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Abstract: Metabolically-dysfunction-associated steatohepatitis (MASH) has become a significant
global health issue, closely associated with obesity and type 2 diabetes mellitus (T2DM). This review
closely links the mechanistic interrelationships among these metabolic disorders and the progression of
MASH, emphasising pathways such as insulin resistance, de novo lipogenesis, lipotoxicity, oxidative
stress, and dysbiosis of the gut microbiota. Evidence from studies indicates that MASH is notably more
common among those with T2DM, reflecting the metabolic links between the two conditions. Recent
advances highlight Thyroid hormone receptor-f3 agonists, PPAR agonists, GLP-1/GIP receptor agonists,
SGLT2 inhibitors, and gut microbiota modulators among the promising treatment options. It is essential
to acknowledge that these pharmacological compounds primarily result in a partial alleviation of
fibrosis. Key obstacles remain persistent gaps in non-invasive diagnostics and in individualized
treatment strategies. A potential framework for enhancing MASH management and preventive
strategies may be established by integrating multiomics-based biomarkers with combination therapies
targeting metabolic and inflammatory pathways.
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1. Introduction

MASH is often referred to as a ‘silent disease’ as it has few or no symptoms, especially
in its early stages. The early stage of MASH progression is marked by steatosis, which is
frequently linked to metabolic syndrome components like type 2 diabetes and obesity [1].
Various other mechanisms contribute to lipid accumulation in the liver, including increased
lipolysis, hepatic lipogenesis, and consumption of high-calorie diets [1]. Insulin resistance is
pivotal in the development of steatosis, as it leads to the release of free fatty acids from adipose
tissue. Liver fibrosis serves as a significant predictor of MASH progression and Hepatocellular
Carcinoma (HCC) development, [2] underscoring the need to target fibrosis in treatment
approaches. Risk factors for MASH-associated HCC include advanced liver fibrosis, older age,
male gender, metabolic syndrome, genetic predispositions, and dietary habits, underscoring the
need for effective surveillance and diagnostic measures [1].

Insulin resistance (IR) and lipotoxicity are closely interconnected and fundamental in
setting the stage for the development of MASLD/MASH [3]. (Figure 1) And from a metabolic
perspective, MASLD is caused by an imbalance in hepatic energy metabolism, with excess
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carbohydrates and fats; the liver is unable to oxidise them, resulting in their accumulation as
triglycerides [3,4].
Healthy liver
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Figure 1. The progression spectrum of MASLD. A healthy liver can become steatotic due to obesity, lifestyle
choices, or other factors. Steatohepatitis can arise from steatosis when inflammatory factors are present. Both
MASLD and MASH can often be reversed, while cirrhosis may improve partially with treatment. If not
addressed, this condition may lead to hepatocellular carcinoma and might eventually necessitate a liver
transplant.

1.1. Epidemiology.

Metabolically-dysfunction-associated steatotic liver disease (MASLD), which was
earlier classified under the more general term non-alcoholic fatty liver disease (NAFLD),
signifies a notable change in our understanding, diagnosis, and treatment of liver diseases
linked to metabolic dysfunction. MASLD, including its more severe variant called metabolic
dysfunction-associated steatohepatitis (MASH), is increasingly acknowledged as a condition
intrinsically connected to metabolic risk factors like obesity, type 2 diabetes mellitus (T2DM),
dyslipidaemia, and IR [5]. Although epidemiological studies involving over 8 million
individuals have found that the global prevalence of MASLD is around 25%, this figure varies
significantly based on diagnostic methods and geographical regions. Notably, the two regions
with the highest prevalence rates are the Middle East and South America, both estimated at
about 30%. Approximately 60% of individuals who underwent liver biopsies were found to
have MASH. Reflecting its metabolic characteristics, 42% of those with MASLD were also
diagnosed with metabolic syndrome (MetS); 69% had hyperlipidaemia; 51% were classified
as obese; 39% had hypertension; and 22% were diabetic [6].

The prevalence of MASLD/MASH rises alongside the growing rates of obesity, MetS,
and T2D. Between 1975 and 2014, the global number of individuals with obesity has surged,
with 11% of adult men and 15% of adult women diagnosed with this condition. In Brazil,
obesity saw a 67.8% increase over a 13-year period, reaching 19.8% by 2018. MASLD/MASH
prevalence varies from 60 to 95% in populations with obesity [7].

The way fat is distributed in the body plays a significant role in the development of
metabolic diseases, and excess fat around the abdomen can pose different risks than a more
uniform distribution. A recent agreement highlights the value of measuring waist
circumference to provide a more accurate assessment of metabolic risk; however, the rate of
abdominal obesity has risen more rapidly than that of general obesity, even when body mass
index is considered [8]. Further, in a cohort of 2017 subjects monitored for 4.4 years, visceral
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fat area, measured using ultrasonography or computed tomography, showed a longitudinal
association with the incidence of MASLD/MASH, with an adjusted hazard ratio of 2.23 (95%
Cl 1.28-3.89) [9].

Diabetes is among the most rapidly escalating global health crises of the 21st century.
In 2019, approximately 463 million individuals across the globe were affected by diabetes,
with a projected increase of 51% by 2045, leading to a prevalence of 700 million cases [10].
Brazil ranks as the fifth nation globally in terms of the number of people living with diabetes,
totalling 16.8 million [11].

Although the link between T2D and MASLD is well recognized, physicians may not
fully appreciate the detrimental consequences of this association. [12]. According to two meta-
analyses [13,14], MASLD is highly prevalent in T2DM patients [15]. A clinical model that
predicted MASH and advanced fibrosis in MASLD patients with T2DM was developed by
Bazick et al. [16] in 2015 and showed greater accuracy than the MASLD fibrosis score, with a
specificity of 90.0% and a sensitivity of 56.8%. Pooled studies conducted in Europe showed a
prevalence rate of 68% (95% CI 62.1-73.0), marking the highest rate worldwide. The
prevalence of MASH and advanced fibrosis in individuals with MASLD and T2DM was
estimated at 37.3% (95% CI 24.7-50.0) and 17.0% (95% CI 7.2-34.8), respectively [14].
Additionally, the overall mortality over a period of 5-10 year follow-up period was estimated
at 585 per 100,000, which is higher than that observed in other chronic liver diseases. Most
MASLD patients with T2DM met the criteria for MetS, underscoring the connection between
these conditions within the metabolic risk continuum [9].

This review aims to provide a comprehensive overview of the mechanistic pathways
through which diabetes and obesity accelerate the progression of MASH, while highlighting
emerging therapeutic strategies that extend beyond conventional management approaches.

2. Methodology

A systematic literature search was performed using PubMed and Scopus to identify
recent findings on the roles of diabetes and obesity in MASH progression and related emerging
therapeutic strategies. Search terms included “MASH progression,” “diabetes and MASH,”
“obesity and NAFLD/MASH,” “metabolic dysfunction steatohepatitis,” and keywords related
to novel therapies such as metabolic regulators, anti-inflammatory agents, gut-liver axis
modulators, nanomedicine-based interventions, regenerative approaches, and anti-fibrotic
therapies. Data on ongoing and completed clinical trials were also retrieved from the National
Library of Medicine (NIH) database. We included original research articles, clinical studies,
and peer-reviewed publications addressing molecular mechanisms and innovative therapeutic
approaches. Preclinical and clinical studies assessing efficacy, safety, and mechanistic
pathways were considered. Only full-text articles published between 2015 and 2025 were
included, while non-peer-reviewed sources, duplicates, and conventional-treatment-only
papers were excluded. Emphasis was placed on incorporating high-quality and up-to-date
evidence, though clinical data on emerging therapies remain limited.

3. The Complex Linkage Between Obesity, Diabetes, and MASH

The pathophysiology of MASH is complex, multifactorial, and still under investigation
[17]. It is generally accepted that multiple pathways and mechanisms are involved in the
pathogenesis of MASH. MASLD is the most common cause of chronic liver disease (>25% of
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all adults). Over 1/2 to 2/3 of patients with MASLD have obesity, and over 3/4 of patients with
MASH have obesity. Among patients with MASLD, 10-25% may have or develop MASH
[18]. The risk of developing MASH is approximately 2-3 times higher in individuals with
obesity and/or T2DM. The prevalence of MASH in patients with obesity is 30%, while the
prevalence of MASH in patients with type 2 diabetes mellitus ranges between 30% to over
50% [14, 18, 19]. However, not all individuals with obesity are metabolically unhealthy, and
not all normal-weight or lean individuals are metabolically healthy. Factors such as fat
distribution, adipose tissue (AT) function, and insulin resistance (IR) play a central role in the
development of metabolic disturbances, including MetS, diabetes, and MASLD [9].

MASH is characterized by hepatic fat accumulation, which can lead to inflammation
and liver damage [18]. Therefore, the primary risk factor for MASH is obesity, as excess fat
contributes to chronic liver inflammation [20]. Slowly increasing body weight is the fuse for
subsequent metabolic disorders, among which T2DM is undoubtedly the one most closely
related to obesity [21]. The outcome of metabolism-related T2DM is quite simple:
hyperglycaemia resulting from declined insulin sensitivity owing to the reduction of functional
B-cell mass, with obesity being a powerful driver in its development and progression, including
strengthened genetic/epigenetic vulnerability [22], microenvironmental changes impairing
insulin signalling, deteriorated B-cell function, and dysregulated microbiome-gut-brain axis.
Obesity, particularly visceral adiposity, plays a central role by promoting insulin resistance
(IR), a hallmark of T2DM and a critical driver of hepatic steatosis [9].

More than 10 years ago, Virtue and Puig [23] put forward the “AT expandability
hypothesis”, by which the capacity for stock lipids by expanding AT is limited in an
individualized fashion. Thus, when the storage capacity of AT is surpassed, excess lipids are
deposited in ectopic sites, including the liver and skeletal muscle, leading to insulin resistance
via lipotoxic mechanisms (Figure 2).
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Figure 2. Changes associated with insulin resistance and lipotoxicity in various target organs. Alterations in
adipose tissue, coupled with insulin resistance and lipotoxicity, work together to enhance lipolysis, reduce
storage capacity, and increase the delivery of free fatty acids (FFAS) to organs such as the muscle and pancreas.
This results in diminished glucose uptake, the release of pro-inflammatory cytokines, and a further decline in
insulin sensitivity. Within skeletal muscle, the accumulation of excess lipids leads to an increase in harmful
lipotoxic lipids, which exacerbates insulin resistance and results in reduced glucose uptake and glycogen levels.
The failure of pancreatic B-cells can occur as an initial event (alternate hypothesis) or as a secondary effect from
burnout (classic hypothesis), eventually leading to the inability to sustain glucose homeostasis. Consequently,
surplus FFAs are directed to the liver, which is further complicated by hepatic insulin resistance.
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The AT expandability hypothesis has relevant clinical implications. It explains the
metabolic pattern usually observed in patients with lipodystrophies (a rare disorder
characterized by a selective loss of adipose tissue, leading to a range of metabolic
complications and changes in body appearance). Increased ectopic fat in the pancreas, liver,
and muscles, as well as varying degrees of incapacity to expand subcutaneous adipose tissue,
are characteristics of these genetic diseases [9]. Hence, severe IR in lipodystrophy patients can
result in diabetes, MASLD, and MetS. Impaired peripheral fat storage capacity has both
etiological and genetic associations with IR and metabolic disorders, thereby supporting the
AT expandability hypothesis.

Hepatic lipid accumulation in MASH arises mainly from elevated FFAs, enhanced de
novo lipogenesis driven by insulin resistance, and dietary lipids. Impaired glucose handling
increases acetyl-CoA and malonyl-CoA synthesis, promoting steatosis and worsening hepatic
insulin resistance. Concurrently, fasting hyperglucagonemia and altered amino acid
metabolism indicate glucagon resistance, closely linked to liver fat content [24, 25]. Together,
disrupted insulin and glucagon signaling pathways contribute to disease progression and
heighten the risk of type 2 diabetes.

Oxidative stress, mitochondrial dysfunction, and pro-inflammatory cytokines drive the
progression from simple steatosis to MASH and, ultimately, to fibrosis. While the classic “two-
hit” hypothesis links hepatic fat accumulation and insulin resistance to subsequent
inflammation and fibrosis, the “multi-hit” model better explains the complexity of MASLD,
incorporating genetic, metabolic, and environmental influences. Insulin resistance accelerates
lipolysis, FFA influx, and hepatic lipogenesis, while inflamed adipose tissue releases IL-6 and
TNF-a and reduces adiponectin. These processes promote lipotoxicity, mitochondrial and ER
stress, hepatocyte injury, and progressive fibrosis [26].

Obesity and T2DM accelerate MASLD progression by increasing visceral fat, FFA
influx, and hepatic insulin resistance. Excess FFAs and hyperglycemia intensify ROS
production by enhancing oxidative metabolism and activating NADPH oxidase, driving
oxidative stress and hepatocyte injury. This environment activates Kupffer cells and stellate
cells, promoting inflammation and fibrosis. Consequently, individuals with obesity and T2DM
show more severe liver damage, making these conditions strong metabolic catalysts for the
transition from steatosis to progressive MASH and advanced liver disease.

4. Essential Biomarkers Linked to MASH

In recent years, the investigation of biomarkers, especially in relation to MASH and
T2DM, has attracted significant interest. The relationship among MASH, obesity, and T2DM
underscores the necessity for a comprehensive management strategy that targets factors such
as insulin resistance and chronic inflammation [27].

Biomarkers offer essential information regarding the existence and advancement of
these conditions. These measurable indicators represent particular aspects of disease-related
physiological processes, and their importance has increased in the area of metabolic disorders
(Figure 3). Additionally, biomarkers can offer significant biomedical information and enhance
decision-making in healthcare for various conditions, including movement-related disorders,
breast cancer, and Alzheimer’s disease [28].

As already seen earlier, obesity plays a major role in the onset of MASH due to lipid
imbalance, insulin resistance, and ongoing inflammation. Targeting specific biomarkers
presents an effective approach for identifying these associated conditions. Inflammatory
https://nanobioletters.com/ 5 of 25



https://doi.org/10.33263/LIANBS151.011
https://nanobioletters.com/

https://doi.org/10.33263/LIANBS151.011

markers such as CRP, IL-6, and TNF-a act as signs of inflammation, whereas Homeostatic
model assessment for insulin resistance (HOMA-IR), fasting insulin, and HbAlc are crucial
for assessing IR [27].
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Figure 3. Overlapping biomarkers are responsible for metabolic disorders. This Venn diagram represents the
common biomarkers used to diagnose MASH, T2D, and obesity in humans.

4.1. Biomarkers in insulin resistance.

Insulin resistance happens when tissues don't respond well to insulin, messing up
glucose control and causing metabolic problems. To spot this early, assess risks, and develop
targeted treatments, we need reliable biomarkers. Several biomarkers show how sensitive or
resistant someone is to insulin, with HOMA-IR, fasting insulin levels, and HbAlc being key
players. These biomarkers give us a peek into how a person's body handles glucose and help
us spot and manage insulin-related issues [27].

HOMA-IR, a widely studied biomarker of insulin resistance, strongly correlates with
the gold-standard hyperinsulinemic—euglycemic clamp. Large cohort studies and meta-
analyses show that elevated HOMA-IR significantly increases the risk of developing type 2
diabetes and is also associated with a higher risk of MASLD, cardiovascular disease, chronic
kidney disease, and increased carotid intima-media thickness [29].

4.2. Biomarkers in chronic inflammation.

Insulin resistance frequently induces a mild, persistent inflammatory state that activates
immune cells and leads to the secretion of pro-inflammatory cytokines, such as C-reactive
protein (CRP), IL-6, and TNF-a. This inflammatory response worsens liver injury in MASH,
contributing to steatohepatitis, and intensifies IR in T2D.

Elevated C-reactive protein (CRP) reflects systemic inflammation and is associated
with a higher risk of developing type 2 diabetes, as supported by large prospective studies and
meta-analyses. Increased CRP and IL-6 levels also correlate with greater risk of cardiovascular
disease and all-cause mortality, highlighting their value as inflammatory markers linked to
metabolic and vascular complications [29].
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4.3. Biomarkers in lipid dysregulation.

Lipid imbalance, characterized by unusual lipid levels in the blood, significantly
increases the risk for several diseases, including cardiovascular disease, metabolic syndrome,
obesity, and T2DM. Monitoring lipid markers is essential for the early detection and
management of lipid imbalances and heart-related conditions. Grasping the key processes
involved in lipid metabolism and identifying individuals at high risk enables healthcare
professionals to apply preventive measures and commence suitable treatment strategies, which
may include lifestyle modifications, medication, or a combination of both [30].

4.4. MicroRNAs (miRNAs) as biomarkers.

MicroRNAs (miRNAs) are small non-coding RNA molecules that are key regulators
of gene expression and have come to be recognized as potential biomarkers for a range of
diseases, such as T2DM and MASH. Certain biomarkers are only evident in obesity, for
instance, mir-15a, mir-365, mir-375, and mir-222 [31].

Nonetheless, multiple miRNAS have been recognized as promising biomarkers for both
MASH and T2DM. The shared miRNA biomarkers consist of miR-122, miR-126, miR-144,
miR-29a, miR-203, and miR-223.Reduced levels of miR-122 and miR-126 have been observed
in T2DM and are linked to cardiovascular issues, which can arise in both MASH and T2DM.?’
miR-144 has been recognized as a possible biomarker for insulin resistance, while alterations
in miR-29a levels have been noted in both prediabetic and diabetic individuals, and it may also
contribute to liver fibrosis related to MASH [32]. miR-103 is associated with the regulation of
adipose tissue and glucose metabolism, both of which are pertinent to MASH and T2DM.
Additionally, changes in miR-223 levels have been observed in T2DM patients and may also
play a role in liver inflammation associated with MASH [33]. These miRNAs appear to have
potential as biomarkers for both MASH and T2DM, as they underscore the shared metabolic
issues underlying these disorders. As miRNAs are easily measurable, highly specific, and
mechanistically relevant, they offer potential for early diagnosis, disease monitoring, and
therapeutic targeting in MASH.

5. Pathways and Rationale for Treatment Options in MASH

The pathophysiology of MASH is characterized by steatosis, lipotoxicity, apoptosis,
and inflammation, together with insulin resistance and progressive fibrosis, and these
disturbances, importantly, provide the rationale for targeted therapeutic intervention [9, 26].
Genetic predispositions, such as single-nucleotide polymorphisms, also impact susceptibility
to MASLD and its progression and present further avenues for the development of novel
therapeutics (Figure 4). Due to their initial asymptomatic presentation and the lack of widely
available, accurate, and accessible non-invasive tests, early diagnosis of MASLD and MASH
is challenging [17].

PPAR agonists, such as glitazones, have demonstrated positive outcomes in patients
with MASH and MAFLD. For example, regardless of a patient's T2DM status, pioglitazone
has been shown to improve liver function and liver fat content, which can result in the
resolution of MASH [1,9,17,26,34]. Rosiglitazone, on the other hand, has shown limited
effectiveness, and its trials were discontinued due to increased cardiovascular risk [1]. Despite
these promising results, the application of pioglitazone for MASH is currently not approved
outside of the treatment of T2DM due to potential side effects like weight gain, fluid retention,
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and risk of bone fractures or bladder cancer [35]. However, pioglitazone has been demonstrated
to lower myocardial infarction and stroke risk in patients with T2DM or prediabetes, making
it a potential treatment for MASH patients at cardiovascular risk.
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Figure 4. Pharmacological interventions in MASLD and MASH progression.

Sodium-glucose co-transporter-2 (SGLT-2) inhibitors have demonstrated beneficial
effects on liver steatosis, inflammation, and fibrosis, making them a potential therapy for
MASH [6,9,26]. However, most of the randomized controlled trials that have been done to date
have been few in number and have not examined the effect of SGLT-2 inhibitors on liver
histology [9].

Resmetirom, a selective agonist of the thyroid hormone receptor beta (THR-pB), presents
a promising strategy by reducing systemic effects and specifically increasing hepatic
metabolism. Even though Resmetirom represents a significant advancement in the treatment of
non-cirrhotic MASH, further long-term research is needed to fully assess its clinical benefits
and secure regulatory approval for broader use in MASLD and MASH [36]. Even though new
treatments are being developed, regulatory bodies have only recently begun to define clear
diagnostic pathways to reliably and economically identify patients eligible for treatment
without the need for liver biopsies [14]. In the prescribing information for Resmetirom, the
FDA highlights F2—F3 fibrosis as the therapeutic window, supports the use of NITs, and waives
the need for a biopsy [37]. As a result, it is up to the practicing doctors to choose the best
diagnostic approach and determine how well it fits the clinical context. As outlined in the latest
2024 joint European Association for the Study of the Liver — European Association for the
Study of Diabetes — European Association for the Study of Obesity (EASL-EASD-EASO)
guidelines on the management of MASLD, imaging or biomarker-based NITs capable of
detecting MASH F2-F3 are encouraged based on expert opinion alone although no actual data
on NIT performance in MASH F2-F3 is specifically provided [38]. However, the Foundation
for the National Institutes of Health Biomarkers Consortium ‘“NonlInvasive Biomarkers of
Metabolic Liver Disease” (NIMBLE) has highlighted the need to develop new NITs for
subjects with at-risk MASH, which includes cirrhosis, and for which Resmetirom is not
currently recommended. Consequently, the absence of consistently tested and validated non-
invasive tests for MASH F2-F3 that can effectively identify individuals likely to meet
histopathological criteria for non-alcoholic steatohepatitis with fibrosis presents a considerable
challenge [17]. This existing obstacle is further exacerbated by the reality that most currently
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available biomarkers are inadequate and that there is no definitive test established to effectively
screen for MASH with F2-F3 [17].

As per the FDA-mandated pathways, medications are only approved once the drugs
have successfully completed phase 11l study, commonly a large-scale randomized placebo-
controlled clinical trial. This requires more than a decade of effort, which can be shortened by
several years if breakthrough or accelerated approval designations are achieved [39]. Current
research indicates the potential of gut—liver axis modulation as a therapeutic approach strategy
for MASH. Dysbiosis of the gut microbiome, a key factor in disease progression, increases
intestinal permeability and induces liver inflammation. Among hopeful supplementary
treatments, IMM-124E, the bovine colostrum-based drug, has exhibited a dramatic decrease in
AST levels. and ALT levels of MASH patients following treatment for 24 weeks, but no effect
on liver lipid levels [26].

Despite the widespread occurrence of MASH among people with obesity and/or T2D,
finding effective treatments has long been a significant medical challenge. Until recently,
Vitamin E and Pioglitazone were considered off-label options for patients with histologically
confirmed MASH and considerable hepatic fibrosis, particularly those with diabetes, although
there is experimental evidence indicating their potential benefit for individuals without diabetes
[40]. On March 14, 2024, the FDA granted accelerated approval for Resmetirom, marking it as
the first drug specifically for patients with MASH and stages F2 to F3 of moderate to advanced
hepatic fibrosis. It is expected that this approval will soon be accompanied by several other
treatments currently undergoing various phases of clinical trials [37].

6. Gut Microbiome Modulators as an Emerging Promising Probiotic for Preventing and
Treating MASH

Recent studies have associated alterations in the gut microbiome with the development
of NAFLD [41]. Although the American Association for the Study of Liver Disease (AASLD)
and the European Association for the Study of the Liver (EASL) currently lack guidelines
regarding the role of probiotics in patients with NAFLD and/or NASH, probiotics are a
promising therapeutic option for patients with NAFLD because they can restore a natural and
healthy gut microbiome [18].

The gut microbiome has already been clinically proven and is linked to many diseases,
including obesity, cardiovascular disease, inflammatory bowel disease, malnutrition,
osteoporosis, colorectal cancer, and Clostridium difficile infection [42]. Individuals with
MASH frequently exhibit a higher prevalence of Proteobacteria and Enterobacteriaceae, along
with a reduced abundance of beneficial bacteria such as Bacteroidetes and Firmicutes [43].
Alterations in microbial populations can affect metabolic and inflammatory processes,
contributing to the development of liver disease [44]. One of the primary processes includes
the generation and movement of endotoxins, especially lipopolysaccharides [44]. In patients
with MASLD/MASH, the gut microbiome typically generates elevated amounts of endotoxins
[45]. Because of a compromised intestinal barrier, frequently seen in obesity and metabolic
syndrome, these endotoxins migrate into the portal circulation, reach the liver, and elicit
inflammatory responses [44].

The gut microbiome interacts with the immune system of the host, affecting the
development of MASLD/MASH [26]. Bacterial components, such as peptidoglycans and
flagellin, can stimulate immune cells via pattern recognition receptors, including toll-like
receptors and nucleotide-binding oligomerization domain-like receptors [46, 47]. This
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stimulation results in the secretion of pro-inflammatory cytokines, such as TNF-a, IL-1p, and
IL-6, which contribute to liver inflammation and fibrosis [26]. Dietary elements play a crucial
role in shaping the composition and function of the gut microbiota, thereby influencing the
progression of MASLD/MASH [48].

Recent studies underline the potential of modulating the gut-liver axis as a treatment
strategy for MASH. Dysbiosis of the gut microbiome, which plays a crucial role in the
progression of the disease, leads to increased gut permeability and initiates liver inflammation.
Among the promising adjunct therapies, IMM-124E, a product derived from bovine colostrum,
has demonstrated a noteworthy reduction in AST and ALT levels in MASH patients after 24
weeks of treatment [49]; however, it did not affect liver fat content [43].

Furthermore, fecal microbiota transplantation (FMT) is under investigation, but the
clinical data supporting both treatments are still in the early stages. Importantly, IMM-124E
has demonstrated a favorable safety profile, with no adverse effects reported [26, 43]. Table 1
summarizes the therapeutic options available for the treatment of MASH.

Table 1. An overview of the therapeutic options for the treatment of MASLD and MASH.
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Acetyl-CoA Carboxylase (ACC) inhibitors
Minimal adverse events;
inhibits acetyl-CoA phase 2a trials showed
PE. carboxylase (ACC), effectiveness in
3. which targets pathways reducing liver fat N/A Phase lla [53]
05221304 - Lt -
involved in lipid percentage, with a
synthesis significant reduction in
liver fat
does not induce
suppresses indoleamine | hyperlipidemia; halting
2,3-dioxygenase 1 diet-induced NASH Preclinical
4. IMA-1 (IDO1), adjusting the progression in male N/A [Early- [54]
immune system and mice and macaque phase
tryptophan metabolism. models; avoids side
effects
Diacylglycerol O-acyltransferase 2 (DGAT?2) inhibitor
5 PF- limits the production of | Combined therapy with potential for Phase I [55]
' 06865571 triglycerides by PF-05221304 showed a off-target
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Thyroid Hormone Receptor (THRp) agonist
S. No Drug Mechanism of Action Advantage Disadvantage S-I;gltils References
inhibiting significant reduction in effects and
diacylglycerol O- liver fat unknown long-
acyltransferase 2 term safety due
(DGAT?2). to limited
clinical data.
Fibroblast Growth Factor (FGF) Analogs
FGF19 analog that -
regulates the synthesis The peptide, pr_lase 2
. : . study showed fibrosis
Aldafermin of bile acids, the . . . Phase |1
6. . improvement without Diarrhoea [56]
(NGM282) metabolism of glucose, . and I1b
. worsening NASH.
and the metabolism of .
Reduces liver fat
fats
Peptide: improved
pharmacokinetics and
Fc-FGF21 fusion pharmacodynamics;
Efruxifermin protein targets the showed potential in Mild to
(EFX, also FGF21 receptor improving glycemic moderate
7. known as pathways that are control; has a good astrointestinal Phase Il [17,57]
AKR-001 or involved in the safety profile; g events
AMG876) metabolism of fats and demonstrated
carbohydrates. antifibrotic effects
meeting FDA criteria
for phase 3 trials.
Farnesoid X Receptor (FXR) agonists
investigated in
Improves insulin phase 2 and
sensitliovit and reduces phase 3 trials;
infla)r/nmatory linked to
. S . adverse effects
Obeticholic s_eml-synthetlc plle mz_irkers.Reg.uIates bile such as fatigue
8. Acid (OCA) acid, strong agonist of acid synthesis; reduces constination " | Phasell [58]
FXR. liver fat, demonstrating pation,
S . - abdominal
significant histological - -
- : distention,
improvements in -
e - pruritus, and
clinical trials -
changed lipid
profiles
Tropifexor Non-bile acid FXR Significantly reduces .
% | (LN452) agonist ALT, liver fat, and NAS | Fruritus Phase Il [59]
enhancement of liver
. i . parameters in patients
10. Cilofexor Non-bile a?ld FXR suffering from Headache Phase Il [60,61]
(GS-9674) agonist . .
compensated cirrhosis
or advanced fibrosis.
Preclinical studies of a
selective FXR agonist
| S| acnigne
11. Vonafexor Non-bile a(.:'d FXR inflammation, fibrosis, dosages, mild Phase |1 [62]
(EYPO001) agonist . . pruritus was
and liver fat; phase 2
; noted.
studies showed
decreased liver enzymes
and liver fat content.
Peroxisome Proliferator-Activated Receptor (PPAR) agonists
In an early randomized
clinical trial (RCT) with
Gamma agonists of 55 participants who had
peroxisome biopsy-proven MASH
proliferator-activated and prediabetes/T2DM,
receptors improve it was the first anti- Weight gain Complete
12. | Pioglitazone | glucose utilization and hyperglycemic and fluid d Phase [63]
lipid medication to retention v
storage/redistribution, demonstrate efficacy.
which lowers insulin Lowers liver
resistance. inflammation, increases
insulin sensitivity, and
resolves 51% of MASH.
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Thyroid Hormone Receptor (THRp) agonist
S. No Drug Mechanism of Action Advantage Disadvantage S-I;gltils References
e e | Grstomestna
pan-PPAR agonist that . I-related
studies demonstrated
targets glucose and notable improvements events,
13. | Lanifibranor lipid metabolism in liver r?istolo peripheral Phase Il [64]
(PPARYy, PPARS, and ith b gy edema, anemia,
PPARYy) W't. out exacer at.lng and weight
’ fibrosis and anti- ain
inflammatory effects. 9
Approved in India for
NASH, this small
Dual PPARa/y agonist, molecu_le improved Gastritis, Phase I
. . metabolic parameters, . and Phase
14. | Saroglitazar lipid and glucose - asthenia, and - [65,66]
: hepatic fat content, and . 11 (India,
metabolism modulator. : pyrexia
liver enzyme levels. us)
Wider international
approval is still pending.
Stearoyl-CoA Desaturase 1 (SCD1) modulators
cause
bradycardia
and
In NAFLD mice, the hypotension as
Selective a2-adrenergic small molecule a result of -
Dexf“‘?de“’ agonist that affects the | decreased inflammation central Clinical
15. midine - - - . Phase 111 ( [67]
CNS and sedation and hepatic steatosis sympatholysis.
(DEX) . : ; i : Japan)
pathways while also increasing limited use in
insulin sensitivity. individuals
with serious
cardiac
disorders.
Antisense Oligonucleotides (ASOs)
Its long-term
safety and
fibrosis impact
Targets NASH patients are still
with the PNPLA3 unknown, and
1148M variant, a genetic | it may limit its
targets the PNPLA3 risk factor, in phase 2 use by posing
gene, more especially trials; lowers hepatic risks of
A7ZD2693 the 1148M variant that lipid storage by injection site
16. (ION839) is associated with a reducing the expression reactions, Phase Il b [68]
higher accumulation of | of the mutated PNPLA3 immune
triglycerides in the protein; has been responses, and
liver. demonstrated to lower off-target
liver triglyceride levels effects that
and alleviate steatosis in only affect
animal models. patients with
the PNPLA3
1148M
mutation.
Glucagon-like Peptide 1 (GLP-1) and Glucose-dependent Insulinotropic Polypeptide (GIP) receptor
agonists
GLP-1 receptor agonist, | iah benefits that
. . improving glucose owers weight, are lost when
17. Liraglutide - S hepatocyte apoptosis, . Phase Il [69]
homeostasis and insulin - - treatment is
. and hepatic steatosis.
secretion. stopped.
GLP-1 receptor agonist, improves weight loss, vomnilijrjga’an d
18. | Semaglutide improving glut_:ose . hepatlc steatosis limited Phase Il [70-72]
homeostasis and insulin | reduction, and glycemic | .
: improvement
secretion. control. S
in fibrosis.
increased
GLP-1 receptor agonist, | iaht | gastrointestinal
. . improving glucose Improves weight loss, -related events
19. Tirzepatide - S insulin resistance, and ; Phase 11 [73,74]
homeostasis and insulin - in a dose-
: reduces liver fat
secretion dependent
manner.
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Thyroid Hormone Receptor (THRp) agonist
S. No Drug Mechanism of Action Advantage Disadvantage S-I;gltils References
Increased heart
rate that is
GLP-1 receptor agonist, . . dose-dependent
. improving glucose Increases weight and
20. Retatrutide - T reduction and enhances - . Phase Il [75]
homeostasis and insulin . gastrointestinal
. metabolic parameters.
secretion problems
linked to
higher doses
Peptide improves
glycemic management
and lowers hepatic
Fc fragment fused to a glucose synthesis; astrointestinal
GLP-1 receptor agonist, increases insulin 9 - Phase 11
. - . L . . side effects like
21. Dulaglutide improving glucose sensitivity by inducing explorator [76,77]
- ; . - - - nausea and
homeostasis and insulin insulin secretion and ", y
; AR vomiting.
secretion inhibiting glucagon
release; and aids in
weight loss by reducing
appetite.
. . Peptide targets GLP-1 frequent GI
32:12?::?4\/?23%?1]‘ receptor, insulin side effects and
recentor ’a oniist signaling, AMPK, and twice-daily Phase 11
22. Exenatide impr(?ving glucoée inflammatory pathways, dosing, (limited [78-80]
homeostasis and insulin _reducmg hepatlc redu_cmg efficacy)
. inflammation and patient
secretion o -
oxidative stress compliance
Sodium-Glucose Cotransporter 2 (SGLT2) inhibitors
Small molecule;
preclinical research
showed reduced insulin
SGLT2 inhibitor resistance and decreased
23 Empagliflozi spec_lflcal_ly targeting hepatlc_fat forma_tlon in N/A Phase IV [81]
n the insulin signaling a variety of animal
pathway models of NAFLD,
including obese humans
and mice brought on by
a high-fat diet.
By altering important genital
SGLT2 inhibitors target metabol_lc_ pathways in infections, _Research
Canagliflozi processes related to precllnlgal Mouse dehydration IS nt_aeded,
24, - — models, this small drug ' particularl [82-84]
n fatty acid oxidation and - - and rare -
. . decreased inflammation o y in phase
de novo lipogenesis - diabetic .
and hepatic fat A 3 trials
. ketoacidosis.
accumulation
Small drug; lower
serum levels of y-
An insulin signaling glutamyltranspeptidase
system implicated in and alanine
Danagliflozi fatty acid oxidation, aminotransferase, as Acute kidne
25. pag inflammation reduction, | well as hepatic steatosis, L y Phase I11 [85]
n Lo A - - injury
and fibrosis mitigation inflammation, and liver
is targeted by SGLT2 fat content in mice
inhibitors. models of obesity and
diabetes produced by a
high-fat diet
Anti-Fibrotic and Anti-Inflammatory Agents
Failed in phase Pgase_ I,
- utin
3 trials due to Phase 111
inhibits the Small drug; lowers lack of efficacy
. L - e - showed
inflammatory and hepatic inflammation in improving no
2. Selonsertib apoptotic enzyme and f|b_r05|_s by reducm_g f|br0§|s, activity, [86]
apoptosis signal- the activation of hepatic despite so it is no
regulating kinase 1 macrophages and targeting londer
(ASK1). stellate cells ASK1 g
(apoptosis u_nc_jer
signal- clinical
g developm
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Thyroid Hormone Receptor (THRp) agonist
S. No Drug Mechanism of Action Advantage Disadvantage S-I;gltils References
regulating ent for
kinase 1). this
indication.
Did not meet
primary
endpoints in
Hepatic inflammation is phase 3 trials
An antagonist of dual Iegsened by this small (AURORA
Cenicriviroc CCR2/CCRS that y study),
27. o drug that decreases the - Phase I11 [87]
(CVC) targets fibrotic and . S showing no
. influx and activation of L
inflammatory pathways - significant
these immune cells. .
improvement
in fibrosis or
inflammation
long-term
By blocking the
production of
oligomeric structures Limited to non-
and lattice-like cirrhotic
assemblies tha_t are MASH with
necessary for activating ortal
pro-fibrotic signaling h Ertension'
Targets the fibrosis and pathways, this large yp S
. . no effect in Phase
28. Bela Pectin | inflammatory pathways molecule [18]
M - - advanced b/
by inhibiting galectin-3 galactoarabino- . .
fibrosis or
rhamnogalacturonan . ’
. cirrhosis, and
polysaccharide overall narrow
inhibitor, which is atient
generated from natural a ﬁicabilit
sources, stops fibrosis PP Y-
and lowers liver
inflammation
Still in early-
stage
development
with limited
Small molecule human data
Targets the fibrosis and | thiogalactoside inhibitor and otentia’I
29. GB1107 inflammatory pathways | targeting carbohydrate offrftar ot Phase I/11 [88]
by inhibiting galectin-3 recognition domain g
(CRD) of galectin-3 effects due to
Galectin-3
inhibition
remain
uncertain.
cause
pregnancy-
related
discomfort,
Activates relaxin family | Induces multiple effects, bloat_lng,_ or
; - . R constipation. -
. peptide receptor 1 including anti-fibrosis, L Preclinical
Relaxin and . Additionally,
30, | . L (RXFP1), a GPCR that | anti-inflammatory, and - [Early [89-92]
its mimetics : - . relaxin can .
binds to the hormone vasoprotective actions clinical
. - - weaken your
relaxin 2 in various organs -
pelvic floor,
which could
affect how well
you regulate
your bladder
Gut-Liver Axis Modulators (Microbiome-Targeted Therapies)
Targets gut-liver axis
dysfun_ctlon in MA.SH’ Reduces inflammation, A 24-week
neutralizes gut-derived | . li A
LPS, a key endotoxin improves liver enzymes experiment
31. IMM-124E | .~ =' A . (AST and ALT), and showed no Phase Il [93]
implicated in triggering -
L ] has no reported adverse | effect on liver
hepatic inflammation offects fat
through Toll-like
receptor 4 (TLR4)
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Thyroid Hormone Receptor (THRp) agonist
S. No Drug Mechanism of Action Advantage Disadvantage S-I;gltils References
activation on Kupffer
cells and hepatocytes.
By binding to LPS in
the gut lumen, IMM-
124E prevents
translocation of these
endotoxins into the
portal circulation,
thereby reducing
systemic inflammation
and interrupting the
cascade of immune
activation that
contributes to hepatic
injury and fibrogenesis.
Lactobacillu
sand . . Multiple
Bifidobacteri Clinical investigations Rare |ni1;ect|0ns Phase 11
um Specles, alters the intestinal have derr.]onsyrated that immunocompr studies
32 probiotics microbiome to enhance lowering I|_v1_ar fat. omised patients and some [94-96]
' and liver function content and raising liver mav exacerbate under
prebiotics enzyme levels improve y SIBO Observati
such as liver health outcomes onal/pilot
O symptoms .
inulin and trials
FOS
Anti-inflammatory havel_ar_1t|-|nf|a_mmatory Rel_ls_s on
Short-chain substances are qualities apd improve specttic gt{t Preclinical
. - the function of the bacteria, which
33. fatty acids generated when dietary | . inal barri hich b [early [97]
(SCFAs) fibers are fermented by mtespng arrier, whic may be clinical
bacteria will improve liver reduced in
health dysbiosis
Mediterrane promotes a health_y gut
L . . microbiota, which
an diet, rich uses eating habits that . . . ..
A | enhances liver function Needs dietary Clinical
in fiber, are beneficial to the - : - : ; L
34. . - and is associated with adjustments in | guideline- [98]
polyphenols, intestines to support . : .
- less liver fat and better liver disease supported
and healthy liver health - .
fats liver health outcom_es in
NASH/MASH patients
reduces_ dangeroqs Potential for
germs to improve liver antibiotic
Reduces endotoxin- function; nevertheless, resistance Phase 2
35. Rifaximin producing bacteria in long-term use is o trials are [99]
Non-specific .
the gut debatable because of - ongoing
- e impact on
possible antibiotic - .
: microbiota
resistance
risk of
transmitting
infectious
agents or
antibiotic-
Lowers liver fat and resistant
- . - bacteria from
Fecal restores a balanced gut increases insulin
. - . L .. donor to Early-
36 Microbiota flora by transferring sensitivity; early clinical recipient phase [100]
" | Transplantati | feces from donors who trials in MASH/NASH articulari trials
on (FMT) are in good health patients have shown pgiven thaty
promising results standard
screening
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7. Future Directions

A large prospective cohort study conducted in China revealed that the presence of
multiple metabolic risk factors, including obesity, T2DM, and other comorbidities, was
associated with a higher mortality rate for patients with MASLD [9, 14, 101]. Based on this
study result, the authors concluded that in the future it may be necessary to subcategorize
MASLD depending on the severity of the patient's metabolic syndrome symptoms in order to
ensure more effective treatment. Therefore, grouping MASLD patients according to liver
histology (steatosis, steatohepatitis, and fibrosis) may be less useful than grouping them by the
main pathological mechanism involved, which is more suitable for predicting disease outcome.
In addition, MASLD is a multisystemic disease; a multidisciplinary approach is required, and
it is likely that monotherapy (in combination with lifestyle modification) to treat MASLD will
not [102] provide complete treatment success. Thus, to achieve this, combination therapy
targeting different pathological pathways and organ systems needs to be more intensively
explored [14, 103, 104].

Future treatment strategies will likely incorporate genetically based technologies [6].
In particular, sSiRNA-based therapeutics provide a personalized medicine approach [105]. This
will be especially relevant to genetically-associated liver disease, where a number of single-
nucleotide polymorphisms have already been identified. Related therapeutics targeting
signalling pathways in lipogenesis, inflammation, apoptosis, and fibrosis are in development
[106]. Nevertheless, there is still a number of factors need to be taken into account in addition
to stringent regulatory requirements before such combination therapies can be implemented in
clinical practice: first and foremost, monotherapy must be well-established in patients; the
second is that clinical trials must be carefully planned and conducted with a large number of
participants; and the third is that the dosage and safety of such preparations must be thoroughly
investigated [107]. And last but not least, the treatment of patients who do not respond to
"conventional” treatment or are noncompliant must also be considered, so that it would be
useful to develop a more personalized treatment approach [108].

Another effective method to manage patients with T2DM and MASH is the strategic
use of overlapping biomarkers. This enables risk assessment using non-invasive biomarker
panels for early diagnosis. The effectiveness of addressing cardiometabolic comorbidities and
the efficacy of MASH-targeted therapies in individuals with MetALD must be rigorously
evaluated, emphasizing liver-related outcomes or their appropriate surrogates. Thus, finding
the initial stages of MASH and T2DM is the ultimate objective. It would be very beneficial for
researchers to employ "multiomics” techniques, which combine knowledge from multiple
biological databases (such as proteomics and genomics), and to tailor lifestyle and
pharmacological interventions in accordance with the unique biomarker profiles of each patient
as individualized treatments.

8. Conclusions

Metabolically—dysfunction—associated steatohepatitis remains a major global health
burden, especially among individuals with obesity and type 2 diabetes. This study underscores
how chronic metabolic stress, lipotoxicity, insulin resistance, and gut dysbiosis interact to
accelerate hepatic injury and fibrosis. Although recent pharmacological advancements—such
as Resmetirom, the first FDA-approved drug for non-cirrhotic MASH—represent meaningful
progress, current therapeutic strategies still face significant limitations. Most investigational
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drugs, including pioglitazone, THR-B agonists, GLP-1/GIP receptor agonists, and SGLT2
inhibitors, show promise in improving hepatic steatosis and metabolic parameters. Yet, their
capacity to reverse or halt fibrosis remains inconclusive.

Considering that MASH and MASLD are multisystemic disorders, forthcoming
therapeutic approaches should transition from monotherapy to combination regimens that
address metabolic, inflammatory, and fibrotic pathways. The absence of universally validated
non-invasive diagnostic biomarkers and standardized endpoints continues to hinder timely
diagnosis and therapeutic evaluation. Future research should therefore focus on integrating
multiomics-based biomarker discovery, modulation of the gut-liver axis, and personalized
medicine approaches to better stratify patients and predict treatment response. Furthermore,
combination therapies targeting multiple metabolic and inflammatory pathways
simultaneously may offer a more holistic and durable disease resolution. Furthermore, a
thorough assessment of therapeutic effectiveness in patients with concurrent metabolic
comorbidities, such as MetALD, will be crucial for establishing clinical endpoints.

Overall, bridging the translational gap between mechanistic understanding and clinical
application remains the key challenge. A multidisciplinary, patient-centered approach—
combining metabolic management, pharmacotherapy, and microbiome modulation—will be
essential to transform MASH therapy from disease control toward true reversal and prevention.
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Abbreviations

Abbreviation | Definition

MASH Metabolic Dysfunction Associated Steatohepatitis
MAFLD Metabolic Dysfunction Associated Fatty Liver Disease
MASLD Metabolic Dysfunction Associated Steatotic Liver Disease
T2DM Type |l Diabetes Mellitus

MetS Metabolic Syndrome

AT Adipose Tissue

IR Insulin resistance

miRNA Micro RNA

SGLT-2 Sodium Glucose Co-transporter-2

FMT Fecal Microbiota Transplantation

References

1. Ghazanfar, H.; Javed, N.; Qasim, A.; Zacharia, G.S.; Ghazanfar, A.; Jyala, A.; Shehi, E.; Patel, H.
Metabolic Dysfunction-Associated Steatohepatitis and Progression to Hepatocellular Carcinoma: A
Literature Review. Cancers 2024, 16, 1214, https://doi.org/10.3390/cancers16061214.

2. Ferdous, S.-E.; Ferrell, J.M. Pathophysiological Relationship between Type 2 Diabetes Mellitus and
Metabolic Dysfunction-Associated Steatotic Liver Disease: Novel Therapeutic Approaches. Int. J. Mol.
Sci. 2024, 25, 8731, https://doi.org/10.3390/ijms25168731.

3. Bansal, S.K.; Bansal, M.B. Pathogenesis of MASLD and MASH - role of insulin resistance and
lipotoxicity. Aliment. Pharmacol. Ther. 2024, 59, S10-S22, https://doi.org/10.1111/apt.17930.

4. Sergi, C.M. NAFLD (MASLD)/NASH (MASH): Does It Bother to Label at All? A Comprehensive
Narrative Review. Int. J. Mol. Sci. 2024, 25, 8462, https://doi.org/10.3390/ijms25158462.

5. Ruze, R.; Liu, T.; Zou, X.; Song, J.; Chen, Y.; Xu, R.; Yin, X.; Xu, Q. Obesity and type 2 diabetes mellitus:
connections in epidemiology, pathogenesis, and treatments. Front. Endocrinol. 2023, 14, 1161521,
https://doi.org/10.3389/fend0.2023.1161521.

6. Anastasiou, G.; Stefanakis, K.; Hill, M.A.; Mantzoros, C.S. Expanding diagnostic and therapeutic
horizons for MASH: Comparison of the latest and conventional therapeutic approaches. Metabolism 2024,
161, 156044, https://doi.org/10.1016/j.metabol.2024.156044.

7. Huttasch, M.; Roden, M.; Kahl, S. Obesity and MASLD: Is weight loss the (only) key to treat metabolic
liver disease? Metabolism 2024, 157, 155937, https://doi.org/10.1016/j.metabol.2024.155937.

8. Jensen, M.D. Role of Body Fat Distribution and the Metabolic Complications of Obesity. J. Clin.
Endocrinol. Metab. 2008, 93, s57-s63, https://doi.org/10.1210/jc.2008-1585.

9. Godoy-Matos, A.F.; Silva Janior, W.S.; Valerio, C.M. NAFLD as a continuum: from obesity to metabolic
syndrome and diabetes. Diabetol. Metab. Syndr. 2020, 12, 60, https://doi.org/10.1186/s13098-020-00570-
y.

10. Saeedi, P.; Petersohn, I.; Salpea, P.; Malanda, B.; Karuranga, S.; Unwin, N.; Colagiuri, S.; Guariguata, L.;
Motala, A.A.; Ogurtsova, K.; Shaw, J.E.; Bright, D.; Williams, R. Global and regional diabetes prevalence
estimates for 2019 and projections for 2030 and 2045: Results from the International Diabetes Federation
Diabetes  Atlas, 9" edition. Diabetes Res. Clin. Pract. 2019, 157, 107843,
https://doi.org/10.1016/j.diabres.2019.107843.

11. Correr, C.J.; Coura-Vital, W.; Frade, J.C.Q.P.; Nascimento, R.C.R.M.; Nascimento, L.G.; Pinheiro, E.B.;
Ferreira, W.M.; Reis, J.S.; Melo, K.F.S.; Pontarolo, R.; Lenzi, M.S.A.; Almeida, J.V.; Pedrosa, H.C.;
Jodo, W.S.J. Prevalence of people at risk of developing type 2 diabetes mellitus and the involvement of
community pharmacies in a national screening campaign: a pioneer action in Brazil. Diabetes Metab.
Syndr. 2020, 12, 89, https://doi.org/10.1186/s13098-020-00593-5.

12. Cusi, K. Time to Include Nonalcoholic Steatohepatitis in the Management of Patients With Type 2
Diabetes. Diabetes Care 2020, 43, 275-279, https://doi.org/10.2337/dci19-0064.

13. Dai, W.; Ye, L.; Liu, A.; Wen, S.W.; Deng, J.; Wu, X.; Lai, Z. Prevalence of nonalcoholic fatty liver
disease in patients with type 2 diabetes mellitus: A meta-analysis. Medicine 2017, 96, e8179,
https://doi.org/10.1097/MD.0000000000008179.

14, Younossi, Z.M.; Golabi, P.; de Avila, L.; Paik, J.M.; Srishord, M.; Fukui, N.; Qiu, Y.; Burns, L.; Afendy,

A.; Nader, F. The global epidemiology of NAFLD and NASH in patients with type 2 diabetes: A

https://nanobioletters.com/ 18 of 25


https://doi.org/10.33263/LIANBS151.011
https://nanobioletters.com/
https://doi.org/10.3390/cancers16061214
https://doi.org/10.3390/ijms25168731
https://doi.org/10.1111/apt.17930
https://doi.org/10.3390/ijms25158462
https://doi.org/10.3389/fendo.2023.1161521
https://doi.org/10.1016/j.metabol.2024.156044
https://doi.org/10.1016/j.metabol.2024.155937
https://doi.org/10.1210/jc.2008-1585
https://doi.org/10.1186/s13098-020-00570-y
https://doi.org/10.1186/s13098-020-00570-y
https://doi.org/10.1016/j.diabres.2019.107843
https://doi.org/10.1186/s13098-020-00593-5
https://doi.org/10.2337/dci19-0064
https://doi.org/10.1097/MD.0000000000008179

https://doi.org/10.33263/LIANBS151.011

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

217.

28.

29.

systematic review and meta-analysis. J. Hepatol. 2019, 71, 793-801,
https://doi.org/10.1016/j.jhep.2019.06.021.

Dharmalingam, M.; Yamasandhi, P.G. Nonalcoholic Fatty Liver Disease and Type 2 Diabetes Mellitus.
Indian J. Endocrinol. Metab. 2018, 22, 421-428, https://doi.org/10.4103/ijem.IJEM_585_17.

Bazick, J.; Donithan, M.; Neuschwander-Tetri, B.A.; Kleiner, D.; Brunt, E.M.; Wilson, L.; Doo, E.;
Lavine, J.; Tonascia, J.; Loomba, R. Clinical Model for NASH and Advanced Fibrosis in Adult Patients
With Diabetes and NAFLD: Guidelines for Referral in NAFLD. Diabetes Care 2015, 38, 1347-1355,
https://doi.org/10.2337/dc14-1239.

Stefan, A.G.; Mitrea, A.; Clenciu, D.; Vladu, 1.M.; Rosu, M.M.; Protasiewicz-Timofticiuc, D.C.; Radu-
Gheonea, T.C.; Efrem, I.C.; Amzolini, A.M.; Vladu, B.E.; Efrem, A.M.; Pintilei, D.V.R.; Mota, E.; Mota,
M. MASH in type 2 diabetes: Pathophysiology, Diagnosis, and therapeutic management — A narrative
review. Medicina (Kaunas) 2026, 62(2), 325, https://doi.org/10.3390/medicina62020325

Chalasani, N.; Abdelmalek, M.F.; Garcia-Tsao, G.; Vuppalanchi, R.; Alkhouri, N.; Rinella, M.;
Noureddin, M.; Pyko, M.; Shiffman, M.; Sanyal, A.; Allgood, A.; Shlevin, H.; Horton, R.; Zomer, E.;
Irish, W.; Goodman, Z.; Harrison, S.A.; Traber, P.G.; Abdelmalek, M.; Balart, L.; Borg, B.; Chalasani,
N.; Charlton, M.; Conjeevaram, H.; Fuchs, M.; Ghalib, R.; Gholam, P.; Halegoua-De Marzio, D.;
Harrison, S.; Jue, C.; Kemmer, N.; Kowdley, K.; Lai, M.; Lawitz, E.; Loomba, R.; Noureddin, M.;
Paredes, A.; Rinella, M.; Rockey, D.; Rodriguez, M.; Rubin, R.; Ryan, M.; Sanyal, A.; Scanga, A.; Sepe,
T.; Shiffman, M.; Shiffman, M.; Tetri, B.; Thuluvath, P.; Torres, D.; Vierling, J.; Wattacheril, J.; Weiland,
A.; Zogg, D. Effects of Belapectin, an Inhibitor of Galectin-3, in Patients With Nonalcoholic
Steatohepatitis With Cirrhosis and Portal Hypertension. Gastroenterology 2020, 158, 1334-1345.e1335,
https://doi.org/10.1053/j.gastro.2019.11.296.

Portillo-Sanchez, P.; Bril, F.; Maximos, M.; Lomonaco, R.; Biernacki, D.; Orsak, B.; Subbarayan, S.;
Webb, A.; Hecht, J.; Cusi, K. High Prevalence of Nonalcoholic Fatty Liver Disease in Patients With Type
2 Diabetes Mellitus and Normal Plasma Aminotransferase Levels. J. Clin. Endocrinol. Metab. 2015, 100,
2231-2238, https://doi.org/10.1210/jc.2015-1966.

Tilg, H.; Moschen, A.R. Evolution of Inflammation in Nonalcoholic Fatty Liver Disease: The Multiple
Parallel Hits Hypothesis. Hepatology 2010, 52, 18361846, https://doi.org/10.1002/hep.24001.

Kahn, S.E.; Hull, R.L.; Utzschneider, K.M. Mechanisms linking obesity to insulin resistance and type 2
diabetes. Nature 2006, 444, 840-846, https://doi.org/10.1038/nature05482.

DeFronzo, R.A. From the Triumvirate to the Ominous Octet: A New Paradigm for the Treatment of Type
2 Diabetes Mellitus. Diabetes 2009, 58, 773—795, https://doi.org/10.2337/db09-9028.

Virtue, S.; Vidal-Puig, A. It's Not How Fat You Are, It's What You Do with It That Counts. PLOS Biology
2008, 6, €237, https://doi.org/10.1371/journal.pbio.0060237.

Suppli, M.P.; Bagger, J.1.; Lund, A.; Demant, M.; van Hall, G.; Strandberg, C.; Kanig, M.J.; Rigbolt, K;
Langhoff, J.L.; Wewer Albrechtsen, N.J.; Holst, J.J.; Vilsbgll, T.; Knop, F.K. Glucagon Resistance at the
Level of Amino Acid Turnover in Obese Subjects With Hepatic Steatosis. Diabetes 2020, 69, 1090-1099,
https://doi.org/10.2337/db19-0715.

Lund, A.; Bagger, J.I.; Christensen, M.; Knop, F.K.; Vilsbgll, T. Glucagon and Type 2 Diabetes: the
Return of the Alpha Cell. Curr. Diabetes Rep. 2014, 14, 555, https://doi.org/10.1007/s11892-014-0555-
4.

Devasia, A.G.; Ramasamy, A.; Leo, C.H. Current Therapeutic Landscape for Metabolic Dysfunction-
Associated Steatohepatitis. Int. J. Mol. Sci. 2025, 26, 1778, https://doi.org/10.3390/ijms26041778.
Mukherjee, S.; Im, S.-S. Decoding Health: Exploring Essential Biomarkers Linked to Metabolic
Dysfunction-Associated Steatohepatitis and Type 2 Diabetes Mellitus. Biomedicines 2025, 13, 359,
https://doi.org/10.3390/biomedicines13020359.

Herder, C.; Farch, K.; Carstensen-Kirberg, M.; Lowe, G.D.; Haapakoski, R.; Witte, D.R.; Brunner, E.J.;
Roden, M.; Tabak, A.G.; Kiviméki, M.; Vistisen, D. Biomarkers of subclinical inflammation and increases
in glycaemia, insulin resistance and beta-cell function in non-diabetic individuals: the Whitehall Il study.
Eur. J. Endocrinol. 2016, 175, 367-377, https://doi.org/10.1530/EJE-16-0528.

Kosmas, C.E.; Sourlas, A.; Oikonomakis, K.; Zoumi, E.-A.; Papadimitriou, A.; Kostara, C.E. Biomarkers
of insulin  sensitivity/resistance. J. Int. Med. Res. 2024, 52, 03000605241285550,
https://doi.org/10.1177/03000605241285550.

https://nanobioletters.com/ 19 of 25


https://doi.org/10.33263/LIANBS151.011
https://nanobioletters.com/
https://doi.org/10.1016/j.jhep.2019.06.021
https://doi.org/10.4103/ijem.IJEM_585_17
https://doi.org/10.2337/dc14-1239
https://doi.org/10.1053/j.gastro.2019.11.296
https://doi.org/10.1210/jc.2015-1966
https://doi.org/10.1002/hep.24001
https://doi.org/10.1038/nature05482
https://doi.org/10.2337/db09-9028
https://doi.org/10.1371/journal.pbio.0060237
https://doi.org/10.2337/db19-0715
https://doi.org/10.1007/s11892-014-0555-4
https://doi.org/10.1007/s11892-014-0555-4
https://doi.org/10.3390/ijms26041778
https://doi.org/10.3390/biomedicines13020359
https://doi.org/10.1530/EJE-16-0528
https://doi.org/10.1177/03000605241285550

https://doi.org/10.33263/LIANBS151.011

30.

3L

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42,

43.

44,

45,

46.

47.

48.

49,

50.

Krishnan, S.T.; Winkler, D.; Creek, D.; Anderson, D.; Kirana, C.; Maddern, G.J.; Fenix, K.; Hauben, E.;
Rudd, D.; Voelcker, N.H. Staging of colorectal cancer using lipid biomarkers and machine learning.
Metabolomics 2023, 19, 84, https://doi.org/10.1007/s11306-023-02049-z.

Oses, M.; Margareto Sanchez, J.; Portillo, M.P.; Aguilera, C.M.; Labayen, I. Circulating miRNASs as
Biomarkers of Obesity and Obesity-Associated Comorbidities in Children and Adolescents: A Systematic
Review. Nutrients 2019, 11, 2890, https://doi.org/10.3390/nu11122890.

Gonzalez-Sanchez, L.E.; Ortega-Camarillo, C.; Contreras-Ramos, A.; Barajas-Nava, L.A. miRNAs as
biomarkers for diagnosis of type 2 diabetes: A systematic review. J. Diabetes 2021, 13, 792-816,
https://doi.org/10.1111/1753-0407.13166.

Vaishya, S.; Sarwade, R.D.; Seshadri, V. MicroRNA, Proteins, and Metabolites as Novel Biomarkers for
Prediabetes, Diabetes, and Related Complications. Front. Endocrinol. 2018, 9, 180,
https://doi.org/10.3389/fend0.2018.00180.

Noureddin, M. MASH clinical trials and drugs pipeline: An impending tsunami. Hepatology 2025, 82,
1325-1340, https://doi.org/10.1097/HEP.0000000000000860.

Chen, Y.C.; Li, H.; Wang, J. Mechanisms of metformin inhibiting cancer invasion and migration. Am. J.
Transl. Res. 2020, 12, 4885-4901.

Dokmak, A.; Almeqgdadi, M.; Trivedi, H.; Krishnan, S. Rise of sodium-glucose cotransporter 2 inhibitors
in the management of nonalcoholic fatty liver disease. World J. Hepatol. 2019, 11, 562-573,
https://doi.org/10.4254/wjh.v11.i7.562.

Mousa, A.M.; Mahmoud, M.; AlShuraiaan, G.M. Resmetirom: The First Disease-Specific Treatment for
MASH. Int. J. Endocrinol. 2025, 2025, 6430023, https://doi.org/10.1155/ije/6430023.

Schick, F.; Yki-Jarvinen, H.; Gastaldelli, A.; Vettor, R.; Friihbeck, G.; Dicker, D. EASL-EASD-EASO
Clinical Practice Guidelines on the management of metabolic dysfunction-associated steatotic liver
disease (MASLD). J. Hepatol. 2024, 81, 492-542, https://doi.org/10.1016/j.jhep.2024.04.031.

Umscheid, C.A.; Margolis, D.J.; Grossman, C.E. Key Concepts of Clinical Trials: A Narrative Review.
Postgrad. Med. 2011, 123, 194-204, https://doi.org/10.3810/pgm.2011.09.2475.

Gancheva, S.; Roden, M.; Castera, L. Diabetes as a risk factor for MASH progression. Diabetes Res. Clin.
Pract. 2024, 217, 111846, https://doi.org/10.1016/j.diabres.2024.111846.

Vespasiani-Gentilucci, U.; Gallo, P.; Picardi, A. The role of intestinal microbiota in the pathogenesis of
NAFLD: starting points for intervention. Arch. Med. Sci. 2018, 14, 701-706,
https://doi.org/10.5114/aoms.2016.58831.

Knight, R.; Callewaert, C.; Marotz, C.; Hyde, E.R.; Debelius, J.W.; McDonald, D.; Sogin, M.L. The
Microbiome and Human Biology. Annu. Rev. Genomics Hum. Genet. 2017, 18, 65-86,
https://doi.org/10.1146/annurev-genom-083115-022438.

Perumpail, B.J.; Li, A.A.; John, N.; Sallam, S.; Shah, N.D.; Kwong, W.; Cholankeril, G.; Kim, D.; Ahmed,
A. The Therapeutic Implications of the Gut Microbiome and Probiotics in Patients with NAFLD. Diseases
2019, 7, 27, https://doi.org/10.3390/diseases7010027.

Boursier, J.; Mueller, O.; Barret, M.; Machado, M.; Fizanne, L.; Araujo-Perez, F.; Guy, C.D.; Seed, P.C.;
Rawls, J.F.; David, L.A.; Hunault, G.; Oberti, F.; Calés, P.; Diehl, A.M. The severity of nonalcoholic fatty
liver disease is associated with gut dysbiosis and shift in the metabolic function of the gut microbiota.
Hepatology 2016, 63, 764775, https://doi.org/10.1002/hep.28356.

Day, C.P.; James, O.F.W. Steatohepatitis: A tale of two “hits”? Gastroenterology 1998, 114, 842-845,
https://doi.org/10.1016/s0016-5085(98)70599-2.

Etienne-Mesmin, L.; Vijay-Kumar, M.; Gewirtz, A.T.; Chassaing, B. Hepatocyte Toll-Like Receptor 5
Promotes Bacterial Clearance and Protects Mice Against High-Fat Diet-Induced Liver Disease. Cell. Mol.
Gastroenterol. Hepatol. 2016, 2, 584-604, https://doi.org/10.1016/j.jcmgh.2016.04.007.

Ganz, M.; Szabo, G. Immune and inflammatory pathways in NASH. Hepatol. Int. 2013, 7, 771-781,
https://doi.org/10.1007/s12072-013-9468-6.

Tilg, H.; Moschen, A.R. Food, Immunity, and the Microbiome. Gastroenterology 2015, 148, 1107-1119,
https://doi.org/10.1053/j.gastro.2014.12.036.

Knezovi¢, E.; Hefer, M.; Blazanovié, S.; Petrovi¢, A.; Tomic¢i¢, V.; Srb, N.; Kirner, D.; Smoli¢, R;;
Smoli¢, M. Drug Pipeline for MASLD: What Can Be Learned from the Successful Story of Resmetirom.
Curr. Issues Mol. Biol. 2025, 47, 154, https://doi.org/10.3390/cimb47030154.

Harrison Stephen, A.; Bedossa, P.; Guy Cynthia, D.; Schattenberg Jorn, M.; Loomba, R.; Taub, R.;
Labriola, D.; Moussa Sam, E.; Neff Guy, W.; Rinella Mary, E.; Anstee Quentin, M.; Abdelmalek Manal,

https://nanobioletters.com/ 20 of 25


https://doi.org/10.33263/LIANBS151.011
https://nanobioletters.com/
https://doi.org/10.1007/s11306-023-02049-z
https://doi.org/10.3390/nu11122890
https://doi.org/10.1111/1753-0407.13166
https://doi.org/10.3389/fendo.2018.00180
https://doi.org/10.1097/HEP.0000000000000860
https://doi.org/10.4254/wjh.v11.i7.562
https://doi.org/10.1155/ije/6430023
https://doi.org/10.1016/j.jhep.2024.04.031
https://doi.org/10.3810/pgm.2011.09.2475
https://doi.org/10.1016/j.diabres.2024.111846
https://doi.org/10.5114/aoms.2016.58831
https://doi.org/10.1146/annurev-genom-083115-022438
https://doi.org/10.3390/diseases7010027
https://doi.org/10.1002/hep.28356
https://doi.org/10.1016/s0016-5085(98)70599-2
https://doi.org/10.1016/j.jcmgh.2016.04.007
https://doi.org/10.1007/s12072-013-9468-6
https://doi.org/10.1053/j.gastro.2014.12.036
https://doi.org/10.3390/cimb47030154

https://doi.org/10.33263/LIANBS151.011

Sl

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

F.; Younossi, Z.; Baum Seth, J.; Francque, S.; Charlton Michael, R.; Newsome Philip, N.; Lanthier, N.;
Schiefke, I.; Mangia, A.; Pericas Juan, M.; Patil, R.; Sanyal Arun, J.; Noureddin, M.; Bansal Meena, B.;
Alkhouri, N.; Castera, L.; Rudraraju, M.; Ratziu, V. A Phase 3, Randomized, Controlled Trial of
Resmetirom in NASH with Liver Fibrosis. N. Engl. J. Med. 2024, 390, 497-509,
https://doi.org/10.1056/NEJM0a2309000.

Hu, Y.; Sun, C.; Chen, Y.; Liu, Y.-D.; Fan, J.-G. Pipeline of New Drug Treatment for Non-alcoholic Fatty
Liver Disease/Metabolic Dysfunction-associated Steatotic Liver Disease. J. Clin. Transl. Hepatol. 2024,
12, 802-814, https://doi.org/10.14218/JCTH.2024.00123.

Zhou, J.; Waskowicz, L.R.; Lim, A,; Liao, X.-H.; Lian, B.; Masamune, H.; Refetoff, S.; Tran, B.; Koeberl,
D.D.; Yen, P.M. A Liver-Specific Thyromimetic, VK2809, Decreases Hepatosteatosis in Glycogen
Storage Disease Type la. Thyroid® 2019, 29, 1158-1167, https://doi.org/10.1089/thy.2019.0007.
Bergman, A.; Carvajal-Gonzalez, S.; Tarabar, S.; Saxena, A.R.; Esler, W.P.; Amin, N.B. Safety,
Tolerability, Pharmacokinetics, and Pharmacodynamics of a Liver-Targeting Acetyl-CoA Carboxylase
Inhibitor (PF-05221304): A Three-Part Randomized Phase 1 Study. Clin. Pharmacol. Drug Dev. 2020, 9,
514-526, https://doi.org/10.1002/cpdd.782.

Bian, H.; Liu, Y.-M.; Chen, Z.-N. New avenues for NASH therapy by targeting ACC. Cell Metab. 2022,
34, 191-193, https://doi.org/10.1016/j.cmet.2022.01.001.

Saxena, A.R.; Lyle, S.-A.; Khavandi, K.; Qiu, R.; Whitlock, M.; Esler, W.P.; Kim, A.M. A phase 2a,
randomized, double-blind, placebo-controlled, three-arm, parallel-group study to assess the efficacy,
safety, tolerability and pharmacodynamics of PF-06835919 in patients with non-alcoholic fatty liver
disease and type 2 diabetes. Diabetes Obes. Metab. 2023, 25, 992-1001,
https://doi.org/10.1111/dom.14946.

Harrison, S.A.; Neff, G.; Guy, C.D.; Bashir, M.R.; Paredes, A.H.; Frias, J.P.; Younes, Z.; Trotter, J.F.;
Gunn, N.T.; Moussa, S.E.; Kohli, A.; Nelson, K.; Gottwald, M.; Chang, W.C.G.; Yan, A.Z.; DePaoli,
A.M.; Ling, L.; Lieu, H.D. Efficacy and Safety of Aldafermin, an Engineered FGF19 Analog, in a
Randomized, Double-Blind, Placebo-Controlled Trial of Patients With Nonalcoholic Steatohepatitis.
Gastroenterology 2021, 160, 219-231.e211, https://doi.org/10.1053/j.gastro.2020.08.004.

Harrison, S.A.; Frias, J.P.; Neff, G.; Abrams, G.A.; Lucas, K.J.; Sanchez, W.; Gogia, S.; Sheikh, M.Y.;
Behling, C.; Bedossa, P.; Shao, L.; Chan, D.; Fong, E.; de Temple, B.; Shringarpure, R.; Tillman, E.J.;
Rolph, T.; Cheng, A.; Yale, K. Safety and efficacy of once-weekly efruxifermin versus placebo in non-
alcoholic steatohepatitis (HARMONY): a multicentre, randomised, double-blind, placebo-controlled,
phase 2b trial. Lancet Gastroenterol. Hepatol. 2023, 8, 1080-1093, https://doi.org/10.1016/S2468-
1253(23)00272-8.

Neuschwander-Tetri, B.A.; Loomba, R.; Sanyal, A.J.; Lavine, J.E.; Van Natta, M.L.; Abdelmalek, M.F;
Chalasani, N.; Dasarathy, S.; Diehl, A.M.; Hameed, B.; Kowdley, K.VV.; McCullough, A.; Terrault, N.;
Clark, J.M.; Tonascia, J.; Brunt, E.M.; Kleiner, D.E.; Doo, E. Farnesoid X nuclear receptor ligand
obeticholic acid for non-cirrhotic, non-alcoholic steatohepatitis (FLINT): a multicentre, randomised,
placebo-controlled trial. Lancet 2015, 385, 956-965, https://doi.org/10.1016/S0140-6736(14)61933-4.
Sanyal, A.J.; Lopez, P.; Lawitz, E.J.; Lucas, K.J.; Loeffler, J.; Kim, W.; Goh, G.B.B.; Huang, J.-F.; Serra,
C.; Andreone, P.; Chen, Y.-C.; Hsia, S.H.; Ratziu, V.; Aizenberg, D.; Tobita, H.; Sheikh, A.M.; Vierling,
J.M.; Kim, Y.J.; Hyogo, H.; Tai, D.; Goodman, Z.; Schaefer, F.; Carbarns, I.R.l.; Lamle, S.; Martic, M.;
Naoumov, N.V.; Brass, C.A. Tropifexor for nonalcoholic steatohepatitis: an adaptive, randomized,
placebo-controlled phase 2a/b trial. Nat. Med. 2023, 29, 392-400, https://doi.org/10.1038/s41591-022-
02200-8.

Loomba, R.; Noureddin, M.; Kowdley, K.V.; Kohli, A.; Sheikh, A.; Neff, G.; Bhandari, B.R.; Gunn, N.;
Caldwell, S.H.; Goodman, Z.; Wapinski, I.; Resnick, M.; Beck, A.H.; Ding, D.; Jia, C.; Chuang, J.C,;
Huss, R.S.; Chung, C.; Subramanian, G.M.; Myers, R.P.; Patel, K.; Borg, B.B.; Ghalib, R.; Kabler, H.;
Poulos, J.; Younes, Z.; Elkhashab, M.; Hassanein, T.; lyer, R.; Ruane, P.; Shiffman, M.L.; Strasser, S.;
Wong, V.W.S.; Alkhouri, N.; for the, A.l. Combination Therapies Including Cilofexor and Firsocostat for
Bridging Fibrosis and Cirrhosis Attributable to NASH. Hepatology 2021, 73, 625-643,
https://doi.org/10.1002/hep.31622.

Younis, LR.; Kirby, B.J.; Billin, AN.; Xiao, D.; Song, Q.; Watkins, T.R.; Othman, A.A.
Pharmacokinetics, pharmacodynamics, safety and tolerability of cilofexor, a novel nonsteroidal Farnesoid
X receptor agonist, in healthy volunteers. Clin. Transl. Sci. 2023, 16, 536-547,
https://doi.org/10.1111/cts.13469.

https://nanobioletters.com/ 21 of 25


https://doi.org/10.33263/LIANBS151.011
https://nanobioletters.com/
https://doi.org/10.1056/NEJMoa2309000
https://doi.org/10.14218/JCTH.2024.00123
https://doi.org/10.1089/thy.2019.0007
https://doi.org/10.1002/cpdd.782
https://doi.org/10.1016/j.cmet.2022.01.001
https://doi.org/10.1111/dom.14946
https://doi.org/10.1053/j.gastro.2020.08.004
https://doi.org/10.1016/S2468-1253(23)00272-8
https://doi.org/10.1016/S2468-1253(23)00272-8
https://doi.org/10.1016/S0140-6736(14)61933-4
https://doi.org/10.1038/s41591-022-02200-8
https://doi.org/10.1038/s41591-022-02200-8
https://doi.org/10.1002/hep.31622
https://doi.org/10.1111/cts.13469

https://doi.org/10.33263/LIANBS151.011

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

Ratziu, V.; Harrison, S.A.; Loustaud-Ratti, V.; Bureau, C.; Lawitz, E.; Abdelmalek, M.; Alkhouri, N.;
Francque, S.; Girma, H.; Darteil, R.; Couchoux, H.; Wolf, M.; Sanyal, A.; Vonderscher, J.; Scalfaro, P.
Hepatic and renal improvements with FXR agonist vonafexor in individuals with suspected fibrotic
NASH. J. Hepatol. 2023, 78, 479-492, https://doi.org/10.1016/j.jhep.2022.10.023.

Cusi, K.; Orsak, B.; Bril, F.; Lomonaco, R.; Hecht, J.; Ortiz-Lopez, C.; Tio, F.; Hardies, J.; Darland, C.;
Musi, N.; Webb, A.; Portillo-Sanchez, P. Long-Term Pioglitazone Treatment for Patients With
Nonalcoholic Steatohepatitis and Prediabetes or Type 2 Diabetes Mellitus. Ann. Intern. Med. 2016, 165,
305-315, https://doi.org/10.7326/M15-1774.

Francque Sven, M.; Bedossa, P.; Ratziu, V.; Anstee Quentin, M.; Bugianesi, E.; Sanyal Arun, J.; Loomba,
R.; Harrison Stephen, A.; Balabanska, R.; Mateva, L.; Lanthier, N.; Alkhouri, N.; Moreno, C.;
Schattenberg Jorn, M.; Stefanova-Petrova, D.; Vonghia, L.; Rouzier, R.; Guillaume, M.; Hodge, A.;
Romero-Gomez, M.; Huot-Marchand, P.; Baudin, M.; Richard, M.-P.; Abitbol, J.-L.; Broqua, P.; Junien,
J.-L.; Abdelmalek Manal, F. A Randomized, Controlled Trial of the Pan-PPAR Agonist Lanifibranor in
NASH. N. Engl. J. Med. 2021, 385, 1547-1558, https://doi.org/10.1056/NEJM0a2036205.

Gawrieh, S.; Noureddin, M.; Loo, N.; Mohseni, R.; Awasty, V.; Cusi, K.; Kowdley, K.V.; Lai, M.; Schiff,
E.; Parmar, D.; Patel, P.; Chalasani, N. Saroglitazar, a PPAR-o/y Agonist, for Treatment of NAFLD: A
Randomized Controlled Double-Blind Phase 2 Trial. Hepatology 2021, 74, 1809-1824,
https://doi.org/10.1002/hep.31843.

Chhabra, M.; Vidyasagar, K.; Gudi, S.K.; Sharma, J.; Sharma, R.; Rashid, M. Efficacy and safety of
saroglitazar for the management of dyslipidemia: A systematic review and meta-analysis of interventional
studies. PLOS ONE 2022, 17, e0269531, https://doi.org/10.1371/journal.pone.0269531.

Tao, L.; Guo, X.; Xu, M.; Wang, Y.; Xie, W.; Chen, H.; Ma, M.; Li, X. Dexmedetomidine ameliorates
high-fat diet-induced nonalcoholic fatty liver disease by targeting SCD1 in obesity mice. Pharmacol. Res.
Perspect. 2021, 9, e00700, https://doi.org/10.1002/prp2.700.

Armisen, J.; Rauschecker, M.; Sarv, J.; Liljeblad, M.; Wernevik, L.; Niazi, M.; Knéchel, J.; Eklund, O.;
Sandell, T.; Sherwood, J.; Bergenholm, L.; Hallén, S.; Wang, S.; Kamble, P.; Bhat, M.; Maxvall, |.; Wang,
Y.; Lee, R.G.; Bhanot, S.; Guo, S.; Romeo, S.; Lawitz, E.; Fjellstrom, O.; Lindén, D.; Blau, J.E.; Loomba,
R. AZD2693, a PNPLA3 antisense oligonucleotide, for the treatment of MASH in 148M homozygous
participants:  Two  randomized phase | trials. J. Hepatol. 2025, 83, 31-42,
https://doi.org/10.1016/j.jhep.2024.12.046.

Khoo, J.; Hsiang, J.C.; Taneja, R.; Koo, S.-H.; Soon, G.-H.; Kam, C.J.; Law, N.-M.; Ang, T.-L.
Randomized trial comparing effects of weight loss by liraglutide with lifestyle modification in non-
alcoholic fatty liver disease. Liver Int. 2019, 39, 941-949, https://doi.org/10.1111/liv.14065.

Marso Steven, P.; Bain Stephen, C.; Consoli, A.; Eliaschewitz Freddy, G.; Jédar, E.; Leiter Lawrence, A.;
Lingvay, l.; Rosenstock, J.; Seufert, J.; Warren Mark, L.; Woo, V.; Hansen, O.; Holst Anders, G.;
Pettersson, J.; Vilsbgll, T. Semaglutide and Cardiovascular Outcomes in Patients with Type 2 Diabetes.
N. Engl. J. Med. 2016, 375, 1834-1844, https://doi.org/10.1056/NEJM0al607141.

Soto-Catalan, M.; Opazo-Rios, L.; Quiceno, H.; Lazaro, |.; Moreno, J.A.; Gomez-Guerrero, C.; Egido, J.;
Mas-Fontao, S. Semaglutide Improves Liver Steatosis and De Novo Lipogenesis Markers in Obese and
Type-2-Diabetic Mice with Metabolic-Dysfunction-Associated Steatotic Liver Disease. Int. J. Mol. Sci.
2024, 25, 2961, https://doi.org/10.3390/ijms25052961.

Wu, L.; Zhan, Y.; Wang, Y. Semaglutide May Ameliorate Fibrosis and Inhibit Epithelial-Mesenchymal
Transition in Intrauterine  Adhesion Models. Int. J. Mol. Sci. 2024, 25, 6196,
https://doi.org/10.3390/ijms25116196.

Jastreboff Ania, M.; Aronne Louis, J.; Ahmad Nadia, N.; Wharton, S.; Connery, L.; Alves, B.; Kiyosue,
A.; Zhang, S.; Liu, B.; Bunck Mathijs, C.; Stefanski, A. Tirzepatide Once Weekly for the Treatment of
Obesity. N. Engl. J. Med. 2022, 387, 205-216, https://doi.org/10.1056/NEJM0a2206038.

Mishra, R.; Raj, R.; Elshimy, G.; Zapata, I.; Kannan, L.; Majety, P.; Edem, D.; Correa, R. Adverse Events
Related to Tirzepatide. J. Endocr. Soc. 2023, 7, bvad016, https://doi.org/10.1210/jendso/bvad016.
Jastreboff Ania, M.; Kaplan Lee, M.; Frias Juan, P.; Wu, Q.; Du, Y.; Gurbuz, S.; Coskun, T.; Haupt, A ;
Milicevic, Z.; Hartman Mark, L. Triple-Hormone-Receptor Agonist Retatrutide for Obesity — A Phase
2 Trial. N. Engl. J. Med. 2023, 389, 514-526, https://doi.org/10.1056/NEJM0a2301972.

Cusi, K.; Sattar, N.; Garcia-Pérez, L.E.; Pavo, I.; Yu, M.; Robertson, K.E.; Karanikas, C.A.; Haupt, A.
Dulaglutide decreases plasma aminotransferases in people with Type 2 diabetes in a pattern consistent

https://nanobioletters.com/ 22 of 25


https://doi.org/10.33263/LIANBS151.011
https://nanobioletters.com/
https://doi.org/10.1016/j.jhep.2022.10.023
https://doi.org/10.7326/M15-1774
https://doi.org/10.1056/NEJMoa2036205
https://doi.org/10.1002/hep.31843
https://doi.org/10.1371/journal.pone.0269531
https://doi.org/10.1002/prp2.700
https://doi.org/10.1016/j.jhep.2024.12.046
https://doi.org/10.1111/liv.14065
https://doi.org/10.1056/NEJMoa1607141
https://doi.org/10.3390/ijms25052961
https://doi.org/10.3390/ijms25116196
https://doi.org/10.1056/NEJMoa2206038
https://doi.org/10.1210/jendso/bvad016
https://doi.org/10.1056/NEJMoa2301972

https://doi.org/10.33263/LIANBS151.011

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

with liver fat reduction: a post hoc analysis of the AWARD programme. Diabet. Med. 2018, 35, 1434-
1439, https://doi.org/10.1111/dme.13697.

Ruda, A.l.; Ciobanu, D.M.; Inceu, G.; Rusu, A.; Roman, G. The effect of Dulaglutide on glycemic and
weight control in patients with type 2 diabetes. Med. Pharm. Rep. 2022, 96, 52-57,
https://doi.org/10.15386/mpr-2425.

Andreozzi, F.; Raciti, G.A.; Nigro, C.; Mannino, G.C.; Procopio, T.; Davalli, A.M.; Beguinot, F.; Sesti,
G.; Miele, C.; Folli, F. The GLP-1 receptor agonists exenatide and liraglutide activate Glucose transport
by an AMPK-dependent mechanism. J. Transl. Med. 2016, 14, 229, https://doi.org/10.1186/s12967-016-
0985-7.

Holman Rury, R.; Bethel, M.A.; Mentz Robert, J.; Thompson Vivian, P.; Lokhnygina, Y.; Buse John, B.;
Chan Juliana, C.; Choi, J.; Gustavson Stephanie, M.; Igbal, N.; Maggioni Aldo, P.; Marso Steven, P.;
Ohman, P.; Pagidipati Neha, J.; Poulter, N.; Ramachandran, A.; Zinman, B.; Hernandez Adrian, F. Effects
of Once-Weekly Exenatide on Cardiovascular Outcomes in Type 2 Diabetes. N. Engl. J. Med. 2017, 377,
1228-1239, https://doi.org/10.1056/NEJM0al1612917.

lonut, V.; Woolcott, O.0.; Mkrtchyan, H.J.; Stefanovski, D.; Kabir, M.; lyer, M.S.; Liu, H.; Castro,
A.V.B.; Wu, Q.; Broussard, J.L.; Kolka, C.M.; Asare-Bediako, I.; Bergman, R.N. Exenatide Treatment
Alone Improves B-Cell Function in a Canine Model of Pre-Diabetes. PLOS ONE 2016, 11, e0158703,
https://doi.org/10.1371/journal.pone.0158703.

Kuchay, M.S.; Krishan, S.; Mishra, S.K.; Farooqui, K.J.; Singh, M.K.; Wasir, J.S.; Bansal, B.; Kaur, P.;
Jevalikar, G.; Gill, H.K.; Choudhary, N.S.; Mithal, A. Effect of Empagliflozin on Liver Fat in Patients
With Type 2 Diabetes and Nonalcoholic Fatty Liver Disease: A Randomized Controlled Trial (E-LIFT
Trial). Diabetes Care 2018, 41, 1801-1808, https://doi.org/10.2337/dc18-0165.

Rahadian, A.; Fukuda, D.; Salim, H.M.; Yagi, S.; Kusunose, K.; Yamada, H.; Soeki, T.; Sata, M.
Canagliflozin Prevents Diabetes-Induced Vascular Dysfunction in ApoE-Deficient Mice. J. Atheroscler.
Thromb. 2020, 27, 1141-1151, https://doi.org/10.5551/jat.52100.

Rosenthal, N.; Meininger, G.; Ways, K.; Polidori, D.; Desai, M.; Qiu, R.; Alba, M.; Vercruysse, F.; Balis,
D.; Shaw, W.; Edwards, R.; Bull, S.; Di Prospero, N.; Sha, S.; Rothenberg, P.; Canovatchel, W.; Demarest,
K. Canagliflozin: a sodium glucose co-transporter 2 inhibitor for the treatment of type 2 diabetes mellitus.
Ann. N. Y. Acad. Sci. 2015, 1358, 28-43, https://doi.org/10.1111/nyas.12852.

Zuo, Q.; Zhang, G.; He, L.; Ma, S.; Ma, H.; Zhai, J.; Wang, Z.; Zhang, T.; Wang, Y.; Guo, Y. Canagliflozin
attenuates hepatic steatosis and atherosclerosis progression in western diet-fed ApoE-knockout mice.
Drug Des. Dev. Ther. 2022, 16, 4161-4177, https://doi.org/10.2147/DDDT.S388823.

Shimizu, M.; Suzuki, K.; Kato, K.; Jojima, T.; lijima, T.; Murohisa, T.; lijima, M.; Takekawa, H.; Usui,
I.; Hiraishi, H.; Aso, Y. Evaluation of the effects of dapagliflozin, a sodium-glucose co-transporter-2
inhibitor, on hepatic steatosis and fibrosis using transient elastography in patients with type 2 diabetes and
non-alcoholic ~ fatty  liver disease. Diabetes Obes. Metab. 2019, 21, 285-292,
https://doi.org/10.1111/dom.13520.

Loomba, R.; Lawitz, E.; Mantry, P.S.; Jayakumar, S.; Caldwell, S.H.; Arnold, H.; Diehl, A.M.; Djedjos,
C.S.; Han, L.; Myers, R.P.; Subramanian, G.M.; McHutchison, J.G.; Goodman, Z.D.; Afdhal, N.H;
Charlton, M.R.; for the, G.U.l. The ASKL1 inhibitor selonsertib in patients with nonalcoholic
steatohepatitis: A randomized, phase 2 trial. Hepatology 2018, 67, 549-559,
https://doi.org/10.1002/hep.29514.

Ratziu, V.; Sanyal, A.; Harrison, S.A.; Wong, V.W.S.; Francque, S.; Goodman, Z.; Aithal, G.P.; Kowdley,
K.V.; Seyedkazemi, S.; Fischer, L.; Loomba, R.; Abdelmalek, M.F.; Tacke, F. Cenicriviroc Treatment for
Adults With Nonalcoholic Steatohepatitis and Fibrosis: Final Analysis of the Phase 2b CENTAUR Study.
Hepatology 2020, 72, 892-905, https://doi.org/10.1002/hep.31108.

Zetterberg, F.R.; MacKinnon, A.; Brimert, T.; Gravelle, L.; Johnsson, R.E.; Kahl-Knutson, B.; Leffler,
H.; Nilsson, U.J.; Pedersen, A.; Peterson, K.; Roper, J.A.; Schambye, H.; Slack, R.J.; Tantawi, S.
Discovery and Optimization of the First Highly Effective and Orally Available Galectin-3 Inhibitors for
Treatment  of Fibrotic Disease. J. Med. Chem. 2022, 65, 12626-12638,
https://doi.org/10.1021/acs.jmedchem.2c00660.

Bennett, R.G.; Heimann, D.G.; Singh, S.; Simpson, R.L.; Tuma, D.J. Relaxin decreases the severity of
established hepatic fibrosis in mice. Liver Int. 2014, 34, 416-426, https://doi.org/10.1111/liv.12247.

https://nanobioletters.com/ 23 of 25


https://doi.org/10.33263/LIANBS151.011
https://nanobioletters.com/
https://doi.org/10.1111/dme.13697
https://doi.org/10.15386/mpr-2425
https://doi.org/10.1186/s12967-016-0985-7
https://doi.org/10.1186/s12967-016-0985-7
https://doi.org/10.1056/NEJMoa1612917
https://doi.org/10.1371/journal.pone.0158703
https://doi.org/10.2337/dc18-0165
https://doi.org/10.5551/jat.52100
https://doi.org/10.1111/nyas.12852
https://doi.org/10.2147/DDDT.S388823
https://doi.org/10.1111/dom.13520
https://doi.org/10.1002/hep.29514
https://doi.org/10.1002/hep.31108
https://doi.org/10.1021/acs.jmedchem.2c00660
https://doi.org/10.1111/liv.12247

https://doi.org/10.33263/LIANBS151.011

90.

91

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

Jelinic, M.; Marshall, S.A.; Stewart, D.; Unemori, E.; Parry, L.J.; Leo, C.H. Peptide hormone relaxin:
from bench to bedside. Am. J. Physiol. Regul. Integr. Comp. Physiol. 2018, 314, R753-R760,
https://doi.org/10.1152/ajpregu.00276.2017.

Lee, K.-C.; Hsieh, Y.-C.; Chan, C.-C.; Sun, H.-J.; Huang, Y.-H.; Hou, M.-C.; Lin, H.-C. Human relaxin-
2 attenuates hepatic steatosis and fibrosis in mice with non-alcoholic fatty liver disease. Lab. Investig.
2019, 99, 1203-1216, https://doi.org/10.1038/s41374-019-0240-y.

Snowdon, V.K.; Lachlan, N.J.; Hoy, A.M.; Hadoke, P.W.F.; Semple, S.1.; Patel, D.; Mungall, W.; Kendall,
T.J.; Thomson, A.; Lennen, R.J.; Jansen, M.A.; Moran, C.M.; Pellicoro, A.; Ramachandran, P.; Shaw, I.;
Aucott, R.L.; Severin, T.; Saini, R.; Pak, J.; Yates, D.; Dongre, N.; Duffield, J.S.; Webb, D.J.; Iredale,
J.P.; Hayes, P.C.; Fallowfield, J.A. Serelaxin as a potential treatment for renal dysfunction in cirrhosis:
Preclinical evaluation and results of a randomized phase 2 trial. PLOS Med. 2017, 14, 1002248,
https://doi.org/10.1371/journal.pmed.1002248.

Ishay, Y.; Potruch, A.; Weksler-Zangen, S.; Shabat, Y.; llan, Y. Augmented antiviral T cell immunity by
oral administration of IMM-124E in preclinical models and a phase I/lla clinical trial: A method for the
prevention and treatment of COVID-19. Drug Dev. Res. 2022, 83, 615-621,
https://doi.org/10.1002/ddr.21890.

Carpi, R.Z.; Barbalho, S.M.; Sloan, K.P.; Laurindo, L.F.; Gonzaga, H.F.; Grippa, P.C.; Zutin, T.L.M;
Girio, R.J.S.; Repetti, C.S.; Detregiachi, C.R.; Bueno, P.C.S.; Mazuqueli Pereira, E.D.; Goulart, R.D.;
Haber, J.F. The Effects of Probiotics, Prebiotics and Synbiotics in Non-Alcoholic Fat Liver Disease
(NAFLD) and Non-Alcoholic Steatohepatitis (NASH): A Systematic Review. Int. J. Mol. Sci. 2022, 23,
8805, https://doi.org/10.3390/ijms23158805.

Song, Q.; Zhang, X.; Liu, W.; Wei, H.; Liang, W.; Zhou, Y.; Ding, Y.; Ji, F.; Ho-Kwan Cheung, A.;
Wong, N.; Yu, J. Bifidobacterium pseudolongum-generated acetate suppresses non-alcoholic fatty liver
disease-associated hepatocellular ~ carcinoma. J. Hepatol. 2023, 79, 1352-1365,
https://doi.org/10.1016/j.jhep.2023.07.005.

Lee, N.Y.; Shin, M.J.; Youn, G.S.; Yoon, S.J.; Choi, Y.R.; Kim, H.S.; Gupta, H.; Han, S.H.; Kim, B.K;
Lee, D.Y.; Park, T.S.; Sung, H.; Kim, B.Y.; Suk, K.T. Lactobacillus attenuates progression of
nonalcoholic fatty liver disease by lowering cholesterol and steatosis. Clin. Mol. Hepatol. 2021, 27, 110-
124, https://doi.org/10.3350/cmh.2020.0125.

Li, X.; He, M.; Yi, X,; Lu, X.; Zhu, M.; Xue, M.; Tang, Y.; Zhu, Y. Short-chain fatty acids in nonalcoholic
fatty liver disease: New prospects for short-chain fatty acids as therapeutic targets. Heliyon 2024, 10,
€26991, https://doi.org/10.1016/j.heliyon.2024.e26991.

Suarez, M.; Boqué, N.; Del Bas, J.M.; Mayneris-Perxachs, J.; Arola, L.; Caimari, A. Mediterranean Diet
and Multi-Ingredient-Based Interventions for the Management of Non-Alcoholic Fatty Liver Disease.
Nutrients 2017, 9, 1052, https://doi.org/10.3390/nu9101052.

Abdel-Razik, A.; Mousa, N.; Shabana, W.; Refaey, M.; Elzehery, R.; Elhelaly, R.; Zalata, K.; Abdelsalam,
M.; Eldeeb, A.A.; Awad, M.; Elgamal, A.; Attia, A.; EI-Wakeel, N.; Eldars, W. Rifaximin in nonalcoholic
fatty liver disease: hit multiple targets with a single shot. Eur. J. Gastroenterol. Hepatol. 2018, 30, 1237—
1246, https://doi.org/10.1097/MEG.0000000000001232.

Lee, D.H.; Jee, J.J.; Lee, Y.S.; Kim, D.Y.; Bang, J.Y.; Lee, HW.; Koh, H.; Bae, S.H. Fecal microbiota
transplantation improves hepatic fibro-inflammation via regulating oxidative stress in experimental
NASH. Dig. Liver Dis. 2023, 55, 1521-1532, https://doi.org/10.1016/j.dld.2023.06.015.

Wang, X.; Wu, S.; Yuan, X.; Chen, S.; Fu, Q.; Sun, Y.; Lan, Y.; Hu, S.; Wang, Y.; Lu, Y.; Qu, S.; Wang,
L. Metabolic Dysfunction-associated Fatty Liver Disease and Mortality Among Chinese Adults: a
Prospective  Cohort  Study. J. Clin. Endocrinol.  Metab. 2022, 107, e745-e755,
https://doi.org/10.1210/clinem/dgab644.

Khaznadar, F.; Khaznadar, O.; Petrovic, A.; Hefer, M.; Gjoni, F.; Gjoni, S.; Steiner, J.; Smolic, M.;
Bojanic, K. MAFLD Pandemic: Updates in Pharmacotherapeutic Approach Development. Curr. Issues
Mol. Biol. 2024, 46, 6300-6314, https://doi.org/10.3390/cimb46070376.

Dong, Q.; Bao, H.; Wang, J.; Shi, W.; Zou, X.; Sheng, J.; Gao, J.; Guan, C.; Xia, H.; Li, J.; Kang, P.; Xu,
Y.; Cui, Y.; Zhong, X. Liver fibrosis and MAFLD: the exploration of multi-drug combination therapy
strategies. Front. Med. 2023, 10, 1120621, https://doi.org/10.3389/fmed.2023.1120621.

Zhang, B.; Feng, Y.; Lu, J. Progress in the Treatment of Metabolic-Related Fatty Liver Disease. Altern.
Ther. Health Med. 2023, 29, 86-93.

https://nanobioletters.com/ 24 of 25


https://doi.org/10.33263/LIANBS151.011
https://nanobioletters.com/
https://doi.org/10.1152/ajpregu.00276.2017
https://doi.org/10.1038/s41374-019-0240-y
https://doi.org/10.1371/journal.pmed.1002248
https://doi.org/10.1002/ddr.21890
https://doi.org/10.3390/ijms23158805
https://doi.org/10.1016/j.jhep.2023.07.005
https://doi.org/10.3350/cmh.2020.0125
https://doi.org/10.1016/j.heliyon.2024.e26991
https://doi.org/10.3390/nu9101052
https://doi.org/10.1097/MEG.0000000000001232
https://doi.org/10.1016/j.dld.2023.06.015
https://doi.org/10.1210/clinem/dgab644
https://doi.org/10.3390/cimb46070376
https://doi.org/10.3389/fmed.2023.1120621

https://doi.org/10.33263/LIANBS151.011

105.

106.

107.

108.

Linthorst, N.A.; van Vlijmen, B.J.M.; Eikenboom, J.C.J. The future of siRNA-mediated approaches to
treat von  Willebrand  disease. Expert  Rev. Hematol. 2025, 18, 109-122,
https://doi.org/10.1080/17474086.2025.2459259.

Tani, H. Recent Advances and Prospects in RNA Drug Development. Int. J. Mol. Sci. 2024, 25, 12284,
https://doi.org/10.3390/ijms252212284.

Ratziu, V.; Charlton, M. Rational combination therapy for NASH: Insights from clinical trials and error.
J. Hepatol. 2023, 78, 1073-1079, https://doi.org/10.1016/j.jhep.2022.12.025.

Jeeyavudeen, M.S.; Khan, S.K.A.; Fouda, S.; Pappachan, J.M. Management of metabolic-associated fatty
liver disease: The diabetology perspective. World J. Gastroenterol. 2023, 29, 126-143,
https://doi.org/10.3748/wjg.v29.i1.126.

Publisher’s Note & Disclaimer

The statements, opinions, and data presented in this publication are solely those of the individual author(s) and
contributor(s) and do not necessarily reflect the views of the publisher and/or the editor(s). The publisher and/or
the editor(s) disclaim any responsibility for the accuracy, completeness, or reliability of the content. Neither the
publisher nor the editor(s) assume any legal liability for any errors, omissions, or consequences arising from the
use of the information presented in this publication. Furthermore, the publisher and/or the editor(s) disclaim any
liability for any injury, damage, or loss to persons or property that may result from the use of any ideas, methods,
instructions, or products mentioned in the content. Readers are encouraged to independently verify any
information before relying on it, and the publisher assumes no responsibility for any consequences arising from
the use of materials contained in this publication.

https://nanobioletters.com/ 25 of 25


https://doi.org/10.33263/LIANBS151.011
https://nanobioletters.com/
https://doi.org/10.1080/17474086.2025.2459259
https://doi.org/10.3390/ijms252212284
https://doi.org/10.1016/j.jhep.2022.12.025
https://doi.org/10.3748/wjg.v29.i1.126

