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Abstract

Metabolic dysfunction-associated steatohepatitis (MASH), or previously known as non-alcoholic 

steatohepatitis (NASH), is a severe form of metabolic dysfunction-associated steatotic liver disease 

(MASLD), or formerly known as non-alcoholic fatty liver disease (NAFLD), which poses a 

global threat to human health due to its potential to progress to advanced fibrosis, leading to 

cirrhosis and an increased risk of liver cancer. Recent advances in single-cell methodologies, 

refined models of disease, and genetic and epigenetic insights have provided a highly nuanced 

understanding of fibrogenesis in MASH. Although the activation of hepatic stellate cells into 

myofibroblasts remains a central focus, the substantial heterogeneity of cell types in MASH 

livers creates opportunities to uncover additional pathways of cell-cell interactions and behavior. 

Unlike fibrogenesis, mechanisms underlying fibrosis regression in MASH are still inadequately 

understood. Clarifying the mechanisms behind MASH fibrosis has led to the identification of new 

therapeutic targets, which may lead to improved clinical outcomes. A refined antifibrotic treatment 

framework would accelerate progress by improving non-invasive assessment and developing 

more targeted therapies that preserve hepatocellular function and restore the liver's architectural 

integrity. These advances in MASH fibrosis epitomize the translational journey from discovery to 

treatment.

Introduction

The prevalence of obesity is a major health challenge in our rapidly developing world. 

One serious consequence of the obesity epidemic is the increased incidence of metabolic 

dysfunction-associated steatotic liver disease (MASLD or previously non-alcoholic fatty 

liver disease/NAFLD), characterized by excessive fat accumulation (steatosis), and its 

more severe form, metabolic dysfunction-associated steatohepatitis (MASH or previously 

non-alcoholic steatohepatitis/NASH), which is associated with inflammation and fibrosis 

(1-4). Most cases of MASH develop in obese patients but a substantial portion (10-20%) 
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of cases develop in lean individuals for reasons that remain unclear, but which may involve 

metabolic abnormalities that exist in these lean individuals (5) (6). Up to ~30% of the 

world’s population has MASLD, and a quarter of them have MASH (7, 8). In the US at 

least 2 million Americans have ‘high risk’ MASH (defined as those with intermediate stages 

of disease activity and fibrosis) (9). There are currently no studies that distinguish fibrosis 

mechanisms or progression between lean and obese MASH.

MASH-related liver disease is predicted to overtake chronic hepatitis C as the leading 

cause of liver transplantation and is the fastest rising cause of liver cancer (7, 10) and is 

already the leading indication for liver transplantation among Medicare recipients in the US 

(11). Despite the scale and urgency of the disease, there are currently no approved drugs 

for MASH, making it a major unmet need (3, 12). MASH is characterized by steatosis, 

hepatocyte ballooning, lobular inflammation, and fibrosis. Among these features, the extent 

of fibrosis is the strongest predictor of patient mortality, and is therefore the focus of drug 

development efforts (13-16).

The objective of this review is to offer a thorough overview of the molecular mechanisms 

that drive fibrosis in MASH. Furthermore, we explore the most recent advancements in 

targeting crucial determinants of MASH fibrosis that may lead to improved outcomes.

The biochemical and cellular landscapes of MASH

Hepatic fibrosis is a pathologic accumulation of extracellular matrix (ECM) molecules 

comprised of proteins, glycoproteins, and proteoglycans. In normal liver, ECM is 

sparsely scattered around blood vessels, with basement membrane components present 

in the subendothelial space of Disse, although the healthy liver lacks an electron-dense 

basement membrane. Nonetheless, these subendothelial ECM molecules, or the matrisome, 

support cellular homeostasis of both hepatocytes as well as surrounding endothelial and 

stellate cells. Progressive injury leads to changes in the quality and quantity of ECM 

with accumulation of fibrillar collagen (primarily types I and III) initially within the 

subendothelial space, which coalesce over years to form fibrils that generate bands of 

collagen. Progressive changes in the composition of the matrisome affect all families of 

ECM molecules (17, 18), leading to altered biochemical and mechanical features of the 

liver. Efforts to better understand the biochemistry have laid fallow since the 1980s until 

recently, when emerging microscopic and proteomic technologies, reagents and single cell 

analysis have revitalized studies linking ECM to disease. Specifically, accumulation of ECM 

increases the stiffness of the liver both macro- and microscopically. Microscopically, the 

enhanced stiffness of the pericellular milieu affects all cells, most notably by activating 

hepatic stellate cells (HSCs) to increase their fibrogenic activity (19). Concurrently, 

enhanced organ stiffness disrupts hemodynamics in sinusoids and large vessels. Increasing 

liver stiffness during fibrosis progression is the basis for diagnostic techniques of transient- 

and magnetic resonance-elastography to stage MASH fibrosis, as an alternative to liver 

biopsy.

In addition to increasing liver stiffness, ECM accumulation elicits other changes that can 

lead to clinical outcomes. In non-cirrhotic stages, soluble signals from the changing ECM 
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composition or fibrogenic cells can impede regeneration, disrupt immune homeostasis, 

and alter the clearance of systemic and hepatic metabolites. ECM may also generate a 

physical barrier to trans-sinusoidal transport (‘capillarization’) and concurrently disrupt the 

function of other resident liver cells besides hepatocytes, in particular sinusoidal endothelial 

cells. Once fibrosis begins to distort the liver’s architecture, disrupting blood flow and 

oxygenation of the tissue, the functional and regenerative capacity of liver is impaired to 

an extent detectable by routine tests including INR, albumin, and platelet count, among 

others. There likely are progressive functional changes throughout the course of MASH 

progression, but current diagnostic tests are not sufficiently sensitive to detect them until 

they are accompanied by marked architectural disruption. Ultimately both fibrosis and the 

changes it confers throughout the liver contribute to a microenvironment that is permissive 

for development of hepatocellular carcinoma.

Cellular contributions to hepatic fibrosis in MASH are increasingly understood thanks to 

rapid advances in imaging, single cell technologies, and publicly available datasets. As a 

result, a more comprehensive and dynamic understanding of this landscape has emerged 

(summarized in Figure 1).

Hepatocyte injury.

Liver fibrosis develops in response to chronic injury to the parenchyme comprised of 

hepatocytes. In fatty liver disease, increased circulating fatty acid uptake and de novo 

lipogenesis by hepatocytes promotes lipid accumulation with the generation of reactive 

oxygen species (ROS) and products of lipid peroxidation. This buildup of toxic byproducts 

eventually exceeds the liver’s detoxification systems, leading to macromolecular damage, 

cellular stress, and cell death (4, 20). Hepatocyte death promotes fibrosis indirectly through 

inflammasome activation and recruitment of inflammatory cells, especially macrophages, 

that stimulate myofibroblasts and alter extracellular matrix turnover (21, 22). Dying or 

damaged hepatocytes secrete damage-associated molecular patterns including high mobility 

group box 1 protein (HMGB1), osteopontin (SPP1), purinoceptor 14 (P2Y14) ligands, 

apoptotic bodies, microRNA (miRNA), and DNA that can be packaged into microvesicles 

and directly taken up by HSCs, leading to their activation into collagen-producing 

myofibroblasts (see “Cellular plasticity”, below) (23-31). Thus far only drugs targeting 

upstream hepatic lipid accumulation pathways but none of the downstream mediators of cell 

injury and cell death show signs of efficacy in the clinic. Some of the challenges may be 

lack of mouse models that recapitulate late-stage disease, as discussed in the disease models 

section below, and a lack of access to human liver samples for critical validation studies. For 

a detailed overview of hepatocellular injury and lipotoxicity in MASLD/MASH the readers 

are referred to two recent reviews (3, 4).

Biliary injury and ductular reaction in MASH.

Injury to cholangiocytes (epithelial cells that line the bile ducts) may lead to cholestasis (bile 

flow obstruction), provoking the development of a ductular reaction that is histologically 

defined as a hyperproliferation of biliary ducts, possibly to overcome cholestasis. Ductular 

reaction in MASH is frequent and strongly correlates with fibrosis severity in patients 

for unclear reasons (32, 33). Hepatic progenitor cells are typically present within ductular 
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reactions and represent a potential source of transforming growth factor beta (TGFβ and 

platelet-derived growth factor (PDGF), potent activating stimuli (34-36). Expansion of the 

hepatic progenitor compartment in disease may increase the release of proliferative and 

inflammatory stimuli (33). Clarification of progenitor cell biology in liver regeneration 

and repair is evolving rapidly, but at present there is not yet a clear distinction between 

bipotential hepatocytes, hepatocyte precursors, and ductular cells, all of which display 

progenitor features. Better understanding of the progenitor compartment could lead to the 

development of therapeutic approaches to enhance liver cell regeneration, attenuate fibrosis, 

and reduce cancer development.

Like hepatocytes, cholangiocytes can undergo lipoapoptosis and senescence in the presence 

of increased saturated fatty acids, which may provoke release of damage-associated 

molecular patterns, senescence-associated secretory patterns (such as chemokine ligand 2 

(CCL2)), and SPP1, which activate HSCs to generate fibrosis (37-40). It is unclear if these 

pathways contribute to the correlation between ductular reaction and fibrosis in MASH, 

however.

Myofibroblasts.

Similar to other tissues, myofibroblasts are the main fibrogenic cells in fibrotic liver. 

In liver they are derived from resident mesenchymal pericytes, or HSCs. Myofibroblasts 

are proliferative, migratory, contractile, and secrete extracellular matrix proteins. These 

functions normally contribute to tissue repair under homeostatic conditions, but sustained 

activation in chronic liver diseases drives fibrosis, especially in MASH (41) where they 

are detectable by expression of desmin and alpha smooth muscle actin (αSMA) using 

immunofluorescence, and by conservation of gene expression based on single-cell RNA-

seq (42-46). We recently used single nuclear RNA-seq in murine MASH models and 

patients with MASH to demonstrate enrichment of pathways in myofibroblasts that regulate 

extracellular matrix production and cell migration, including matrix metalloproteinase 

(MMPs), tissue inhibitors of metalloproteinases (TIMPs), and lysyl oxidases (LOXLs) 

(47-49), similar to earlier studies of mouse fibrosis and human cirrhosis (50, 51). Further 

informatic subsetting of purified HSCs in the foz/foz mouse model revealed 3 distinct 

activated cell clusters and 1 inactivated cell cluster, expressing different abundances of 

classical myofibroblast markers such as alpha smooth muscle actin (Acta2), collagen type 
1 alpha 1 (Col1a1), and tissue inhibitors of metalloproteinase 1 (Timp1) at the transcript 

level. It is not yet established whether these subsets of HSCs with different gene expression 

profiles represent functionally distinct cell populations with unique biological roles.

The majority of myofibroblasts in chemically-injured mouse models also derive from HSCs, 

and their depletion reduces liver fibrosis (52-54). Other sources of myofibroblasts include 

vascular smooth muscle cells, mesothelial cells, and portal fibroblasts, out of which portal 

myofibroblasts marked by thymocyte differentiation antigen 1 (THY1) may play an outsized 

role in biliary fibrosis due to their physical localization in the portal region (53, 55-57) (58).
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Macrophages and other immune cells.

Macrophages regulate extracellular matrix composition and turnover through the expression 

of small amounts of collagens (for example COL1A1, collagen type 3 alpha 1 (COL3A1)) 

and matrix metalloproteases (for example matrix metalloprotease 2 (MMP2), matrix 
metalloprotease 13 (MMP13) (59, 60). A nuanced appreciation of macrophage function 

is emerging, with evidence of both pro- and anti-fibrogenic functions based on studies using 

cell transplantation, chemical manipulation, or depletion (60-63). Macrophages’ primary 

fibrosis-promoting activity is to stimulate myofibroblasts (59, 64). Macrophages, both the 

liver resident Kupffer cells and bone marrow monocyte-derived cells recruited in response 

to injury, secrete cytokines that activate HSCs into myofibroblasts, the most potent of 

which being TGFβ. Other macrophage-secreted cytokines that may promote HSC activation 

include PDGF, tumor necrosis factor alpha (TNFα), and interleukin 1 beta ( IL-1β) (65-69). 

Monocyte-derived macrophages also stimulate HSC migration and recruitment through the 

secretion of CCL2, chemokine ligand 5 (CCL5), and SPP1 (70-72).

The gradual replacement of liver resident Kupffer cells with monocyte-derived macrophages 

in injury has two key implications. First, a subset of monocytes recruited into the chronically 

injured liver differentiate into profibrogenic, triggering receptor expressed on myeloid cells 

2 (TREM2)-expressing macrophages (73). Second, monocyte-derived macrophages replace 

liver resident Kupffer cells that normally clear iron, resulting in iron overload, oxidative 

stress, and activation of HSCs into myofibroblasts (70, 74-77). In fatty liver, a novel subset 

of lipid-associated macrophages (LAMs) display a unique ability to metabolize lipids, but 

their contribution to fibrosis is unknown (70, 76). Our profiling of FAT-MASH macrophages 

using single nucleus RNA-seq showed no enrichment of ECM-related pathways, only 

induction of a few select matrix metalloproteinases (MMP2, matrix metalloproteinase 12 

(MMP12), matrix metalloproteinase 14 (MMP14)) and decreased collagen type 18 alpha 1 

(COL18A1) (48).

Aside from macrophages, other immune cell types may contribute to the inflammatory 

milieu, including CD4 T-cells, B cells, dendritic cells, innate immune cells, Natural Killer 

cells, Th17 cells, platelets, and Mast cells but more functional studies are needed (78-89) 

(90). Natural killer (NK) cells have an intriguing capacity to clear activated HSCs (91-94). 

NK cytotoxicity may be enhanced by mucosal invariant T (MAIT) cells (95). The HSC-NK 

cell crosstalk is bidirectional, as activated HSCs can also disrupt cancer dormancy in 

liver through their secretion of C-X-C motif chemokine 12 (CXCL12) to induce NK cell 

quiescence that reduces cancer cell killing (94).

Cellular plasticity and heterogeneity.

Fibrogenic cells in the liver exhibit extraordinary plasticity in chronic injury from MASH, 

especially the activation of HSCs into myofibroblasts. This feature of fibrogenic cells 

becomes apparent thanks to the remarkable technical advances in single cell analytic 

methods (see below). HSCs normally exist as quiescent pericyte-like cells that wrap around 

the vasculature, promote homeostatic hepatocyte turnover through the secretion of growth 

factors such as hepatocyte growth factor (HGF), and serve as a major storage site for vitamin 

A. In the presence of signals from the damaged and inflammatory liver, quiescent HSCs 
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“activate” into proliferative, contractile, ECM-remodeling myofibroblasts that also harbor 

inflammatory features through the secretion of cytokines and chemokines (96) (97, 98). The 

detection of both quiescent and activated HSCs in mouse liver injury models using single 

cell RNA-seq reinforces HSC activation as a driver of fibrosis common across etiologies that 

includes MASH (46-50). Similar evidence is emerging from human cirrhotic patients where 

multiple HSC subsets can be detected with either quiescent or activated gene expression 

profiles (47) (99).

Liver macrophages also exhibit considerable plasticity derived from the infiltration of 

monocytes into the injured liver in response to damage cues and their subsequent 

differentiation into liver macrophages (100). This process is influenced by the liver 

microenvironment (101), leading to the identification of several different subsets of 

monocyte-derived macrophages based on their gene expression. Some monocyte-derived 

macrophages resemble Kupffer cells, the homeostatic liver resident macrophage, whereas 

others acquire a classical “M2-like” polarization and promote resolution of inflammation 

through production of proresolvin mediators such as maresin 1. A maresin 1/ RAR-

related orphan receptor alpha (RORα)/12-lipoxygenase autoregulatory circuit prevents 

inflammation and progression of MASH (102). Within this milieu, some macrophages 

resemble LAMs as described in the adipose tissue of obese individuals (70, 76). These 

monocyte-derived macrophages are generally more fibrogenic than Kupffer cells based on 

their expression of genes related to ECM turnover. LAMs are identified by the expression 

of TREM2, Tetraspanin CD9 (CD9), and SPP1, which also represent markers of scar-

associated macrophages (SAMs) in cirrhotic patients, suggesting a common macrophage 

lineage in different liver injury models (51). A five-marker signature has recently been 

described that identified pro-fibrotic macrophages across different tissues, including liver 

(103). These “Fab 5” cells (CD9+TREM2+ macrophages that express SPP1, transmembrane 
glycoprotein NMB (GPNMB), fatty acid binding protein 5 (FABP5), and CD63 molecule 
(CD63)) could represent a candidate macrophage target to reduce fibrogenesis by their 

inactivation or depletion.

In MASH, liver sinusoidal endothelial cells (LSECs) undergo a morphological transition 

characterized by the loss of fenestration, lower prevalence of autophagic vacuoles, and the 

acquisition of an "activated" phenotype. This activation involves the expression of adhesion 

proteins such as vascular cell adhesion molecule 1 (VCAM-1), which directly recruits 

pro-inflammatory and pro-fibrogenic immune cells into the liver, while also disrupting the 

quiescent state of HSCs (104) (105-109). Although the molecular mechanisms through 

which LSECs contribute to MASH fibrosis are not fully understood, studies in chemically-

induced and bile duct ligation (BDL) mouse models of fibrosis suggest that an imbalance 

between C-X-C motif chemokine receptor 4 (CXCR4) and atypical chemokine receptor 3 

(CXCR7) activation in LSECs promotes HSC activation and fibrosis over liver regeneration 

(110).

Hepatocytes also exhibit plasticity in response to chronic injury in MASH, reactivating 

several developmental pathways that promote epithelial renewal but also contribute to 

fibrosis. Notable among these pathways are yes-associated protein 1 (YAP)/tafazzin (TAZ), 

hedgehog, and, notch, as well as others (111). Increased TAZ abundance in hepatocytes, 

Wang and Friedman Page 6

Sci Transl Med. Author manuscript; available in PMC 2023 November 24.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



partly due to cholesterol stabilization, induces Hedgehog expression and secretion that 

stimulates HSC activation in MASH. Inhibiting hedgehog signaling can attenuate HSC 

activation and MASH fibrosis (112, 113). Reactivation of notch signaling in hepatocytes 

in MASH can increase SPP1 expression, which activates HSCs in a paracrine manner. 

Blocking notch signaling in MASH, both genetically and pharmacologically, can attenuate 

MASH-associated liver fibrosis (114).

As with all liver cell types, single cell analyses (see next section) of hepatocytes have 

uncovered critical cellular subsets that have unique disease-promoting or protective features. 

For example, in experimental MASH and human disease a subset of hepatocytes that express 

the Ephrin B2 receptor can induce cell-autonomous inflammation that provokes fibrosis, 

establishing these cells as a potential therapeutic target (49). Conversely, a recent study has 

identified a subset of hepatocytes that express annexin A2 that preferentially repopulate 

damaged tissue in acute liver injury (115) – the relevance of this finding to MASH injury is 

not clear yet.

The impact of “-omic” studies.

In recent years, advancements in genomics and single-cell analyses, largely facilitated by 

technological breakthroughs in massive parallel sequencing coupled with the development 

of corresponding informatic pipelines, have provided significant insights into transcriptomic 

drivers/gene signatures, tissue heterogeneity, and cell-cell communication networks that 

underlie MASH fibrosis. Through the use of bulk RNA-seq, liver gene signatures were 

derived from whole liver, isolated hepatocytes, isolated non-parenchymal cells, or plasma 

that correlated with various disease features and, in some cases, predicted the transition 

from MASLD to MASH (44, 116-122). Proteomics analysis of patient serum also 

identified a protein signature that effectively distinguished different stages of fibrosis (123). 

Further correlation of circulating proteomics with liver transcriptomics has generated a 

proteo-transcriptomic signature that outperforms current non-invasive methods in predicting 

patients with progressive MASLD (124).

Single-cell RNA-seq has enabled researchers to attribute differentially expressed genes to 

specific cell types. Seminal work from the Henderson group first profiled hepatic cells, 

including HSCs from fibrotic mouse and patient livers (50, 51), which has since been 

expanded to MASH by several other groups including ours. Although activated HSCs are 

the primary fibrogenic cells in MASH, these methods have identified an expanded list 

of fibrogenic drivers expressed by activated HSCs that could represent antifibrotic drug 

targets (42, 48, 49, 125). Single-cell studies have also revealed remarkable heterogeneity 

within different cell types in health and disease, identifying multiple HSC clusters in murine 

models of MASH fibrosis and human cirrhosis. However, the full functional significance 

of all of these subclusters is not yet completely understood (42, 99, 126). In models of 

liver cancer (both cholangiocarcinoma and hepatocellular carcinoma) different subsets of 

HSC-derived cancer-associated fibroblasts (CAFs) have divergent functions that can either 

promote or attenuate cancer (97, 98). These important observations help reconcile the 

many reports that were often at odds in defining the role of CAFs in liver cancer, a 

serious complication of advanced MASH. The findings are also important therapeutically, as 
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identification of specific markers linked to discrete functions of HSC subsets could facilitate 

targeting to only subsets of disease-promoting cells, for example using chimeric antigen 

receptor-T cells (CAR-T) to deplete these subsets only (see below) (127-129).

Applying recent developments in informatic tools and databases (130, 131) has uncovered 

an altered cell-cell communication network in MASH based on the differential expression 

of ligands and receptors in different cell types (48, 49). These different communication 

networks are reflected in the differential expression of ligand-receptor signaling pairs, 

suggesting that the repertoire of disease drivers – and therefore the underlying signaling 

events – may change as the disease advances, such that advanced fibrotic stages may 

respond to different pharmacotherapies than earlier stages (48, 49).

Overall, these advancements in genomics and single-cell genomics provide a promising 

avenue for understanding the mechanisms of MASH fibrosis and identifying therapeutic 

targets.

Molecular regulation of fibrogenic cell responses

Genetic determinants.

Large-scale genome-wide association studies (GWAS) have identified several genetic 

polymorphisms that increase the risk of MASH by affecting the amount of fat in 

the liver and causing lipotoxicity in hepatocytes. Among these polymorphisms, carriers 

of the Patatin Like Phospholipase Domain Containing 3 (PNPLA3) allele rs738409[G] 

(encoding I148M) are most prevalent in Hispanics and display an increased susceptibility 

to MASLD and MASH. Conversely, carriers of the PNPLA3 allele rs6006460[T] (encoding 

S453I), enriched in African Americans, are associated with decreased MASLD (132-134). 

These findings may explain the overrepresentation of Hispanic and underrepresentation of 

African Americans in MASH clinics. From a mechanistic perspective, the I148M single 

nucleotide polymorphism (SNP) drives injury and fibrosis by promoting fat accumulation in 

hepatocytes (135) and enhancing fibrogenic activity of HSCs (136), respectively.

Additionally, after the initial discovery of Membrane Bound O-Acyltransferase Domain 
Containing 7 (MBOAT7) as a risk gene for alcohol-related cirrhosis, MBOAT7 allele 

rs641738 was subsequently verified as a risk factor for MASH (137-139). The rs58542926 

minor allele of transmembrane 6 superfamily member 2 (TM6SF2) is also reportedly 

associated with MASLD and sometimes MASH (134, 140-142). Furthermore, the splice 

variant rs72613567 in the Hydroxysteroid 17-beta Dehydrogenase 13 (HSD17B13) gene 

has been identified as protective against MASH, with HSD17B13 potentially contributing 

to MASH fibrosis by promoting pyrimidine catabolism (134, 140-142). A recent study has 

specifically explored HSD17B13 variant frequencies in Hispanic/Latino patients and those 

of diverse genetic ancestry (143). Absence of the HSD17B13 protein due to a truncation 

variant is protective against fibrosis, suggesting that this enzyme generates a potential 

lipotoxic species, which is absent from those with the variant, however the native substrate 

and product of this protein have not been established. Furthermore, HSD17B13 is not 

expressed by HSCs, indicating that the impact of the gene in promoting or protecting 

from fibrosis is indirect and due to changes in hepatocytes. Most recently, a rare germline 
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mutation in the Cell Death Inducing DFFA Like Effector B (CIDEB) gene, which encodes a 

structural protein in lipid droplets, has been linked to altered lipid metabolism and reduced 

risk of MASH (144), but its potential direct impact on HSC fibrogenesis has not been 

reported.

Although these findings provide valuable insights into the mechanisms underlying MASH, 

overall, few genetic variants have been mechanistically linked to MASH pathogenesis 

(145), and each exerts only a modest effect on disease outcome at the population level, 

suggesting that environmental determinants play a more important role in driving the 

disease. Nonetheless, as the genetic databases such as the UK Biobank continue to scale 

up, further variants are likely to emerge with the hope that they may yield informative 

aggregate disease risk scores when combined with clinical and diagnostic features; such 

polygenic scores has been shown to improve predictions of disease severity by fibrosis score 

alone (146).

Signaling pathways.

TGFβ is the major signaling pathway promoting fibrogenesis by myofibroblasts in MASH 

and other chronic diseases in which there is hepatocyte injury (96). Although studies have 

long implicated TGFβ1 as the dominant fibrogenic driver, a recent study also implicates 

TGFβ2 and TGFβ3 as potent fibrogenic stimuli, but which lack the pro-inflammatory 

effects of TGFβ1 antagonism that have limited the latter’s appeal as a therapeutic target 

(147). High concentrations of cholesterol and free cholesterol accumulate in HSCs in 

methionine-choline deficient (MCD) MASH mice, which increases toll-like receptor 4 

(TLR4) and sensitizes the cells to TGFβ–induced activation (148). Iron can be shuttled by 

extracellular vesicles from hepatocytes to HSCs in MASH, stimulating fibrogenesis through 

iron overload and oxidative stress, an effect that is further exacerbated by TGFβ-mediated 

suppression of the antioxidant protein cytoglobin (CYGB) (74) (149). Another ligand of 

the TGFβ-bone morphogenetic protein (BMP) superfamily, bone morphogenetic protein 8B 

(BMP8B), is upregulated in MASH and signals through mothers against decapentaplegic 

(SMADs) to drive HSC activation in animal models, reinforcing TGFβ's vital role as a 

fibrogenic stimulus (150). In addition, TGFβ signaling in hepatocytes drive MASH fibrosis 

by regulating lipid metabolism and hepatocyte apoptosis (151, 152).

Notch signaling has been identified as an important driver of HSC activation in fibrosis 

in general (114, 153). However, it may play an even more prominent role in MASH 

fibrosis, where it is reportedly activated not only in HSCs but also in hepatocytes and 

endothelial cells. In hepatocytes, activation of TLR4 increases the expression of jagged 1 

(JAG1), a well-established notch receptor 1 (NOTCH1) ligand, which leads to SRY-box 

transcription factor 9 (SOX9)-dependent transcription and secretion of SPP1, stimulating 

HSC activation (114). Furthermore, HSCs synthesize hyaluronic acid through the expression 

of hyaluronic acid synthase 2, which promotes fibrogenicity in a NOTCH1-dependent 

manner by stimulating TLR4 and CD44 expressed on HSCs themselves (154). NOTCH 

expression has also been detected in endothelial cells of patients with MASH, and its 

selective depletion or overexpression can reduce or aggravate MASH fibrosis in murine 

models, respectively, possibly by modulating nitric oxide synthase 3 (eNOS) (155). A 
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nanoparticle-based approach to target γ-secretase inhibitor and block NOTCH activity 

reduced MASH fibrosis in mice (156).

Ballooning of hepatocytes is a prominent pathologic hallmark of MASH that distinguishes 

MASH from MASLD and is thought to represent a unique type of cell injury that is 

associated with lipotoxicity and release of inflammatory and fibrogenic signals. These 

signals include sonic hedgehog, which activates hedgehog signaling in the surrounding 

stromal cells (157). On the other hand, genetic depletion of Indian hedgehog from 

hepatocytes reduces MASH fibrosis and hepatocellular carcinoma in a dietary mouse model, 

suggesting that different hedgehog ligands may have distinct activities (158). SPP1, a 

downstream target of hedgehog signaling, is induced in myofibroblasts in MASH, and 

its antagonism reduces fibrosis in the MCD mouse model (38, 159). SPP1 expression and 

secretion is also promoted by nuclear factor of activated T cells 4 (NFATc4) and coiled-coil-

helix-coiled-coil-helix domain containing 2 (CHCHD2), transcription factors activated in 

MASH mice and patients (160, 161). The convergence of different fibrogenic pathways in 

MASH upon SPP1 makes it a potential therapeutic target. Indeed SPP1-deficient mice are 

protected from MASH fibrosis in the MCD model (162). Other major sources of hedgehog 

ligands may be reactive-appearing ductular cells that strongly correlate with fibrosis in 

patients with MASH or in MASH-associated hepatocytes where increased cholesterol intake 

activate TAZ to drive Indian hedgehog expression and secretion (112, 113, 163).

Additional signaling pathways also directly promote or block HSC activation in MASH 

fibrosis, including fibroblast growth factor 21 (FGF21) (164), glucagon-like peptide 2/ 

glucagon-like peptide 2 receptor (165), interleukin 11 (IL11) (46, 166), and chemokine 

ligand 2 (CCL25)/C-C chemokine receptor type 9 (CCR9) (167).

Epigenetic regulation.

Epigenetic regulation plays a critical role in conveying environmental information that 

influences gene expression and cellular behavior. Recent studies have shed light on the 

specific epigenetic changes, including DNA and histone modification, and microRNAs, 

associated with MASLD.

For instance, miR-331-3p and miR-30c can distinguish between twins, with one developing 

MASLD and the other not (168). Moreover, certain patterns of DNA methylation at fibrosis-

related genes, such as those encoding TGFβ1, COL1A1, PDGFα, peroxisome proliferator-

activated receptor alpha (PPARα), and peroxisome proliferator-activated receptor delta 

(PPARδ), can not only distinguish between patients with mild versus advanced MASLD, 

but also predict future fibrosis progression (169-172). These findings support the idea that 

DNA methylation changes play a key role in driving MASLD.

Numerous epigenetic modulators participate in modifying and binding to DNA and histone 

modifications. Among them, histone deacetylase 2 (HDAC2) and DNA methyltransferase 

1 (DNMT1) are believed to induce the endothelial production of insulin like growth factor 

binding protein 7 (IGFBP7)/ADAM metallopeptidase with thrombospondin type 1 motif 

1 (ADAMTS1), which in turn recruits profibrogenic Th17 cells and affects the vascular 

niche (173). Other epigenetic regulators, such as methyl CpG binding protein 2 (MECP2), 
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enhancer of zeste homolog 1/2 (EZH1/2), bromodomain-containing protein 4 (BRD4), 

Sirtuin 1 (SIRT1), lysine-specific demethylase 4D (KDM4D), and tet methylcytosine 

dioxygenase 3 (TET3), can contribute to chemically-induced liver fibrosis (174-178) (179, 

180) (181). However, their specific contributions to MASH fibrosis remain to be determined.

Recent studies using single nucleus ATAC-seq to profile the epigenome of hepatocytes from 

MASH mice have revealed increased NOTCH binding in the Ephrin Type-B Receptor 2 

(EPHB2) locus, resulting in the upregulation of EPHB2 as a driver of MASH fibrosis (49). 

This reinforces the potential therapeutic value of targeting NOTCH activity in MASH.

Metabolic regulation of fibrogenic cells.

The regulation of fibrogenic cells is a complex process that involves various metabolic 

pathways. In particular, the activation of HSCs in culture is associated with increased 

glycolysis, lipolysis, and glutaminolysis, which provide the energy needed for this energy-

intensive process (as detailed in (182)). However, for MASH, only cholesterol and lipid 

metabolism have been linked to HSC fibrogenicity in vivo.

Increased energy is needed to support HSC activation. In addition to generation of 

intermediary metabolites through glycolysis, lipolysis, and glutaminolysis, the cells rely 

on activation of autophagy to release fatty acids through hydrolysis of retinyl esters (183) 

linked to endoplasmic reticulum stress (184). Autophagy also provokes the release of 

miR-29a, which can stimulate fibrogenesis in neighboring cells through paracrine signaling 

(185).

Studies on different strains of mice have shown that plasma cholesterol strongly correlates 

with the extent of fibrosis, and mice supplemented with high cholesterol develop increased 

fibrosis (148, 186). Mechanistically, cholesterol accumulation in cultured HSCs has been 

found to increase TLR4 abundance by suppressing its endosomal degradation, which 

sensitizes these cells to TGFβ-induced activation (148). In vivo studies have confirmed 

that TLR4 knockout MCD mice are protected against the profibrotic effect of cholesterol 

supplementation (187). Lipoprotein lipase abundance also increases in HSCs in patients 

with MASLD and MASH, and depletion of lipoprotein lipase selectively in HSCs reduces 

their activation and liver fibrosis progression in a rodent model of MASLD (188). 

Mechanistically, lipoprotein lipase promotes free cholesterol accumulation in HSCs, which 

in turn activates TLR4 signaling and reduces Bambi expression that together sensitizes 

HSCs to TGFβ-driven activation (188).

Acetyl coenzyme A carboxylase (ACC) is the rate-limiting enzyme in de novo lipogenesis. 

Mice overexpressing both ACC1 and ACC2 display increased de novo lipogenesis in the 

liver and spontaneously develop MASH-like symptoms (189). Inhibition of ACC1/2 using 

small-molecule inhibitors can reduce steatosis in hepatocytes, but it also directly blocks 

primary HSC activation in culture and reduces liver fibrosis in a choline-deficient, high-fat 

diet rat model of MASH (190, 191). Similarly, pharmacological or genetic inhibition of 

ATP citrate lyase, which acts upstream of ACC1/2, reduces steatosis and fibrosis, possibly 

through direct inhibition of HSC activation (192).
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Microbiome impact on fibrosis.

MASH fibrosis is linked to a unique gut microbiome (193-197), and specific microbiome 

signatures can distinguish human MASH from MASLD (4, 198, 199). These findings 

implicate the microbiota in driving this critical transition, but fecal transplant studies have 

yielded mixed results and no single bacterium has emerged as a pathogenic agent across 

different studies. Transplant of fecal microbiota from lean healthy donors into obese patients 

improved lipid profiles and reduced liver stiffness in one study (200), whereas in another 

a synbiotic formation (probiotics + prebiotics) failed to alter fibrosis (201). To establish 

causality, transplantation of fecal microbiota from patients with MASLD or MASH induced 

steatosis and fibrosis in antibiotic-treated and germ-free mice (87, 202, 203). Co-housing 

wildtype mice with mice prone to MASH led to increased disease severity in wildtype mice, 

presumably due to a transfer of fecal microbiota (204).

There are some data linking specific bacterial strains to fibrosis in MASH including 

the alcohol-producing Klebsiella pneumoniae and Porphyromonas gingivalis; the latter 

directly promotes HSC activation in culture (202, 205, 206). On the other hand, the 

replacement of Ruminococcus faecis, found to be deficient in patients with MASH fibrosis 

improved fibrosis in the MCD rodent MASH model (198). Bacterial lipopolysaccharides 

can exacerbate fibrosis in mice fed a high-fat diet, provoking an inflammatory cascade 

through TLR4 that indirectly activates fibrogenic cells (207). Microbial acetate on the other 

hand, is protective against MASH fibrosis through activation of the free fatty acid receptor 

2 (FFAR2) receptor on hepatocytes and modulation of lipid metabolism (208). MASH 

dysbiosis also incorporates an altered fungal flora, with some efficacy of antifungals in 

reducing disease severity and fibrosis in germ-free mice (209). Although still in its early 

days, microbial research is already demonstrating considerable translational potential.

The molecular pathways that drive MASH fibrosis are summarized in Figure 2.

Models of MASH

Experimental models that recapitulate human disease pathology are central to understanding 

MASH biology and evaluating candidate drugs. Models are powerful tools to elucidate 

disease biology owing to the potential to generate gene-altered mice, but cannot predict with 

absolute certainty the efficacy and safety of therapies in human trials. In vivo, rodent models 

are the backbone of experimental MASH research. As in humans, the most useful rodent 

MASH models typically first develop steatosis and then progress to MASH, with increasing 

fibrosis severity. Deeper interrogation of these models using single cell methodologies will 

continue to refine the value and limitations of animal models in recapitulating features of 

human disease.

Rodent models of MASH have been extensively reviewed and comprise 3 broad categories: 

1) diet-based; 2) genetic; or 3) mixed, which refers to combined diet, genetic, or chemical 

perturbations (118, 210-213). One widely used popular mouse model is MCD diet, in 

which mice rapidly develop severe inflammation and fibrosis in the liver characteristic of 

human disease pathology, within a period of several weeks. However, these mice do not 

become obese and therefore fail to develop associated metabolic defects, including insulin 
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resistance. On the other hand, diet-induced MASH models such as the amylin liver NASH 

(AMLN) and Gubra-amylin NASH (GAN) models follow the natural course of human 

MASH development in which mice become overweight prior to developing fatty liver, 

followed by inflammation and fibrosis (214, 215). However, liver disease progression is 

slow on a Western diet alone in common inbred mouse strains such as C57Bl/6 and thus 

additional injury may accelerate progression, which can be accomplished by administering 

low weekly doses of the hepatotoxin carbon tetrachloride (CCl4).

Just as not all obese individuals develop MASLD and MASH, different strains of mice 

exhibit varying susceptibility to these conditions. For instance, a study involving the 

expression of human apolipoprotein E*3-Leiden and cholesteryl ester transfer protein in 

approximately 100 common inbred strains of mice revealed a wide spectrum of fibrosis 

development. The degree of fibrosis ranged from non-detectable to robust, indicating a 

major contribution of genetic background to MASH pathology (186).

Among the most often used genetic models of MASLD are mice genetically deficient 

for leptin (ob/ob) or the leptin receptor (db/db) (216-219). A different adipocyte secreted 

hormone, adiponectin, has antifibrotic properties but has not yet emerged as a therapeutic, 

although increased adiponectin is emerging as an indication of therapeutic benefit in clinical 

trials of metabolic therapy for MASH (220).

Several transgenic animals have been developed to study MASH pathogenesis, including 

those that overexpress urokinase-type plasminogen activator (MUP-uPA) (221) or sterol 

regulatory element-binding protein 1 (SREBP1) (222, 223). Additionally, mice deficient 

in methionine adenosyltransferase 1A (MAT1A) (224), phosphatase and tensin homolog 

(PTEN) (225), or alternative oxidase (AOX) (226) spontaneously exhibit pathological 

features of MASH. However, it is worth noting that the etiology of MASH in these models 

may not precisely parallel human MASH, as these mutations are not observed in patients.

Previous MASLD models that relied only on a single perturbation, for example a Western 

diet or genetic mutations, typically lack the features or gene expression patterns of 

human MASH (227). Therefore, several mixed rodent models of MASH combine different 

stressors. For instance, the diet-induced animal model of non-alcoholic fatty liver disease 

(DIAMOND) mouse model exposes B6/129 mixed strain mice to a Western diet, leading to 

the development of hepatocellular carcinoma in most animals between 32-52 weeks (228). 

The Oz mouse harbors a spontaneous mutation within the Alstrom syndrome 1 (Alms1) 

gene, similar to patients with Alstrom syndrome, which, when combined with a Western 

diet on a C57BL/6 background, leads to obesity and diabetes, then MASH, with advanced 

fibrosis by 12 weeks of age (43, 229, 230). Similarly, another MASH model combines the 

Agouti yellow mutation driving hyperphagia with a Western diet and fructose water, where 

mice start to develop fibrosis after 16 weeks (231). Although MASH development in both 

Oz and Agouti yellow mice follow the natural history of disease progression in humans, both 

models require mice with specific genetic backgrounds.

Our laboratory uses a simple rodent model of MASH, the “FAT-MASH” mouse, which 

robustly develops Fibrosis and Tumors, features of advanced disease, after 24 weeks 
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of a Western diet combined with a small weekly dose of the liver toxin CCl4 (45). 

Dietary cholesterol supplementation in the FAT-MASH mice is necessary to approximate 

liver cholesterol levels seen in human MASH, since mice are poor cholesterol absorbers 

compared to humans. Increased cholesterol in turn promotes MASH fibrosis through the 

TAZ/Indian hedgehog pathway described above (232-234). It is worth noting that the FAT-

MASH mice exhibit transcriptomic similarities to human MASH patients (48), and their 

microbiome changes also resemble human MASH pathology (197).

The prevalence of co-morbid diabetes and MASH is high, with up to 75% of type II diabetes 

patients also developing MASLD (3). To recapitulate this co-morbidity, a mouse model 

of diabetes due to beta cell depletion by a low dose of streptozotocin was subjected to 

subsequently high-fat diet feeding to induce MASH and hepatocellular carcinoma at 20 

weeks (235, 236). Although this model recapitulates diabetes and fatty liver, it is unclear 

if it is generalizable to human MASH because the animals have glucose intolerance due to 

insulin depletion and not insulin resistance, which is more typical of human MASH.

To enhance the relevance of rodent models to human pathology, animal models of MASH 

are increasingly incorporating not only pathogenic drivers in liver but also systemic factors, 

including adipose dysregulation and changes in the microbiome. The microbiome can 

profoundly influence responsiveness to pharmacotherapies in disease models outside the 

liver (237, 238), and similar approaches are being explored in MASH. Continued efforts to 

refine the microbiome's contributions to MASH will help bridge the gap between mouse 

modeling and human disease (239).

Other shortcomings of current mouse MASH models include the difficulty recapitulating 

late-stage disease, including cirrhosis and hepatic decompensation, where treatment is 

most urgently needed. Future models should be designed to model end-stage liver disease 

and use improved survival as the optimal readout of a successful genetic/pharmacological 

intervention.

To further improve MASH modeling, in vitro models such as organoids are being developed. 

Organoids are grown as 3D spheroids in suspension culture and recapitulate in vivo 
biology more than traditional 2D cultures. MASH organoids can be generated from induced 

pluripotent stem cells (iPSCs) or embryonic stem cells (ESCs) via stepwise differentiation 

that parallels liver development, followed by exposure to free fatty acids (240, 241). These 

MASH organoids derived from iPSCs/ESCs display increased inflammatory and fibrotic 

responses in addition to increased stiffness, all of which can be reversed with fibroblast 

growth factor 19 (FGF19) treatment (241). Furthermore, iPSC-derived MASH organoids 

from different donors have been used to screen for MASH susceptibility loci, leading to 

the identification of the glucokinase regulator (GCKR) allele rs1260326[T] which increases 

lipid loading in hepatocytes (242). In a different approach, primary bipotent cells have 

been isolated from patients with MASH and cultured to differentiate into hepatocyte or 

cholangiocyte organoids displaying features that align with MASH pathology such as 

increased fatty acid loading, reduced markers of liver function and proliferative capacity, 

and sensitivity to apoptosis when compared to similar cultures derived from healthy donors 
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(243). Furthermore, the transcriptomes of these bipotent cell-derived MASH organoid 

cultures resemble those of human MASH.

Other promising avenues for MASH modeling include the use organ-on-chip systems 

and precision cut liver slices (PCLSs). These 3D in vitro systems use microfluidics and 

microphysiological platforms to mimic the liver microenvironment, potentially improving 

the physiological relevance and reproducibility of in vitro MASH models. These systems 

consist of layers of primary or immortalized hepatocytes and endothelial cells plated on 

platforms that allow constant flow of nutrients and oxygen to mimic physiological blood 

flow. HSCs and/or macrophages are seeded on top of these layers to produce inflammatory 

and fibrotic mediators, along with the addition of free fatty acids to mimic fatty liver 

conditions (244).The effectiveness of organ-on-chip systems for MASH modeling has 

been demonstrated in studies (245-247). As a perhaps simpler alternative to organ-on-chip 

systems, PCLS cultures are ~200 micron-thick tissue slices cut out of a liver core biopsy 

that has been shown to maintain cell identity and tissue structure for several days when 

cultured under specialized conditions (248)(249). However, PCLS requires continued access 

to human liver core biopsies, which can be challenging to acquire.

Both organoid and organ-on-chip systems hold promise for modeling diseases linked to 

human germline mutations, as cells derived from patients can be used. Nevertheless, 

widespread adoption of these systems is hindered by several challenges. These include 

batch-to-batch variations in primary cells and their proportions, difficulties associated with 

scaling and maintaining long-term culture, lack of a complete immune component, as well 

as the complex culture conditions required (245-247). In theory, organ-on-chip systems have 

the potential to study inter-organ cross-talk, such as those between the liver and intestine; 

however, the effectiveness of such systems has yet to be proven.

Fibrosis regression in patients and mouse models with MASLD

Natural history of MASLD and MASH fibrosis.

The natural history of MASLD typically starts with fatty liver disease alone followed 

by inflammation and fibrosis, but we lack a full understanding of disease progression. 

Additionally patients may have spontaneous improvement without intervention, a feature 

that could contribute to the surprisingly high rates of response among placebo patients 

in clinical trials (250-252). Some of these placebo responses could represent inadvertent 

changes in lifestyle by patients as they participate in clinical trials (253).

Recent studies of patients cured of hepatitis C virus (HCV) have highlighted the liver's 

impressive ability to resorb advanced fibrosis or cirrhosis once the underlying injury is 

removed (254). Spontaneous fibrosis regression was also observed in patients with hepatitis 

B virus (HBV) treated with antivirals to suppress HBV activity (255). Such clinical 

observations, coupled with the knowledge that fibrosis is the most significant predictor of 

patient mortality in MASH, focus renewed attention on mechanisms of both spontaneous 

and pharmacologic-induced fibrosis regression (13-16), as more research is needed to 

develop clinical interventions that halt progression or reverse the disease.
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Clinical interventions such as weight loss resulting from dietary changes, bariatric surgery, 

pharmacological agents, or the use of farnesoid X receptor (FXR) agonists have been 

associated with fibrosis regression in patients with MASH (256-258). On the other hand, 

weight loss did not always correlate with fibrosis regression, as seen in recent clinical trials 

with pan-PPAR and glucagon like peptide 1 receptor (GLP1R) agonists, suggesting that 

reduced MASH is probably a more direct and better predictor of fibrosis regression than 

weight loss. Nevertheless, these interventions suggest that, like HCV and HBV, MASH 

fibrosis is reversible in non-cirrhotic liver, but unlike in HCV and HBV there is no evidence 

yet that cirrhosis in MASH is reversible (259).

Earlier stages of MASH fibrosis can regress more easily than advanced stages, a trend 

observed in other liver diseases (260), which may be explained in part by the marked 

increase in total collagen and extracellular matrix associated with progressive fibrosis 

(261). Patterns of fibrosis regression need to be clarified. A recent study using artificial 

intelligence-based collagen morphometry assessment has indicated that fibrosis regression in 

MASH starts near the perisinusoidal region (258), but more rigorous validation studies are 

needed.

Molecular basis of ECM turnover and HSC inactivation.

Animal models reinforce the capacity of the injured liver to regress fibrosis and provide 

important platform for dissecting underlying mechanisms, although it should be noted that 

fibrosis in mice regresses incredibly rapidly, which may be in part attributed to the short 

duration of models (weeks to months in mice vs. years to decades in humans) and initiation 

of fibrosis at relatively young age (with most studies completed before mice hit “middle 

age”) (52, 262). In contrast, the rat thioacetamide (TAA) model of fibrosis might represent a 

possible alternative to mice as TAA-induced fibrosis no longer regresses after 6-8 weeks on 

the model (263, 264). As noted above, termination of liver injury is the most efficient way 

to spur fibrosis regression, where activated HSCs are removed via apoptosis or deactivation, 

reducing the fibrogenic cell population.

Stellate cell activation is regulated through coordinated expression of transcription factors 

governing fibrogenesis, proliferation, chemotaxis, and contractility, whereas a separate 

transcriptional program controls cellular deactivation. A growing list of transcription factors 

promote the quiescent state of HSCs, including transcription factor 21 (TCF21) (265), LIM/

homeobox protein 2 (LHX2) (266), GATA binding protein 4 (GATA4) (267), and PPARγ 
(268). In principle enhancement of their activity could have antifibrotic activity, but this has 

not been tested yet.

We have only a fragmentary understanding of how the fibrotic scar is degraded (18, 269, 

270). Animal models implicate HSCs and immune cells, especially macrophages, as major 

cellular drivers of extracellular matrix turnover, both through reduced secretion of ECM 

components and crosslinking enzymes as well as increased secretion of proteases and their 

inhibitors (51, 52, 64, 262, 270-274).

Although MASH fibrosis regresses spontaneously in experimental models when injury is 

attenuated (275), few studies have focused on mechanisms of fibrosis regression in MASH. 
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An earlier study implicated a specific subset of macrophages in mice treated with CCl4 that 

are low-Ly6C-expressing or “Ly6Clo” as a potential source of proteolytic enzymes (276, 

277), but neither the human equivalent of these cells nor the specific proteases they secrete 

have been established. Concurrently, tissue inhibitors of metalloproteases (TIMPs) produced 

by HSCs are increased in experimental fibrosis, which could block the activity of their 

cognate enzymes and also prevent apoptosis of activated HSCs (278, 279).

Lysyl oxidases (LOX) enzymes are the major ECM crosslinkers in liver that stabilize 

collagen or elastin by forming covalent crosslinks. LOX inhibition destabilizes collagen 

fibers and accelerates fibrosis regression in chemically-induced fibrosis (273), however 

clinical trials of a neutralizing antibody to lysyl oxidase like 2 (LOXL2) had no effect 

(280). In MASH fibrosis a different crosslinker, peroxidasin, has been implicated in 

fibrosis regression, as mice genetically deficient in peroxidasin display accelerated fibrosis 

regression (281). However, the mechanisms behind peroxidasin-induced fibrosis regression 

does not require its crosslinking activity towards collagen IV (282); rather, peroxidasin 

deficiency produces a hypoxic environment that reduces the activation of HSCs and recruits 

pro-healing macrophages (281).

Diagnostic landscape

The fervor to clarify the mechanisms of MASH fibrosis has yielded remarkable progress 

in identifying candidate therapeutic targets (Figure 1). Still, we lack a clear hierarchy of 

causality that establishes which are the most vulnerable points of therapeutic attack. Indeed, 

given the remarkable heterogeneity of the disease, including its clinical presentation and 

extrahepatic co-morbidities, as well as its environmental and genetic factors, MASH may 

well comprise multiple subtypes, each of which has its own vulnerabilities to therapy. At the 

same time, although the fundamental diagnosis of MASH and assessment of fibrosis severity 

have relied on liver biopsy, the field is rapidly moving closer to non-invasive diagnostics 

that will replace biopsy, thereby accelerating clinical trial enrollment and assessment of 

therapeutic efficacy for candidate drugs. The following sections lay out in broad strokes the 

current status of diagnostic and therapeutic development for fibrosis in MASH, emphasizing 

the most promising directions and unmet needs (summarized in Figure 3). For more nuanced 

reviews of drug development and clinical trial design, the reader is referred to several recent 

articles (283-285).

Among the histologic features of MASH, fibrosis is the only one whose severity 

correlates with clinical outcomes (286-288). Thus, although the classic histologic features 

of MASH, including ballooning, lobular inflammation, and steatosis may be linked to 

necro-inflammatory activity, their improvement does not guarantee therapeutic benefit in 

terms of reduced complications or mortality. The heightened focus on fibrosis has greatly 

impacted the design of clinical trials, which now require either complete resolution of 

MASH or improvement in fibrosis with no worsening of MASH. Still, current clinical 

trials that rely on biopsy, or future studies that are evaluated using non-invasive biomarkers, 

will require long term follow-up to ensure that improvements in these parameters reliably 

correlate with better clinical outcomes. These outcomes include reduced mortality and 
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decreased complications of end stage liver disease, including reduced manifestations of 

portal hypertension or hepatocellular carcinoma development.

Current clinical trials that rely on fibrosis stage improvement use a discontinuous severity 

scale from 0-4, based upon an expert pathologist’s assessment. However, these semi-

quantitative scoring systems do not quantify the absolute amount of scar or its structural 

features. Moreover, the systems are prone to substantial sampling variability (289). To 

improve the quantitative measurement of fibrosis in liver biopsies, several robust platforms 

have been established that leverage machine or deep learning to precisely quantify not only 

the amount of scar, but also structural features of the extracellular matrix that may reflect 

progression or regression (48, 258, 290, 291). Although regulatory agencies do not yet 

accept these digital methods in lieu of conventional fibrosis staging, their validation and 

ultimate implementation is inevitable, as they more accurately predict clinical outcomes than 

conventional fibrosis staging.

As the field seeks non-invasive measures of fibrosis severity, several modalities are being 

closely scrutinized, alone or in combination. They range from blood tests based on standard 

lab parameters such as fibrosis-4 (FIB-4) (292, 293), to proprietary tests such as enhanced 

liver fibrosis test (ELF) (294) and type III collagen propeptide (Pro-C3)/ type V collagen 

propeptide (Pro-C5) (295). Serum proteomics and metabolomics techniques that measure 

changes in large numbers of analytes (296, 297) show considerable promise but are not 

yet widely implemented. Stiffness of the liver using a bedside elastography is increasingly 

popular for clinical care and in approximating fibrosis severity (298), but is not yet suitable 

as a stand-alone diagnostic for clinical trials. On the other hand, a more precise assessment 

of liver stiffness using magnetic resonance elastography (MRE) has been correlated with 

risk of clinical outcomes (299). Similar data are emerging for another MR imaging 

approach using corrected T1 weighted imaging (300). Most recently, imaging tests using 

magnetic resonance imaging (MRI) contrast agents or probes that quantify components of 

extracellular matrix in liver show promise (301, 302).

Rather than use imaging or assessing circulating molecules from the liver, quantification of 

functional hepatic reserve is a conceptually attractive approach, because function is likely 

to correlate more directly with outcomes. Indeed, in fibrotic disorders of other organs 

functional tests are far more valuable than imaging, for example in lung or kidney. In liver, 

other emerging technologies assess either clearance of a liver-metabolized substrate (303), or 

release of proteases that reflect ECM degradation in liver (304).

Despite the continued identification of gene variants that correlate with risk of MASH 

(305), the value of using genetic information to diagnose and assess risk of progression 

for clinical management has not been established. Most GWAS studies seeking MASH 

risk variants have linked their presence to elevated Aspartate Transaminase (AST)/Alanine 

Transaminase (ALT), which helps identify gene products that modify liver injury, but not 

necessarily fibrosis. Noninvasive tests for fibrosis (for example using ELF, MRE, FIB-4) 

could in principle be correlated to GWAS hits. This approach might specifically identify 

variants directly linked to fibrogenic activity rather than to liver damage. Large patient 
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datasets containing both genetic analyses and data from non-invasive fibrosis markers would 

be ideal for this purpose, but no such data have been reported yet.

The incorporation of genetics into risk assessment will be most informative when combined 

with environmental, metabolic, and systemic risk factors to establish more robust diagnostic 

algorithms. Although SNPs in PNPLA3, for example, predict risk of more advanced disease, 

this and other SNP genotypes are not yet incorporated into diagnostic algorithms. On the 

other hand, actionable SNPs such as the protective truncation variant in HSD17B13 (306), 

may be valuable by designing siRNA therapies that replicate this SNP’s protective action in 

patients with a disease-promoting variant.

Diagnostics for fibrosis have different contexts of use. They can be applied large scale 

screening of either general populations or at-risk patients, for example those with type 2 

diabetes. Alternatively, they can be used to identify patients with more advanced disease 

suitable for enrollment in a clinical trial, and finally, they will be necessary to assess 

response to therapy without requiring liver biopsy. Each of these use-cases imposes different 

challenges and requirements for validation requested by regulatory agencies (307). Efforts 

to harmonize data and accelerate progress have been supported by large consortia in North 

America (NIMBLE)(308) and Europe (LITMUS)(309). Working cooperatively with these 

consortia has been the Liver Forum, an all-stakeholders working group seeking to improve 

diagnostics in MASH (310).

Current clinical practice is moving towards the use of multimodality non-invasive diagnostic 

testing to identify patients at highest risk for advanced fibrosis who may be suitable for 

either enrollment in a clinical trial or screening for hepatocellular carcinoma (292, 293, 

311). Continued progress in diagnostic staging is anticipated, and the need will quicken 

once drugs are approved for MASH when it will be essential to not only identify suitable 

candidates for therapy, but also to determine whether patients are responding or instead 

require other therapies.

Concepts of antifibrotic therapy in MASH

These are still early days in the development of therapies for MASH fibrosis, with 

no drugs approved yet and continued reliance on liver biopsy to merit U.S. Food and 

Drug Administration (FDA) and European Medicines Agency (EMA) approvals. Still, a 

framework of antifibrotic drug development is crystallizing. Because MASLD is part of a 

systemic disease with multiple co-morbidities, patients are at greater risk of death or illness 

from extrahepatic diseases, especially heart disease, than from liver disease until hepatic 

fibrosis is quite advanced (stage F3 or F4). Therefore, the primary goal of treatments for 

MASH is to attenuate or reverse fibrosis progression before the liver is cirrhotic, and to 

regress fibrosis if cirrhosis has developed. The therapeutic targets for these two populations 

are likely to be different, with a focus on attenuating inflammation and lipotoxicity as major 

goals prior to cirrhosis, whereas in cirrhosis, therapies need to reduce scar content and 

reverse architectural distortion of the liver.
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Currently, mechanisms for those therapies in clinical trials comprise agents that attenuate 

fat accumulation, inflammatory signaling, and glucose dysregulation. Current liver-directed 

therapies include inhibitors of lipogenesis whose targets include fatty acid synthase, diacyl 

glycerol transferase (DGAT), ACC, broad metabolic modulators including thyroid hormone 

beta (THRβ) agonists, agonists of GLP-1R, PPARs and gastric inhibitory polypeptide 

receptor (GIPR), as well as a fatty acid-bile acid conjugate (Aramchol) and FGF21, among 

others (307). Among these, an FDA advisory panel has recommended against approving the 

FXR agonist obeticholic acid due to safety concerns, despite a significant impact on fibrosis 

in phase 3 trial. However, the thyroid hormone beta agonist, resmetirom, is awaiting review 

by an FDA advisory panel. Resmetirom showed a significant benefit in both key endpoints 

in a phase 3 MASH trial – an improvement in fibrosis without worsening MASH, and a 

reduction in MASH without worsening fibrosis. Specifically, 30% of patients in the 100 

mg resmetirom group (the higher of two doses in the trial) reached the primary endpoint 

of MASH resolution with more than a 2-point reduction in NAFLD activity score (NAS) 

and no worsening of fibrosis. Concurrently, 26% of patients receiving 100 mg resmetirom 

achieved fibrosis improvement of at least one stage with no worsening of NAS compared 

with 24% of patients who received the 80 mg dose and 14% of patients on placebo. 

Importantly, the safety profile appears more favorable than obeticholic acid’s. Although 

these results are very encouraging, it is important to recognize that the improvement in both 

primary endpoints in this phase 3 resmetirom trial occurred in less than 50% of patients. 

If the drug is approved, this still raises a key issue of how clinicians will know whether 

the patient is responding to the drug to justify its continuation. Combination therapies may 

become necessary to either improve the percentage of responders, as well as improving the 

magnitude of response.

Therapies intended to reduce hepatic fibrosis or promote its regression are primarily directed 

to HSCs/myofibroblasts, as these are the primary source of extracellular matrix in MASH. 

Dampening the inflammatory signals, especially from macrophage subsets that directly 

stimulate myofibroblasts, is also an appealing strategy. The microbiome is an untapped 

source of other potential targets whose modulation could attenuate injury or fibrosis (312).

There are several important considerations in the development of antifibrotic therapies 

for MASH. First, antifibrotic drugs should primarily attack the disease in liver and 

avoid extrahepatic activity to improve tolerability and safety. This will require careful 

identification of targets in liver that, where possible, are not shared with similar cells in 

other organs. Targeting specifically to HSCs is possible either by applying systemic drugs 

to cell receptors with restricted expression in this cell type (for example, β-PDGFR and 

others uncovered using single cell technology), or by developing either cell-specific lipid 

nanoparticles (LNPs) or CAR-T cells. LNPs and CAR-T cells have been combined for 

antifibrotic therapy in experimental heart fibrosis by administering LNPs that reprogram 

host lymphocytes into CAR-T cells in order to target cardiac myofibroblasts that express 

fibroblast activation peptide alpha (FAP) (129). Because FAP is also implicated in hepatic 

fibrosis (313, 314), this approach merits further evaluation in MASH. An exciting element of 

this LNP-mediated approach is its capacity to scale administration across many patients and 

sites by generating them in a central location, which could then distribute widely, similar to 
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the LNP-based coronavirus disease (COVID) vaccines that were administered to billions of 

individuals.

2) It is unclear whether targeting fibrosis alone without attenuating the upstream drivers 

elicited by inflammation and injury will be sufficient to block fibrosis accumulation or 

reverse scarring. Thus, a combination of drugs targeting inflammation and lipotoxicity, as 

well as directly attenuating fibrogenesis, is a rational approach. One such proof of principle 

study combining ACC inhibitor/FXR agonist and GLP-1R agonist improved steatosis but 

awaits validation with a larger follow-up trial using biopsy to measure changes in fibrosis 

(315). More rigorous systematic efforts to establish rational combination therapies are 

urgently needed (252).

3) Identification of HSC subpopulations that are the main fibrosis drivers will lead to more 

targeted, safer therapies (42, 48). This approach was successfully validated by a study 

that used CAR-T to deplete only HSCs that expressed the senescence marker urokinase 

plasminogen activator receptor (uPAR), thereby improving inflammation and fibrosis (128). 

Complete elimination of all HSCs is not a viable strategy, as these cells also carry out 

important homeostatic functions to preserve hepatocyte mass (316). Conversely, there is a 

Yin-Yang relationship between fibrosis and regeneration, such that drugs that solely improve 

fibrosis could still unmask regenerative activity to improve liver function and restore normal 

architecture, whereas drugs that solely restore hepatocyte health might still unmask an 

endogenous antifibrotic response. Although still theoretical, this prospect is supported by 

evidence of fibrosis regression seen in patients cured of viral hepatitis by antivirals, yet these 

agents have no direct antifibrotic activity.

4) The development of delivery platforms, either viral or LNP-based, that specifically target 

HSCs will broaden the number of potential antifibrotic targets (317). These technologies 

could modulate many HSC functions through cell-surface or intracellular delivery of nucleic 

acids, lipids or proteins at more effective concentrations, with reduced off-target effects than 

if systemically administered. Indeed, there is already an HSC-targeting liposome currently in 

a phase 2 trial for patients with hepatic fibrosis that delivers an siRNA to heat shock protein 

47 (HSP47), which disrupts normal collagen folding and leads to HSC apoptosis (318).

Points of antifibrotic attack

The majority of therapies in clinical trials for MASH target the upstream pathways that 

stimulate fibrosis, rather than the fibrogenic cells directly (Figure 1). Nonetheless, the 

identification of pathways that regulate the activation, deactivation, or apoptosis of HSCs 

brings the prospect of direct antifibrotic therapy closer to reality (319, 320). At present, the 

number of therapeutic assets in clinical trials targeting these events is limited (Figure 1), but 

as delivery methods improve, the prospects will broaden.

Antagonism of stellate cell/myofibroblast activation.

TGFβ1 was the first, and remains the most potent fibrogenic stimulus towards HSCs and 

other tissue myofibroblasts, but as noted above, TGFβ2 and TGFβ3 merit consideration 

as safer therapeutic targets (147). Because its pleiotropic effects include growth inhibition 
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that attenuates cancer, however, systemic neutralization of this cytokine is not safe. Instead, 

targeting of latent TGFβ by antagonizing the cytokine’s local activation at the HSC surface 

may avoid its systemic liabilities. Molecules to block HSC-specific integrins that activate 

latent TGFβ are being developed for this purpose, and show promise both in preclinical 

studies and early clinical trials. An alternative strategy to attenuate TGFβ activation, albeit 

less potent, is to block angiotensin receptors.

Other approaches are evolving. Antagonism of the cell surface receptor galectin 3 may 

be efficacious in patients with advanced fibrosis, with current trial results pending 

(NCT02462967, NCT04607655). Pirfenidone, an approved antifibrotic drug in pulmonary 

fibrosis, is being explored in hepatic fibrosis (NCT04099407). Cyclophilin inhibition has 

pleiotropic activity, including inhibition of HSC activation (NCT05402371). Elegant studies 

have implicated acid ceramidase as an activating stimulus through YAP/TAZ activation, 

and therefore inhibition of acid ceramidase is being pursued therapeutically (321). Indeed, 

Yap has been identified as a rheostat in HSCs that can broadly regulate cellular activation 

(322). Interesting recent work has demonstrated a potent antifibrotic, pro-regenerative effect 

of inhibiting the claudin-1 receptor through its effects not only on hepatocytes, but also in 

HSCs (323).

Stellate cell deactivation.

Several studies have defined a unique transcriptional program that regulates deactivation of 

HSCs, however none of these targets have progressed to clinical testing yet. Nonetheless, 

as noted above, several transcription factors whose activity downregulates HSC activation 

include TCF21, PPARγ, LHX2, GATA4, and GATA Binding Protein 6 (GATA6) (324).

Promotion of stellate cell clearance.

As described above, methods are available in animal models to selectively deplete fibrogenic 

cells in injured tissue using lipid nanoparticles, with or without CAR-T cells. Although 

not yet advanced to clinical studies, these approaches bring the prospect of targeted gene 

delivery closer to reality by delivering signals that clear profibrotic subsets of HSCs (such as 

senescent HSCs) or to deliver mediators that will provoke selective apoptosis (for example, 

siRNA to HSP47).

Concluding remarks

Awareness of MASLD and MASH among liver specialists and scientists has only surfaced 

in the past ~15 years. At the same time, many in the scientific community and most of the 

public remain unaware of these diseases’ impact, despite hundreds of millions of patients 

being affected worldwide. The strides made in defining basic mechanisms of disease are 

heartening, but only the beginning. With the recognition that fibrosis is the main determinant 

of liver outcomes, efforts are intensifying to target fibrogenic cells and pathways driving 

the scarring response. While there remain significant unmet needs both in the clinical and 

experimental settings, a growing repertoire of therapeutic targets and diagnostics, combined 

with major technical advances in cell analysis, cell targeting, and disease modeling augur 
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well for discovering effective antifibrotic therapies, alone or in combination with other 

agents. This success is urgently needed.
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Figure 1: 
Cellular drivers and potential therapeutics for MASH fibrosis. Potential therapeutics 

currently undergoing clinical testing to treat MASH are shown in red.
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Figure 2: 
Molecular regulation of the fibrogenic response. Molecular mechanisms that contribute to 

MASH fibrosis (left) and MASH fibrosis resolution (right) are depicted.
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Figure 3: 
Diagnostic and therapeutic opportunities in MASH fibrosis.
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