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SUMMARY

Metabolic dysfunction-associated steatotic liver disease (MASLD) is the most prevalent chronic liver dis-
ease worldwide, affecting one-third of the global population. Most patients exhibit simple steatosis,
whereas up to 20% develop metabolic dysfunction-associated steatohepatitis (MASH), potentially culmi-
nating in liver cirrhosis and hepatocellular carcinoma. Diverse parallel mechanisms contribute to the
development of MASH, which are fueled by hepatic lipotoxicity, intestinal dysbiosis, and pro-inflamma-
tory diets shaping innate and adaptive immune responses. Moreover, adipose tissue is driving systemic
inflammation in obesity, contributing to the inflammatory burden in obesity-related MASH. Polygenetic
and multiomic risk scores identify distinct types of MASLD with dominant aggressive liver disease or
extrahepatic cardiometabolic disease. Here, we review the complexity of multiple parallel inflammatory
hits in MASH and delineate that most current MASH drugs exert pleiotropic metabolic and anti-inflamma-
tory properties. These new therapies will change the clinical management of this disease in the near

future.

INTRODUCTION

Metabolic dysfunction-associated steatotic liver disease (MASLD)
has evolved in recent years as the most common liver disease
globally.”™ Although this disease presents in up to 80% of
people as hepatic steatosis without further progression of
liver disease, a substantial subgroup of patients develops meta-
bolic dysfunction-associated steatohepatitis (MASH).”> Conse-
quently, chronic liver inflammation promotes the development
of advanced liver fibrosis, liver cirrhosis, and hepatocellular
carcinoma (HCC).° Historically, MASLD has been regarded as
a disease of the liver, whereas research from the past two
decades culminated in the perception that MASLD/MASH is
part of the systemic metabolic disorders, together with type 2
diabetes (T2D), cardiovascular, heart, and kidney diseases.”
This is clinically supported by evidence that people with MASLD
primarily die from cardiovascular disease (CVD) and extrahepatic
cancers, besides liver-related mortality.® Notably, the recently
introduced MASLD classification includes overlap with alcoholic
liver disease (ALD), i.e., MetALD, which will not be discussed
herein.®""

Together with the amount of lipids in the liver, inflammation
is a major contributor to liver fibrosis and disease progres-
sion.® Several factors have been identified in the past years
contributing to inflammation in MASH, including various lipid

species, the gut microbiota, dietary components, and genetic
factors, as discussed in this article. Lipotoxicity, in this
context, is defined by hepatic accumulation of triglycerides
(TGs), free cholesterol, saturated fatty acids, and sphingoli-
pids and drives sterile inflammation and cell death.'? Sterile
inflammation, which occurs in all tissues in the absence of
pathogens, has been a major concept in understanding
MASH and other liver diseases.'® However, recent evidence
demonstrating a perturbed gut microbiota and even the pres-
ence of intrahepatic bacterial DNA has challenged the notion
that MASH is solely driven by sterile inflammation.’* Chronic
unresolved liver inflammation, as observed in MASH, may pro-
mote an insufficient healing process accompanied by fibrosis
with deleterious consequences.’® Noninvasive parameters,
such as assessment of circulating cytokines, C-reactive pro-
tein (CRP), or ferritin, have been extensively studied but still
do not allow for defining the inflammatory burden of an in-
flamed liver.'®"'® Liver fibrosis, which is often the net result
of inflammation, can be reliably assessed by non-invasive
clinical tests, including elastography, that correlate well with
histological criteria.'?* Beyond the liver, chronic low-grade
inflammation is observed in many metabolic disorders,
including MASLD, and likely contributes to major extrahepatic
complications of MASLD, namely CVD and extrahepatic can-
cer.>>25 In this review, we will discuss how diverse
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mechanisms evoke liver inflammation from steatosis to MASH
and activate innate and adaptive immunity, potentially result-
ing in substantial hepatic organ damage and extrahepatic
complications.

LIPOTOXICITY: A PROTOTYPIC PATHWAY DRIVING
LIVER INFLAMMATION

Lipotoxicity has emerged as a crucial factor that contributes to
inflammation in MASLD."?® Sedentary lifestyle and overcon-
sumption of saturated fatty acids, glucose, and fructose, major
substrates for lipogenesis, have fueled the global MASLD
epidemic.”*?" Several components contribute to hepatic stea-
tosis, such as (1) an increased influx of lipids but especially
free fatty acids (FFAs) mainly derived from food, the visceral ad-
ipose tissue (VAT), and subcutaneous adipose tissue (SAT) with
increased lipolysis in the AT especially in case of insulin resis-
tance, which is commonly observed in MASLD; (2) an increase
in de novo intrahepatic lipogenesis (DNL); (3) a decrease in fatty
acid oxidation within the liver; and (4) decreased export of lipids
through very-low-density lipoproteins (VLDLs). It remains un-
clear what blood lipid profile preferentially associates with
MASLD and its subsets, whereas the intrahepatic composition
of various lipids probably reflects the most important aspect in
MASLD susceptibility.

TGs

Dietary FFAs fuel intrahepatic TG accumulation via hepatocellu-
lar long-chain fatty acids bound to coenzyme A (CoA).'? TGs,
dominant intrahepatic lipid species, have been erroneously
regarded as inert bystanders not causing liver inflammation.”®
Diacylglycerol-O-acyltransferase 2 (DGAT2) is the key rate-
limiting enzyme catalyzing the synthesis of TG by linking diacyl-
glycerol to acyl-CoA. Inhibition of DGAT2 using a specific inhib-
itor decreased SREBP-1 and fatty acid synthesis and lowered
hepatic TG in an MASLD model.?° This inhibitory effect on
DGAT2 enhanced phosphatidylethanolamine (PE) levels in the
endoplasmic reticulum (ER), shifting diacylglycerol (DAG) into
phospholipid synthesis, thereby improving hepatic steatosis.”®
Preclinical and clinical studies using antisense oligonucleotides
targeting DGAT2 demonstrated reduction of hepatic TG levels
and improved hepatic steatosis and oxidative gene expres-
sion.?°? Preclinical studies showed that this therapeutic
approach might improve insulin sensitivity in experimental
models.®® Acetyl-CoA carboxylase (ACC) inhibitors cause an
increase in serum TG levels, although they show efficacy in the
reduction of hepatic TGs, and this might be overcome by the
parallel use of a small-molecule DGAT?2 inhibitor.**

ATP-citrate lyase (ACLY) regulates DNL by generating ACC,
and pharmacological inhibition of ACLY improves MASH and
fibrosis in a mouse model.** In addition, inhibition of ACLY
also enhances tumor immunity and suppresses liver cancer in
a mouse model of MASH-HCC.*® Counteracting intestinal TG
absorption by inhibiting monoacylglycerol acyltransferase
(MGAT2) was effective in reducing MASH in mice and in non-hu-
man primates and reduced weight in a phase 1 study of healthy
volunteers with obesity.>” A body of evidence, including data
from human genetics described later, demonstrates that TGs
are not “simple inert” but rather deleterious lipids in MASLD.
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Free cholesterol
High cholesterol carried by low-density lipoproteins (LDLs) is a
major risk factor for CVD and atherosclerosis, promoting vessel
inflammation.*®° Cholesterol might also have the potential to
affect MASLD and promote liver inflammation.“® Mitochondrial
free cholesterol sensitized mice toward TNF- and Fas-induced
steatohepatitis in dietary and genetic MASLD models by deple-
tion of mitochondrial glutathione.*' Hepatic cholesterol synthe-
sis and HMG CoA reductase are increased in MASLD and
correlate with disease severity and LDL-cholesterol levels.** A
high-cholesterol diet used in a mouse model over 14 months
induced MASH and HCC.“® Liver disease with hepatic steatosis,
inflammation, and increased cell proliferation was transferable
via fecal microbiota transplantation (FMT) to germ-free mice,
and the cholesterol-lowering drug atorvastatin corrected the
associated gut dysbiosis and prevented liver inflammation
and HCC.*® Whereas it is currently believed that hepatocyte
cholesterol accumulation is a potential culprit for MASLD, a
recent study also reported that lysosomal cholesterol in
macrophages causes MASH and liver fibrosis.** A new mecha-
nism has been recently identified by which EH-domain-binding
protein 1 (EHBP1), a gene identified by GWAS, acts as a regu-
lator of cholesterol biosynthesis and reduces hepatic cholesterol
accumulation via promoting sortilin-mediated PCSK9 release.
Mechanistically, EHBP1 decreased LDLR, hepatic cholesterol
uptake, and TAZ and improved preclinical MASLD models
of liver inflammation.*® Increased hepatocyte cholesterol upre-
gulates TAZ, a transcriptional regulator promoting hepatic
fibrosis,*® and this pathway also promotes HCC proliferation.*”
Statin treatment is associated with lower liver lipids, inflam-
mation, and fibrosis, as examined by liver biopsy,*® and with
decreased liver stiffness progression and reduced liver-related
complications.”® The beneficial effect of statin treatment on
the liver is likely mediated by a direct inhibition of SREBP1c,
a master regulator of TG synthesis.*® In a large cohort of peo-
ple with familial hypercholesterolemia, treatment with statin/
ezetimibe or PCSK9 inhibitors improved MASLD.®' Although
large randomized controlled trials using cholesterol-lowering
drugs are still not available with regard to MASH evaluation,
indirect evidence supports that these drugs might be benefi-
cial in people with MASLD, with the added value of reducing
CVD risk.

FFAs

The FFAs oleic and linoleic acid activate inflammatory pathways
such as nuclear factor kappa B (NF-kB).°? They activate expres-
sion of various adhesion molecules such as vascular adhesion
molecule-1 (VCAM-1) in human endothelial cells,*® similar to
palmitate, which increases hepatic VCAM-1 expression in
mice.”* Inflammasomes are multiprotein complexes with impor-
tant functions in the processing of proinflammatory cytokines.
The inflammasome pyrin-domain-containing protein 3 (NLRP3)
results in the release of active IL-1 beta (IL-1p), which plays a
fundamental role in metabolic disorders and metabolic inflam-
mation as observed in MASLD.*>°® Various FFAs, such as palmi-
tate, activate NLRP3 in diverse cell types, and ablation of NIrp3in
mice prevents obesity-induced inflammasome activity and en-
hances insulin signaling.®”"°® FFAs are not only diet derived but
also substantially released by AT during insulin resistance, which
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is frequently observed in MASLD.®® SAT is larger than the VAT,
and SAT releases the majority of FFAs in insulin resistance,
and release of FFAs is associated with increased hepatic macro-
phage activity.'>®°
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Sphingolipid metabolism

Sphingolipid metabolism reflects another lipotoxic pathway.
Sphingolipids are synthesized via sphingomyelin synthases
(SMSs), also generating ceramide. Hepatic overexpression of
ceramidase prevented hepatic steatosis and hepatic/AT insulin
resistance after an HFD—an effect also observed when this
enzyme was overexpressed in AT.®" Induction of ceramidase in
the AT substantially improved hepatic steatosis even more
potently when overexpressing this enzyme in the liver, indicating
an important role for AT lipid pathways in MASLD.®' Whereas
some studies have shown that a high-fat and high-cholesterol
diet (HFHCD) upregulates hepatic Sms1 in mice and hepatic
levels are increased in MASH patients,® disruption of intestinal
hypoxia-inducible factor (HIF2a) decreased hepatic steatosis
by lowering intestine and serum ceramide levels.®® Ceramide
might also be affected by gut bacteria, as the Ruminococcus tor-
ques-derived bacterial metabolite 2-hydroxy-4-methylpentanoic
acid suppressed the HIF-2a-ceramide axis in a murine MASLD
model, thereby improving liver inflammation and fibrosis.®*
Specific targeting of acid ceramidase reduced liver fibrosis in
an MASLD model via inhibition of YAP/TAZ, raising the possibil-
ity that ceramide could also play a role in MASLD-related
fibrosis.®® Sphingomyelin phosphodiesterase (SMPD3) drives
MASH via sphingomyelin hydrolysis and ceramide upregula-
tion.%® Ablation of this enzyme improved experimental MASH,
and mechanistically, this process was SIRT-1 dependent.®® Ce-
ramides are well-studied lipotoxic lipids in patients with MASH
exhibiting increased circulating concentrations and increased
hepatic content that directly correlates with hepatic insulin
resistance.'*®’
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Figure 1. The concept of MASLD and its
complications

Various environmental and genetic factors deter-
mine the metabolic stress in metabolically active
organs such as the liver and AT. Metabolic stress
converges on lipotoxicity and a large repertoire of
cellular mechanisms eliciting danger signaling
(e.g., the inflammasomes, unfolded protein
response, oxidative stress) in hepatocytes and the
hepatic innate immune system. Danger signaling
evokes an acute or chronic inflammatory
response leading to steatohepatitis, which pro-
motes liver fibrosis and eventually cirrhosis with
hepatocellular carcinoma. Systemic inflammation
associated with metabolic diseases also pro-
motes extrahepatic complications such as car-
diovascular disease (e.g., atherosclerotic
myocardial infarction) and solid cancers.
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Other pathways fueling MASLD
Numerous other factors contribute to
the perturbation of hepatic lipid homeo-
stasis. DNL is also considerably
increased in MASLD.?®%® Inflammatory
signals such as TNF also lead to hepatic
steatosis in experimental models.®®
Whereas dietary carbohydrates and lipids are well described
as carbon sources for hepatic fatty acid synthase, dietary pro-
tein reflects an additional important factor for DNL.”® Hepatic
transcriptome analysis revealed increased arachidonate 12
lipoxygenase expression in human MASH and in various ani-
mal MASH models, thereby directly targeting ACC1, which
was shown to be beneficial in an experimental mouse
model.”" Important MASLD genetic factors such as the
PNPLA3 [148M variant show hepatic mitochondrial dysfunc-
tion and especially a reduced DNL favoring ketogenesis’®
(see also section lipid-droplet biology orchestrates sterile
inflammation). Various other factors contribute to lipid abnor-
malities and lipotoxicity, such as macrophage scavenger re-
ceptor 1,”® adipose TG lipase,”* IL-22,”° coagulation factor
VII,"® PPAR and farnesoid X receptor (FXR) signaling,””"®
and the metabolite itaconate.”® In summary, lipotoxicity has
appeared as a crucial and major pathway promoting liver
inflammation; however, the final proof for its relevance in
MASH awaits controlled clinical trials investigating the efficacy
and safety of targeting specific molecular hubs (Figure 1;
Box 1).

THE GUT MICROBIOME AND GUT-LIVER AXIS FUELING
LIVER INFLAMMATION

Intestinal barrier in MASLD

The gut microbiota controls intestinal permeability, and alter-
ations in its composition are associated with impaired intesti-
nal permeability.?° Human MASLD is associated with an
impaired intestinal barrier and gut permeability correlated
with the histological degree of hepatic steatosis.®' Bacteria-
derived ethanolamine might constitute a metabolite involved
in this pathway, as ethanolamine accumulation was observed
in obesity-related disorders involving miR-101a-3p destabiliz-
ing occludin 1 (Zo7).%? Importantly, Lactobacillus rhamnosus
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Box 1. Key points

® Abdominal obesity is a hallmark of most MASLD patients.

® Multiple parallel hits contribute to the development of MASH, including lipotoxicity, gut dysbiosis, proinflammatory diets, and
host genetics.

e Inflammatory diets containing fat, glucose, and fructose are major drivers of the MASLD pandemic.

® Lipotoxicity of diverse lipid species, such as triglycerides, free cholesterol, free fatty acids, or sphingolipids, drives sterile he-
patic inflammation.

® Gut dysbiosis characterizes stages of MASLD and promotes liver inflammation and fibrosis via diverse mechanisms.

Genetic variation affects lipid metabolism and hepatic immune responses in MASLD.

® Cumulative intrahepatic and extrahepatic (systemic) inflammation contributes to complications of MASH, such as liver
cirrhosis, hepatocellular carcinoma, cardiovascular diseases, and extrahepatic cancers.

® MASH therapies are rapidly emerging in clinical trials targeting thyroid hormone signaling and hormonal pathways of the gut-
liver axis, exerting pleiotropic and anti-inflammatory mechanisms.

® Inflammation is a key driver of this disease, and effective future therapies might have to target metabolic and inflammatory
pathways.

® Assessment of inflammation, i.e., MASH in humans, is still challenging as it might appear intermittently during the clinical
course and could be missed by liver biopsy. Future non-invasive strategies assessing the liver’s inflammatory burden are

eagerly awaited.

HL-200 had the highest activity in metabolizing ethanolamine,
and when used in mice as a probiotic, it was able to restore
ethanolamine-related gut permeability and intestinal inflamma-
tion.®? Bile acids are critical for maintaining the intestinal
barrier, and especially secondary bile acids, mainly regulated
by the gut microbiota, exert important effects on the intestinal
barrier.238°

Intestinal dysbiosis: A key feature of MASLD/MASH

The gut microbiota is of major importance for gastrointestinal
health and disease and for many disorders beyond the gastroin-
testinal tract. It is composed predominantly of bacteria, but vi-
ruses, fungi, and archaea also reside in this complex
ecosystem.®® Many microbial functions are crucial for the host,
for example, the control of the intestinal barrier. Commensal
gut microbes contribute to hepatic steatosis in ob/ob mice, which
in turn can be improved by probiotics.®® Metagenomic studies in
MASLD revealed that advanced fibrosis is especially associated
with intestinal dysbiosis with increased abundance of Proteobac-
teria and Escherichia coli and decreased abundance of Rumino-
coccus obeum or Eubacterium rectale.’” In a large European
MASLD cohort, including primarily people with hepatic steatosis,
R. obeum and E. rectale and various Firmicutes such as Lachno-
spiraceae were depleted.®® Phenylacetic acid, a microbial prod-
uct of aromatic amino acid metabolism, was increased in people
with MASLD and caused hepatic steatosis in a mouse model.
Importantly, in this study, an increase in microbial-associated
functional pathways related to endotoxin and immune responses
was observed.?® In another MASLD study, patients with non-
cirrhotic MASH were characterized by 12 MASH-associated bac-
terial species, including E. coli, Streptococcus parasanguinis,
and S. salivarius, while certain fecal bile acids were also
decreased in MASH compared with healthy controls.®° People
with MASLD and MASH have a distinct intestinal microbiome if
overweight or lean (accounting for 10% of the MASLD popula-
tion), suggesting that dysbiosis could be important in both
MASLD phenotypes.’® Bacteria such as Eubacterium hallii, Blau-
tia obeum, Eggerthela lenta, Clostridium bolteae, Intestinibacter
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bartlettii, and Roseburia intestinalis were negatively associated
with the severity of MASLD.?® New bacterial strains isolated
from children with MASLD have been recently characterized as
Enterococcus sp. B6, Streptococcus sp. R61, Escherichia sp.
Y64, and Klebsiella sp. Y129; all four exhibited lipogenic effects
in vitro.°" Stage of liver disease is highly relevant, as in patients
with MASH cirrhosis, the microbial landscape changes with
frequent fecal detection of oral microbes.’*® Dietary factors
have a major impact on the gut microbiota.®* A 4-month admin-
istration of resistant starch, digested in the large intestine, to peo-
ple with MASLD not only influenced gut microbiota composition
but also significantly decreased body weight and intrahepatic
TG content. This effect was partly mediated by changes in the
gut microbiota and especially a reduction in intestinal Bacter-
oides stercoris concentrations in mice, while monocolonization
of this bacterium worsened liver inflammation.

Mechanisms linking gut microbes to liver inflammation

Gut microbes and their metabolites might exert key functions in
the gut-liver axis in either a protective or detrimental manner. The
best investigated pathway driving inflammation in the liver and
potentially beyond reflects the pathogen-associated molecular
pattern (PAMP) endotoxin, a prototypic inducer of proinflamma-
tory cytokines and inflammation. Its presence in the liver at
various stages of MASLD is well documented.’®°” Endotoxin
can also be frequently detected in the circulation in MASH, and
both endotoxin and lipopolysaccharide-binding protein serum
levels correlate with the degree of liver fibrosis.”® Considering
the importance of an impaired intestinal barrier and the presence
of intrahepatic endotoxin, it is not surprising that the body has
developed counteracting mechanisms to limit the body’s expo-
sure to PAMPs. Indeed, intestine-derived high-density lipopro-
tein 3 (HDL3) as an early defense mechanism inactivates endo-
toxin in the portal tract, thereby preventing activation of
inflammatory cascades in the liver.”® A recent study provided
additional insights into how a liver might be protected from
PAMPs and inflammation."“° In healthy conditions, immunosup-
pressive macrophages located in periportal vein zones release
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high levels of IL-10 and express Marco, a scavenger receptor
that restrains PAMPs and damage-associated molecular pat-
terns (DAMPs). Importantly, the presence of this type of macro-
phage was dependent on the gut microbiota and especially
Odoribacteraceae via production of the secondary bile acid
isoallolithocholic acid (isoalloLCA). Importantly, human MASH
was associated with a decrease in these immunosuppressive
macrophages.'®® Pattern recognition receptors (PRRs), such
as Toll-like receptors (TLRs) or nucleotide-binding oligomeriza-
tion domain (NOD)-like receptors, are crucial for the interaction
of the immune system with intestinal bacteria. Tir4-deficient
mice are protected from fructose-induced liver disease.'”’
Inflammasome deficiency (NIrp3/6) altered the gut microbiome,
resulting in portal influx of TLR4 and TLR9, exacerbating liver
inflammation in an MASLD mouse model.'% Intestinal bacte-
ria-derived PAMPs, such as various TLRs, will reach the liver
and potentially contribute to liver inflammation in MASLD, espe-
cially if the intestinal barrier is impaired.

Besides PAMPs and PRRs, other metabolites might
contribute to inflammation, such as ethanol produced by intes-
tinal bacteria. Several intestinal bacteria can produce ethanol.
High-alcohol-producing fecal concentrations of Klebsiella
pneumoniae exist in MASLD patients, MASH patients exhibited
higher blood alcohol concentrations, and stool transfer from
MASH patients caused MASLD in mice.' In another clinical
study, MASH patients showed the highest alcohol concentra-
tions in the portal vein, and specifically, Lactobacillaceae
were correlated with ethanol production.'®* Therefore, ethanol,
with its proinflammatory properties, might also contribute to
liver inflammation in MASLD.

Numerous preclinical and clinical studies investigated pre-,
pro-, or synbiotics, antimicrobials, bacteriophages, or FMT in
MASLD and observed beneficial effects.'® Many challenges
remain in this specific field, as consistency across many clinical
studies is lacking, and long-term microbiome-targeting strate-
gies, as needed for such a disease, are not yet available. In sum-
mary, evidence is now increasing that gut dysbiosis and affected
metabolites are relevant features of various stages of MASLD,
including MASH (Figure 1).'%°

ACTIVATION OF INNATE AND ADAPTIVE IMMUNITY: A
COMMON PATHWAY OF VARIOUS TRIGGERS

Innate immunity

Whereas many different “hits,” such as lipotoxicity, gut dysbio-
sis, diet, and genetics, trigger inflammation, all these stressors
finally activate innate and adaptive immunity in MASH. PRRs
are expressed outside and within the liver, especially on myeloid
cells, such as monocytes, macrophages, or dendritic cells, but
equally on endothelial or epithelial cells. They are activated by
various stressors such as lipids, microbes, and dietary compo-
nents, causing IL-1p, TNF, and IL-6 production, among many
others. Increased expression of proinflammatory cytokines is a
hallmark of MASH, and they act either locally or even systemi-
cally, depending on the degree of various stimuli.’®” Substantial
intrahepatic production of these cytokines triggers an acute-
phase reaction, causing the systemic release of various proteins
that are detectable in the circulation of people with MASH, such
as CRP or ferritin.'”'® Increased expression of proinflammatory
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cytokines in the liver results in diverse cellular infiltration, which
is further aggravated by chemokine production, again mainly un-
der the control of proinflammatory cytokines, further worsening
infiltration with immune cells, including neutrophils. TNF, a crucial
cytokine ininflammatory processes, is highly expressed in MASH
livers, and its neutralization in mouse models attenuated the dis-
ease process.®” %% |L-1p behaves equally, is highly expressed in
MASH livers, and both IL-1a~/~ and IL-13~/~ mice are protected
from hepatic steatosis and liver inflammation.'®*~""" Besides in-
flammatory cytokines, inflammasomes (mediating IL-1 produc-
tion) constitute another major pathway of innate immunity in
MASLD. Mice deficient in NLRP3 are protected from obesity-
related inflammation, AT inflammation (ATI), and MASLD."'? An
oral NLRP3 inhibitor used in mice mitigates hepatic steatosis in
HFD-induced MASLD.""® Another important aspect is whether
inflammatory pathways differ in early versus later stages of
MASLD, as in early stages, lipid-driven inflammation might domi-
nate, whereas in later disease stages, when the intestinal barrier
further deteriorates and portal hypertension appears, microbe-
driven inflammation might become more relevant.?’ Besides
cytokines or inflammasomes, many other components of innate
immunity are activated in MASLD, especially hepatic macro-
phages.''*""® Other important players are further contributing
to MASH, such as mitochondrial dysfunction, oxidative stress, in-
sulin resistance, or ER stress.®'%1167118

Adaptive immunity

Adaptive immunity may be equally important in MAS
MASH is associated with dominantly intrahepatic Th1 cells,
accompanied by increased IFNy production,''® and accumula-
tion of Th17 cells promotes evolution of MASH.'?° Severity of
MASH in mice has been correlated with the intrahepatic presence
of antigen-presenting cells, such as dendritic cells.'®' Natural
killer T (NKT) cells, although considered innate-like and potentially
reflecting a cell type of relevance in both innate and adaptive im-
munity, recognize lipid antigens and are increased in patients with
MASH.?? Liver resident CXCR6*CD8* cells cause liver damage
in MASLD mouse models after metabolic activation of the puri-
nergic type 2 receptor P2RX7, proposing a concept of T cell
exhaustion or auto-aggression in this disease.'?® In this study,
MASH patients exhibited a similar transcriptional signature, and
IL-15 was an involved cytokine. Adaptive immunity might be of
special importance in MASH-associated HCC. Both in humans
and in MASLD mouse models, CD4" T cells are depleted, and
this was correlated with increased hepatic HCC development.'?*
Another study showed progressive accumulation of exhausted,
unconventionally activated CD8*PD1* T cells in mice and human
MASH-associated HCC."?° It is currently unclear how innate and
adaptive immunity interact in this disease, and whether adaptive
immunity is important in the majority of patients with MASH who
exhibit liver inflammation. Several other cytokines detected in
MASH livers, besides the classical proinflammatory cytokines
such as IL-15 or the IL-1 family cytokine IL-33, are able to activate
both innate and adaptive immune processes.'*°

14,114
H.

LIPOTOXICITY-MICROBIOTA-IMMUNE CROSSTALK

Multiple interactions exist between lipids and the gut micro-
biota, in particular affecting via bile acid metabolism, liver
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physiology, and MASLD. Bile acids regulate lipid and glucose
homeostasis in the liver and exert immunomodulatory signaling
effects affecting inflammation and immunity.®> An altered mi-
crobiota composition, as observed in MASLD, impairs bile
acid diversity. Secondary bile acids, produced by gut microbial
metabolism of cholesterol, such as hyodeoxycholic acid,
improved experimental MASLD by inhibiting FXR and upregu-
lating hepatic CYP7B1.%8* Bacteroides uniformis strains are
potent producers of 3-succinylated cholic acid via a specific
p-lactamase.®® Via such a pathway, this bile acid alleviated
MASH and also upregulated intestinal Akkermansia muciniphila
growth.®® Multiple other interactions exist between lipids and
microbiota, as the gut microbiota, for example, also regulates
the synthesis of sphingolipids such as ceramide.’?”"'?® Gut
Bacteroides-derived sphingolipids localize to host epithelial tis-
sue and the portal vein, affecting hepatic ceramide produc-
tion."?” Bacterial sphingolipids from Bacteroides thetaiotaomi-
cron are able to recover excess hepatic lipid accumulation in
a mouse model of hepatic steatosis.'*® Moreover, Turicibacter
is decreased in human obesity, and an HFD reduces Turici-
bacter colonization in mice.'?® Interestingly, Turicibacter sup-
presses host ceramides, and Turicibacter-derived lipids pre-
vent obesity. Interaction between lipids, microbiota, and
immunity is also illustrated by various microbial-related metab-
olites such as isoalloLCA and 2-hydroxy-4-methylpentanoic
acid. Odoribacteraceae are effective producers of isoal-
loLCA,"*° and isoalloLCA suppresses Ty17 cell differentiation
by inhibiting retinoic acid receptor-related orphan nuclear re-
ceptor-yt."®" Time-restricted feeding improves MASLD and re-
sults in intestinal enrichment of Ruminococcus torques, while
this bacterium suppresses the intestinal HIF-2a-ceramide
pathway via synthesis of 2-hydroxy-4-methylpentanoic acid.®*
Key interactions exist among lipids, the microbiota, and various
immune cells, thereby contributing to metabolic disorders such
as MASLD."®?7"** Lipids act as metabolic regulators of Ty 17
cells and macrophages,'*® and the gut microbiota shapes im-
munity through broad metabolite production. All these studies
and many others illustrate multiple interactions between drivers
of MASH, such as lipids, the gut microbiota, and immunity, and
highlight the potential for bile acid interventions.

PROINFLAMMATORY DIETS: A SOURCE FOR
MASLD/MASH

Various dietary components affect inflammation across organ
systems and cause or contribute to chronic diseases. ¢ Over-
whelming evidence demonstrates that a healthy lifestyle
prevents CVD, various cancers, T2D, and MASLD. Diet may
have detrimental proinflammatory effects and/or anti-inflamma-
tory health-promoting effects.’®” Whereas many mechanisms
might explain detrimental or beneficial effects of diet, it is impor-
tant to acknowledge that diet is a major determinant of gut
microbiota composition over life.9* %8

Lipids

Many proinflammatory aspects discussed in the section
lipotoxicity: a prototypic pathway driving liver inflammation,
such as activation of the inflammasome by FFAs, also refer to di-
etary lipids. The proinflammatory effects of an HFD have been
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well studied preclinically and in humans. An HFD in healthy
volunteers administered for 1 month causes endotoxemia and
immune activation.”®® These data suggest that an HFD
consumed frequently could contribute to low-grade inflamma-
tion. Detection of circulating endotoxin supports an accompa-
nying impaired intestinal epithelial barrier by fat consumption
in humans, although so far mainly demonstrated preclini-
cally.''4" A prolonged HFD induced intestinal inflammation
with increased cytokine synthesis and was reversed experimen-
tally by 1L-22."*? Consumption of saturated milk-derived fatty
acids caused colitis, promoted the production of taurine-conju-
gated bile acids, and resulted in the overgrowth of the pathobiont
Bilophila wadsworthia in IL-10~/~ mice.'*® Such a concept, i.e.,
propagation of a pathobiont by a diet that promotes disease, is
intriguing but has so far not been proven for human liver
diseases.

Saccharide consumption

The obesity and MASLD pandemics are also driven by overcon-
sumption of saccharides and carbohydrates. Various mecha-
nistic studies have demonstrated detrimental proinflammatory
effects of various monosaccharides. Commensal-specific Th17
cells protected a mouse model against metabolic syndrome by
regulating lipid absorption, nicely illustrating the interaction
between the diet, immunity, and gut microbiota.’** High dietary
sucrose content depleted Th17 cells, and mechanistically, sugar
and ILC3 supported outgrowth of Faecalibaculum rodentium,
thereby displacing Th17-favoring commensals.'** The fructose
pandemic reflects a major culprit in the global explosion of
MASLD in the past two decades. It is not only a potent energy
source but is also able to drive specific liver pathologies,
including MASH."*> Fructose, as opposed to glucose, feeds
directly into hepatic lipogenesis, escaping insulin-mediated
regulation, and excessive fructose triggers barrier dysfunction
and the release of TLR agonists from commensals, driving liver
inflammation and endotoxemia.'“® Excessive fructose con-
sumption is another example, not only driving lipotoxicity and
liver inflammation but also affecting the gut microbiota by pro-
moting proinflammatory strains, such as Proteobacteria and
E. coli."" Fructose-induced hepatic lipogenesis also involves
microbiota-derived acetate.'*® Hepatic ER stress driven by
excessive fructose intake activates IRE1 and induces expression
of the PIDDosome subunits caspase-2, RAIDD, and PIDD1,
along with INSIG2, an inhibitor of SCAP-dependent SREBP acti-
vation, thereby favoring the transition from simple steatosis to
steatohepatitis.'*® The gluconeogenic enzyme fructose-1,6-bi-
sphosphatase 1 (FBP1) controls HCC development in
MASH."° Qverall, excess sugar consumption may contribute
substantially to the proinflammatory effects of diet.

Dietary/microbe-regulated proinflammatory

metabolites

Gut microbes convert certain nutrients, such as choline or carni-
tine, into trimethylamine (TMA), which is metabolized in the liver
by flavin monooxygenases to TMA N-oxide (TMAQ)."*" In vitro,
TMAO enhances platelet responsiveness and thrombosis forma-
tion."®? Whereas evidence is increasing that TMAO levels corre-
late with CVD, '*® an important role in MASLD is understudied.'**
Phenylacetic acid (see above) is another microbial product
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Figure 2. Mechanisms involved in MASLD
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driving hepatic steatosis.®® Microbial-derived imidazole propio-
nate, a microbial histidine-derived metabolite, is highly present
in the portal vein of people with T2D and affects insulin resis-
tance, although it has so far not been studied in MASH."® In a
murine model, imidazole propionate causes atherosclerosis,
the major complication of human MASLD, interacting with
imidazoline-1 receptor, thereby acting proinflammatory, and its
serum levels were associated with atherosclerosis in two inde-
pendent human cohorts.'*®

HOST GENETICS AS A DETERMINANT OF MASLD
PROGRESSION

In the past decade, human genetics has revealed that disrupting
lipid homeostasis in the hepatocyte determines TG accumula-
tion, which ignites inflammation. However, it is still not clear
why some livers tolerate large neutral TG loads, whereas others
become inflamed and scarred. Below, we discuss inflammation
from common germline variants through rare coding changes,
somatic selection, and systemic modifiers (Figure 2).

Lipid-droplet biology orchestrates sterile inflammation

The strongest steatotic liver disease risk allele in all ancestries,
PNPLA3 p.1148M, exemplifies the “lipotoxic” paradigm. The
mutant protein accumulates on lipid droplets, sterically blocking
ATGL-mediated lipolysis and impairing the export of mono- and
polyunsaturated fatty acids (PUFAs).'*” In vivo tracer studies
show lower DNL with a biochemical signature of redox stress
that may prime Kupffer and hepatic stellate cells (HSCs) for cyto-
kine release and collagen deposition.”” A knockin mouse for
p.l148M fed an MASH-inducing diet and treated with a
PNPLAS3 antisense oligonucleotide shows lower production of
Mcp1, acytokine involved in macrophage recruitment, indicating
a role of Pnpla3 p.1148M in inducing inflammation.’*® Two
phase-1 clinical trials prove that ablation of PNPLA3 reduces
liver fat content and may quench liver inflammation.'*%'%° Larger
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and longer studies are underway to assess the clinical benefits
of these approaches.

TM6SF2 p.E167K augments steatosis through VLDL retention
and at the same time protects against CVD.'®"'® Carriers of this
loss-of-function variant have lower circulating ApoB-containing
lipoprotein particles because TM6SF2 has a role in intracellular
stabilization of ApoB.'%*'¢?

MBOAT?7 rs641738 increases hepatocyte lipid content by
interfering with phosphatidyl-inositol metabolism and fueling
TG synthesis by generating its precursors.'® Interestingly,
MBOAT?7 deficiency in macrophages alters membrane phos-
pholipid composition with a redistribution of arachidonic acid
toward proinflammatory eicosanoids, providing an example of
the interaction between lipid species and inflammation. '®°

In contrast, MARC1 p.A165T results in a loss of function due to
higher proteasomal degradation.'® This loss of function reduces
oxidative stress by promoting mitochondrial p-oxidation,'®”
emphasizing that lowering liver lipid content contributes to
quenching inflammation.

In contrast to the lipotoxic variants that dominate SLD ge-
netics, the rs72613567 in HSD17B13 protects against steatohe-
patitis, advanced fibrosis, and HCC without affecting liver neutral
lipid content. This variant reshapes hepatic phospholipid
composition and dampens inflammation by reducing the IL-6
pathway.®® Mediation analyses suggest that the protective ef-
fect of this variant is mediated by reducing the severity of portal
inflammation.’®® Human hepatocyte targeted-siRNA trials
confirmed that therapeutic inactivation of HSD17B13 lowers
ALT without changes in liver TG content, uncoupling liver TG
content from inflammation.'”°

Autophagy and the inflammatory checkpoint

Rare loss-of-function variants in core autophagy genes, espe-
cially the ATG7 p.V671A, shift the balance from steatosis toward
MASH and HCC.'”" Carriers show no changes in liver-fat
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content, yet transcriptomics reveal intensified TNF-mediated
inflammation.””! Mechanistically, defective ATG7 reduces lip-
ophagy, preventing safe lipid-droplet disposal,’”® and mitoph-
agy, allowing ROS-leaking mitochondria to accumulate and
perpetuate inflammation.””" The observation that thyroid-hor-
mone analogs restore selective autophagy'’® and reverse
MASH fibrosis in clinical trials'"* suggests autophagy as a phar-
macologic anti-inflammatory lever.

Somatic adaptation to gluco-lipotoxic stress

Whole-liver deep sequencing of explanted cirrhotic tissue
uncovered a pattern of convergent clonal selection for loss-
of-function mutations in GPAM (a protein resident in the outer
mitochondrial membrane) and in FOXO1 (a pivotal protein for
insulin-mediated energy homeostasis).'”>'"® Although germline
GPAM loss protects against MASLD, hepatocytes acquire so-
matic GPAM hits only after fibrosis is established in an adaptive
attempt to mitigate lipotoxicity. Similarly, FOXO1-S22W so-
matic mutations lock the transcription factor in its fasting-
mimicking conformation, sustaining gluconeogenic efflux from
the hepatocyte. Such parallel evolution suggests that chronic
stress creates a Darwinian niche in which hepatocytes with
metabolic reprogramming compete with their neighbors
(Box 1).

LIVER CROSSTALK WITH EXTRAHEPATIC TISSUES
CONTRIBUTES TO THE INFLAMMATORY BURDEN
IN MASH

Adipose tissue
AT inflammation has emerged as of major importance in obesity
and related disorders such as MASLD."”” The AT contains a
plethora of inflammatory mediators and immune cells and con-
stitutes a major organ of inflammation in obesity and related dis-
orders.’”® "9 TNF is increased in human obesity and decreases
substantially after weight loss.'®° VAT contains three times more
IL-6 compared with SAT."®" Importantly, whole-body AT mass
may contribute up to 35% of the body’s circulating IL-6 source,
proposing a key contribution for an inflamed AT to systemic low-
grade inflammation. '®? Visceral fat mass associates directly with
the degree of liver inflammation in MASH."®® Weight loss after
bariatric surgery is potently anti-inflammatory, as it almost elim-
inates TNF, IL-1p, and IL-6 expression in SAT and the liver,'®*
and extensive weight loss furthermore decreases serum IL-6
levels, correlating directly with an improvement in insulin resis-
tance,'® while myeloid cells produce 90% of proinflammatory
cytokines in the AT.'%6

Janus kinase 1 (JNK1) drives the expression of AT-derived
IL-6, which regulates hepatic insulin signaling and worsens
hepatic insulin resistance in a preclinical model.'®” In vitro and
in vivo studies targeting adipocyte-specific adenosine A2AR by
a specific agonist massively decreased VAT inflammation and
reduced subsequent hepatic and cardiac dysfunction after an
HFD."®® The adipokine neuregulin-4 (Nrg4) is induced in the AT
via exercise and knockdown of adipose Nrg4, as well as hepatic
deletion of its receptor, negatively affecting MASLD via a cGAS-
STING pathway.'®® AT macrophage-derived small extracellular
vesicles drive liver fibrosis in a murine MASH model via release
of the microRNA (miR)-155 and miR-34a, supporting a role for
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a proinflammatory AT-liver axis.'° In addition, several clinical re-
ports have addressed the important role of the AT in MASLD.
VAT and SAT exhibit increased expression of inflammatory
genes in MASH, and an inflammatory signature of five AT genes
predicted liver disease severity.'®! In the FLINT trial (assessing
obeticholic acid against MASH), participants with more pro-
nounced reduction of deep SAT and potentially VAT exhibited
a higher rate of histological improvements, including lobular
inflammation.’®? Using single-cell analysis, multiple AT macro-
phage populations were characterized in VAT of MASH patients,
while AT macrophage dysfunction was associated with loss of
AT vascular integrity and degree of liver disease.'®® Despite
the descriptive nature of these clinical reports, they support a
relevant AT-liver axis in MASLD. Besides classical cytokines,
key adipokines such as adiponectin or leptin are also of major
relevance in the AT-liver axis in MASLD.'"®"'** Many AT-derived
factors, from various lipids to cytokines, may therefore affect
distant organs and contribute to systemic and hepatic pa-
thologies.

Liver inflammation and hepatic outcomes

In MASLD, the fibrosis stage is related to liver outcomes,
including decompensation, HCC, and liver-specific mortal-
ity.'9>19€ Whether inflammation-independent liver fibrosis exists
cannot be answered currently, as many diverse mechanisms
are involved in fibrosis development,'® in which fibrogenic myo-
fibroblasts are considered of critical importance.'®” These cells
interact with various parenchymal and non-parenchymal liver
cells and either receive inflammatory signals or produce them
and secrete substantial other factors, including chemokines
or also inhibitors of matrix degradation.'® With respect to inflam-
mation, especially transforming growth factor § (TGFp) or
platelet-derived growth factor (PDGF), reflect key players who
are released mainly by myeloid cells and endothelial cells,
commonly under the control of proinflammatory cytokines,
DAMPs, PAMPs, or toxic lipids.'® Overwhelming evidence has
been generated over the years in MASLD models (and others)
showing that proinflammatory cytokines (e.g., IL-1p, TNF, or
IL-17) and inflammasomes (e.g., NLRP3), mainly via NF-xB acti-
vation, crucially regulate liver fibrosis and activate HSCs. 942"
IL-11 reflects another recent example causing lipotoxicity,
inflammation, and liver fibrosis in murine MASH and even
extending health- and lifespan in mammals.*°>°° These preclin-
ical studies warrant clinical research to be translated to hu-
man MASLD.

When liver disease progresses, fibrosis may emerge, leading
to advanced fibrosis, liver cirrhosis, and finally HCC.?%*?%° In
some studies, MASLD now appeared a leading cause of
HCC.?% Indeed, preclinical evidence is supportive that inflam-
matory cytokines such as IL-6 are involved in this process.
Obesity-driven HCC development depends on IL-6 and TNF,
as shown in dietary and genetic MASLD models involving NF-
kB activation.’°” The IL-6-related transcription factors signal
transducer and activator of transcription 1 and 3 (STAT1,
STAT3) also regulate obesity-related MASH and HCC.?%® Liver
cancer progenitor cells progress toward HCC in an IL-6-depen-
dent manner.?°® Overall evidence is substantial that inflamma-
tion-driven fibrogenesis leads to all known detrimental liver out-
comes, including cirrhosis and HCC.



j.cmet.2026.02.018

Please cite this article in press as: Tilg et al., The many pathways driving liver inflammation in MASH, Cell Metabolism (2026), https://doi.org/10.1016/

Cell Metabolism

Incretin-based therapies GLP-1/GIP

e.g. semaglutide,
tirzepartide, survodutide

Extrahepatic
actions

Blood pressure
Triglycerides
Glucose

LDL cholesterol
Insulin resistance

Glucagon receptor |

A\

Body weight Steatosis
Systemic inflammation Liver inﬂammation
MACE ! !
@ Liver Injury
' Fibrosis
\) f—
Gl = I\:)GFA /*t /
ucose receptors
Triglycerides 3 d Bklotho P

Insulin resistance
Systemic inflammation
Body weight

Extrahepatic
actions

FGF21 analogues
e.g. efruxifermin
pegozafermin

Figure 3. Emerging therapies tackling MASLD

)| receptor (extrahepatic)

¢? CellPress

OPEN ACCESS

THRP agonists
e.g. resmetirom

Extrahepatic
actions

LDL cholesterol
Triglycerides
Systemic inflammation

THRB receptor |

e 4

PPAR receptors

Glucose

Triglycerides

Insulin resistance
Systemic inflammation

Extrahepatic
actions

PPAR agonists
e.g. lanifibranor

Diverse pharmacologic therapies are emerging in phase Il and phase llI clinical trials to treat metabolic liver disease and specifically to reverse steatosis, liver
inflammation, injury, and fibrosis. These therapies have direct actions on the liver through specific receptors that control hepatic metabolism and inflammation;
however, these therapies also have extrahepatic effects on systemic metabolism and inflammation. Notably, GLP-1Rs and GIP receptors are arguably not
expressed in the human liver, suggesting that the beneficial effects of these drugs on the liver are indirect. Collectively, recent and ongoing clinical trials will
substantially improve the treatment of MASLD in the future while also conveying beneficial systemic effects in patients with cardiometabolic co-morbidities, e.g.,

a reduction in major adverse cardiovascular events (MACEs).

Extrahepatic outcomes

CVDs

Extrahepatic complications are the leading factors in MASLD-
related mortality,”*®> and metabolic inflammation, i.e., low-
grade inflammation or metaflammation,?'® might play a key
role. This type of chronic smoldering inflammation is ob-
served in many metabolic disorders, including T2D, obesity,
MASLD, and atherosclerosis.®® Levels of high-sensitivity
C-reactive protein (hsCRP) correlate with cardiovascular and
malignancy-related mortality in MASLD.?'" The landmark
CANTOS study neutralizing IL-1 demonstrated a reduction
in hsCRP levels and improved clinical outcomes, such as
myocardial infarction and stroke, proving the importance of
metabolic inflammation in atherosclerosis.”'> There might
also exist a cardiac-hepatic inflammatory axis, as myocardial
infarction preclinically and in a clinical study worsened pro-
gression of MASLD, potentially mediated via increased circu-
lating Ly6C" monocytes migrating to the liver and cardiac
periostin.”'® The importance of assessing the clinical implica-
tions of CVD in MASLD is now emerging.”'*?'® Cholesterol-in-
dependent inflammation is increasingly recognized in athero-
sclerosis, suggesting that, in addition to cholesterol, other
factors contribute to vessel inflammation, e.g., microbial com-
ponents or diet. %6216

Extrahepatic cancers

Chronic inflammation and cancer are highly intertwined by
many mechanisms.>'” A key role for obesity as a cancer driver
is also substantiated by bariatric surgery studies, in which death
rates from CVD and cancer decreased.?'®?' MASLD is associ-
ated with a higher rate of extrahepatic cancers, especially
gastrointestinal cancers, breast cancer, and gynecological can-
cers, affecting survival.®??%??" MASLD shows, independent of
obesity, a 2-fold higher rate of extrahepatic cancers.?>> When
assessing data from the National Health and Nutrition Examina-
tion Survey (NHANES) cohorts, MASLD patients with higher
systemic inflammatory burden had a substantially higher rate
of cancers and all-cause mortality independent of BMI, age, or
race, suggesting an important role for systemic inflammation.?**
A key role for inflammation in cancer development also came
from the CANTOS study, in which canakinumab treatment signif-
icantly reduced incident lung cancer.** In conclusion, evidence
is accumulating that chronic systemic inflammation contributes
to cancer development.

TREATMENT OPPORTUNITIES IN MASH

In this section, we will review therapies for MASH-related fibrosis
that are in phase 3 clinical development, including resmetirom,
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semaglutide, survodutide, tirzepatide, lanifibranor, efruxifermin,
and pegozafermin (Figure 3). These therapies mostly act pleio-
tropically and also exert anti-inflammatory effects, as regulatory
requirements for effective therapies request resolution of MASH
and improvement of fibrosis.??° Importantly, these medical ther-
apies are combined with lifestyle intervention, i.e., physical exer-
cise with recommendations for a healthy diet—cornerstones of
MASLD treatment. We refer the reader to other reviews that pro-
vide a much more in-depth assessment of current and emerging
therapeutic drug development in MASH-related fibrosis.??%2"

Thyroid hormone receptor beta agonist

There are several thyroid hormone receptor beta (THR-p) ago-
nists in clinical development for MASH-related fibrosis. Resme-
tirom, an oral, liver-directed, once-daily THR-$ agonist, is FDA
approved under subpart H for conditional use in patients with
MASH with moderate to advanced fibrosis without cirrhosis. A
52-week treatment with 100 or 80 mg resmetirom was better
than placebo for improving fibrosis and MASH resolution.’”
Further studies are underway to assess predictors of response
to resmetirom and when to stop resmetirom and when to
consider adding other therapies or switching therapies in
MASH-related fibrosis.

Incretin-based therapies

Semaglutide is a glucagon-like-peptide-1 receptor agonist
(GLP-1RA) that is clinically approved for the management of
T2D and/or obesity and has been studied in patients with bi-
opsy-proven MASH with stage 23 fibrosis.??® In a recently pub-
lished phase 3 trial, a 72-week treatment with 2.4 mg weekly
subcutaneous injections of semaglutide was better than placebo
in improving fibrosis and MASH resolution.??° Importantly, hepa-
tocytes and HSC do not express GLP-1 or GIP receptors,®*°
such that semaglutide indirectly acts on the liver, for example,
by weight loss and blockade of FFA trafficking to hepatocytes.
The effect of GLP-1 analogs may be lower in those with the
PNPLA3 genotype.”?®

Survodutide, a dual GLP-1 and glucagon-receptor agonist,
leads to activation of both GLP-1Rs and glucagon receptors,
which is associated with weight loss; increased energy expendi-
ture; greater liver fat reduction due to direct action of glucagon
on the hepatocytes, inducing gluconeogenesis; and improved
insulin resistance with continued use due to GLP-1 agonism.?"
Glucagon receptors are widely expressed on hepatocytes. Most
dual agonists lead to greater liver fat reduction when compared
with GLP-1 agonists alone.”*® In a recent phase 2b trial, a
48-week treatment with survodutide was better than placebo
in improving fibrosis and MASH resolution.?** Survodutide has
now moved on to a phase 3 trial to examine its efficacy in
improving long-term clinical outcomes.

Tirzepatide, a dual GLP-1 and gastric inhibitory polypeptide
(GIP) agonist, is clinically approved for the treatment of T2D mel-
litus and obesity and is currently being investigated for MASH-
related fibrosis. The dual mechanism of action of tirzepatide
leads to greater weight loss than seen with semaglutide alone.
In a recent phase 2b trial, a 52-week treatment with tirzepatide
was better than placebo in improving fibrosis and MASH reso-
lution.?**
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Retatrutide is a triple agonist including the glucose-dependent
insulinotropic polypeptide, GLP-1, and glucagon receptors, all
combined in one formulation. In phase 2b trials in obesity, reta-
trutide has been shown to provide weight loss of up to 24%,
which is significantly greater than what is seen by either sema-
glutide or tirzepatide alone. In a substudy, a 24-week treatment
with retatrutide led to normalization of liver fat content by MRI-
PDFF in very high percentages.”**

Further studies are underway to better understand the mech-
anistic pathways underlying improvements in liver fibrosis and
MASH resolution by various incretin-based therapies. One key
issue that is not yet fully understood is the muscle loss associ-
ated with weight loss seen with GLP-1 agonists and whether
dual or triple agonists have a differential profile in the relative
amounts of muscle versus AT weight loss. Sarcopenia is a major
risk factor in patients with cirrhosis and may increase the risk of
decompensation; hence, careful assessment and monitoring are
needed among those with established cirrhosis and use of these
agents.

PPAR agonists

Lanifibranor, an oral pan-peroxisome proliferator-activated re-
ceptor (P-PAR) agonist, is being developed for the treatment of
MASH-related fibrosis. In a recent phase 2b trial, a 24-week
treatment with either 1,200 or 800 mg lanifibranor was better
than placebo in improving both MASH resolution and fibrosis.?*°
Phase 3 trials are underway to assess its long-term efficacy in
improving liver-related morbidity and mortality.

Fibroblast growth factor (FGF)-21 analogs

FGF-21 is a pleiotropic hormone primarily produced by the liver
that regulates energy homeostasis and lipid and glucose meta-
bolism.?*” It is released during starvation and is associated
with fat oxidation in the liver and improves insulin sensitivity in
the liver. FGF-21 not only has peripheral action in the liver but
also has central action primarily in the hippocampus and may
have an important role in crosstalk between the adipocyte-
liver-brain axis.”*® Recent data suggest that FGF-21 agonism
may be beneficial not only in improving metabolic dysfunction
in the liver but also in craving due to alcohol and carbohydrate
preference. These data have ignited new research across the
spectrum of steatotic liver disease, ranging from MASLD and
MASH to metALD and ALD.?%%240

Efruxifermin, a bivalently Fc-FGF-21 analog, is being devel-
oped for treatment of MASH-related fibrosis and cirrhosis. In a
phase 2b trial among patients with MASH with stage 2 or 3
fibrosis, a 24-week treatment with efruxifermin was better than
placebo in improving fibrosis and MASH-related inflamma-
tion.?*" A phase 2b trial among patients with cirrhosis due to
MASH randomized them to either efruxifermin or placebo over
96 weeks. Efruxifermin, either at 28 or 50 mg once weekly, was
better than placebo in improving fibrosis over 96 weeks of
treatment.*?

Pegozafermin, a long-acting glycol-pegylated form of FGF-21
analog, is in clinical development for MASH-related fibrosis,
cirrhosis, and severe hypertriglyceridemia. In a recent phase
2b ftrial, a 24-week treatment with pegozafermin was better
than placebo in improving fibrosis and causing MASH resolu-
tion.>** Phase 3 trials are underway to examine long-term clinical
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Table 1. Anti-inflammatory activities of resmetirom, GLP-1RAs, PPAR agonists, and FGF-21 analogs

Suppression of Induction of
NF-kB and IL-10/adiponectin
proinflammatory (anti- Decrease in
cytokines inflammatory circulating hsCRP MASH resolution + fibrosis
Drug Primary target (TNF, IL-1, IL-6) pathways) (human studies) improvement (human studies)
Resmetirom THR-B + + ? +
GLP-1RAs (e.g., GLP-1R + + + +
semaglutide)
PPAR agonists nuclear PPAR receptors + + + +
(lanifibranor)
FGF-21 analogs FGFR1c + p-klotho + + ? +

hsCRP, high-sensitivity C-reactive protein; FGF, fibroblast growth factor; FGFR1c, fibroblast growth factor receptor 1; GLP-1R, glucagon-like
peptide-1 receptor; GLP-1RA, glucagon-like peptide receptor agonist; NF-kB, nuclear factor kappa B; THR-p, thyroid hormone receptor beta.

benefits of efruxifermin and pegozafermin in improving liver-
related morbidity and mortality. There are several other FGF-21
analogs (such as efimosfermin) that are also in clinical develop-
ment with promising results and likely to advance to larger phase
2b/3 trials in the future.”**

HOW CURRENT THERAPIES FOR MASH AFFECT
INFLAMMATION

It is commonly accepted that approved and currently investi-
gated drugs for MASH act in a pleiotropic manner, affecting
diverse metabolic pathways and also exerting anti-inflammatory
effects. As discussed in this article, inflammatory pathways are
of crucial importance in this disease. Although classical anti-in-
flammatory drugs used in many immune-mediated disorders,
such as anti-cytokine drugs, might not be suitable candidates
for MASH treatment, an effective MASH treatment is supposed
to target primarily metabolic pathways besides acting anti-
inflammatorily. Indeed, as outlined here, several MASH drugs
effectively target inflammation (Table 1).

Resmetirom acts through its selective agonism of THR-f in he-
patocytes, resulting in various downstream effects relevant to
MASH. It inhibits activation of STAT3 and NF-kB pathways,
thereby reducing macrophage infiltration and production of
proinflammatory cytokines in murine MASH livers.?*> These ac-
tivities were dependent on regulator of G protein signaling 5
(RGS5), which is downregulated in murine MASH and upregu-
lated by resmetirom.?*® Resmetirom may suppress inflammation
by mirroring TRH-p-mediated restoration of autophagy,’”® and
indeed, in a phase 2 trial, this drug lowered serum levels of cyto-
keratin-18 fragments and, importantly, increased serum levels of
the anti-inflammatory adipokine adiponectin.?*® Resmetirom
directly improves mitochondrial function in the liver by activating
p-oxidation, which is likely to be beneficial in individuals with
MASH-related fibrosis regardless of PNPLA3 genotype.”*” Via
such mechanisms, resmetirom reduces hepatic steatosis, which
reflects a key driver of inflammation and fibrosis in MASH.

Incretin-based therapies such as semaglutide reduce sys-
temic and tissue inflammation through various mechanisms,
also independent of weight loss.?*® Multiple GLP-1RAs reduce
serum hsCRP levels, an acute phase reactant produced by he-
patocytes under the control of the pro-inflammatory cytokines

TNF, IL-1, and IL-6.“32° Even a single dose of exenatide or
semaglutide suppressed endotoxin-induced TNF in mice.?*°
GLP-1RAs suppress NF-kB, JNK, and the NLRP3 inflamma-
some, which results in decreased expression and production
of proinflammatory cytokines.”®" In accordance with a strong
anti-inflammatory impact, GLP-1RAs such as exendin-4 pro-
mote the synthesis of the anti-inflammatory cytokine IL-10%%2
and adiponectin.'”%*>® Agonism of GLP-1R also affects macro-
phage biology and promotes the induction of M2 polarization
commonly associated with protective and anti-inflammatory
activities.”®* Suppression of systemic TNF by GLP-1R agonism
also involves al1-adrenergic, 6-opioid, and k-opioid receptor
signaling in the central nervous system.?* In endothelial cells,
GLP-1RAs activate AMPK and reduce, by various mechanisms,
expression of inflammatory adhesion molecules such as
VCAM-1 or E-selectin monocyte activation, and thereby atten-
uate vascular inflammation.”*® Semaglutide also suppresses
ATl in preclinical models.?*” Numerous preclinical experimental
models have convincingly demonstrated anti-inflammatory ac-
tivities of GLP-1RAs.?*® Importantly, a recent study demon-
strated not only that semaglutide improved inflammation and
fibrosis in murine MASLD models but also observed via
aptamer-based proteomic analyses of serum samples from pa-
tients being treated with this drug that 72 proteins were signifi-
cantly correlated with MASH resolution.?*® Most of these 72 pro-
teins were related to metabolism, inflammation, and fibrosis,
highlighting the importance of these pathways in this disease.**®
Collectively, GLP-1RAs and potentially other incretins (not dis-
cussed here) act as immunometabolic modulators affecting
both metabolic and many inflammatory pathways relevant to
various metabolic disorders, including MASH.

Lanifibranor interacts with various metabolic, inflammatory,
and fibrogenic pathways in preclinical MASH models.>*° This
drug attenuated hepatic inflammatory infiltration and proinflam-
matory cytokine activation in preclinical MASH models®*® and
positively affected cardiometabolic health in MASH patients
and increased circulating adiponectin concentrations.*®’

FGF-21 analogs also exert several anti-inflammatory activ-
ities. They potently suppress gluco-lipotoxicity and inflammatory
processes.”®> FGF-21 and its analogs suppress NF-kB,
decrease synthesis of proinflammatory cytokines, and induce
IL-10.2°® Anti-inflammatory effects of FGF-21 have been
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observed in various tissues, including the liver and preclinical
models of MASH.?%* FGF-21 analogs efficiently suppress hepat-
ic and ATI, and these effects are p-klotho dependent and include
suppression of oxidative stress and modulation of the inflamma-
tory response.”®® Collectively, it may be assumed that anti-in-
flammatory activities are crucial for most clinically beneficial
MASH drugs and therefore reflect an important feature of their
pleiotropic nature (Box 1).

CONCLUSIONS AND FUTURE DIRECTIONS

Inflammation plays a crucial role in most liver diseases, and
evidence is nhow accumulating that both innate and adaptive
immune pathways contribute to intrahepatic and extrahepatic
features of this disease. It is accepted that MASLD is not an
isolated liver disease but a complex syndrome promoted by
environmental cues such as diet and related microbial pertur-
bation. Despite recent advances, it remains unclear why
approximately 20% of the MASLD population develops
MASH, identification of additional genetic factors might also
be of importance, and the definition of preclinical mouse
models suitable for such investigations might help in the
future.?°6-267

Future research directions must address unresolved issues in
MASLD. Initial studies have now demonstrated that polygenic
risk scores and multiomic analysis might enable identification
of different disease subtypes with more aggressive liver disease
or more dominant extrahepatic disease manifestation.”®® The
recent advent of single-cell/spatial technologies will allow deci-
phering of the heterogeneity of the liver immune microenviron-
ment and also further definition of subtype disease classifica-
tion.?*>?"" The contribution of the gut microbiota and related
metabolites at various stages will need many more robust clinical
studies, potentially enabling us to prove the relevance of certain
metabolites, as demonstrated for imidazole propionate in
atherosclerosis.'®° It is also important to elucidate in the future
causal interactions between lipotoxicity and the gut microbiota
validated through respective clinical trials, as recently shown
for THR-p agonists.?’?

An effective future therapy for MASH should not only be able to
decrease or eliminate causative stressors, such as proinflamma-
tory lipids, but ideally might also exert pleiotropic anti-inflamma-
tory actions to limit the systemic inflammatory burden. Various
currently investigated drugs, such as GLP-1RAs, have demon-
strated such pleiotropic anti-inflammatory activities.?*%?"*
Furthermore, besides effective new drugs, adaptation of lifestyle
with a healthy diet and exercise acts potently anti-inflamma-
tory."*%27% However, targeted dietary interventions specific to
MASLD are understudied yet essential for long-term manage-
ment; for instance, a Mediterranean diet appears favorable,
especially with regard to CVD. Based on the importance of
inflammation and subsequent fibrosis for the outcome of
MASH, it is also obvious that, besides targeting inflammatory/
fibrotic pathways, efficient targeting of disease-causing meta-
bolic pathways seems most crucial for the management of
MASH.?*>?"® The field is now advancing rapidly, and an
improved understanding of underlying disease mechanisms
might lead to new therapies and better management of this
global pandemic disorder.
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