In the bloodstream, both testosterone and estradiol are
bound to albumin and sex-hormone-binding globulin (SHBG), with testosterone having a
higher affinity for SHBG [49]. Damage from cirrhosis results in impaired hepatic clearance
of estrogen secondary to portal hypertension, decreased testosterone production, elevated
SHBG levels, and dysfunction of the hypothalamic—pituitary axis [50]. Increased SHBG
levels are thought to result from upregulated hepatic synthesis, driven by excess estrogen
and diminished testosterone-mediated suppression [50]. Because SHBG preferentially
binds testosterone, free testosterone levels are further disproportionately reduced [51,52].
Excessive estrogen contributes to several dermatological manifestations commonly seen in
cirrhosis, such as spider angiomas and palmar erythema [52].
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Dysfunction of the bilirubin cycle due to liver cirrhosis can cause elevation of both
unconjugated and conjugated bilirubin [53]. Fibrosis of hepatic parenchyma from liver
cirrhosis disrupts liver structure and function. Damage to hepatocytes results in decreased
hepatic intake of unconjugated bilirubin and decreased conjugation [54]. Hepatocellular
dysfunction and scar tissue compression of bile ducts also result in impairment of excretion
of conjugated bilirubin into bile [54]. The elevation of bilirubin levels beyond 2.5-3.0
mg/dL leads to jaundice [5].

Fat malabsorption due to hyperbilirubinemia from liver cirrhosis can lead to nu-
tritional deficiencies in fat-soluble vitamins A, D, E, and K [55]. Damage to hepatic
parenchyma also contributes to decreased storage and impairment of the conversion
of vitamins to their metabolically active forms [55]. In the skin, vitamin A is integral
to maintaining the specialized epithelial surfaces of the body and deficiency can cause
inappropriate keratinization of stratified squamous epithelium [56]. Low vitamin D has
been associated with alopecia areata [15]. Collagen cross-linking was accelerated in rats
with vitamin E deficiency [57]. Vitamin K is necessary for the formation of clotting factors
in the coagulation cascade; deficiency can present as purpura, ecchymoses, and gingival
bleeding [58].

Autoimmune liver conditions, including primary biliary cholangitis (PBC), primary
sclerosing cholangitis (PSC), and autoimmune hepatitis (AIH), have also been associated
with dermatologic conditions. For example, PBC causes destruction of intrahepatic bile
ducts leading to cholestasis and resultant dyslipidemia, which can lead to the formation
of cutaneous xanthomas. Xanthomas often appear as soft yellow-brown papules/plaques
and are commonly found on the eyelids (referred to as xanthelasma) or skin folds, such
as on the palmar creases and are most commonly described in patients with familial
hypercholesterolemia. Interestingly, xanthomas in PBC have been associated with an
abnormal lipoprotein called lipoprotein X (Harris). Additionally, AIH has been associated
with a variety of additional autoimmune-mediated cutaneous disorders, including vitiligo;
psoriasis; alopecia; autoimmune bullous diseases such as pemphigus vulgaris/dermatitis
herpetiform; neutrophilic dermatoses such as pyoderma gangrenosum; and lichen planus.
As patients with AIH often receive immunosuppressive treatment, they are also at an
increased risk of non-melanoma skin cancer.

Additional cutaneous manifestations of liver cirrhosis include cyanosis and digital
clubbing, typically only seen in patients with pulmonary complications, such as hep-
atopulmonary syndrome (HPS) and portopulmonary hypertension (POPH). Though the
exact pathophysiology remains unclear, the occurrence of intrapulmonary vascular dilata-
tions in advanced hepatic disease disrupts pulmonary gas exchange, which can lead to
ventilation-perfusion mismatch. In patients presenting with vague pulmonary symptoms,
the presence of cyanosis and digital clubbing, in conjunction with other cutaneous findings
of advanced liver disease, can aid in identification of HPS or POPH in advanced stages
of cirrhosis. Identification of these complications is critical, particularly in evaluation for
liver transplantation.

5. Diagnostic and Prognostic Value of Skin Signs

Cutaneous skin findings are one of the earliest indicators of hepatic dysfunction that
leads clinicians to suspect a diagnosis of cirrhosis. The presence of multiple cutaneous
skin manifestations, such as jaundice, pruritus, palmar erythema, and spider angiomas,
further suggests cirrhosis [5]. Understanding these dermatologic manifestations and using
them as critical diagnosis and prognostic indicators allows clinicians to help optimize
patient care and improve clinical outcomes in cirrhotic patients. Jaundice stems from
hepatocyte failure or biliary obstruction that causes the elevation of bilirubin accumulation
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reflecting advanced-stage cirrhosis [8]. Cholestasis and bile acid deposition on the skin
leads to pruritus, which is also associated with advanced cirrhosis and worse quality of
life measures [59]. Palmer erythema with symmetric redness on the hands due to elevated
nitric oxide and estrogen levels reflects peripheral vasodilation [60]. Portal hypertension
and impaired hepatic metabolism of estrogen in advanced stages of cirrhosis lead to spider
angiomas on the face, neck, upper chest, and arms [16]. A large area, a significant number,
or atypical locations of spider angiomas are correlated with higher severity of chronic liver
disease [61].

Distinguishing skin findings that occur in patients with liver cirrhosis from those that can
also occur in patients without liver cirrhosis can be challenging. It requires a holistic approach,
assessing the patient’s clinical picture while integrating the skin manifestations with other
physical exam findings and diagnostic modalities. While certain findings, such as Terry nails,
spider angiomata, palmar erythema, jaundice, and caput medusae, can be more specific in
cirrhosis, they can also occur in other diseases. However, their presence should prompt a
comprehensive liver evaluation. In contrast, there are many other less specific findings, such
as pruritus and xerosis, that may be seen in various systemic conditions. An astute clinician
should utilize physical exam findings along with other data to evaluate for different etiologies
that may be causing those skin manifestations to improve early diagnosis.

Although pruritus and other skin manifestations of cirrhosis may have limited diag-
nostic value, they play a crucial role in assessing patients’ quality of life. These symptoms
hold significant clinical importance, particularly for symptom management and improving
patient outcomes. Having said that, there have been data showing some association of
certain skin manifestations with advanced disease. Prior studies have showed that pa-
tients who have more spider angiomas tend to have higher serum bilirubin and longer
prothrombin time, both of which are markers of more advanced liver disease. Further-
more, there have been reports suggesting that the severity of cutaneous manifestations
often parallels that of hepatic dysfunction which is measured by Model for End-Stage
Liver Disease (MELD) scores and Child-Pugh classifications. Serum bilirubin quantifies
jaundice and directly contributes to both MELD and Child-Pugh calculations. Pruritus
intensity shows a positive association with bilirubin levels and MELD scores in cholestatic
cirrhosis [59]. When spider angiomas appear on the chest or abdomen, it is associated
with a higher MELD score (10.77 £ 6.76 versus 7.68 £ 5.42, p = 0.003), indicating a higher
mortality [16]. Child-Pugh classification can be integrated with cutaneous manifestations
to assess disease severity. These data, while scarce, suggest a possible role of cutaneous
manifestations in evaluating the degree of cirrhosis. Thus, clinicians need to recognize
and identify the presence of these characteristic skin changes and their associations with
the stage of cirrhosis. Further research is warranted to better elucidate the diagnostic and
prognostic value of different skin manifestations in liver cirrhosis.

The following table summarizes the key dermatologic manifestations, their prevalence
in liver cirrhosis, and their clinical relevance based on available literature (Table 1).

While the data evaluating the prognostic and diagnostic value of cutaneous entities
in cirrhosis are limited, there is a growing body of literature showing the impact of skin
symptoms on patients’ quality of life. For instance, pruritus is associated with poor sleep
and psychological impairment, which lead to worse quality of life. Skin manifestations in
cirrhosis impose a significant burden, negatively impacting physical comfort, sleep, mental
well-being, and social life. Regular evaluation and focused treatment of these symptoms
are vital to enhancing quality of life and patient-centered outcomes.
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Table 1. Key skin findings in liver cirrhosis, their prevalence, and clinical relevance.

Skin Manifestation

Prevalence in Cirrhosis

Clinical Relevance

More specific for cirrhosis; associated with advanced

. . o
Spider Angiomas 33-40% disease and portal hypertension
Palmar Erythema 23-30% More specific for cirrhosis; reﬂe(':ts hyperestrogenism
and advanced disease
Jaundice 28-47% Indicates impaired bilirubin metabohsm; maker of
decompensation
Pruritus 39% Nonspecific; c'ommon in c}}olesta.tlc liver disease;
impacts quality of life
Stasis Ulcers <59% Nonspecific; may 1nd1cat§ severe hypoalbuminemia
or venous insufficiency
Terry’s Nails 25.6% Highly specific for c1rrho§1s; associated with
advanced disease
Clubbing 5-15% Nonspecific
Xanthomas <5% Nonspecific
Caput Medusae 1-5% More specific for portal hypertension and advanced

cirrhosis

6. Management Implications

The management of cutaneous manifestations of cirrhosis relies on addressing the
underlying hepatic dysfunction. Antiviral therapies that treat hepatitis B and C reduce liver
inflammation and, thus, reduce spider angiomas and pruritis. Abstinence from alcohol
and nutritional support can resolve palmer erythema in alcoholic cirrhosis [62]. Liver
transplantation remains a definitive treatment for end-stage cirrhosis, which can lead to
the resolution of these cutaneous symptoms [61]. Management of pruritis relies on the
traditional first-line treatment of cholestyramine, which is a bile acid sequestrant that can
decrease the amount of bile acid in the serum [63]. However, other studies have suggested
a transition of first-line treatment to fibrates, as it provides a safer profile and anticholestatic
properties [64]. Antihistamines and topical corticosteroids remain as other options for
the symptomatic management of pruritis. Jaundice treatment primarily follows treating
the underlying liver dysfunction. Monitoring cutaneous signs provides a simple, non-
invasive method to assess the disease progression and treatment response. At baseline,
these cutaneous signs should be identified and continually documented throughout to
establish any systemic improvement or worsening of hepatic function.

7. Overall Importance of Recognizing and Addressing Cutaneous
Manifestations of Liver Cirrhosis

Cutaneous signs of advanced liver disease may provide some insight into the severity
of hepatic dysfunction and overall prognosis. For example, one study determined that the
presence of at least one of four characteristic skin findings (spider naevi, palmar erythema,
nail changes, or bleeding) was associated with the presence of severe fibrosis or cirrhosis.
Conversely, only a low percentage of patients were found to have advanced liver disease
in the absence of these findings [6]. Patients with spider nevi in particular were more
than four times more likely to have severe liver disease [65]. Furthermore, the presence of
subcutaneous collateral vessels upon physical exam predicted worse outcomes in patients
with cirrhosis [66].
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Skin findings may serve as early non-invasive indicators of advanced liver disease.
Given their potential prognostic significance, they could provide a more accessible and cost-
effective tool in the assessment of advanced liver disease. Therefore, dermatologists may
play an important role in the multidisciplinary care team for these patients. For one, early
identification of characteristic skin findings by dermatologists can prompt further testing,
facilitate more rapid diagnosis, and improve long-term outcomes [60,67]. Additionally, in
patients with pre-existing liver disease, dermatologists can play a role in monitoring for
findings suggestive of illness progression.

Despite the potential clinical utility of cutaneous findings in characterization of severe
liver disease, there are still significant limitations to its application. Variation among
individual patients may impact the prognostic value of skin findings. Moreover, many of
these findings lack sensitivity for advanced liver disease, thus limiting their usefulness
for screening otherwise asymptomatic individuals without a high suspicion for advanced
liver disease. For example, spider angiomas have a high association with pregnancy due
to the hormonal changes that take place during gestation [5]. Lastly, the identification
of any cutaneous lesion can vary widely based on skin tone, further necessitating the
incorporation of diversity in research and medical education materials.

One of the essential components to provide a holistic approach to patient care is
the collaboration between dermatologists and hepatologists for patients with skin man-
ifestations of liver cirrhosis. Early recognition of the skin presentations of liver cirrhosis
by dermatologists can lead to timely referral and early diagnosis, potentially preventing
disease progression and improving patient outcomes. On the other hand, hepatologists
should also consider prompt dermatology referrals that can help in further addressing
patients” symptoms and improving quality of life. A multidisciplinary collaborative ap-
proach can help in improving patient education and understanding of their disease and
even adherence to treatment and follow-up.

8. Future Directions

The integration of dermatologic screening into the routine clinical care of patients
suspected to have cirrhosis can facilitate earlier diagnosis. Cirrhosis management reduces
the risk of serious complications and liver decompensation if initiated early, while signifi-
cantly improving a patient’s quality of life [62]. Further research is needed to establish how
specific cutaneous manifestations correlate to the severity and progression of cirrhosis. For
example, spider angiomas can be seen in one-third of patients with cirrhosis and correlates
with the frequency of esophageal varices, a complication of liver cirrhosis that can lead to
hemorrhage [15,62]. Additionally, examining the psychosocial impact of cutaneous mani-
festations could help determine if dermatological interventions should be incorporated as
part of the standard of care for cirrhosis patients.

Integrating the skin manifestations of liver cirrhosis and their underlying pathophys-
iology, diagnostic significance, and prognostic value into medical curricula and training
programs offers a valuable opportunity to enhance early recognition among healthcare
trainees. Educating medical students and residents on these cutaneous signs and their
clinical implications can build clinical skills needed for the detection of liver disease at
an earlier stage, prompting timely referrals, diagnosis, and management. Understanding
the pathophysiology behind these disorders can also help in fostering further research
studies to explore these biochemical pathways. This can also foster a collaborative mul-
tidisciplinary approach between hepatology and dermatology, providing a more holistic
approach to patient care.
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9. Conclusions

Cutaneous manifestations of liver cirrhosis reflect the underlying systemic dysfunction
and can serve as early indicators of hepatic pathology. Non-specific signs such as spider
angiomas, palmar erythema, jaundice, and pruritus may precede more overt clinical
symptoms and offer valuable diagnostic and prognostic insights. Given their accessibility
during physical examination, these dermatologic features should be routinely assessed
in patients at risk for chronic liver disease. Regular skin evaluations can facilitate earlier
detection of liver cirrhosis, allowing for timely diagnostic workup, initiation of management
strategies, and improved patient outcomes. A thorough dermatological examination can
aid in the assessment of liver cirrhosis by identifying skin manifestations that are more
specific to liver disease, such as spider angioma, palmar erythema, and Terry’s nails. These
findings, when interpreted in the context of other clinical and laboratory data, are often
associated with advanced liver disease and clinically significant portal hypertension, and
their presence should prompt a comprehensive evaluation for signs of decompensation.
Increasing clinician awareness and education regarding the dermatologic signs of liver
cirrhosis is essential. By recognizing these cutaneous clues, healthcare providers can
intervene earlier, mitigating complications and enhancing the quality of care for individuals
with or at risk for liver cirrhosis.
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Abstract: Metabolic dysfunction-associated steatohepatitis (MASH) and atherosclerosis are
cardiometabolic twin disorders with shared underlying pathophysiological mechanisms
such as insulin resistance and chronic inflammation. This review explores the salient
role of carcinoembryonic antigen-related cell adhesion molecule 1 (CEACAM]) in linking
hepatic dysfunction to cardiovascular disease. Findings in mice with genetic modulation of
Ceacam1 gene established a critical role for CEACAM]1 protein in regulating insulin and
lipid metabolism and endothelial integrity and modulating immune response. Loss of
CEACAMLI in hepatocytes impairs insulin clearance, causing chronic hyperinsulinemia,
a process that ultimately leads to insulin resistance and hepatic and extra-hepatic fat
accumulation, which in turn causes inflammatory infiltration. This prompts a paradigm
shift that positions impaired hepatic CEACAM!1 function as a mechanistic underpinning of
the link between insulin resistance, MASH, and atherosclerosis.

Keywords: atherosclerosis; endothelial injury; MASH; hepatic fibrosis; CEACAM1; insulin
resistance; hyperinsulinemia; metabolic syndrome

1. Introduction

The rampant increase in the prevalence of obesity and insulin resistance worldwide
has precipitated an alarming rise in metabolic disorders, including metabolic dysfunction-
associated steatohepatitis (MASH) and atherosclerosis. Modern medicine is redefining
these abnormalities of the hepatic and vascular systems as twin manifestations of a broader
systemic metabolic dysregulation. Atherosclerosis, characterized by intimal plaque accu-
mulation, remains the principal cause of cardiovascular mortality worldwide [1,2]. Con-
currently, MASH, an advanced stage of metabolic dysfunction-associated steatotic liver
disease (MASLD) afflicts approximately 30% of the adult population and represents a
major risk factor for liver cirrhosis and hepatocellular carcinoma [3,4]. Characterization
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of shared pathophysiological mechanisms is emerging to bridge hepatic dysfunction and
vascular injury. These include chronic low-grade inflammation, oxidative stress, and
aberrant lipid metabolism [5,6]. Moreover, epidemiological analysis provides evidence
of a two-to-threefold increase in cardiovascular risk among patients with MASLD, inde-
pendent of traditional risk factors such as type 2 diabetes (T2D) and dyslipidemia. In
parallel, patients with established atherosclerotic disease also present with comorbid hep-
atic steatosis [7-9]. Furthermore, these analyses frame insulin resistance, a critical hallmark
of multisystem metabolic derangements, as a unifying disease driver [10,11]. For instance,
insulin resistance promotes de novo lipogenesis and impairs fatty acid -oxidation (FAO)
in the liver, ultimately leading to hepatic steatosis and hepatocellular injury [12]. Sim-
ilarly, insulin resistance diminishes nitric oxide (NO) bioavailability and compromises
endothelial integrity, contributing to the development of an atherogenic milieu in the
vasculature [13,14]. Thus, hepatic and cardiovascular pathophysiology resides at the cross-
road of hyperinsulinemia, aberrant lipid metabolism, endothelial dysfunction, and chronic
proinflammatory signaling.

Recent findings have established a regulatory role for carcinoembryonic antigen-
related cell adhesion molecule 1 (CEACAM]1) in hepatic metabolism and vascular in-
tegrity [15,16]. CEACAM]1, expressed predominantly in hepatocytes, promotes insulin
clearance via receptor-mediated endocytosis [10,17]. Interestingly, obesity and metabolic
syndrome (MetS) are associated with low hepatic CEACAM1 levels and impaired insulin
clearance with resultant persistent hyperinsulinemia and insulin resistance [18,19]. More-
over, murine models with global null deletion or hepatocyte-specific deletion of Ceacam1
gene emulate cardinal features of human MetS, including insulin resistance, steatohepatitis,
visceral adiposity, and endothelial dysfunction [20,21]. CEACAM1 deficiency promotes
hepatic inflammation via the activation of nuclear factor kappa B (NF-«B) and attenuates
endothelial NO synthase (eNOS) activity, producing a proinflammatory atherogenic mi-
lieu with oxidative stress in mice. CEACAML1 loss serves therefore as a molecular bridge
between hepatic insulin resistance endothelial injury and oxidative stress [15,22,23].

It is becoming increasingly apparent that efficient therapeutic management of MetS
requires an integrated multisystem molecular approach, targeting shared mediators such
as CEACAM]I, that is particularly relevant in addressing the role of the liver in systemic
metabolic dysfunction. This review aims to discuss the impact of the loss of hepatic CEA-
CAMI1 in the broader spectrum of metabolic disorders by providing evidence of its function
in hepatic metabolism and vascular physiology. Furthermore, it posits CEACAM1's poten-
tial as a therapeutic target in MetS-associated clinical presentations, namely atherosclerosis
and MASH.

2. Pathophysiology of Atherosclerosis: Mechanisms and
Cardiovascular Implications

2.1. Atherosclerosis: Prevalence and Clinical Significance

Atherosclerosis is the major indicator of cardiovascular disease (CVD), which repre-
sents the most common cause of death worldwide [1]. The World Health Organization
(WHO) has estimated that ~18 million people die from CVD annually, accounting for
~32% of all deaths worldwide [2]. The salient rise in CVD incidence is tethered to a global
epidemic of obesity and T2D [5]. Although atherosclerotic lesions may begin at an early
age, the timeline of clinical manifestations and related complications remains poorly char-
acterized [24,25]. Initially raised as an obstruction process of the arteries, atherosclerosis is
mostly caused by accumulation of cholesterol plaques in the intima, the innermost layer of
blood vessels, and hardening of elastic (i.e., aorta) and muscular arteries, such as coronary
and cerebral arteries [26,27]. The pathogenesis and progression of atherosclerosis are best
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described as an insidious process slowly unfolding over the span of several decades, often
with minimal symptomatic manifestation. Ultimately, this culminates in critical vessel nar-
rowing and plaque accumulation, thereby instigating life-threatening complications such as
angina pectoris, acute coronary syndrome, and sudden cardiac death [28]. Atherosclerosis
is now recognized as part of MetS, a constellation of metabolic and vascular conditions such
as obesity, hypertension, and T2D. Lifestyle modification such as smoking cessation, physi-
cal activity, and healthy diet can mitigate atherosclerosis progression, further corroborating
the recognition of atherosclerosis as a lifestyle disease [1].

2.2. The Pathophysiological Hallmarks of Atherosclerosis

It is crucial to delineate the fundamental pathophysiological processes in atherosclero-
sis to gain a better understanding of pathways and molecular events that could constitute
therapeutic targets.

2.2.1. Endothelial Dysfunction

The luminal surface of all blood vessels is lined by a layer of endothelium [29]. To-
gether with collagen and elastic fibers, the endothelium comprises the intima, which is
wrapped up mostly by the vascular smooth muscle layer of the tunica media, followed
by the adventitia, a dense connective tissue matrix, which provides robust structural sup-
port [29]. Endothelium is essential in preserving the structural integrity and regulating the
physiological function of blood vessels. This includes maintaining the equilibrium between
vasodilation and vasoconstriction, as well as orchestrating the migration and multiplication
of vascular smooth muscle cells [30,31].

Endothelial dysfunction, an early sign of atherogenesis [32,33], often starts at the
branching points and orifices of the arteries. These sites experience disturbed blood flow
and shear stress, which leads to the accumulation of low-density lipoproteins (LDL) and
lipoprotein buildup [14,34-37]. Endothelial dysfunction is further exacerbated by altered
expression of specific endothelial genes, often as a direct consequence of disturbed blood
flow and abnormal hemodynamic forces [38,39]. To date, more than 40 atherogenic genes
linked to endothelial dysfunction have been identified [40,41]. In fact, these genes are
upregulated in endothelial cells and are implicated in different steps of plaque formation.
For example, monocyte chemoattractant protein 1 (MCP-1) that attracts monocytes to
the vessel wall [42,43] and platelet-derived growth factor (PDGF) that promote vascular
smooth muscle migration [44,45].

Conversely, NO, an endothelium-derived vasodilator, plays a critical athero-protective
role in the maintenance of vascular homeostasis and endothelial integrity [46]. NO has
multiple beneficial effects: Besides its role in smooth muscle relaxation and vasodilation,
it also enhances cardiovascular and metabolic outcomes. NO slows down the develop-
ment of atherosclerosis by reducing inflammation and oxidative stress and inhibiting
platelet aggregation. Furthermore, NO promotes insulin secretion, facilitates glucose
clearance, and reduces hepatic steatosis and triglyceride levels, thereby offering protec-
tion against the broader metabolic dysfunction [47,48]. However, the protective effects
of NO are weakened by cardiovascular risk factors. For example, hyper-cholesterolemic
and hypertensive patients often have reduced NO levels [49,50]. In fact, cardiovascu-
lar risk factors—namely hypertension, hyperlipidemia, obesity, and diabetes—potentiate
NF-«kB downstream proinflammatory signaling and cytokine production, in addition to
the vasoconstrictor Endothelin-1, which in turn inhibits the activity of the endothelial
nitric oxide synthase (eNOS) [51,52]. Even aside from its impact on eNOS, the oxida-
tive stress linked to these risk factors directly contributes to endothelial dysfunction and
atherosclerosis [13,14,53].
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2.2.2. Lipid Accumulation and Plaque Formation

Atherosclerosis arises from an interplay between endothelial dysfunction and lipopro-
tein accumulation, which promotes a chronic inflammatory environment that drives disease
progression [54]. Cholesterol, a major structural component of the cell membrane, is carried
in the blood by lipoproteins. Among the five types of plasma lipoproteins, LDL, inter-
mediate density lipoproteins (IDL), and very low-density lipoproteins (VLDL) are most
strongly linked to plaque formation [55]. LDL particles cross the endothelium through a
process called caveolae-mediated transcytosis, which involves receptors like SR-B1 and
ALKT1 [56-58]. The proatherogenic role of caveolae-facilitated LDL transcytosis is evidenced
by the higher levels of the structural protein caveolin 1 in atherosclerotic plaques [59]. Once
inside the vessel wall, LDL is oxidized by enzymes like phospholipase and lipoxygenase
and by reactive oxygen species (ROS) [60]. Additionally, the depletion of antioxidants,
such as alpha-tocopherol and carotenoids, further exacerbates LDL oxidation. Oxidized
LDL (oxLDL) triggers proinflammatory signaling cascades in endothelial cells and drives
macrophage chemotaxis, constituting key pathogenic events in atherosclerosis [60]. Acti-
vation of NF-kB in endothelial cells promotes the expression of its transcriptional targets
such as VCAM-1 and ICAM-1 adhesion molecules and MCP-1 and IL-8 chemokines, as
well as other prothrombotic factors [61]. After endothelial cells are activated, monocyte
recruitment occurs through a multistep process: rolling, adhesion, activation, and transmi-
gration [62]. This entire process is mediated by the interaction between monocyte integrins
and endothelial adhesion molecules. Chemokines such as CXCL1, CXCL2, CXCL4, and
CCLS5 coordinate these events [63]. While monocyte infiltration in atherosclerosis primar-
ily occurs through paracellular migration across endothelial junctions, the transcellular
route can also be implicated [64]. The chemokine MCP-1 plays a crucial role in facilitating
monocyte trans-endothelial migration [65]. Once in the subintimal space, monocytes differ-
entiate into macrophages, which can either adopt a proinflammatory M1 phenotype or an
anti-inflammatory M2 phenotype, dictated by the cytokine milieu [66,67]. M1-polarized
macrophages produce NO and inflammatory cytokines, which further increase endothelial
permeability and promote inflammation [68]. These macrophages take up oxLDL via differ-
ent scavenger receptors such as CD36, SRA-1, and LOX-I, which are upregulated in response
to high oxLDL levels, promoting further lipid internalization [69,70]. Under homeostatic
conditions, the ABCA1 transporter system facilitates cholesterol efflux from macrophages,
thereby preventing excessive lipid accumulation [69]. However, when exposed to a con-
tinuous inflammatory stimulus, the macrophage’s lipid efflux mechanism is disrupted,
leading to the transformation of M1 macrophages into foam cells that play a direct role
in atherosclerotic plaque formation [71,72]. This self-perpetuating process continues as
the lipid-laden macrophages and oxLDL trigger NF-«kB pathway activation, which in turn
promotes further monocyte recruitment, differentiation and oxLDL internalization, mark-
ing the formation of a fatty streak—an early phase of atherosclerosis [71,72]. Additional
pathways, such as NLRP3 inflammasome activation and consequent caspase-1 activation in
macrophages, also contributes to atherosclerotic plaque progression and cholesterol crystal
formation [73].

2.2.3. Vascular Smooth Muscle Cell Migration and Proliferation

Monocytes are not the only cells that internalize oxLDL and contribute to the foam cell
population. In fact, vascular smooth muscle cells (VSMC) constitute up to 50% of the foam
cell population in atherosclerotic plaques [74]. These VSMCs, typically located in the tunica
media, migrate to the subendothelial space in response to epidermal growth factor (EGF),
fibroblast growth factor (FGF), insulin-like growth factor (IGF), PDGE, transforming growth
factor-f3 (TGF-f3), and vascular endothelial growth factor (VEGF) secreted by foam cells
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and endothelial cells. Once in the subendothelial space, VMSCs begin to proliferate and
secrete extracellular matrix (ECM) components such as collagen and elastin, contributing
to the formation of the fibrous cap that covers the atherosclerotic plaque [75]. Additionally,
plaque-residing macrophages produce IL-1, which promotes VSMC proliferation [71,72].
Progressively, microcalcifications form within the plaque driven by the osteogenic trans-
differentiation of pericytes and VSMCs in response to the high calcium orthophosphate
microenvironment. These cells acquire an osteoblast-like phenotype, like processes taking
place in bone tissue formation. This calcification event produces a hardened fibrous
atherosclerotic lesion, which promotes plaque stability and reduces the risk of complications
such as rupture and thrombus formation.

2.3. Risk Factors and Their Impact on Atherosclerosis Progression

There are several well-recognized risk factors for atherosclerosis, including obesity,
hypercholesterolemia, hypertension, diabetes, and smoking. These risk factors share
overlapping and interrelated pathophysiological pathways that lead to the development
of atherosclerotic disease. In fact, atherosclerosis is now considered a state of chronic
vascular inflammation, triggered by the effects of these risk factors on the arterial wall.
Identifying the role of these risk factors and implementing targeted lifestyle modifications
is an effective way to halt atherosclerosis progression [76]. For instance, toxic chemical
constituents of cigarettes are potent dose-dependent risk factors for the development of
calcified atherosclerotic plaques. Moreover, smoking cessation is strongly recommended
to slow atherosclerosis progression and reduce mortality risk [77]. As mentioned earlier,
oxidative stress plays a central role in the development of atherosclerotic lesions. Dia-
betes, hypertension, obesity, dyslipidemia, and smoking are all known inducers of ROS
generation that lower NO bioavailability. Among these factors, hypertension is the most sig-
nificant contributor to endothelial dysfunction and can be worsened by other comorbidities,
such as obesity, diabetes, insulin resistance, hyperinsulinemia, hypercholesterolemia, and
renal disease. For instance, obesity stimulates the renin—angiotensin—aldosterone system,
promoting sodium retention and hypertension [78,79]. Hypercholesterolemia is strongly
linked to atherosclerosis development. In fact, mounting evidence of this association have
supported the “lipid hypothesis” of atherosclerosis. The advent of statins (HMG-CoA
reductase inhibitors)—the most potent lipid-lowering agents thus far—provided definitive
evidence that reducing plasma cholesterol levels can prevent atherosclerosis [80]. Elevated
levels of LDL, due to hypercholesterolemia, not only trigger aberrant endothelial activa-
tion but also upregulate adhesion molecules on the endothelial cell surface, facilitating
monocyte and lymphocyte adherence to the intima [81]. Hyperglycemia also has a strong
association with cardiovascular disease, leading to sorbitol accumulation via the aldose
reductase pathway, which contributes to endothelial dysfunction [82]. Moreover, elevated
glucose levels induces post-translational modifications in myocardial ECM proteins and
impairs the expression and function of intramyocellular calcium channels, resulting in
systolic and diastolic dysfunction [83]. Additionally, platelet aggregation plays a cru-
cial role in the ensuing micro- and macrovascular complications of diabetes mellitus and
atherogenesis [72]. Non-enzymatic glycation leads to the formation of advanced glycation
end products (AGEs), which modify LDL and cause damage to the endothelium. AGEs
also interact with the receptor for advanced glycation end products (RAGE), present on
vascular smooth muscle cells, to accelerate atherosclerosis [84,85]. Another contributing
pathway is hyperglycemia-induced polyol pathway activation, which further exacerbates
vascular damage in patients with diabetes [86]. Activation of protein kinase C (PKC) and
hexosamine flux pathways have also been reported to contribute to atherosclerotic plaque
initiation. The complex crosstalk between adipose tissue and the cardiovascular system has
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been extensively documented. In 1847, an autopsy report on an obese man described the
presence of a large, fibrous heart filled with fat. Subsequent studies revealed that severely
obese individuals often exhibit increased cardiac output and pulmonary hypertension
and eventually develop heart failure [87]. Abdominal obesity subjects the heart to high
afterload pressures, leading to increased cardiac output, which leads to left ventricular (LV)
remodeling, wall thickening, and left ventricular hypertrophy (LVH). Furthermore, obesity
in patients with T2D is strongly associated with heart failure [87,88]. In metabolic abnormal
states marked by high levels of fatty acids and carbohydrates, such as obesity and insulin
resistance, lipids accumulate in the myocardium, a process known as cardiac steatosis.
Lipid deposition in cardiomyocytes is largely due to an imbalance between lipid uptake
and fatty acid 3-oxidation [89]. Furthermore, the accumulation of visceral adipose tissue
in pericardial and epicardial fat depots produces inflammatory cytokines and adipokines,
which can affect myocardial contractility. In addition, free fatty acid-mediated potentiate
macrophage-associated inflammation, disrupting cardiac electric modeling [90]. The NF-
kB signaling pathway also contributes to the pathogenesis of heart failure owing to its
involvement in cardiac remodeling [91].

2.4. Rising Incidence of HFpEF and LV Diastolic Dysfunction in Women Suggests a Potential Link
to Hyperinsulinemia

Left ventricular diastolic dysfunction (LVDD) is defined as functional and metabolic
instability during myocardial relaxation, leading to insufficient filling of the left ventri-
cle. This condition can result from impaired cardiac relaxation, increased myocardial
stiffness, and left atrial dysfunction [92]. LVDD is diagnosed using echocardiographic
measurements and can range from mild, asymptomatic condition to progression into heart
failure, with symptoms such as dyspnea and chest discomfort. While the prevalence of
LVDD in the general population ranges between 3.1% and 35%, contingent on factors such
as age, lifestyle, and discrepancies in diagnostic criteria, the global prevalence of heart
failure is ~1-2.5% worldwide [93]. Subsequently, management of risk factors and a robust
understanding of the preclinical disease stages are essential for prevention. Although there
is no significant difference in the prevalence of heart failure between men and women,
women are more likely to develop heart failure with preserved ejection fraction (HFpEF).
In one study, 67% of women with heart failure exhibited HFpEF, compared to only 42%
of men [93]. For non-modifiable risk factors, sex-related differences in cardiac function
and structure accounts for such statistical disparities. In fact, women typically have lower
left ventricular mass and volume, along with a higher left ventricular ejection fraction
and a greater Global Longitudinal Strain compared to men [94-96]. As women age, they
experience an abrupt increase in left ventricular mass and slower cardiomyocyte compared
to men, predisposing them to a greater concentric LV remodeling and evolving HFpEF [97].
When LVDD progresses to HFpEEF, clinical symptoms become apparent despite a preserved
ejection fraction (EF > 50%) [98]. To date, the pathophysiology of HFpEF remains poorly
understood, and accordingly, adequate treatment is lacking. In the context of confounding
comorbidities, such as chronic obstructive pulmonary disease (COPD) and atrial fibrilla-
tion, the diagnosis of HFpEF becomes challenging, as it can mimic other presentations
resembling exercise-induced dyspnea. HFpEF seems to be underdiagnosed in elderly
women [99], in particular in patients with diabetes [100]. Failure to diagnose HFpEEF is
detrimental to patient’s quality of life. Obesity, on the other hand, is an established risk fac-
tor for heart failure, with women having 4% to 29% higher prevalence of obesity compared
to men [101]. Persistent hypercholesterolemia and insulin resistance adversely affect the
cardiovascular system, since insulin receptors are abundantly expressed on myocardial,
endothelial, and vascular smooth muscle cells [102]. Moreover, insulin signaling is im-
portant for the maintenance of cardiac integrity, mitochondrial metabolism, and substrate
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uptake for $-oxidation. Impairment of these processes may manifest themselves as left
ventricular remodeling to contribute to HFpEF emergence. Downstream insulin signaling
stimulates phosphoinositide-3 kinase (PI3K/Akt) and Shc/Ras/mitogen-activated protein
kinase (MAPK) pathways [103]. Insulin resistance and hyperinsulinemia overstimulate
the MAPK pathway, leading to increased production of the vasoconstrictor Endothelin-1,
in turn enhancing the hypertensive effects of the sympathetic nervous system, eventually
progressing to cardiac hypertrophy and atherosclerosis [104]. Concurrently, hyperinsu-
linemia inhibits the PI3K/ Akt pathway, which regulates the metabolic effects of insulin
and the production of NO by vascular smooth muscle cells and endothelial cells [104,105].
The cumulative effects of disrupted insulin signaling and the growth-promoting effects of
chronic hyperinsulinemia on vascular smooth muscle cells lead to increased left ventricular
mass with a concentric remodeling pattern that worsens HFpEFE. Early efforts in reduc-
ing hyperinsulinemia and insulin resistance could mitigate their adverse cardiovascular
co-morbidities and halt progression to HFpEF [106].

3. Pathophysiology of MASH
3.1. Overview, Prevalence, and Clinical Significance of MASH

MASLD has been recognized as the hepatic manifestation of MetS. MASLD encom-
passes a broad spectrum of clinical stages ranging from hepatic steatosis to more severe
presentations, such as steatohepatitis, MASH, fibrosis, and cirrhosis, that could eventually
culminate in hepatocellular carcinoma (HCC) and end-stage liver disease that necessitates
liver transplantation [107,108]. The global prevalence of MASLD exceeds 30% of the adult
population, rendering it a worldwide health threat [3,4,109]. Alarmingly, approximately
20 million people are projected to die from complications of steatotic liver disease world-
wide. Data from the Global Burden of Disease database indicates that MASLD is the
fastest-growing cause of liver cirrhosis, liver failure, and liver cancer. It is important to
note that MASLD is not merely a liver-specific disorder but a component of concomitant
systemic conditions associated with multi-organ metabolic dysfunction. The diagnosis
of MASLD requires the detection of steatosis in more than 5% of hepatocytes, associated
with a defined metabolic abnormality, such as obesity, T2D, or dyslipidemia [110-112].
Unfortunately, MASLD imposes a growing economic and public health burden on society,
highlighting the urgent need for targeted therapies that depend on further exploration of
its underlying mechanisms [113,114].

3.2. Key Mechanisms in the Development of MASH
3.2.1. Hepatic Steatosis and Lipid Accumulation

Lipid levels in hepatocytes are tightly regulated via a delicate balance between lipid
uptake and de novo synthesis on one hand and FAO and fatty acid export on another.
Disruption of hepatic lipid homeostasis results in lipid accumulation, primarily in the
form of triglycerides within hepatocytes. Lipid uptake is mediated by various proteins,
including fatty acid-binding protein 1 (FABP1), which is predominantly expressed in the
liver. FABP1 is an important regulator of lipid metabolism that participates in fatty acid
transport, -oxidation, and incorporation into triglycerides [12]. In fact, higher levels of
FABP1 correlate with increased hepatic lipid accumulation and steatosis [115]. However,
the utilization of FABP1 serum levels as a diagnostic biomarker of hepatic steatosis remains
challenging, as it is co-expressed by renal tubules [116].

Additionally, cluster of differentiation 36 (CD36) and fatty acid transport protein 5
(FATP5) are also implicated in lipotoxicity. For instance, CD36 expression is upregulated in
response to a high-fat diet and correlates with liver fat content of MASLD patients [117,118].
Similarly, FATP 5 expression is also increased, particularly in males with MASLD, reflecting
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a higher degree of hepatic steatosis in these patients [119]. CD36 and FATP5 serve as
important therapeutic targets for halting the progression of MASLD into MASH. Aberrant
triglyceride synthesis via de novo lipogenesis is also implicated in the development of
hepatic steatosis [120]. De novo lipogenesis is mediated by three enzymes: acetyl-CoA
carboxylase (ACC), which converts acetyl-CoA to malonyl-CoA; fatty acid synthase (FASN),
which transforms malonyl-CoA into palmitate; and stearoyl-CoA desaturase-1 (SCD1),
which generates oleate and palmitoleate [121]. In fact, higher levels of oleate and palmi-
toleate are associated with increased hepatic steatosis [121]. Moreover, activation of the
transcription factors sterol regulatory element-binding protein 1c (SREBP-1c) by insulin and
carbohydrate regulatory element-binding protein (ChREBP) upregulate lipogenic enzymes,
thereby enhancing hepatic lipid accumulation [122-124]. Notably, ChREBP knock out mice
display reduced expression of ACC and FASN in response to a carbohydrate-rich diet,
highlighting its pro-steatotic role [125].

Conversely, impaired FAO and defective export of lipids from hepatocytes also leads
to lipid accumulation. FAO occurs mainly in the mitochondria, facilitated by the outer
mitochondrial membrane (OMM) enzyme carnitine palmitoyl transferase 1 (CPT1), which
is in turn regulated by peroxisome proliferator-activated receptor-oc (PPAR«) [121,126-129].
PPAR« activation induces transcription of lipolytic genes in the mitochondria (CPT1),
peroxisomes (acyl-CoA oxidase, ACOX), and cytochromes (Cyp4A family) [126,130,131].
Reciprocally, hepatic PPAR« levels are regulated by glycogen synthase kinase 33 (GSK33)
via phosphorylation at its serine-73 residue (Ser73) [129]. GSK3p3-mediated phosphoryla-
tion of PPAR« promotes its ubiquitination and subsequent degradation, thereby decreasing
its lipolytic activity [129]. This is consistent with the observation that patients with MASLD
exhibit a diminished activity and expression of PPARc, which accounts for its involve-
ment in diet-induced hepatic steatosis [130,132]. Triglyceride export is another mechanism
that may contribute to intrahepatic lipid buildup. Apolipoprotein B100 (apoB100) and
microsomal triglyceride transfer protein (MTTP) are key regulators of this process. MTTP
facilitates lipid loading onto apoB100, enabling the maturation and secretion of VLDL.
VLDL particles are generated in the endoplasmic reticulum (ER) and are subsequently
sent to the Golgi apparatus, where they undergo maturation before being released into
the bloodstream through an ApoB100-dependent mechanism. However, excessive fatty
acid levels overwhelm ApoB100 secretion capacity, inducing endoplasmic reticulum (ER)
stress and promoting steatosis. This underscores the implication of genetic defects in MTTP,
and the ensuing alteration in triglyceride export, that account for the onset of MASLD and
the pathophysiological mechanisms responsible for aberrant intrahepatic lipid accumula-
tion [133]. Studies in the Han Chinese population demonstrated that MTTP polymorphisms
influence MASLD development. In a genetic murine MASLD model, high MTTP expression
reduces hepatic triglyceride levels via enhancing VLDL secretion. Similarly, diminished
ApoB100 levels results in decreased secretion of VLDL and promotes lipid accumulation
in hepatocytes. Additionally, patients with MASH exhibit lower ApoB100 synthesis, in-
dicative of a lower lipid transport rate, which could contribute significantly to advanced
steatosis and lipotoxicity in these patients [134]. Furthermore, buildup of saturated fatty
acids generates lipotoxic intermediates, such as diacylglycerols, which induce ER stress and
ROS production, recognized for their direct participation in MASH pathogenesis [135-137].
In addition, SFAs bind to Toll-like receptor 4 (TLR4), triggering pro-inflammatory NF-«B
signaling and exacerbating mitochondrial dysfunction [136]. Delineating the physiological
derangements in pathways of lipid metabolism that occur in MASLD provides mechanistic
insights that could be exploited in the context of therapeutic interventions.
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3.2.2. Oxidative Stress and Mitochondrial Dysfunction

Excess lipid buildup in hepatocytes enhances mitochondrial lipolysis and 3-oxidation,
leading to increased ROS production within the respiratory chain. The resulting increase in
ROS levels disrupts mitochondrial integrity by increasing membrane permeability and im-
pairing mitochondrial antioxidative defense mechanisms [138]. The ensuing ROS-mediated
mitochondprial injury initiates a self-perpetuating cycle of ROS production. In palmitic
acid-mediated lipotoxicity, the mitochondrial protein Sab interacts with JNK, causing
electron transport chain (ETC) dysfunction, amplified ROS production, and eventually
initiation of apoptosis [139]. Accumulated ROS activates the mitochondrial apoptosis
pathway by opening the mitochondrial membrane permeability transition pore (MPTP).
Subsequently, the uncoupling of the electron transport chain occurs, and ATP production is
disrupted. The release of cytochrome ¢, which combines with apoptosis activator factor-1
(Apaf-1), subsequently activates caspase-9 and caspase-3, thereby inducing cell death [140].
The voltage-dependent anion channel (VDAC) plays a key role in sensing lipotoxicity by
altering outer mitochondrial membrane permeability. Reduced GSK3-mediated phospho-
rylation of VDAC promotes calcium and water influx, leading cytochrome c release and
apoptosis. In addition, oxidative stress overwhelms the body’s antioxidant defense system
leading to peroxidation of membrane lipids by polyunsaturated fatty acids. This increases
the production of ROS and reactive nitrogen species (RNS), which contribute to further
tissue damage as they diffuse into the surrounding extracellular space [141,142].

In both mice and humans, mitochondrial respiration is initially augmented in hepatic
steatosis. For instance, patients with MASH display a higher degree of mitochondrial
uncoupling, proton leakage, structural alterations, and diminished mitochondrial function,
leading to disproportionate hepatic oxidative stress [143,144]. Noteworthy, mitochondrial
autophagy (mitophagy) ensures the maintenance of metabolic and energy homeostasis by
selectively eliminating mitochondria that generate excessive amounts of ROS [145]. This
can hold important implications in treating MASLD. Moreover, cAMP-response element-
binding protein H (CREBH), a key regulator of hepatic lipid metabolism has emerged as a
promising therapeutic target as it enhances mitochondrial resistance to oxidative stress and
inflammation in MASH [146].

Damage-associated molecular patterns (DAMPs), such as high mobility group box-1
protein (HMGB), released as a consequence of ROS-induced tissue injury, bind to TLR4
on Kupffer cells (KCs) [147]. This triggers NF-«B signaling, leading to proinflammatory
cytokine release, thereby amplifying the inflammatory response. Moreover, DAMPs can
also bind to TLR9 on KCs, amplifying TLR9-dependent ROS synthesis, further perpetuat-
ing a pro-inflammatory vicious cycle [148]. These findings underscore the contribution of
ROS-induced hepatic injury and mitochondrial dysfunction in the metabolic and patho-
physiologic impairments observed in patients with MASLD.

3.2.3. Hepatic Inflammation and Immune Response

Lipid accumulation in the liver causes lipotoxicity that in turn fosters a proinflam-
matory environment and steatohepatitis. The inflammatory response in MASH involves
both the activation of liver immune cells and the recruitment of bone-marrow-derived
myeloid cells [149]. ER stress can be propagated to neighboring hepatocytes via Connexin
43 channels as demonstrated in mice fed a high-fat diet [150,151]. Other players involved in
sensing and controlling this metabolic and inflammatory process include inositol-requiring
enzyme 1 alpha (IRE1x) and c-Jun N-terminal kinase (JNK) [152]. ER stress has been shown
to drive the inflammatory response through the secretion of ceramide-enriched vesicles in
a IRElx-dependent mechanism [153].
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Intracellular pattern-recognition receptors (PPRs), such as the NOD-like receptor
protein-3 (NLRP3), play an important role in cytokine production in hepatocytes and
immune cells. These receptors are primarily activated by microbial signals and DAMPs
[e.g., adenosine triphosphate (ATP)]. Saturated fatty acids also activate the NLRP3 in-
flammasome, inducing the release of major proinflammatory cytokines, including IL-13
and IL-18 [154]. Inhibition of NLRP3 with sulforaphane improves high-fat diet-induced
steatosis in mice, highlighting the role of this pathway in steatosis [155]. In addition,
NOD-like receptor protein-6 (NLRP6), caspase activation and recruitment domain (CARD),
and TLR signaling are also implicated in this process [156,157]. Moreover, B cells play an
important role in the adaptive immune response that mediates hepatic inflammation by
secreting profibrotic cytokines such as TNF-o« and IL-6 and contributing to the formation of
effector memory CD4* and CD8" T-cells in the liver [158,159]. Activation of these inflam-
matory pathways accelerates steatohepatitis progression, mediated by TNF-«, IL-1, IL-6,
and IL-11, as supported by the amelioration of steatohepatitis in mice by inhibiting IL-6
and IL-1 [160-162].

Activated liver-resident Kupffer cells aggravate the inflammatory reactions [163]. In
response to Kupffer cell-derived TNF-o and chemokine (C-C motif) ligand 2 (CCL2), innate
immune cells such as macrophages and neutrophils migrate into the liver [164-166] to pro-
duce factors that promote steatohepatitis [e.g., neutrophil extracellular trap (NET)] [167],
or to protect against it (e.g., macrophage-derived osteopontin) [168]. Antigen presenting
cells are tightly associated with the ensuing inflammatory response in MASH, as evi-
denced by the abundance of dendritic cells and monocytes in hepatocytes of patients with
MASH [166,169]. Type 1 conventional dendritic cells (cDC1) are responsible for inflamma-
tory T-cell polarization [170]. The number of XCR1+ conventional type-1 dendritic cells
increases in the liver and blood of mice and patients with MASH, and their genetic ablation
curtails disease progression in mice [157]. Recent findings indicate that CXCR6+ cytotoxic T
cells, activated by IL-15 rather than traditional antigen presentation, become more sensitive
to metabolic triggers like acetate and extracellular ATD, thereby aggravating steatohepatitis
in mice [171]. In MASLD, diverse metabolic changes lead to the conversion of regulatory
T cells into T helper (TH) 17 cells [172]. This process is associated with elevated levels
of IL-17, which correlates with specific inflammatory markers, particularly eotaxin, pro-
duced by smooth muscle cells and indicative of early atherosclerosis [173]. Conversely,
the absence of cytotoxic T cells in mice has been shown to protect against diet-induced
steatohepatitis [174]. This body of findings establishes the pathological involvement of
innate immune cells and TH17 cells in mediating the inflammatory injury to hepatocytes in
MASLD. Targeting these implicated mediators could be judicious in the context of MASLD
prevention and treatment.

3.2.4. Fibrosis and Progression to Cirrhosis

Unresolved inflammatory responses and the activation of adaptive immune cells in
the liver drive fibrosis, tissue dysfunction, and tumorigenesis. Hepatic stellate cells (HSCs),
located in the subendothelial space of Disse, play a major role in maintaining liver integrity
and vitamin A storage and secretion [175]. Activation of HSCs and their transformation
into fibrogenic contractile myofibroblasts lead to scar tissue formation [176]. Excessive
levels of fibrotic scar tissues lead to irreversible liver injury. Delineating the pathways
governing HSC-mediated fibrinogenesis promises significant therapeutic applications [177].
Transforming growth factor-beta (TGF-f3) is a potent pro-fibrogenic cytokine produced
by hepatic macrophages. In patients, hepatocytes produce bone morphogenic proteins
(BMPs), such as BMP8B and BMP9, which are members of the TGF-f3 superfamily. A
key study demonstrated that exogenous BMP9 administration ameliorates liver disease
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in a CCl4-induced mouse model of hepatotoxicity, while BMP8B deficiency resulted in a
significant reduction in liver fibrosis [178,179]. These findings highlight the importance of
these proteins as potential therapeutic targets in liver disease management.

The activation of HSCs is mediated by various immune-dependent signals, including
activation (phosphorylation) of the TGF-f3/SMAD signaling pathways [180-182]. The
depletion of retinol coupled with the accumulation of free cholesterol sensitizes HSCs to
TGEF- signaling [183]. Moreover, PDGEF, IL-1f3, IL-6, and TNF-«, secreted by macrophages
and T-cells, play a prominent profibrotic role [184-186]. Initially, IL-17A was thought
to directly activate HSCs based on in vitro stimulation assays. However, more recent
findings suggest that IL-17A instead prompts the proliferation of fibrogenic CD9+TREM2+
macrophages, driving hepatic fibrosis [187-190]. In addition, adipokines, like leptin and
adiponectin, are also involved in the pathogenesis of hepatic fibrosis. While adiponectin
exhibits robust antifibrotic properties, leptin is chiefly profibrogenic. Conversely, nuclear
receptors, such as liver X receptor (LXR), farnesoid X receptor (FXR), and peroxisome
proliferator-activated receptors (PPARYy and PPARS), inhibit the activation of HSCs and
fibrosis. Persistent inflammation eventually progresses to irreversible chronic inflammation,
impairing liver repair and leading to extensive extracellular matrix deposition and fibrosis.
Therefore, targeting these pathways may be an effective approach to slow the pro-fibrotic
progression of liver injury.

3.3. Risk Factors and Their Impact on MASH Progression

Metabolic dysfunction is a central hallmark of MASLD pathogenesis, which is often
regarded as the hepatic manifestation of metabolic syndrome [191]. The growing global
obesity pandemic is paralleled by a remarkable increase in the incidence of MASLD. The
concurrent surge in these metabolic diseases is largely attributed to overnutrition and to a
sedentary lifestyle [192]. Notably, more than 70% of patients with T2D develop MASLD.
Reciprocally, more than 20% of patients with MASLD present with T2DM, suggesting
shared pathophysiological mechanisms [193,194]. The establishment of the role of in-
sulin resistance in the pathogenesis of MASLD was originally proposed by Marchesini
et al. [195]. Elevated serum insulin levels are strongly associated with hepatic ballooning
and lobular inflammation [196]. Insulin resistance and chronic hyperinsulinemia induce
intrahepatic fat accumulation by promoting de novo lipogenesis, partly through transcrip-
tional upregulation of lipogenic genes expression by activating SREBP-1c. In addition,
insulin resistance increases fatty acid mobilization from adipocytes eventually reaching
the hepatocytes through the portal circulation [122]. Other inflammatory pathways are
also critical in the development of hepatic insulin resistance. Interestingly, constitutive
activation of nuclear factor kappa-B kinase subunit beta (IKK-f3) in mice leads to hepatic
insulin resistance, whereas hepatocyte-specific IKK-$ knockout mice do not develop hep-
atic insulin resistance in response to sustained high-fat intake [197,198]. IKK-{ activation
is driven by oxidative stress and proinflammatory cytokines, particularly TNF-«, both
of which are remarkably elevated in patients with MASLD. In addition, the activation of
both protein kinase C epsilon (PKC-¢) and c-Jun N-terminal kinase 1 (JNK1) inhibit the
phosphorylation of insulin receptor substrates (IRS-1 and IRS-2), blunting insulin signaling.
Dyslipidemia is another important risk factor for MALSD, affecting ~70% of patients with
MASLD and MASH. Dyslipidemia is characterized by a state of elevated triglyceride (TG)
levels and decreased high-density lipoprotein cholesterol (HDL-C) [199]. Interestingly, the
extent of visceral adipose tissue (VAT) is significantly associated with hepatic steatosis in
patients with MASLD [200]. Chronic dyslipidemia upregulates the expression and activity
of SREBP-1¢, leading to hepatic lipid accumulation [201]. Moreover, insulin resistance
in patients with T2D impairs lipid metabolism, dyslipidemia, oxidative stress, and mem-
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brane lipid peroxidation, accelerating the progression of MASLD to advanced stages of
liver disease. The apolipoprotein B/apolipoprotein Al (ApoB/Al) ratio has also emerged
as a valuable predictor for cardiovascular disease risk and is associated with MASLD
prevalence [201,202]. Diet, weight gain, and sedentary lifestyle are well-established risk
factors for MASLD. High fructose intake, from sweetened beverages and processed foods,
is closely associated with MASLD development and progression [203]. In fact, one of the
major dietary constituents involved in liver disease progression from MASLD to MASH
is fructose as it promotes hepatic fat deposition and fibrosis [204,205]. This stems from
its lipogenic role in serving as a substrate that fuels de novo lipogenesis in part by stimu-
lating lipogenic enzymes transcription via SREBP1c and ChREBP [206,207]. The release
of non-esterified fatty acids (NEFA) from VAT is a major contributor to hepatic steatosis.
Accordingly, obesity is another important risk factor for MALSD and metabolic diseases.
In obesity, elevated levels of circulating FFAs from VAT and subcutaneous adipose tissue
(SAT) alter hepatic lipid metabolism to contribute to insulin resistance in hepatocytes
and skeletal muscle cells and promote dyslipidemia. This highlights the importance of
lifestyle modifications (i.e., dietary changes and increased physical activity) as essential
components of MASLD therapy [208]. Other non-modifiable risk factors include advanced
age (>60 years), which is associated with a more severe disease phenotype, characterized
by a higher incidence of fibrosis. Moreover, single-nucleotide polymorphisms (SNPs) in the
PNPLAS3 gene, which regulate triacylglycerol breakdown in adipocytes, are closely linked
to MASLD susceptibility [6,209].

Patients with MASLD exhibit an increased risk of CVD, as supported by two inde-
pendent findings. First, metabolic manifestations in MASLD including T2D, dyslipidemia,
hypertension, and obesity, all of which are independently linked to increased CVD. Re-
markably, patients with MASLD with concurrent T2D are likely to exhibit the worst prog-
nosis, although some studies rule out this association [210]. Other cross-sectional studies
demonstrated an existing correlation between MASLD and atherosclerosis independent
of T2D [211]. A recent study examining the link between atherosclerotic cardiovascular
disease (ASCVD) risk scores and overall and cardiac-specific mortality rates in MASLD
patients indicates that ASCVD is associated with a higher risk of both overall and cardiac-
specific mortality [212]. Other studies suggest that the heightened risk and mortality
rates from CVD may be due to advanced fibrosis (Stage 3 or 4) and T2D, independent of
MASLD [213-216]. On the other hand, individuals with MASLD with viral hepatitis or who
consume alcohol moderately exhibit a higher 10-year CVD risk compared to those with
MASLD alone. This suggests that the impact of MASLD on CVD risk may be influenced by
additional factors related to hepatic injury. Understanding the shared pathophysiological
mechanisms between these diseases is crucial, as targeting one disease pathway could
provide collateral benefits for treating the other comorbidities. Several interconnected
pathophysiological pathways may link MASLD and T2D to an increased CVD risk, includ-
ing a proatherogenic lipid phenotype, increased prothrombotic factors, insulin resistance,
endothelial dysfunction, increased oxidative stress, low-grade inflammation, and intestinal
dysbiosis [8,217-220]. ROS generation, secondary to hepatic inflammation, also plays
a key role in the development of atherosclerotic lesions and disease progression. ROS
induce endothelial cell dysfunction and vascular smooth muscle cell proliferation [221,222].
Moreover, insulin resistance and chronic hyperglycemia trigger aberrant ROS production,
impairing vascular endothelial cells and accelerating smooth muscle cell proliferation,
thereby fueling atherogenesis [223]. In addition to the role of inflammation in endothe-
lial dysfunction, it is also responsible for decreased vascular tone and vascular plaque
development. The prevalence of lean MASLD is approximately 8.4% of total MASLD
reported cases. This diagnosis requires both evidence of hepatic steatosis and the occur-
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rence of metabolic dysregulation, defined by the presence of at least two risk factors (i.e.,
increased waist circumference, hypertension, low serum HDL levels, high cholesterol
levels, hypertriglyceridemia, hyperglycemia, insulin resistance, and chronic subclinical
inflammation) [224-226]. A noteworthy study evaluated the importance of anthropometric
measurements, including height, weight, body mass index (BMI), and circumference of
various body parts (e.g., waist and hips), in predicting long-term outcomes of patients
with MASLD. Stratifying MASLD patients by BMI and waist circumference has proven
to be a more accurate prognostic biomarker. Notably, MASLD patients with lean BMI but
obese waist-to-hip ratio have a significantly higher risk of mortality due to hypertension,
hyperlipidemia, T2D, and insulin resistance. In addition, CVD mortality risk is nearly three
times higher in individuals with lean BMI and obese waist circumference compared to
those with overweight BMI and normal waist circumference. These findings reinforce the
link between CVD-associated MASLD mortality and highlight the need for personalized
therapeutic management based on individual body composition. Moreover, assessment of
waist circumference should be incorporated in clinical practice [7].

4. Common Risk Factors and Pathways

Mounting evidence indicates a pathophysiological link between MASLD and
atherosclerosis, although the shared mechanism(s) underlying concurrent disease pro-
gression is (are) yet to be elucidated. However, several overlapping etiologies have been
identified. A strong association between MASLD and endothelial dysfunction, the chief
hallmark of atherosclerosis, has been established [227]. Fetuin-A, an insulin signaling
inhibitor that serves as a metabolic syndrome diagnostic biomarker, was found to be
positively correlated with endothelial dysfunction and carotid artery atherosclerosis in
a study involving 115 MASLD patients [228]. A separate report showed a significant
decrease in brachial artery flow medial dilatation (FMD) in a sample of 52 patients with
MASLD [229]. Moreover, a direct association between reduced NO in endothelial cells,
impaired vasodilation, increased oxidative stress, increased inflammation, and endothelial
dysfunction was demonstrated in MASLD. At the level of the endothelium, inducible nitric
oxide synthase (iNOS) and endothelial nitric oxide synthase (eNOS) are responsible for
nitric oxide production, a major regulator of vascular tone. In a stressful physiological
milieu, NO is produced via eNOS and iNOS [230]. Evidence suggests that iNOS activation
is more common in inflammatory conditions and can exacerbate insulin resistance and
hyperglycemia, increase oxidative stress, and downregulate eNOS, all of which can lead
to endothelial dysfunction. Abnormal eNOS activity was reported in insulin resistance,
leading to low NO production [231,232]. Endothelial dysfunction in hepatic sinusoids
triggers hepatic stellate and Kupffer cell activation [233,234]. Upon their activation, stel-
late and Kupffer cells produce several prothrombotic factors and recruit neutrophils and
platelets, all of which partake in sinusoidal microthrombus development and parenchymal
extinction, hence accelerating the evolution of fibrosis [235,236]. Therefore, endothelial
dysfunction is not only a principal contributor to atherosclerosis, but also a key indicator of
MASLD severity. In fact, a recent study documented increased levels of VCAM-1, NOX2
activity, endothelial progenitor cells, fetuin-A, and carotid artery intima media thickness
(CIMT) in patients with MASLD [237]. In early-stage MASLD, inflammation acts as a
critical bridge between liver fibrosis and atherosclerosis. Through oxidative stress and
inflammation, neutrophils accelerate atherosclerosis and contribute to plaque instability.
Epicardial adipose tissue produces pro-inflammatory molecules, including IL-13, IL-6,
MCP-1, and TNF-&, which contribute to myocardial inflammation in the early stages and
to atherosclerosis in the later stages [238]. In a similar manner, disrupting insulin intracel-
lular signaling of inflammatory pathways, mainly IKK/NF-«B and JNK/AP1 pathways,
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plays a key role in MASLD progression [239]. These pathways induce the production
of hepatic CRP that stimulates NF-kB which further disrupts insulin signaling. More-
over, it was found that hepatic lipid accumulation leads to inflammation and activation
of NF-kB. The latter induces the transcription of proinflammatory genes and cytokine
production to lead to insulin resistance and MASLD [227]. Furthermore, inflammation
leads to ROS production that, in turn, mediate the oxidation of polyunsaturated fatty
acids to 4-hydroxy-nonenal (HNE), malonyl-aldehyde (MDA), and 4-oxy-2-nonenal (ONE).
These markers are not only found in patients with MASLD but are also associated with
vascular damage [240]. Caimi et al. investigated the link between metabolic syndrome and
oxidative stress by assessing lipid peroxidation, measured as thiobarbituric acid-reactive
substances (TBARS), nitric oxide metabolites (nitrite + nitrate) expressed as NOx, and their
ratio TBARS/NOx in 106 patients with metabolic syndrome. In comparison to controls,
the results revealed higher TRABS and NOx levels as well as lower TRABS/NOx ratio.
This implies that redox and inflammatory status are important contributors, as there is a
correlation between lipid peroxidation and inflammation in this group of patients [241].
When pro-inflammatory transcription factors like NF-«B and activator protein-1 (AP-1) are
activated in adipocytes of obese individuals, inflammatory cytokines like TNF-«, IL-1f3,
and IL-6 are released. This creates a vicious cycle because the release of these cytokines
increases ROS production [242,243].

Many studies focused on uncovering the mechanism by which central obesity causes
oxidative stress. Obesity is marked by nutritional excess, adipocyte hypertrophy, and
release of inflammatory molecules related to PKC and polyol pathways, which induce
NADPH oxidase (NOXSs), nitric oxide synthase, uncoupled endothelial NOS (eNOS), and
myeloperoxidase activation. The resulting alteration in adipocyte’s function affects the
transcription of inflammatory factors, leading to oxidative stress and inflammation that
subsequently halt antioxidant defense mechanisms. The product of this functional change
is metabolic dysfunction [244].

Insulin resistance is associated with both MASLD and atherosclerosis. Under home-
osteatic conditions, insulin binds to its receptor on endothelial cells and maintains vas-
cular tone for proper tissue perfusion by promoting NO-dependent vasodilation and
Endothelin-1-dependent vasoconstriction via PI3K and MAPK pathways, respectively. In
the insulin-resistance state, insulin favors the MAPK/ET-1 pathway over the PI3K/NO
pathway, tipping the balance towards more vasoconstriction with decreased endothelial
vasodilation and endothelial dysfunction [11,245]. Likewise, the p38MAPK pathway is
implicated in the development and progression of atherosclerosis. Smooth muscle cell
proliferation, macrophage activation, and monocyte chemotaxis are among the processes
that are activated by p38MAPK in several cell types typically found in atherosclerotic
plaques. This pathway contributes to the spread of plaques in atherosclerotic disease [246].
Supporting data to this association was presented by the finding that metformin, an antidi-
abetic medication used to enhance insulin sensitivity in the liver of patients with insulin
resistance, decreases ET-1 and increases NO blood levels. It was also shown that metformin
therapy for 3 years reduces major cardiovascular complications significantly in patients
with T2D [247]. Furthermore, insulin resistance downregulates lipoprotein lipase (LPL) and
hepatic lipase (HL), leading to lipid profile disturbances and culminating in atherogenic
dyslipidemia. As previously mentioned, insulin halts the activity of both lipases. These
enzymes function in the catabolism of triglyceride rich lipoproteins [248]. This malfunction
causes an increase in triglyceride and LDL and a decrease in HDL level, which is often
reported in MASLD. Patients with MASLD exhibit a dose-dependent rise in fasting blood
triglycerides and a fall of serum HDL, indicating a distinct pathophysiologic relationship
between insulin resistance, dyslipidemia, and MASLD [227]. A recent study was carried
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out on a population of newly diagnosed insulin-sensitive patients with familial combined
hyperlipidemia. The prevalence of hepatic steatosis in the study sample was 75%, and a
markedly increased risk of atherosclerotic disease was observed in cases presenting with
liver fibrosis [199]. Patients with MASLD exhibit high levels of triglycerides and LDL
in addition to low HDL levels [249,250]. This lipid profile is associated with increased
CETP activity, an enzyme that transfers cholesterol esters from HDL to VLDL and LDL in
exchange for triglycerides. In MASLD, the activity of CETP is enhanced, leading to hyper-
triglyceridemia and the consequent production of larger VLDL particles. These particles are
metabolized into atherogenic particles, small dense LDL and small HDL. Due to their small
size, they have the capacity to pass through the endothelial layer more easily, initiating
plaque formation in arteries [251]. Moreover, TGF-f3, a key profibrogenic molecule, is a
primary driver of hepatic fibrosis. In fact, it has a direct influence on hepatic stellate cell
activation, transforming them into collagen-secreting myofibroblasts, promoting fibrogene-
sis. TGF-{3 also has a fibrotic role in the myocardium; when fibrosis develops in the heart,
the injured myocardium releases pro-fibrotic substances such as angiotensin II, TGF-f1,
and IL-1f3, which combined perpetuate the inflammatory cycle [251]. Moreover, patients
with atherosclerosis exhibit elevated levels of TGF-f31 and the long non-coding RNA-ATB
(IncRNA-ATB), suggesting that these markers could be a useful diagnostic marker for
atherosclerosis [252]. Thus, TGF-B1 emerges as a critical pathophysiological link, tethering
hepatic fibrosis to atherosclerosis.

5. Loss of CEACAM1 Links Hepatic Fibrosis to Atherosclerosis
5.1. MASLD and Atherosclerosis: Twin Diseases

MASLD and atherosclerosis are often interconnected, representing different manifes-
tations of the same underlying disease. MASLD involves fat buildup in the liver, while
atherosclerosis is marked by fat accumulation in blood vessels. Hepatic inflammation, espe-
cially in MASH, is strongly linked to increased atherosclerosis compared to simple hepatic
steatosis [253-255]. MASLD, a liver-related feature of metabolic syndrome [9,256-258],
includes conditions like abdominal obesity, dyslipidemia, hypertension, insulin resistance,
and glucose intolerance [259,260]. About 90% of MASLD patients exhibit one or more
of these metabolic abnormalities, and 33% meet the full criteria for MetS [261,262]. This
raises death risk, primarily due to CVD or liver complications [263,264]. The strong connec-
tion between MASH and atherosclerosis highlights the role of the liver in cardiovascular
health, but the cause—effect relationship between these two health conditions remains
elusive [265,266]. Identifying the mechanisms linking these diseases is key to developing
better therapeutic strategies. Factors like insulin resistance, inflammation, lipid disorders,
oxidative stress, and systemic release of oxidized LDL cholesterol may contribute to both
conditions [256,267]. In insulin resistance, the liver and adipose tissue become targets
and contributors to systemic inflammation, with increased lipolysis-derived NEFA and
pro-inflammatory cytokines such as IL-6 and TNF-o [260]. Due to the heightened cardio-
vascular risk in MASLD patients, a multidisciplinary approach is critical to manage these
interconnected cardiometabolic disorders effectively.

5.2. CEACAMI1—Its Loss Links Reduced Insulin Clearance to MASH

In the liver, CEACAM]I, a plasma membrane glycoprotein, belongs to a family of
proteins containing four immunoglobulin-like (Ig) structures in its extracellular domain. It
is ubiquitously expressed in many cell types, most predominantly in hepatocytes, followed
by renal proximal tubule cells, the main sites of insulin clearance.

In hepatocytes, CEACAM]1 is mainly expressed as two alternative spliced isoforms
that differ by the length of their cytoplasmic tail (72-74 vs. 10-12 amino acids depending on
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species) and in their subcellular localization. In contrast to the short isoform (CEACAM1-
4S), the long (CEACAMI1-4L) contains two tyrosine sites (Y493 and Y520 in humans) within
the well-conserved immunoreceptor tyrosine-based inhibitory motifs (ITIMs). While the
expression of the short isoform is restricted to the bile canalicular domain of hepatocytes,
CEACAMI1-4L is mainly expressed in the sinusoidal domain in the space of Disse [268,269].
This localization of CEACAM1-4L positions it to undergo phosphorylation on Y493 (Y488
in rodents) by the insulin receptor tyrosine kinase upon its activation by insulin that is
passively transported through the fenestrae of the capillaries lining the sinusoid [10,17].
CEACAMI1-4L phosphorylation causes it to partake in the insulin-receptor complex to
increase the rate of insulin targeting to its lysosomal degradation process in hepatocytes.
This promotes insulin clearance, which, together with insulin secretion, serves to maintain
the physiologic levels of insulin that reach peripheral target tissues and ensure proper
insulin action (Figure 1).

Insulin

CEACAM1-4L
©
®
\/
pCEACAM1-INSR
complex
INSR
9oz \O Qe
O
O
Hepatocyte

Figure 1. Upon its phosphorylation (-p) on tyrosine 488 (Y488) by insulin-activated insulin receptor
tyrosine kinase (INSR) (1), CEACAMI1 partakes in the insulin-INSR internalization complex (2). This
stabilizes the complex and increases the rate of cellular uptake of insulin and its targeting to the
lysosomal degradation process to be cleared.

The role of CEACAMI1-4L in insulin clearance is tightly associated with its role in me-
diating a suppressive effect on FASN activity by acutely secreted insulin [270]. Following its
endocytosis, phosphorylated CEACAM1-4L binds to cytoplasmic FASN, an event that de-
taches it from the insulin-receptor complex to allow insulin’s dissociation from its receptor
to undergo lysosomal degradation in late endosomes, as the receptor is recycled back to the
plasma membrane. Binding of CEACAM1-4L to FASN causes suppression of its enzymatic
activity, demonstrating that acutely, insulin exerts an anti-lipogenic effect in hepatocytes,
as opposed to the well-accepted lipogenic effect of chronic hyperinsulinemia [270,271].

It is commonly believed that reduced insulin clearance plays a compensatory mecha-
nism alongside insulin hypersecretion to prolong the function of pancreatic 3-cells. Con-
versely, reduced insulin clearance has emerged in recent years as a risk factor for MetS
and MASLD, particularly among Native Americans, African Americans, and Hispanic
individuals of Mexican descent [272,273]. This is based on the notion that reduced insulin
clearance drives chronic hyperinsulinemia, which in turn causes hepatic insulin resis-
tance (by downregulating the insulin receptor) and promotes de novo lipogenesis and,
subsequently, hepatic steatosis.
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Bril et al. [274] and Watada et al. [275] have demonstrated that in patients with MASLD,
hyperinsulinemia is mainly due to impaired insulin clearance, rather than aberrant insulin
secretion. In a cohort of 1019 subjects from the second Portuguese prevalence study of type 2
diabetes (PREVADIAB2), we recently reported that circulating CEACAM]1 levels decreases
in parallel with reduced insulin clearance as the disease progresses from normoglycemia to
hyperglycemia, concomitant with an increase in fatty liver index [276]. Consistent with a
critical role for CEACAM1 in insulin and lipid metabolism, hepatic CEACAM]1 levels are
lower in obese individuals with insulin resistance and hepatic steatosis than age-matched
insulin sensitive subjects, with the extent of fat accumulation being directly correlating
with the degree of CEACAM1 reduction [18,19]. Furthermore, CEACAMI1 protein levels
are significantly lower in primary hepatocytes of obese individuals with steatotic livers
compared to age-matched lean controls, indicating an inherent loss of hepatic CEACAM1
in obesity [18]. Hepatic CEACAM]1 expression is significantly downregulated in patients
with MASH and further declines in hepatocytes and liver sinusoidal endothelial cells as
hepatic fibrosis advances [277]. Moreover, hepatic CEACAM]1 levels are notably reduced
in liver biopsies of obese South Korean subjects presenting with insulin resistance and
microvesicular steatosis, even in the absence of T2D [19]. These findings underscore
the need to delineate the mechanistic involvement of CEACAMI in the pathogenesis of
insulin resistance driven by impaired insulin clearance and associated comorbidities [278].
Notably, patients with T2D are more likely to present with concomitant hepatic steatosis
and reduced insulin clearance compared to their non-diabetic counterparts [279]. Insulin
clearance in these patients is rescued via PPARy agonists, possibly through a CEACAM1-
dependent mechanism, given the established role of PPARY as a transcriptional inducer
of CEACAMI1 expression in hepatocytes and HSCs [280-282]. It is intriguing that the
insulin sensitizers PPARy agonists or secretagogues (GLP-1 receptor agonists) activate
CEACAM1 transcription [281,283], thus suggesting that inducing CEACAM1 expression
could constitute an effective targeted therapy.

Additionally, recent findings have underscored the interplay between elevated plasma
NEFA, hepatic CEACAMI expression, and impaired insulin clearance in the etiology of
metabolic disease [271]. For instance, short-term exposure to a Western-style diet rapidly im-
paired insulin clearance and induced early hepatic insulin resistance in healthy South Asian
men but not in their Caucasian counterparts, highlighting population-specific metabolic
response to diet and predisposition to metabolic disease [284]. This reduction in insulin
clearance was associated with increased NEFA levels, emphasizing the role of lipolysis-
derived NEFA release in mediating CEACAM1 downregulation [271]. Mechanistically,
NEFA likely suppress CEACAMI expression via a PPARx-dependent pathway, initiat-
ing a vicious cycle wherein impaired insulin clearance causes hyperinsulinemia, further
exacerbating insulin resistance and hepatic steatosis [285].

5.3. Repositioning CEACAM1 as a Critical Immunometabolic Regulator

In addition to its established regulatory role in insulin and lipid metabolism, CEA-
CAM1 is also implicated in inflammation, particularly under states of nutritional excess.
The homeostatic immuno-metabolic network, coupling hepatic lipid accumulation with
inflammatory signaling, is orchestrated by the CEACAM1—CD36 axis [286]. This so-
phisticated molecular bridge governs fatty acid and lipopolysaccharide uptake, thereby
influencing lipid droplet formation and modulating inflammatory responses in the liver.

CEACAMLI serves as a crucial immunological signaling mediator. It orchestrates
immune and non-immune processes through both homophilic and heterophilic interactions.
When CEACAM1-4L undergoes tyrosine phosphorylation by SRC-family kinases, ITIMs
recruit SH2 domain-containing phosphatases, transducing inhibitory signaling cascades in
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T-cells [287]. Conversely, the short isoform (CEACAM1-4S) lacks ITIMs and is therefore
associated with non-inhibitory responses to exert a pro-inflammatory response. CEACAM1-
4L has been implicated in immunosuppression and cancer immune evasion via interaction
with TIM-3, partaking in checkpoint-mediated immune inhibition. Additionally, pathogen—
CEACAM1 interaction facilitates microbial host invasion and immune bypass [287]. This
corroborates CEACAM1’s function as a key immunoregulatory molecule and a potential
therapeutic target in inflammatory diseases [288].

Moreover, CEACAM1-4L expression in neutrophils modulates ischemia-reperfusion
injury (IRI) during orthotopic liver transplantation. Specifically, elevated neutrophil
CEACAMI1-4L expression is associated with reduced NETosis, improved graft function,
and lower rates of allograft rejection. Therefore, targeting CEACAM1-related pathways
hold promises of mitigating aberrant inflammatory responses in the context of IRI, po-
tentially improving organ transplant outcomes [289]. Aberrant alternative splicing of
CEACAM1 disrupts the equilibrium between its L and S isoforms, driving aberrant inflam-
matory responses, immune evasion, and tumor progression. Antisense oligonucleotides
represent a promising strategy to therapeutically tip the splicing balance towards the
immunoregulatory CEACAM1-4L isoform [290-292].

In the vasculature, CEACAML1 is involved in maintaining endothelial barrier integrity,
facilitating nitric oxide signaling, and promoting angiogenesis. The proinflammatory
cytokine TNF-« significantly upregulates CEACAM]1 in endothelial cells via NF-«B and
(-catenin signaling, contributing to endothelial dysfunction and aging-associated inflam-
mation [293]. CEACAM1 emerges therefore as a promising therapeutic target in the context
of age-related cardiovascular disease.

In sum, CEACAM]1 serves as a critical immune-metabolic regulator, integrating lipid
trafficking, endothelial function, and inflammatory response. This underscores the potential
contribution of CEACAM]1 expression to multiple human disease processes.

5.4. CEACAMI1—Its Loss Links MASH to Atherosclerosis

Patients with MASLD/MASH are at higher risk for cardiovascular diseases, such as
atherosclerosis [294-297]. Furthermore, CEACAM1 levels are lower in hepatocytes (and
liver sinusoidal endothelial cells) of patients with MASH and as hepatic fibrosis stage
advances, in inverse relationship with plasma Endothelin-1 levels [298]. Similarly, rats
selectively bred with low aerobic capacity exhibit all of the cardiometabolic features of MetS
relative to those with high-aerobic capacity, including MASH [299] and atherosclerosis [300],
in parallel to their lower hepatic CEACAM1 expression [299,300]. Moreover, the phenotype
of cell-specific and global Cc1~/~ models closely recapitulate the phenotypic presentation
and pathophysiologic processes that occur in human MetS.

These observations have led to efforts to uncover potential CEACAM1-dependent
common molecular pathways that link these cardiometabolic conditions. Accordingly,
global (Cc1~/~ mice) and liver-specific deletion (i.e., AlbCre+Cc1"! mice) of the Ceacam1
gene cause chronic hyperinsulinemia, mainly due to decreased insulin clearance. This
is followed by hepatic insulin resistance, steatohepatitis, visceral obesity, and eventually
systemic insulin resistance [20,21]. Additionally, these mutations cause human MASH-
characteristic liver histology, including hepatic inflammation and fibrosis even when mice
are fed a regular chow diet [191,301]. They also lead to cardiovascular abnormalities such
as hypertension and endothelial and cardiac dysfunction [22,23]. Conversely, liver-specific
reconstitution of CEACAMI reverses insulin resistance with other features of metabolic
dysfunction and hepatic fibrosis in Cc1~/~ nulls, even when they are fed with a high-fat
diet [302]. It also reverses hypertension and cardiac and endothelial dysfunction, at least in
part resulting from curbing the hyperinsulinemia-driven release of Endothelin-1in Cc1~/~
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nulls [23]. This underscores the role of the loss of hepatic CEACAM1 in linking metabolic
to cardiovascular dysregulation [23,303].

AlbCre+Cc1"! mice bred on Ldlr~/~ background and fed with an atherogenic diet
developed chronic hyperinsulinemia due to impaired insulin clearance, high cholesterol
levels, a proinflammatory state, and increased oxidative stress [15]. They also developed
MASH (steatohepatitis, apoptosis, and fibrosis) and atherosclerotic plaque lesions. Mecha-
nistically, reduced hepatic insulin clearance caused by the loss of CEACAM1 in hepatocytes
led to hyperinsulinemia, which in turn drove the downregulation of the insulin receptor
and systemic insulin resistance including in the aorta. This was followed by impaired
Akt/eNOS and Shc/MAPK NF-kB pathways downstream of the insulin receptor, the
former suppressing NO production, and the latter stimulating that of Endothelin-1 to
shift the balance towards vasoconstriction, followed by portal hypertension and oxidative
stress [15], key mechanisms underlying hepatic fibrosis. This mouse model provides an
in vivo demonstration of how insulin resistance caused by hyperinsulinemia links MASH
to atherosclerosis when coupled with hypercholesterolemia (Figure 2). Thus, insulin re-
sistance, caused by impaired CEACAMI1-dependent hepatic insulin clearance pathways,
plays a key role in linking MASLD /MASH to atherosclerosis.
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Figure 2. Hepatocyte-specific deletion of CEACAMI1 links MASH to atherosclerosis. AlbCre+Cc1//!
mutant mice with conditional deletion of the Ceacam1 gene in hepatocytes were propagated on the
Ldlr~/~ background. Beginning at 4 months of age, mice were fed ad libitum a high-cholesterol
atherogenic diet for 2 months before they underwent metabolic phenotyping. Following sacrifice,
tissues were removed for histological and cell signaling analysis. It was determined that the mice
manifested concomitant presentation of MASH and atherosclerotic plaque lesions. An upward green
arrow indicates an increase, while a downward red arrow indicates a decrease.

However, the role of insulin resistance, independent of dyslipidemia, remains unclear.
Mice with endothelial-specific deletion of Ceacam1 bred on Ldlr~/~ background and fed
with an atherogenic diet developed hypercholesterolemia without insulin resistance. This
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led to vascular inflammation and hepatic and aortic fibrosis without an increase in atheroma
formation [304]. Mechanistically, this was marked by decreased NO bioavailability and
increased oxidative stress, caused by an impaired Akt/eNOS pathway downstream of the
VEGEF receptor. In addition, endothelial loss of CEACAM]1 led to the hyperactivation of
Shc/MAPK NF-kB signaling, followed by stimulating pro-inflammatory and pro-fibrogenic
events (including excessive production and Endothelin-1 secretion) that led to endothelial
dysfunction and aortic and hepatic fibrosis [304]. Nonetheless, these mice did not develop
hyperinsulinemia, insulin resistance, aortic steatosis, liver steatosis, or atheroma [304,305].
This highlights the pivotal role of hyperinsulinemia-driven insulin resistance in the devel-
opment of overt atherosclerosis and tissue steatosis. Collectively, these studies emphasize
that inflammation can drive fibrosis, but hyperinsulinemia and insulin resistance are central
to atherosclerosis progression and steatosis. This validates the use of insulin sensitizers to
prevent atherosclerosis progression in patients with insulin resistance and MASLD/MASH.
We posit that the efficacy of these drugs could be partly mediated by inducing CEACAM1
transcription [281,283].

6. Conclusions

This review presents CEACAMI as a master immuno-metabolic regulator, coordinat-
ing hepatic insulin and lipid metabolism, immune cell-response, and endothelial /vascular
physiology. The impairment of CEACAM1-related pathways contributes to the develop-
ment of insulin resistance, MASLD/MASH, hepatic and aortic fibrosis, and cardiovascular
disease. More specifically, impaired CEACAM1-dependent insulin clearance in hepatocytes
promotes hyperinsulinemia, causing insulin resistance and precipitating hepatic steatosis,
inflammation, and fibrosis, while also prompting endothelial dysfunction and vascular
plaque formation. Although these findings are yet to lead to tangible clinical application,
they lay a robust foundation for future interventions designed to target the immuno-
metabolic dysregulation characteristic of metabolic liver diseases and atherosclerosis [286].
We posit that research directed toward developing strategies targeting CEACAMI to
mitigate cardiometabolic disease burden will disrupt the vicious cycle of hyperinsulinemia-
induced hepatic and endothelial injury.
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Abstract: Non-alcoholic fatty liver disease (NAFLD) is a common and prevalent disorder affecting
25 percent of the adults in the United States and 32 percent of adults globally. It is one of the
common causes of chronic liver disease characterized by steatosis, which can lead to inflammation,
fibrosis, and cirrhosis. NAFLD is strongly associated with obesity and insulin resistance. Multiple
genetic variants have been consistently found to be associated with NAFLD; one of them is found in
the TMC4-MBOATY loci. One variant (rs641738 C>T) within MBOAT7 encoding lysophosphatidyl
inositol acyltransferase increases the risk for NAFLD development and triggers hepatic inflammation
by regulating arachidonic acid levels. This review provides an overview of the MBOAT7 gene,
pathogenesis of NAFLD, understanding the regulation of MBOAT7 and mechanistic link between
MBOAT7 and NAFLD. It further summarizes pathophysiologically relevant in vivo and in vitro
studies on MBOAT7 and challenges in treating complex NAFLD with recent progress made in the
treatment of NAFLD. As such, this review provides useful information on MBOAT7 and NAFLD
interrelation, which has the potential of deciphering novel therapeutic targets rather than well-known
genetic variants such as PNPLA3 and TM6SF2.

Keywords: non-alcoholic fatty liver disease; MBOAT?7; lipid metabolism; hepatic steatosis; fibrosis;
therapeutic targets; insulin resistance; pathogenesis

1. Introduction

NAFLD is a complex, multifactorial disease encompassing a broad spectrum of dis-
orders including hepatic steatosis, fibrosis, cirrhosis, and progression to hepatocellular
carcinoma and is strongly associated with metabolic syndrome including diabetes mellitus,
insulin resistance and obesity. Noteworthy, the total number of populations with non-
alcoholic fatty liver disease (NAFLD) exceeds the combined population with obesity and
diabetes mellitus globally [1]. In addition, multiple studies have established a strong associ-
ation between NAFLD and increased risk of cardiovascular diseases and its complications.
More importantly, NAFLD is recognized as an independent risk factor in cardiovascular
diseases [2]. These diseases share multiple pathophysiological features and are closely
interrelated in their progression.

According to histology, NAFLD is defined by the presence of hepatic lipid accumu-
lation in >5% of hepatocytes [2]. NAFLD has been predicted to be the most frequent
indication for liver transplantation by 2030 [3]. It further contributes to extra-hepatic
chronic complications and regulatory pathways [4]. The current gender-based prevalence
of NAFLD is approximately 30-40% in men and 15-20% in women [5].

Recent studies have identified several genetic susceptibility variants comprising of
single-nucleotide polymorphisms in PNPLA3 (rs738409), TM6SF2 (rs8542926), and LX-
PLAL1T (rs12137855) [6]. The contributions of the PNPLA3 polymorphism in NAFLD have
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been widely studied, while in contrast, the molecular biochemical mechanistic insights un-
derlying the MBOAT7 polymorphism are little understood [6]. Recently, the identification
of genetic variant rs641738 near two genes encoding the MBOAT7 gene and transmem-
brane channel-like 4 (TMC4) in determining the risk of NAFLD and its complications has
gained utmost importance and still needs further exploration for a targeted drug design
to treat complex NAFLD [7]. However, the available data presently suggest that TMC4
is not expressed abundantly in the human liver, and previous studies revealed that the
CRISPR/Cas9-mediated TMC4 knockout in mice does not provoke hepatic steatosis [8].
More importantly, it has been reported that MBOAT? loss of function alone promotes
liver disease progression via the accumulation of lysophosphatidylinositol lipids, thereby
highlighting the unique role of MBOAT7 in NAFLD pathogenesis [8].

MBOAY is a lysophophosphatidylinositol (LPI) acyltransferase preferentially trans-
ferring polyunsaturated fatty acids (PUFAs) to LPI. Emerging genome-wide association
studies reported that a genetic variant within the MBOAT7 gene is closely related to non-
alcoholic steatohepatitis (NASH), attributed to an increase in triglyceride synthesis through
canonical and non-canonical pathways of de novo lipogenesis [9]. This review summa-
rizes our knowledge of MBOAT7 and NAFLD association, which potentially opens new
avenues for drug design strategies to treat this multi-system disease. The selectivity of
MBOAT?7 for long PUFAs such as arachidonic acids suggests that an abundance of specific
phosphoinositols are regulated by MBOAT7 without alterations in total phosphoinositol
content [8].

2. MBOAT7 Gene—An Overview

The MBOAT?7 gene, also known as lysophosphatidylinositol acyltransferase 1 (LPLAT1),
is located on the long arm of human chromosome 19 (19q13.42) and encodes an enzyme
with a size of 472 amino acids. The protein is highly expressed in liver, heart, testis, and
adipose tissue, and has a molecular mass of 52,765 Da [10]. The MBOAT7 protein is a
highly conserved member of the membrane-bound O-acyltransferases family of integral
membrane proteins composed of six transmembrane domains present on the endoplasmic
reticulum, lipid droplets, and mitochondria-associated membranes (Figure 1) [10-12].

The encoded protein is a lysophosphatidylinositol acyltransferase having specificity
for the arachidonoyl-CoA acyl donor, involved in reacylation of phospholipids (PLs) as a
part of Land cycle (remodeling of PL) [9]. The lysophospholipid acyl transferase activity of
MBOATY7 preferentially incorporates arachidonic acid into PLs [9]. In the liver, MBOAT7
participates in the regulation of triglyceride metabolism through the phosphatidylinositol
acyl-chain remodeling regulation. MBOAT7 plays a unique role in Land’s cycle, in diversi-
fying the fatty acid composition of membrane phosphatidylinositol (PI) species and not
PLs with other head groups.

The two enzymatic reactions of the Land’s cycle include diacylation of unsaturated PLs
from the sn-2 position of PLs catalyzed by phospholipases and esterification of fatty acids
to lysophospholipid catalyzed by acyltransferases resulting in the release of newly modeled
PLs [11,12]. MBOAT?7 incorporates free PUFAs such as arachidonic acid into lysophospho-
lipids and releases newly modeled PLs with a higher degree of unsaturation [11]. The
MBOAT?7 mutations thus lead to the accumulation of intracellular free arachidonic acid,
which is used as a substrate for the synthesis of inflammatory lipid mediators. In addition,
the higher PI availability associated with weak MBOAT7 enzymatic activity is used to
synthesize diacylglycerols, which are the main precursors of triglycerides stored in lipid
droplets [11].

In a cryo-EM structure model proposed by Wang and colleagues [12], the arachidonoyl-
CoA substrate enters the enzyme tunnel from the cytoplasmic leaflet of the ER and lyso-PI
enters the tunnel from a luminal leaflet with a side channel harboring its single acyl chain
and positions the sn-2 hydroxyl group of the glycerol backbone near the His356 residue
located in the catalytic domain [12].
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Human MSPEEWTYLVVLLISIPIGFLFKKAGPGLKRWGAAAVGLGLTLFTCGPHTLHSLVTILGT 6@
Rat MTPEEWTYLMVLLISIPVGFLFKKAGPGLKRWGAAAVGLGLTLFTCGPHSLHSLITILGT 60
Mouse MTPEEWTYLMVLLISIPVGFLFKKAGPGLKRWGAAAVGLGLTLFTCGPHSLHSLITILGT 60

R T

Human WALIQAQPCSCHALALAWTFSYLLFFRALSLLGLPTPTPFTNAVQLLLTLKLVSLASEVQ 120
Rat WALIQAQPCSCHALALAWTFSYLLFFRALSLLGLPTPTPFTNAVQLLLTLKLVSLASEVQ 120
Mouse WALIQAQPCSCHALALAWTFSYLLFFRALSLLGLPTPTPFTNAVQLLLTLKLVSLASEVQ 120
e e TR
Human DLHLAQRKEMASGFSKGPTLGLLPDVPSLMETLSYSYCYVGIMTGPFFRYRTYLDWLEQP 180
Rat DLHLAQRKEMASGFSKEPTLGLLPDVPSLMETLSYSYCYVGIMTGPFFRYRTYLDWLEQP 180
Mouse DLHLAQRKEIASGFHKEPTLGLLPEVPSLMETLSYSYCYVGIMTGPFFRYRTYLDWLEQP 180

B R e e e e

Human FPGAVPSLRPLLRRAWPAPLFGLLFLLSSHLFPLEAVREDAFYARPLPARLFYMIPVFFA 240
Rat FPEAVPSLRPLLRRAWPAPLFGLLFLLSSHLFPLEAVREDAFYARPLPTRLFYMIPVFFA 240
Mouse FPEAVPSLRPLLRRAWPAPLFGLLFLLSSHLFPLEAVREDAFYARPLPTRLFYMIPVFFA 240
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Human FRMRFYVAWIAAECGCIAAGFGAYPVAAKARAGGGPTLQCPPPSSPEKAASLEYDYETIR 300
Rat FRMRFYVAWIAAECGCIAAGFGAYPVAAKARAGGGPTLQCPPPSSPEIAASLEYDYEAIR 300
Mouse FRMRFYVAWIAAECGCIAAGFGAYPVAAKARAGGGPTLQCPPPSSPEIAASLEYDYETIR 300
B e e
Human NIDCYSTDFCVRVRDGMRYWNMTVQWWLAQYIYKSAPARSYVLRSAWTMLLSAYWHGLHP 360
Rat NIDCYGTDFCVRVRDGMRYWNMTVQWWLAQYIYKSAPFRSYVLRSAWTMLLSAYWHGLHP 360
Mouse NIDCYGTDFCVRVRDGMRYWNMTVQWWLAQYIYKSAPFRSYVLRSAWTMLLSAYWHGLHP 360
B
Human GYYLSFLTIPLCLAAEGRLESALRGRLSPGGQKAWDWVHWF LKMRAYDYMCMGFVLLSLA 420
Rat GYYLSFMTIPLCLAAEGYLESALRRHLSPGGQKAWDWFHWF LKMRAYDYMCMGFVLLSMG 420
Mouse GYYLSFMTIPLCLAAEGYLESALRRHLSPGGQKAWDWVHWF LKMRAYDYMCMGFVLLSMA 420
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Human DTLRYWASIYFCIHFLALAALGLGLALGGGSPSRRKAASQPTS -LAPEKLREE 472
Rat DTLRYWASIYFWVHFLALACLGLGLALGGGSPSKRKTPSQATTSQAKEKLREE 473
Mouse DTLRYWASIYFWVHFLALACLGLGLVLGGGSPSKRKTPSQATSSQAKEKLREE 473
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Human MBOAT7
(PDB: 8ERC)

Figure 1. MBOAT?, a highly conserved O-acyltransferase. Sequence comparison of human, rat, and
mouse MBOAT?7 proteins demonstrating the high degree of sequence similarity. Amino acid residues
conserved in all three sequences are indicated by asterisks, while conserved amino acid residues with
strongly similar properties are marked by colons, and amino acids with weakly similar properties are
indicated by periods. The protein sequences were taken from protein sequences (human: NP_077274,
rat: XP_038966897, mouse: NP_084210) deposited in the National Library of Medicine [13] and the
alignment was performed using the EMBL-EBI Clustal Omega multiple sequence alignment tool [14]).
Human MBOATY7 is composed of 11 transmembrane helical segments that are connected by short
intervening helices and loops. For more details about the structure of human MBOAT?, refer to [12].
The structure of human MBOAT7 was generated with Jmol using the structure coordinates deposited
in the RCSB Protein data base (access. no.: 8ERC).

3. Pathogenesis of NAFLD

NAFLD is defined by elevated hepatic lipid accumulation exceeding 5% of liver weight
in the absence of heavy alcohol consumption. NAFLD entails a wide spectrum of condi-
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tions ranging from uncomplicated steatosis to NASH progressing to fibrosis and cirrhosis
with few cases further progressing to hepatocellular carcinoma (HCC) [15]. The patho-
genesis of NAFLD is closely related to obesity, glucose intolerance, and dyslipidemia [15].
Unhealthy dietary habits, highly fructose-enriched diets, excessive calorie intake, and
lack of exercise along with genetic predisposition are the major contributors to this patho-
logical condition [16]. The biological associations between fatty liver and inherited risk
factors and their interplay with environmental factors are primary goals in the study of
NAFLD pathophysiology.

In addition, multiple studies have established a strong correlation between NAFLD
and increased risk of cardiovascular complications [17]. A recent retrospective study
showed that NAFLD determined early atherosclerosis and progression, independently
of traditional cardiovascular risk factors [18]. Few longitudinal and retrospective studies
have demonstrated interesting findings on NAFLD association with hypertension, chronic
kidney disease, and cardiometabolic comorbidities [19]. It is certainly evident that dysreg-
ulation of lipid and glucose metabolism and activation of the prothrombotic system are
some of the mechanisms involved in NAFLD leading to cardiometabolic complications.

A "Multi-hit” hypothesis has been proposed in previous studies to understand NAFLD
pathogenesis [20]. Insulin resistance is the first hit responsible for hepatic steatosis either
due to impaired insulin receptor activity or derangement of insulin response through
downstream signaling cascade. Insulin resistance favors lipid storage dismissal, increas-
ing the efflux of free fatty acids from adipose tissue to the liver where they are stored
as triglycerides [21]. In addition, fat deposition is exacerbated by hyperinsulinemia by
inducing de novo lipogenesis from glucose through sterol regulatory element binding
protein 1 (SREBP1). Mitochondria dysfunctions and changes in PUFAs are also responsible
for steatosis onset [22].

Under normal conditions, there is a balance and dynamic equilibrium between fatty
acid storage and expenditure, in which the liver is the key organ involved in regulatory
systemic lipid metabolism via coordinating lipid uptake, synthesis, oxidation, and export.
Peripheral lipolysis, de novo lipogenesis, dietary-derived chylomicrons, and intermediate
density lipoprotein particles are the main free fatty acid sources contributing to hepatic
lipid accumulation [23]. Insulin resistance decreases the utilization of triglycerides in
peripheral tissues and increased lipolysis in adipose tissue, leading to increased influx
of free fatty acids to the liver. In addition, increased hepatic influx of chylomicrons and
very-low-density lipoprotein (VLDL) can be caused by decreased lysophosphatidylinositol
activity. These mechanisms mainly contribute to excess triglycerides and TC accumulation
in the liver, which in turn enhances the assembly of VLDL particles, further worsening
dyslipidemia [23].

There is much evidence illustrating the association between NAFLD pathogenesis
and inflammatory responses [24]. In NAFLD, hepatic immune cell populations exhibit
an immunogenic phenotype composed of Kupffer cells, monocyte-derived macrophages,
and dendritic cells, whose transcriptional alterations were elucidated by single-cell RNA-
seq technology determining NAFLD progression [24]. In line with this, an interesting
finding illustrated a NASH-associated macrophage subset, with TREM2 expression linked
to NASH severity. In particular, a specialized circulating monocyte-derived TREM2 CD9*
macrophage subpopulation that promotes liver fibrosis seems to play an essential role in
NASH-associated fibrogenesis [25].

Recent clinical studies have shed light on NAFLD severity being associated with
inflammatory markers such as TNF, IL-1, IL-6, and high-sensitivity C-reactive protein.
It is suggested that NAFLD may induce systemic inflammation, insulin resistance, and
oxidative stress via these pro-inflammatory molecules [26].

NAFLD is a perfect example of ectopic fat accumulation, meaning that lipid accu-
mulation occurs in another site other than adipose tissue. This in turn is associated with
increased secretion of hepatokines, increased gluconeogenesis, and inhibition of insulin
signaling [27]. Hepatic lipid accumulation causes insulin resistance and chronic inflam-
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mation, increasing the risk of fibrosis, cirrhosis, and HCC. Besides liver lipid metabolism,
the other possibilities contributing to the pathogenesis of NAFLD include adipose tissue
dysfunction/inflammation, dysbiosis of gut microbiota, and gut barrier function regulating
several intrahepatic metabolic and inflammatory pathways (Figure 2) [28,29].
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Figure 2. Factors driving pathogenesis of NAFLD and formation of atherosclerosis. Lipopolysaccha-
rides that destroy the gut barrier function, high-caloric diets and elevated concentrations of free fatty
acids (FFAs) lead to hepatic inflammation. This in turn leads to activation of hepatic stellate cells and
production of cytokines (e.g., PDGF, TGF-31) that drive fibrogenesis. Additionally, adipose tissue
dysfunction and lipolysis leads to formation of insulin resistance and reactive oxygen species (ROS)
that further drive the inflammatory process. Hepatic inflammation can result in systemic inflamma-
tion and factors (e.g., TNF-c, IL-6, CRP, oxXLDL, PAI-1) that in concert with elevated concentrations of
fat trigger atherosclerosis. Upward pointing arrows indicate increased concentrations/symptoms,
while arrows pointing downwards lower concentrations/symptoms. This figure was redrawn in
modified form from [29].

It is interesting to note that obesity is strongly associated with NAFLD but not an
independent factor. Adipose tissue dysfunction is the key contributor to NAFLD in patients
with lipodystrophy by increasing the hepatic/peripheral insulin resistance and promoting
hepatic inflammation (Figure 3) [8,30].

In addition to these factors, the long chain fatty acids are esterified with glycerol-3-
phosphate to mono-acylglycerols, diacylglycerols, and triacylglycerols in hepatocytes. The
production of these intermediates is increased by lipid synthesis and lipid products like
ceramides, which play crucial roles in causing resistance in the insulin signaling pathway,
promoting hepatic inflammation and the progression of NAFLD [2,27].

Further, it is likely that the putative underlying mechanisms linking NAFLD, chronic
kidney disease, and cardiovascular disease have their origin from inflamed visceral adipose
tissue [4]. This in turn exacerbates atherogenic dyslipidemia, releasing a myriad of pro-
inflammatory molecules, thrombogenic molecules, contributing to the pathophysiology
of cardiovascular disease and chronic kidney disease. The co-existence of obesity further
exerts additional effects, leading to functional derangements in the heart, kidneys, and
vasculature [4].
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Figure 3. NAFLD as a result of obesity and metabolic syndrome. Increased free fatty acids (FFAs) re-
sult in dysfunction of peripheral adipose tissue (AT), expansion of subcutaneous adipose tissue SAT),
central obesity, type 2 diabetes, insulin resistance (IR), and central obesity that form key features in
the metabolic syndrome. These changes can be monitored by alterations in blood parameters (VLDL,
triglyceride, small dense LDL, glucose). These changes are further associated with increased activity
of sympathetic nervous system (SNS), glucagon increase, hepatic clearance of amino acids (AA), and
increased ureagenesis. Epigenetic and genetic factors predispose to NAFLD pathogenesis. Upward
pointing arrows indicate increased concentrations/symptoms, while arrows pointing downwards
lower concentrations/symptoms. Solid arrows mark stimulatory effects, while dashed lines indicate
inhibitory effects. For more information refer to the text. Abbreviations used are AA: arachidonic
acid; GR: glucagon resistance; LDL: low-density lipoprotein(s). This figure was redrawn in modified
form from [30].

4. Mechanistic Link between MBOAT7 and NAFLD and Related In Vivo/In Vitro Studies

It is crucial to further understand the molecular mechanisms underlying the progres-
sion of liver disease from simple steatosis to more advanced fibrotic disease. MBOAT?7 asso-
ciation with NAFLD has emerged as a new lipid metabolic pathway as growing evidence
suggests the pivotal role of MBOAT7 as a driver of NAFLD development and progression.
Few studies have provided vital clues into its broader role and mechanistic insights.

MBOAT7 preferentially esterifies lysophosphatidylinositol (LPI) lipids to arachidonoyl-
CoA to form major phosphoinositol (PI) species (38:4) in the inner leaflet of cell membranes.
Phospholipases, prominently phospholipase A2 (PLA2), cleave fatty acid from the sn2
position and MBOATY selectively re-esterifies new PUFAs in that position, completing the
remodeling cycle [31]. MBOATY7 loss of function could alter cellular signal transduction,
protein-lipid interactions, vesicular transport, and membrane fusion events, given the fact
that MBOAT? generates the most abundant PI species (38:4) and key cellular phosphatidyli-
nositol phosphates (PI 18:0/20:4) and PI ([18:0/20:4]-4,5P2). Another potential way by
which MBOAT7 loss of function could promote NASH is by abnormal accumulation of LPI
substrates in liver, as evidenced by multiple mice studies. These LPI substrates serve as
relevant lipid signals promoting pro-inflammatory and pro-fibrotic effects [31].

The liver-specific knockout of MBOAT7 induces hepatic fat accumulation by increasing
de novo lipogenesis driven by SREBP1, which is a key lipogenic transcription factor
involved in fatty acid biosynthesis [22]. The non-canonical pathway, on the other hand,
suggests that MBOAT? depletion causes a simultaneous increase in PI synthesis and PI
degradation mediated by a protein with PLC activity resulting in diacylglycerol, a substrate
of triglyceride synthesis [32].
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Lee and coworkers unraveled the first evidence of MBOAT7 enzymatic activity in
Caenorhabditis elegans by RNA-interference-based genetic screening [33]. In C. elegans,
eicosapentaenoic acid is the predominant PUFA, which is decreased by MBOAT?7 deletion.
It also exhibited reduced PI species and PI3P-related events [33]. Similarly, it has been
shown that obese people have low levels of MBOAT?7 in their livers and genetically modified
obese mice with low MBOATY levels developed more severe NAFLD [8]. Strikingly, excess
fat accumulation was noticed in human liver cells with low levels of MBOAT7. New
approaches to therapeutic strategies in treating NAFLD in patients with MBOAT7 mutations
can be developed with MBOAT7 being a critical mediator of NAFLD.

Several studies revealed that the hepatic MBOAT7 expression levels were suppressed
in high-fat-diet mice and obese leptin-deficient mice and that MBOATY levels in adipose
tissue were negatively correlated with insulin sensitivity and impaired glucose tolerance
(Figure 4) [21,34].
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Figure 4. Factors promoting insulin resistance. High-caloric diets enriched in fat, sucrose, and
fructose are risk factors for insulin resistance development. In the gut, the unbalanced diet results in
downregulation of MBOAT?7 and formation of chylomicrons. Elevated concentrations of systemic
free fatty acids are taken up by hepatocytes, resulting in increased de novo lipogenesis and fatty
liver. This provokes the infiltration of the liver with inflammatory cells, which results in elevated
concentrations of cytokines and chemokines, provoking steatohepatitis and transdifferentiation
of quiescent hepatic stellate cells (HSCs) to extracellular-matrix-producing (ECM) myofibroblasts
leading to hepatic fibrosis. Similarly, to the liver and the gut, MBOAT7 is downregulated in the
adipose, triggering peripheral insulin resistance. Solid arrows mark stimulatory effects. Small red
lines indicate free fatty acids in the circulation, while small purple lines indicate tissue-bound free
fatty acids. All these factors promote formation of hyperglycemia, hyperinsulinemia, and insulin
resistance. This figure was redrawn in modified form from [34].

On a similar context, liver-specific deletion of MBOAT? increased liver fat content in
chow-diet-fed mice under fasting-re-feeding conditions. This hepatic lipid accumulation is
shown to be caused due to an increase in de novo lipogenesis driven by SREBP1, supported
by normalization of hepatic fat content by liver-specific deletion of MBOAT7 and SREBP
cleavage-activating protein Scap [22].

In addition to the in vivo studies, Tanaka et al. investigated the impact of MBOAT7
deletion on PI content and fat accumulation in cultured hepatocytes. This study suggested
that depletion of MBOATY in hepatocytes resulted in hepatic fat accumulation through
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increased triglyceride synthesis [32]. Here, it was proposed that hepatic lipid accumulation
is due to a novel non-canonical pathway supplying substrates from PI to triglycerides
through a futile cycle [32].

A wealth of recent data show that MBOAT?7 overexpression in mice had beneficial
effects on NASH pathology by significantly decreasing hepatic triglyceride levels and
normalizing liver injury markers such as alanine aminotransferase and aspartate amino-
transferase [35]. Longo et al. showed that MBOAT? rs641738 and TM6SF2 E167k alters lipid
droplet accumulation, mitochondrial morphology, and metabolic reprogramming towards
HCC in vitro [36]. Strikingly, Krawczyk et al. confirmed the association of MBOAT7 with a
more severe stage of fibrosis increasing plasma triglycerides, cholesterol, LDL, and glucose
levels [37].

An interesting study by Raja et al. shed light on MBOAT7 rs641738 associations with
NAFLD based on ethnicity [38]. It was shown that MBOAT?7 is a strong contributor to the
progression of NAFLD in the Caucasian and Chinese population, while it is not significant
in Afro-American and Hispanic populations [39]. Yet another unique finding by Massey
et al. showed diet-induced metabolic disturbances, hyperinsulinemia, and systemic insulin
resistance in mice with adipocyte-specific disruption of the MBOAT?7 gene [21].

Furthermore, liver-specific knockdown of MBOAT?7 by antisense oligonucleotides
revealed large alterations in liver lipid storage characterized by the accumulation of triglyc-
erides, free cholesterol, and cholesterol esters in high-fat-diet-fed mice [8]. In addition,
MBOAT7 knockdown was associated with liver injury as indicated by elevated aspartate
aminotransferase and alanine aminotransferase in these animals. Aligned with these alter-
ations, knockdown of MBOAT? in high-fat-diet-fed mice resulted in alterations in LPI and
PI lipids in a tissue-specific manner such as selective reduction in 38:3 and 38:4 species of
circulating PI lipids and significant accumulation of 16:0 and 18:1 LPI species in the liver,
inducing an imbalance of local lipid mediators that originate from PI metabolism.

A recent meta-analysis of 42 studies including more than 1 million participants showed
that the MBOATY variation is firmly associated with the severity of NAFLD in European
adults [40]. Another interesting study suggests that MBOATY7 is a negative regulator of
TLR signaling and highlights that MBOAT7 modulation can be beneficial for suppressing
inflammation associated with the dysregulation of Toll-like receptor signaling such as
metabolic-associated fatty liver diseases (MAFLD) [24].

5. Challenges and Recent Progress in Treating Complex NAFLD

NAFLD represents a ‘silent epidemic’ as it is often asymptomatic in nature with in-
creased prevalence among adults with obesity, type 2 diabetes, insulin resistance, and
metabolic syndrome [41]. It represents a growing public health challenge owing to lack of
approved therapies at present [42]. Individuals with NAFLD present at least one feature of
metabolic syndrome, making it an even more challenging multi-systemic disease. In addi-
tion, the complexity is increased by the fact that many patients remain undiagnosed in early
phases of the disease [43]. Variability in NAFLD-related risk factors, substantial mortality,
and morbidity are a few other challenges in the management of this disease [43]. Therefore,
it is important to adopt a holistic approach in managing this diversified condition.

At present, NAFLD is treated with lifestyle modifications such as weight loss and
dietary changes as there is no approved therapy yet for this multi-factorial disease [42].
Multiple drug strategies are being developed and tested to treat advanced NAFLD and
target inflammatory, fibrotic, and metabolic pathways. More recently, a structure and
model were reported for the catalytic mechanism of human MBOAT?7, which reveals a
twisted tunnel from the cytosol and luminal side providing access for arachidonoyl-CoA
and lyso-PI. This structure might be important in the identification of small molecule
inhibitors for targeted drug therapy in treating NAFLD [12].

There is one other study, which elucidated that increased expression of MBOATY is
co-related with detrimental outcomes in HCC, emphasizing the role of MBOAT7 inhibitors
as useful therapeutic targets in treating HCC [44].
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A profound study by Thangapandi et al. provided combined mice and human datasets
and demonstrated that targeting PI signaling might be a potential therapeutic option for
treating NAFLD and fibrosis. Their study unfolded a novel finding that MBOAT7 deficiency
in mice and humans points to an inflammation-independent pathway of liver fibrosis medi-
ated by lipid signaling, opening new avenues for potential targets for NAFLD [45]. It was
also shown via lipidomics that in addition to PI and LPI, phosphoglycerol, lysophophatidyl-
glycerol, and phosphatidic acids were increased in MBOAT7-deficient livers.

For patients with biopsy-proven NASH, vitamin E and pioglitazone supplements
are recommended, although there are concerns regarding side effects [46]. As previously
mentioned, intestinal microbiota play an important role in NAFLD pathogenesis. Thus,
probiotics, antibiotics, and prebiotics might play a therapeutic role via modulating gut
microbiota [47].

Genetic screening for polymorphisms to identify the individuals at high risk for
NAFLD will help in deeper understanding of specific therapeutic strategies. Modulators of
bile acid signaling medications to improve insulin sensitivity are being tested in patients
with NASH as a possible therapeutic approach [48].

Currently, there are several innovative pipeline drugs that are tested in clinical trials
for the treatment of NAFLD/NASH (Figure 5).
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Figure 5. Drug candidates for treatment of NAFLD/NASH. Depicted are the oral, dual PPAR«/
agonist Elafibranor, the semi-synthetic bile acid analogue obeticholic acid, the ASK-1 inhibitor
Selonsertib, and the CCR2/CCRS5 antagonist Cenicriviroc. These are only some drugs that are tested
in ongoing studies. In addition, there are several TLR4 antagonists and macrolide antibiotics that are
tested in ongoing trials. Their variable mode of action demonstrates that there are many independent
options to target the pathogenesis of NAFLD/NASH. All structures depicted were generated with
the open-source molecule viewer Jmol, version 14.2.15_2015.07.09 [49] using information depicted in
PubChem [50] for Elafibranor (PubChem CID: 9864881), obeticholic acid (PubChem CID: 447715),
Selonsertib (PubChem CID: 71245288), and Cenicriviroc (PubChem CID: 11285792), respectively.

Elafibranor, which acts as a dual-peroxisome proliferation-activated receptor (PPAR)
e/ agonist, improves glucose metabolism and insulin sensitivity and decreases inflam-
mation. In a phase 2b randomized control study (NCT0164849, GOLDEN-505), the effects
of Elafibranor (120.80 mg/day) were studied for 52 weeks. NASH was resolved in 19% of
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patients compared to 9% in the placebo group. In addition, a phase 3 RCT (NCT02704403,
RESOLVE-IT) is being evaluated on the effects of Elafibranor (120 mg/day for 72 weeks).
Additional novel PPAR agonists such as Saroglitazar and Lanifibranor are also being
tested [51].

Obeticholic acid, a semi-synthetic bile activator of Farnesoid X receptors, regulates
lipid / glucose homeostasis, promotes insulin sensitivity, and modulates liver fibrosis. In
a phase 2b RCT (NCTO01264598, FLINT), obeticholic acid (25 mg/day) was tested for
72 weeks in patients with a NAFLD score greater than 4. Remarkably, 45% of the patients
showed histological improvement compared with 21% in the placebo group [52]. This trial
progressed to a phase 3 RCT (NCT02548351 REGENERATE), which is currently recruiting
patients with biopsy-proven NASH to assess obeticholic acid’s effects and to evaluate the
long-term effects over a 7-year period [53].

The involvement of inflammatory cells and cascade of inflammatory events is well
known in hepatocyte injury. Cenicriviroc (CVC) functions as a dual antagonist of CCR2
and CCR5 and demonstrated decreased fibrosis in preclinical models. A phase 2 RCT
(NCT02217475, CENTAUR) with CVC 150 mg/day was evaluated in 289 patients with
NASH, fibrosis, and diabetes mellitus. Although there was no significant improvement
in NASH after 12 months, liver fibrosis improved in 20% patients as compared to 10% in
the placebo group. A phase 3 RCT (NCT03028740 AURORA) was initiated to evaluate the
effects of 150 mg/day CVC with long-term follow-up over a 5-year period [54].

TNF-« signaling plays an important role in hepatocyte injury and apoptosis, which in
turn activates the apoptosis signal-regulating kinase 1 (ASK1) leading to hepatic inflam-
mation, fibrosis, and hepatocyte apoptosis. Selonsertib, a selective inhibitor of ASK1, was
tested for its effects on patients with NASH and fibrosis in a phase 2 RCT (NCT02466516).
The patients showed fibrosis improvement after 24 weeks of treatment. Two phase 3 trials
(NCTO03053050 STELLAR3, NCT03053063 STELLAR 4) are being conducted currently to
evaluate the effects of Selonsertib at week 48 and further monitor at 240 weeks [55].

In principle, there are also ways to directly target MBOAT7 gene expression or activity.
Since the suppression of MBOAT7 was shown to drive hepatic fat accumulation and NAFLD
development [8,56], the overexpression of MBOAT?7 or approaches leading to increased
endogenous expression of MBOAT7 should have beneficial effects on the outcome of
NAFLD. Therapeutic gene therapy has been used in a plethora of diseases so far [57].
In particular, engineered hepatotropic adeno-associated viruses, retroviral vectors, or
lentiviral delivery systems expressing MBOAT7 under transcriptional control of liver-
specific promoters could be used to increase the overall concentration of MBOAT7 in the
liver. Similarly, the transfer of nanoparticles, liposomes, polymers, virus-like particles,
erythrocyte ghosts, and exosomes that are loaded with MBOAT7 expression constructs, or
special in vivo or ex vivo gene transfer techniques might be scalable alternatives to increase
MBOAT quantities [57].

Similarly, strategies that enhance the translation and stability of endogenous or exoge-
nous mRNA that were already used in other disease scenarios could be applied [58]. Finally,
in the long term, there will be gene replacement techniques available (e.g., CRISPR/Cas9)
that will allow for the replacement of MBOAT7 mutations that are associated with increased
accumulation of intracellular free fatty acids and hepatic steatosis. Nevertheless, although
gene therapy is a promising therapeutic strategy that made remarkable advancements
during the last decade, there are still many hurdles in the use of this promising therapy [59].

Nevertheless, a proof-of-concept study has recently shown that the overexpression
of MBOAT? in mice fed either a choline-deficient high-fat diet or a Gubra Amylin NASH
diet and subsequent infected with an adeno-associated virus expressing MBOATY failed to
improve in terms of NASH pathology [35]. However, in the mentioned study, the authors
demonstrated that MBOAT?7 overexpression slightly improved liver weights, triglycerides,
and plasma alanine and aspartate transaminases [35]. It is possible that MBOAT7 needs
additional factors to be therapeutically effective in NAFLD/NASH. This again highlights
the complexity of the NAFLD/NASH pathogenesis that is driven by many genetic and
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epigenetic factors and pinpoints the fact that further studies are urgently needed to identify
proper targeted therapies for NALFD/NASH.

6. Future Directions in Management of NAFLD

Collectively, NAFLD is a complex disease associated with increased adiposity, diabetes
mellitus, and insulin resistance. Patients with mild NAFLD, which is relatively benign, are
usually managed with lifestyle modifications through diet and exercise, whereas patients
with NASH and fibrosis are usually managed with different classes of medications along
with lifestyle modifications. The treatment of the final stages of disease progression,
which are NASH-induced cirrhosis and HCC, is focused on preventing and treating the
complications associated with it and liver transplant as a last resort [60]. Although lifestyle
interventions are beneficial, the effects are short-lived. Additional research is needed
to identify the most effective and customized treatment strategies for treating NASH in
different patient populations.

7. Conclusions

NAFLD imposes a huge health burden globally due to its risk of progression to cirrho-
sis, fibrosis, and HCC and lack of well-defined approved therapies. NAFLD is the most
common chronic liver disorder affecting more than one-third of the population worldwide
and its pathogenesis is closely related to insulin resistance, dyslipidemia, obesity, and
adipose tissue dysfunction. The pathogenesis of NAFLD is based on a “Multihit” hypoth-
esis with the main hit being hepatic triglyceride accumulation and susceptibility to liver
injury by the increased influx of free fatty acids in insulin resistance and obesity. This
is mediated by inflammatory cytokines, mitochondrial dysfunction, and oxidative stress
leading to steatohepatitis and fibrosis. In the last few years, some robust studies eluci-
dated the associations between genetic polymorphisms (e.g., in PNPLA3, TM6SF2, GCKR,
HSD17B13, PSD3, APOE, and MBOAT7) and NAFLD. Single-nucleotide polymorphisms
in MBOAT?7 are broadly associated with increased risk of initiation and progression of
NAFLD to NASH and fibrosis and in a few cases to HCC. Multiple in vitro and in vivo
studies have unraveled that MBOAT?7 deficiency in mice and humans alters the hepatic PL
composition and LPI to promote hyperinsulinemia and hepatic insulin resistance. MBOAT7
catalyzes the desaturation of the second acyl chain of PLs and transfers PUFAs, in the form
of acyl-CoA to lyso-PLs, using arachidonic acid as a substrate, regulating the amount of
free arachidonic acid, which is a potent trigger for hepatic inflammation and fibrosis and
a precursor of multiple pro-inflammatory mediators such as eicosanoids. The treatment
of this multi-spectrum disease is complex and challenging as there are plethora of factors
involved in its pathogenesis and progression. Currently, there is no approved standard
therapy for treating NAFLD. Multiple drugs are in phase 2 and phase 3 trials with the goal
of developing potent and customized treatment strategies. An improved knowledge of
pathophysiological links between NAFLD and MBOAT7 will certainly help decrease the
global burden of this complicated, wide-spectrum disease by opening new horizons in
treatment strategies.
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