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[ABSTRACT] Non-alcoholic  fatty  liver  disease  (NAFLD) has  become a  leading  cause  of  chronic  liver  disease  globally.  It  initiates
with simple steatosis (NAFL) and can progress to the more severe condition of non-alcoholic steatohepatitis (NASH). NASH often ad-
vances to end-stage liver diseases such as liver fibrosis,  cirrhosis,  and hepatocellular carcinoma (HCC). Notably, the transition from
NASH to  end-stage  liver  diseases  is  irreversible,  and  the  precise  mechanisms  driving  this  progression  are  not  yet  fully  understood.
Consequently,  there  is  a  critical  need  for  the  development  of  effective  therapies  to  arrest  or  reverse  this  progression.  This  review
provides a comprehensive overview of the pathogenesis of NASH, examines the current therapeutic targets and pharmacological treat-
ments, and offers insights for future drug discovery and development strategies for NASH therapy.
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Introduction

Non-alcoholic fatty  liver  disease  (NAFLD)  is  a  preval-
ent hepatic  condition  characterized  by  excessive  lipid  accu-
mulation in the liver, independent of significant alcohol con-
sumption  or  other  identifiable  causes  of  liver  injury [1-3].
NAFLD  encompasses  a  spectrum  of  liver  diseases,  ranging
from simple  steatosis  (NAFL)  to  the  more  severe  and  pro-
gressive  form,  non-alcoholic  steatohepatitis  (NASH) [4].
NASH  is  distinguished  by  liver  inflammation  and  fibrosis,
which can  ultimately  lead  to  irreversible  liver  damage,  in-
cluding cirrhosis and hepatocellular carcinoma (HCC) [5]. Al-
though new nomenclatures such as metabolic dysfunction-as-
sociated fatty  liver  disease  (MAFLD)  or  metabolic  dysfunc-
tion-associated  steatotic  liver  disease  (MASLD)  have  been
proposed, they  remain  controversial  due  to  neglecting  alco-
hol consumption  and  failing  to  encompass  all  fatty  liver  pa-

tients [6-8]. Consequently, this review will adhere to the origin-
al term, NAFLD.

The global burden of NASH has been rapidly increasing,
significantly impacting public health [9, 10].  The prevalence of
NASH varies  by  region,  with  global  estimates  ranging  from
4% to  7% [11].  In  high-risk  populations,  such  as  individuals
with  obesity  or  diabetes,  prevalence  rates  can  reach  30% to
40% [12, 13].  NASH  is  also  associated  with  a  higher  risk  of
mortality,  primarily  due  to  liver-related  complications  and
cardiovascular diseases [14-16]. The progression from NASH to
liver  fibrosis,  cirrhosis,  and  HCC  is  considered  irreversible,
underscoring the importance of early detection and interven-
tion [17]. Currently, there is only one internationally approved
pharmacological  therapy  for  NASH,  which  has  unignorable
adverse effects [18].  Lifestyle modifications,  including weight
loss, exercise, and dietary changes, remain the cornerstone of
management [19, 20].  However,  these interventions may not be
sufficient for all patients, highlighting the urgent need for ef-
fective therapeutic strategies.

This  review  aims  to  provide  a  comprehensive  overview
of the  pathogenesis  of  NASH  and  the  latest  therapeutic  tar-
gets  and  drugs.  By  examining  recent  discoveries  in  NASH
development, we emphasize the urgency of identifying novel
drug targets. Specifically, we explore therapeutic approaches
that regulate metabolic disorders, oxidative stress, the gut-liv-
er  axis,  and  pathways  involving  inflammation,  fibrosis,  and
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cell injury. Additionally, traditional Chinese medicine (TCM)
has  shown  promise  in  treating  NASH  but  faces  limitations
due  to  unclear  therapeutic  mechanisms  and  indications.  We
categorize the  mechanisms  underlying  the  potential  thera-
peutic effects of various TCM treatments for NASH to clari-
fy their therapeutic properties. By consolidating this informa-
tion,  we  aim  to  contribute  to  the  development  of  effective
therapeutic interventions for NASH, ultimately improving pa-
tient  outcomes  and  reducing  the  socio-economic  burden  of
this progressive liver disease. 

NASH Pathogenesis and Drug Development

Several well-established contributors to the pathogenesis
of NASH are illustrated in Fig. 1.  Firstly, unhealthy lifestyle

factors have  been  identified  as  major  contributors  to  the  in-
creasing  prevalence  of  NASH [21].  Complex  interactions
between a Western diet, sedentary behavior, fatigue, and dis-
rupted circadian rhythm provide novel insights for therapeut-
ic interventions [22]. Secondly, disruptions in glucose and lip-
id  metabolism,  oxidative  stress  response,  inflammation  and
fibrosis pathways, and the liver-gut axis play critical roles in
the  development  of  NASH [23].  Additionally,  genome-wide
association  studies  (GWAS)  have  identified  genetic  variants
associated  with  NASH  susceptibility,  such  as PNPLA3 and
TM6SF2 mutations, which result in abnormal triglyceride ac-
cumulation in hepatocytes, ultimately triggering NASH [24, 25].

Given the urgent  need for  effective and safe  treatments,
the  number  of  clinical  trials  dedicated  to  NASH  has  been
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Fig. 1    Well-known contributors to NASH pathogenesis. Excess lipid synthesis or uptake in a normal liver leads to fat accumula-
tion, causing NAFL. Accumulated fats cause lipotoxicity, damaging hepatocytes and triggering inflammatory responses. Lipotox-
icity  induces  inflammation,  further  driving the  progression from NAFL to  NASH. As NASH worsens,  it  leads  to  cirrhosis  and
eventually develops into HCC. The progression from NASH to cirrhosis and HCC is irreversible, so treatment strategies should
target the progression from NAFL to NASH to prevent progression. Certain genetic mutations increase susceptibility to NASH.
Additionally, unhealthy lifestyles, such as high-fat, high-sugar diets and lack of exercise, significantly increase the risk of NASH.
Disorders in bile acid metabolism and imbalances in gut microbiota promote the development of NASH. Insulin-sensitive organs
produce adipokines and myokines,  which enhance liver inflammation and oxidative stress,  ultimately leading to NASH. Yellow
arrows indicate upregulation in NAFL/NASH, unidirectional red arrows indicate irreversible processes, and red and blue arrows
indicate reversible processes. DNL, de novo lipogenesis; FA, fatty acid; TG, triglyceride; ER, endoplasmic reticulum; TNF-α, tu-
mor necrosis factor-alpha; IL, interleukin; ROS, reactive oxygen species.
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steadily increasing. An analysis of clinical trial data reveals a
substantial  1050  registered  trials  worldwide,  focusing  on
NASH and  its  associated  conditions.  Among  these,  phase  II
clinical trials are the most numerous (318), followed by phase
I trials (160). Notably, the number of phase III clinical trials
is relatively low, with only 74 trials in progress. Additionally,
71 trials  are  currently  in  the  phase  IV  stage,  primarily  in-
volving  small-sample  randomized  controlled  trials  (RCTs)
evaluating  the  therapeutic  potential  of  approved  drugs  for
NASH indications (ClinicalTrials.gov).  This review explores
potential therapeutic interventions targeting NASH pathogen-
esis, with the goal of providing insights for new drug devel-
opment and clinical treatment strategies. 

Metabolic dysregulation and potential therapeutic strategies
The “two-hit theory” is widely recognized as the classic-

al  pathogenic  mechanism of  NASH [26]. The first  hit  primar-
ily involves excessive fat accumulation in hepatocytes, which
is associated with insulin resistance. In normal circumstances,
insulin  promotes  the  uptake  and  utilization  of  glucose.
However, in the presence of insulin resistance, elevated blood
glucose  levels  further  stimulate  insulin  secretion,  leading  to
increased  synthesis  and  release  of  fatty  acids.  These  fatty
acids  are  then  converted  into  triglycerides  and  stored  in  the
liver,  triggering  and  accelerating  the  occurrence  of  NASH
(Fig. 2) [27].

Glucagon-like  peptide  1  (GLP-1)  plays  a  critical  role  in
enhancing  insulin  secretion  and  suppressing  appetite,  while
dipeptidyl peptidase-4 (DPP-4) degrades GLP-1, reducing its
biological activity [28-30].  In a phase II  study, 39% of patients
treated with the GLP-1 analog liraglutide experienced a clear
resolution of  NASH  without  severe  adverse  reactions,  com-
pared to only 9% in the placebo group (NCT01237119). An-
other  GLP-1 analog,  semaglutide,  also  showed  a  signific-
antly higher  percentage  of  patients  achieving  NASH  resolu-
tion during a  72-week trial  (NCT02970942).  However,  a  re-
cent study assessing the efficacy of semaglutide in NASH pa-
tients with compensated cirrhosis found no statistically signi-
ficant  improvements  in  fibrosis  or  NASH  resolution,  with
more  frequent  gastrointestinal  adverse  reactions  reported
(NCT03987451).  In  a  phase  II  trial  involving  patients  with
type  2  diabetes  mellitus  (T2DM)  and  NASH,  tirzepatide,  a
dual agonist of glucose-dependent insulinotropic polypeptide
(GIP)  and  GLP-1 receptors,  significantly  reduced  liver  en-
zyme  levels  and  increased  adiponectin  secretion,  offering  a
promising new approach for treating NASH (NCT03131687).
Another  phase  II  trial  is  currently  evaluating  tirzepatide’s
safety  and  efficacy  as  a  once-weekly  treatment  for  NASH
(NCT04166773). Additional GLP-1 agonists, including exen-
atide and efinopegdutide, have also demonstrated efficacy in
reducing  liver  fat  content [31-33].  Furthermore,  vildagliptin,  a
DPP-4 inhibitor, has been shown to alleviate liver fibrosis in
diabetic rats with NASH by modulating insulin resistance, in-
flammation, and oxidative stress [34].

Glucose transport and metabolism are crucial for energy
production in  the  body,  attracting  significant  research  atten-

tion [35].  Glucose  transporters  (GLUTs),  specifically  sodium-
independent  GLUTs  and  sodium-dependent glucose  trans-
porters  (SGLTs),  play  vital  roles  in  glucose  metabolism [36].
Overexpression of these transporters leads to increased gluc-
ose reabsorption in renal tubules, consequently reducing urin-
ary  glucose  excretion [37]. This  excessive  glucose  uptake  by
hepatocytes enhances  fatty  acid  synthesis  and  fat  accumula-
tion [38, 39]. Furthermore, excessive SGLT activity disrupts in-
tracellular  sodium  levels,  causing  apoptosis  and  facilitating
the  progression  from  NAFL  to  NASH [40].  SGLT  inhibitors,
such as dapagliflozin,  empagliflozin,  and canagliflozin,  have
been extensively used as antidiabetic drugs [41-43]. These inhib-
itors also show beneficial effects on NASH in diabetic rats by
reducing oxidative stress, hepatic steatosis, inflammation, and
fibrosis  through  the  mitigation  of  glucotoxicity [44, 45].  In  a
RCT,  dapagliflozin  improved  hepatic  steatosis  in  patients
with  T2DM  and  NAFLD.  Notably,  in  NASH  patients  with
significant hepatic  fibrosis,  dapagliflozin  significantly  re-
duced liver stiffness, serum alanine transaminase (ALT), and
gamma-glutamyl  transpeptidase  levels [46].  The  efficacy  and
safety of  dapagliflozin  in  NASH  are  currently  being  evalu-
ated in a phase III clinical trial (NCT03723252). Licoglifloz-
in, a  novel  SGLT inhibitor,  has  demonstrated  significant  ef-
ficacy  in  patients  with  obesity  and  T2DM [47].  A  12-week
proof-of-concept  study  involving  participants  with  NASH
showed  that  high-dose  licogliflozin  significantly  decreased
serum ALT levels  and liver  fat  content,  indicating its  poten-
tial in halting NASH progression (NCT03205150) [48, 49].

Key enzymes involved in de novo lipogenesis (DNL) of-
fer  promising  therapeutic  strategies  for  the  prevention  and
treatment of NASH [50]. Inhibiting ATP-citrate lyase (ACLY),
an enzyme that  catalyzes  the  conversion of  citrate  to  acetyl-
CoA  and  oxaloacetate,  has  been  shown  to  reduce  DNL  and
increase  fatty  acid  oxidation  (FAO)  in  a  mouse  model  of
NASH  induced  by  a  high-fat,  high-fructose  diet [51].  The
ACLY inhibitor bempedoic acid effectively suppresses hepat-
ic stellate cell (HSC) activation and fibrosis markers [52]. Clin-
ical  development  of  ACLY  inhibitors,  such  as  BGT-002,  is
ongoing, with promising preclinical efficacy demonstrated in
rodent  and  primate  models  of  NASH.  A  phase  Ib/IIa  study
evaluating  the  safety  and  tolerability  of  oral  BGT-002  in
NASH patients has commenced (ChiCTR2300068706). Acet-
yl-coenzyme  A  carboxylase  (ACC),  which  converts  acetyl-
CoA to  malonyl-CoA,  represents  the  first  committed  step  in
DNL.  Clesacostat,  an  oral  ACC  inhibitor,  demonstrated  a
50%−60% reduction in  liver  fat  content  in  adult  NASH  pa-
tients in  a  phase  IIa  study  by  Pfizer  (NCT03248882).  Com-
bining  clesacostat  with  the  diacylglycerol  acyltransferase  2
(DGAT2)  inhibitor  ervogastat  further  reduces  liver  stiffness
and  prevents  the  increase  in  serum  triglycerides  caused  by
clesacostat  alone  (NCT03776175).  Firsocostat,  a  liver-tar-
geted ACC allosteric inhibitor,  significantly improves hepat-
ic steatosis in NASH patients when combined with semaglu-
tide  and  cilofexor  (NCT03987074).  Another  novel  ACC1/2
inhibitor,  WZ66,  has  shown  excellent  results  in  preclinical
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diet-induced NASH mouse models [53]. Denifanstat, a revers-
ible  fatty  acid  synthase  (FASN) inhibitor,  improves  liver  fat
content  and  fibrosis  markers  in  NASH  patients  (NCT039-
38246, NCT04906421). Other FASN inhibitors, such as TVB-
3664 and TVB-3166, have shown efficacy in improving liver
steatosis  and  fibrosis  scores  in  diet-induced  NASH  mouse
models, indicating their potential for treating NASH [54]. Ara-
mchol,  an  inhibitor  of  stearoyl-CoA desaturase  (SCD1),  has
demonstrated  efficacy  in  improving  NASH  and  fibrosis  in

mouse  models [55].  It  also  exhibited  dose-dependent  efficacy
in clinical trials for treating NASH and liver fibrosis, with ex-
cellent  safety  and  tolerability  (NCT02279524,  NCT0410-
4321). Selective inhibition of acyl-CoA synthetase long-chain
family  member  4  (ACSL4)  by  abemaciclib  reduces  liver  fat
content, serum AST, and liver collagen deposition in diet-in-
duced  NASH mice [56].  BMS-963272, a  selective  monoacyl-
glycerol acyltransferase  2  (MGAT2)  inhibitor,  reduces  in-
flammation  and  fibrosis  in  NASH  mouse  models  without
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Fig. 2    Metabolic dysfunction and relevant drug strategies in NASH pathogenesis. GLUT and SGLT facilitate glucose uptake in-
to cells. DPP4 degrades GLP-1, which reduces blood glucose levels by enhancing insulin secretion and inhibiting gastric empty-
ing. AMPK activation promotes energy production and inhibits energy consumption. The TCA cycle generates ATP by breaking
down carbohydrates, fats, and proteins, providing energy to cells. In adipose tissue and the liver, enzymes such as, ACC, FASN,
ACLY, SCD, and ACSL, are involved in fatty acid synthesis and metabolism. DGAT converts these fatty acids into triglycerides
stored in the liver. SREBPs, PPARs, and THR-β also play crucial roles in lipid metabolism and liver health, and their dysregula-
tion collectively contributes to the progression of NASH. ACLY, ATP-citrate lyase; ACC, acetyl-coenzyme A carboxylase; FASN,
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causing  diarrhea  which  is  often  associated  with  selective
DGAT1  inhibitors,  making  MGAT2  inhibitors  a  promising
therapeutic  strategy  for  NASH [57].  Ervogastat,  a  selective
DGAT2 inhibitor, is being evaluated as a monotherapy or in
combination  with  clesacostat  in  NASH  patients  (NCT043-
99538).  Additionally,  other  proteins  indirectly  regulate  lipid
synthesis.  For  example,  HSP90β,  rather  than  HSP90α,  is
overexpressed  in  the  liver  of  NAFLD  patients  and  obese
mice.  Selective  inhibition of  HSP90β by corylin  specifically
promotes  the  degradation  of  mSREBPs,  thereby  improving
obesity-induced fatty liver and NASH progression [58].

Thyroid  hormone  (TH)  and  its  nuclear  receptors  (THR)
have  emerged  as  promising  targets  in  the  development  and
progression  of  NASH [59-61].  Resmetirom  (brand  name
Redzdiffra),  a  once-daily  oral  THR-β  selective  agonist,  is
well-known  as  the  first  innovative  drug  approved  by  FDA
and  only  one  on  the  market  till  now  for  the  treatment  of
NASH, paving a significant milestone in the history of NASH
treatment [18].  The approval of resmetirom is primarily based
on its  excellent  phase  III  clinical  results,  which  show excel-
lent  achievement  of  both  primary  histological  endpoints  of
NASH resolution and fibrosis alleviation (NCT03900429) [62].
However,  side  effects  such  as  diarrhea,  nausea,  and  itching
cannot  be  ignored [63].  VK2809,  another  THR-β  agonist,  has
shown effectiveness,  safety,  and  tolerability  in  NASH  pa-
tients,  with  marked  improvements  in  liver  fibrosis  (NCT04-
173065).  Unlike  resmetirom,  VK2809  is  a  prodrug  that  is
converted into the active compound VK2809A by CYP3A4,
providing liver-restricted activity and presenting a promising
future treatment option for NASH [64].

AMP-activated protein  kinase  (AMPK)  activation  en-
hances  glucose  uptake  and  stimulates  glycogen  synthesis,
thereby  inhibiting  DNL and  promoting  FAO,  which  reduces
liver  fat  accumulation,  improves  insulin  resistance,  and
lowers  blood  glucose  levels [65, 66]. Additionally,  AMPK  ex-
erts  anti-inflammatory  and  anti-fibrotic effects,  offering  po-
tential relief for liver damage in NASH [67]. PXL770, the first
direct AMPK  activator  undergoing  human  efficacy  evalu-
ation, has shown benefits for hepatic steatosis, ballooning de-
generation,  inflammation,  and  fibrosis [68].  Although  a  phase
IIa clinical trial assessing PXL770 in NAFLD patients did not
meet its primary endpoint, a re-analysis indicated a higher re-
sponse  rate  among  NASH  patients  with  comorbid  T2DM,
showing  significant  improvements  in  liver  fat  content,
ALT/AST,  fasting  blood  glucose,  and  reduced  inflammation
and fibrosis (NCT03763877). Therefore, a 52-week phase IIb
clinical investigation in NASH patients with comorbid T2DM
or  prediabetes  is  planned  (ClinicalTrials.gov). Other  AMPK
activators,  including  PF-06409577,  have  demonstrated  their
capacity to  inhibit  DNL, reduce hepatic  lipid levels,  and de-
crease fibrosis  marker expression in preclinical  NASH mod-
els [69].  Nitazoxanide,  a  broad-spectrum thiazolide  antiproto-
zoal and antiparasitic agent, also activates hepatocyte AMPK,
reduces  blood  and  liver  lipid  levels,  and  ameliorates  liver
pathology in the early stages of NASH [70].

Peroxisome  proliferator-activated  receptors  (PPARs)
play  a  crucial  role  in  regulating  lipid  metabolism  and  offer
promising therapeutic  targets  for  NASH. PPARα, predomin-
antly expressed in the liver, promotes FAO and enhances the
expression  of  fibroblast  growth  factor  21  (FGF21),  thereby
improving  insulin  sensitivity  and  glucose  homeostasis [71-74].
The  zinc  finger  transcription  factor  early  growth  response  1
(EGR1) interacts  with  PPARα  and  accelerates  NASH  pro-
gression  by  inhibiting  PPARα-dependent FAO  gene  tran-
scription through the recruitment of the corepressor NGFI-A
binding  protein  1  (NAB1) [75].  Furthermore,  extrahepatic
PPARα,  particularly  in  the  intestine,  induces  the  expression
of  fatty  acid-binding  protein  1  (FABP1),  enhancing  dietary
fatty  acid  uptake  and  exacerbating  NASH  progression [76].
PPARγ is involved in adipocyte differentiation, insulin sensit-
ivity, and glucose uptake, while PPARβ/δ plays a role in lip-
id metabolism and inflammation regulation [77, 78]. Dysregula-
tion  of  PPAR  expression  can  lead  to  insulin  resistance  and
fatty acid accumulation, underscoring the importance of mod-
ulating  PPAR  activity  to  prevent  and  treat  NASH [79].
Pemafibrate,  a  selective  PPARα  agonist [80],  reduces  plasma
triglycerides,  residual  cholesterol,  very  low-density lipopro-
tein (VLDL) cholesterol, and apolipoprotein C3 (APOC3) in
patients  with  cardiovascular  disease,  indicating  its  potential
for  NASH  treatment  (NCT03071692).  However,  a  phase  II
clinical trial in NAFLD patients did not show a significant re-
duction in  liver  fat  content  (NCT03350165).  The  combina-
tion  of  pemafibrate  with  the  SGLT2  inhibitor  tofogliflozin
has  shown promise  in  reducing  the  progression  from NAFL
to NASH in a mouse model [81]. Currently, a phase II clinical
trial  is  underway  to  evaluate  the  safety  and  efficacy  of  the
pemafibrate-tofogliflozin  combination  in  NASH  patients,
with results expected in 2025 (NCT05327127). Interestingly,
the  beneficial  effects  of  the  PPARα  antagonist  GW6471  in
NASH  mice  are  thought  to  be  associated  with  intestinal
mechanisms [76]. Pioglitazone, a PPARγ agonist, has signific-
antly  improved  liver  histology  in  patients  with  T2DM  and
NASH (NCT00994682,  NCT01068444).  Due  to  adverse  ef-
fects  linked  to  its S-isomer,  the  deuterium-stabilized R-iso-
mer of  pioglitazone,  PXL065,  has  been  developed  to  mitig-
ate  these  adverse  reactions [82].  Its  effectiveness  and  safety
in  NASH  patients  are  being  assessed  in  clinical  trials
(NCT04321343). The dual agonist ZLY032, targeting PPARδ
and free fatty acid receptor 1 (FFAR1), has significantly im-
proved CCl4-induced liver fibrosis in mice [83]. Saroglitazar, a
PPARα/γ dual  agonist,  has  shown  beneficial  effects  in  pre-
clinical studies and a phase II clinical trial in NAFL patients
(NCT03061721) and is currently under evaluation in another
phase II trial for NASH treatment (NCT03863574) [84]. Lani-
fibranor,  a  non-selective  PPAR  agonist,  has  completed  a
phase II clinical trial for NASH treatment, demonstrating re-
ductions  in  serum liver  enzymes  and  improvements  in  lipid,
inflammation,  and  fibrosis  biomarkers  (NCT03008070).  A
phase III clinical trial for lanifibranor in NASH management
is currently in progress (NCT04849728).  Triazolone derivat-
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ives, which are potent PPARα/δ dual agonists,  such as com-
pound H11, have shown strong inhibitory effects on lipid ac-
cumulation  and  fibrosis  in  diet-induced NASH  mouse  mod-
els [85].

The  FGF  family  consists  of  22  polypeptide  hormones
that play diverse roles in embryonic development, cell prolif-
eration,  immune  regulation,  and  metabolic  homeostasis [86].
Notably, FGF19 and FGF21 are crucial in regulating glucol-
ipid  metabolism  and  insulin  sensitivity,  positioning  them  as
potential therapeutic targets for NASH [87-90]. Pegbelfermin, a
human FGF21  protein  variant,  has  shown  potential  in  im-
proving metabolic parameters and alleviating hepatic fibrosis
in individuals with obesity, T2DM, and NASH [91] (NCT024-
13372).  However,  it  failed  to  meet  the  primary endpoints  of
improving the NASH clinical research network fibrosis score
by  at  least  one  stage  without  worsening  NASH  at  week  48,
leading  to  the  discontinuation  of  its  development  (NCT034-
86899, NCT03486912). Other human FGF21 analogs, includ-
ing BOS-580 [92], efruxifermin [93], and pegozafermin, are cur-
rently being evaluated in clinical trials for safety, tolerability,
and  dose-response  relationships  in  NASH  patients,  with
promising  initial  results  (NCT04880031,  NCT04767529,
NCT04929483). Aldafermin, an FGF19 analog, improves in-
sulin sensitivity  and  metabolic  balance  by  inhibiting  choles-
terol  7α-hydroxylase  (CYP7A1) [94].  It  achieved  its  primary
endpoint  by  improving  liver  fibrosis  by  at  least  one  stage
without worsening NASH, although it  did not reach the pre-
specified  significance  for  dose  responses  (NCT03912532).
Despite  these  advances,  the  overall  efficacy  of  FGF-based
therapies for NASH remains uncertain. 

Oxidative stress: ER stress and mitochondrial dysfunction
Oxidative  stress  plays  a  critical  role  as  the “second  hit”

in NASH pathogenesis, leading to the production of reactive
oxygen species (ROS), mitochondrial dysfunction, and endo-
plasmic  reticulum  (ER)  stress,  which  collectively  accelerate
disease progression [95, 96]. Mitochondria are essential for fatty
acid oxidation, ATP synthesis, and ROS generation [97]. High-
fat  diet  (HFD)-induced  obesity  impairs  mitochondrial  fatty
acid  oxidation  in  the  liver,  resulting  in  the  accumulation  of
lipotoxic  substances [98]. This  lipid  overload  burdens  mito-
chondria,  causing  electron  flux  overload,  electron  leakage,
and increased ROS production [99]. Additionally, alterations in
circular  RNA  expression  within  the  mitochondria  of  NASH
patients, particularly the downregulation of circRNA ATP5B
regulator (SCAR),  further  contribute  to  increased  ROS  pro-
duction and fibroblast activation [100]. In NASH livers, antiox-
idant  enzyme  activities,  such  as  glutathione  peroxidase  and
catalase, are significantly reduced [101-103]. Excessive ROS pro-
duction  leads  to  the  formation  of  oxidized  mitochondrial
DNA (mtDNA) fragments,  which are released into the cyto-
plasm. These mtDNA fragments act as danger-associated mo-
lecular  patterns  (DAMPs)  and  bind  to  NLRP3  and  cGAS,
triggering  inflammatory  responses [104-106].  Targeting  mtDNA
and its interactions with NLRP3 and cGAS could offer innov-
ative approaches to anti-inflammatory therapy in NASH [107].

The  ER  is  involved  in  lipid  synthesis  and  protein  fold-
ing [108].  Excessive  lipid  accumulation  disrupts  ER  function,
triggering the unfolded protein response (UPR),  which leads
to  cellular  apoptosis  and  NASH  progression [109].  ER  stress
sensors,  including  ATF6,  IRE1α,  and  PERK,  play  crucial
roles in UPR signaling [110]. Under normal conditions, the im-
munoglobulin-binding  protein  (BiP)  binds  to  these  sensors,
keeping them inactive. During ER stress, BiP exhibits a high-
er affinity  for  misfolded  proteins,  exacerbating  hepatic  ste-
atosis, inflammation, and fibrosis in NASH patients [111]. Dis-
ruption  of  ER-mitochondria interactions  and  calcium  ex-
change  are  also  early  events  in  diet-induced insulin  resist-
ance and NASH development [112].

Dietary intake of  the  endogenous polyamine spermidine
reduces ROS production and rescues mitochondrial dysfunc-
tion caused by NASH, indicating the potential for NASH pre-
vention  and  treatment [113].  Reduced α-tocopherol  levels  in
NASH  patients  suggest  the  potential  benefits  of  vitamin  E
(VE),  an  antioxidant  containing α-tocopherol [114, 115].  In  the
methionine-choline-deficient  (MCD)  diet-induced  NASH
mouse model,  VE supplementation effectively alleviates  liv-
er  injury  by  reducing  glutathione  (GSH)  consumption  and
suppressing  the  activation  of  HSCs  and  COL1α1  expres-
sion [116]. Combining  VE  with  other  drugs,  such  as  pioglit-
azone, has been shown to reduce NASH severity in preclinic-
al and  clinical  studies  (NCT00063622,  NCT01002547).  Ad-
ditionally, a  combination  therapy  of  natural  compounds  hy-
droxytyrosol  (HXT)  and  VE demonstrated  promising  results
in a mouse model of CCl4 plus Western diet-induced NASH
fibrosis  by  interfering  with  the  nuclear  translocation/activa-
tion of SMAD2/3 transcription factors [117]. A study on biopsy-
confirmed NAFLD  children  showed  that  HXT  and  VE  im-
proved  oxidative  stress,  insulin  resistance,  and  steatosis
(NCT02842567). Other  antioxidants  are  also  being  investig-
ated  for  their  potential  in  NASH  treatment.  Thioredoxin-in-
teracting protein (TXNIP) inhibitors,  such as SRI-37330, re-
duce hepatic  and  serum  triglyceride  levels  and  improve  in-
sulin resistance in animal models [118].

Inhibiting Kelch-like ECH-associated protein 1 (KEAP1)-
induced  degradation  of  nuclear  factor  erythroid  2-related
factor  2  (NRF2)  activates  a  major  endogenous  antioxidant
pathway. However, existing KEAP1 inhibitors, also known as
NRF2 activators, such as sulforaphane, have weak selectivity
for  KEAP1.  A multiple  proteolysis  targeting chimera  (PRO-
TAC)-based  approach  using  2-cyano-3,12-dioxooleana-1,
9(11)-dien-28-oic  acid  (CDDO)  has  shown  increased  selec-
tivity and  strong  antioxidant  activity,  reducing  liver  fat  con-
tent and inflammatory infiltration in NASH mice (Fig. 3) [119]. 

Inflammation and fibrosis
Inflammation and fibrosis are critical  drivers in the pro-

gression  from  NAFL  to  NASH,  ultimately  leading  to  liver
cirrhosis and HCC [120]. Therefore, anti-inflammatory and anti-
fibrotic  therapies  are  crucial  for  treating  NASH.  Activated
Toll-like receptor 4 (TLR4) initiates the nuclear translocation
of  NF-κB,  which  triggers  the  production  of  inflammatory
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factors  such  as  IL-1β  and  TNF-α [121-123].  This  inflammatory
cascade further  activates  HSCs  and  the  Notch  pathway,  ex-
acerbating liver fibrosis [124]. Despite these insights, a phase II
clinical trial with the TLR4 antagonist JKB-121 did not show

significant improvement  in  liver  fat  content  and  inflamma-
tion  in  NASH  patients  (NCT02442687).  While  other  TLR4
inhibitors like TAK-242 and eritoran have shown promise in
animal studies, developing effective TLR4 antagonists for hu-
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Fig.  3     Developing NASH therapies  targeting ER stress  and mitochondrial  dysfunction.  NASH begins  with  lipid  overload,  in-
creasing lipid absorption and storage in hepatocytes via FATP and CD36. Excess lipids undergo peroxidation, generating ROS
that damage cell membranes and organelles. KEAP1 inhibits NRF2 from entering the nucleus, thereby blocking the activation of
antioxidant genes. ER stress activates PERK, which phosphorylates eIF2α, activating ATF4 to regulate stress response proteins
like TXNIP, exacerbating oxidative stress. RE1 splices XBP1 to produce active XBP1 that regulates protein folding and degrada-
tion. ATF6 promotes CHOP expression, leading to cell apoptosis. Mitochondrial dysfunction results from lipid overload, elevat-
ing acylcarnitine levels, impairing β-oxidation, reducing TCA cycle efficiency, and decreasing ATP production and energy sup-
ply. Increased ROS levels damage mitochondrial DNA and function. Bcl-2 regulates mitochondrial membrane permeability; BH3
proteins promote MOMP, releasing CytC into the cytoplasm and activating the caspase cascade, resulting in apoptosis. ER stress
increases Ca2+ release,  damaging mitochondria and promoting CytC release and apoptosis.  CD36,  cluster of  differentiation 36;
KEAP1, Kelch-like protein 1; NRF2, nuclear factor erythroid 2-related factor 2; P-elf2a, phospho-eukaryotic initiation factor 2;
ATF4,  activating  transcription  factor  4;  BiP,  binding  immunoglobulin  protein;  XBP1,  X-box-binding  protein  1;  CHOP,
CCAAT/enhancer-binding protein homologous protein; JNK, c-Jun N-terminal kinase; BH3, BCL2 homology region 3; IRE1, in-
ositol-requiring protein-1; SERCA, sarco-endoplasmic reticulum Ca2+-ATPase; BAX, Bcl-2-associated X protein; MOMP, mito-
chondrial outer membrane permeabilization; TXNIP, thioredoxin interacting protein.
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man  NASH  treatment  remains  challenging [125-127].  Selective
phosphodiesterase 4 (PDE4) inhibitors exhibit  potential anti-
inflammatory  and  anti-fibrotic  effects  by  elevating  cAMP
levels [128]. Roflumilast, an FDA-approved PDE4 inhibitor for
chronic  obstructive  pulmonary  disease,  has  been  shown  to
improve hepatic steatosis and dyslipidemia in mouse models
and reduce serum liver enzymes in NASH patients, with good
tolerability  (NCT01703260) [129]. Activation  of  the  A3 aden-
osine receptor (A3AR) has also been found to reduce inflam-
mation  and  improve  liver  function  in  NASH  animal  mod-
els [130].  Namodenoson,  an  A3AR  agonist,  has  demonstrated
dose-dependent reductions in serum liver enzymes in NASH
patients  in phase II  studies (NCT02927314, NCT04697810).
The inflammatory chemokine receptors CCR2 and CCR5 are
highly expressed in NASH and contribute to hepatic inflam-
mation [131]. Cenicriviroc,  a  dual  CCR2/5  antagonist,  is  cur-
rently being  evaluated  for  efficacy  and  safety  in  NASH  pa-
tients  with  liver  fibrosis  (NCT03028740).  Leronlimab,  a
monoclonal antibody targeting CCR5, has consistently shown
reductions  in  liver  fat  and  hepatic  inflammatory  markers
(NCT04521114).  LYS006,  a  leukotriene  A4  hydrolase  (LT-
A4H) inhibitor, effectively inhibits the biosynthesis of pro-in-
flammatory leukotriene B4 (LTB4). In a phase II clinical tri-
al, LYS006, alone or in combination with the farnesoid X re-
ceptor  (FXR)  agonist  tropifexor,  significantly  reduced  liver
fat  content  in  NASH  patients,  although  some  reported
gastrointestinal  discomfort  and  dizziness  (NCT04147195).
Annexin A5 (AnxA5) has shown promise in reversing meta-
bolic  reprogramming  in  activated  macrophages,  facilitating
the  shift  of  liver  macrophages  from  a  pro-inflammatory  M1
phenotype to an anti-inflammatory M2 phenotype. This shift
effectively  mitigates  NASH  symptoms,  including  steatosis,
inflammation,  and  hepatocyte  necrosis,  in  HFD-induced
mice [132].

Angiotensin  II  receptor  inhibition  by  losartan  has  been
shown  to  inhibit  TGF-β signaling,  reduce  collagen  depos-
ition, and improve liver fibrosis [133, 134].  Lysyl oxidase-like 2
(LOXL2) promotes collagen cross-linking and inhibits colla-
gen degradation,  playing  a  crucial  role  in  liver  fibrosis  pro-
gression [135] and plays a pivotal role in liver fibrosis progres-
sion [136-139].  In  a  thioacetamide  (TAA)-induced  liver  fibrosis
model, blocking  LOXL2  with  a  monoclonal  antibody  signi-
ficantly  reduced  collagen  cross-linking  and  alleviated  fibr-
osis [140]. Autotaxin (ATX) is an enzyme that hydrolyzes lyso-
phosphatidylcholine (LPC) to generate lysophosphatidic acid
(LPA) [141], which plays a role in NASH [142, 143]. ATX inhibit-
ors, such as PAT-505 and CPD17, have shown significant re-
ductions in liver fibrosis in NASH models, indicating a prom-
ising  approach  for  treating  liver  fibrosis  in  NASH  patie-
nts [144]. Gal-3, a member of the β-galactoside-binding protein
family, activates inflammasomes in hepatic macrophages and
promotes liver fibrosis by activating HSCs in the injured liv-
er [145].  Belapectin,  a  Gal-3 inhibitor,  has  been  shown  to  re-
verse liver fibrosis and cirrhosis in preclinical studies [146] and
is currently under investigation in a phase IIb/III clinical trial

for  NASH-induced cirrhosis,  with  good safety  and tolerabil-
ity  reported  (NCT02462967).  CCL24  activates  fibroblasts
and  recruits  immune  cells,  acting  as  a  critical  regulator  in
fibrotic  diseases [147].  The  monoclonal  antibody  CM-101,
which targets CCL24, has demonstrated improvements in liv-
er  fibrosis-related  biomarkers  in  NASH  patients  (NCT058-
24156). Cyclophilin B is a vital enzyme involved in collagen
protein  folding,  synthesis,  secretion,  and  the  formation  of
fibrotic matrices [148].  The cyclophilin B inhibitor rencofilstat
has achieved  its  primary  endpoint  of  improving  liver  func-
tion, as well as several secondary endpoints, including reduc-
tions  in  liver  injury  and  fibrosis-associated  biomarkers,  in
NASH patients with stage 3 fibrosis in a phase II clinical tri-
al (NCT05461105) (Fig. 4). 

Liver-gut axis
The  liver-gut axis  plays  a  crucial  role  in  the  develop-

ment of  NASH,  functioning  as  a  bidirectional  communica-
tion network between the liver and the intestine [149]. Primary
bile acids secreted by the liver conjugate with taurine or gly-
cine to  form conjugated bile  acids,  which are  actively  trans-
ported into bile by the bile salt  export pump (BSEP) and re-
leased into the duodenum [150].  Most  unconjugated bile  acids
are absorbed by intestinal epithelial cells via the apical sodi-
um-dependent bile acid transporter (ASBT), then secreted in-
to the portal  vein and enter hepatocytes via the sodium/taur-
ocholate  cotransporting  polypeptide  (NTCP)  and  sodium-in-
dependent organic anion transporter polypeptide (OATP) [151].
Studies  have  shown  that  higher  concentrations  of  bile  acids
correlate with more severe hepatic fibrosis [152]. Additionally,
bile  acids  act  as  signaling  molecules  through  the  FXR  and
Takeda G protein-coupled receptor 5 (TGR5) pathways, par-
ticipating in the metabolism of glucose, lipids, and cholester-
ol, thus regulating the development of NASH [153-155].

Obeticholic acid (OCA), an FXR agonist,  has made sig-
nificant strides in NASH therapeutics as the first drug to enter
phase III clinical trials worldwide (clinicaltrials.gov). An on-
going  study  involving  2480  patients  with  non-cirrhotic
NASH and liver fibrosis has shown promising interim results.
After  18  months  of  OCA  treatment,  a  higher  percentage  of
patients experienced  fibrosis  improvement  without  worsen-
ing  of  NASH  (NCT02548351).  However,  final  results  are
pending,  and  the  interim  data  are  insufficient  to  support  a
new  drug  application.  The  FDA  requires  completion  of  the
long-term  phase  of  the  study  before  any  resubmission  of
OCA for  NASH treatment.  Recent  studies  suggest  that  FXR
agonists have limited efficacy in NASH patients due to FXR
SUMOylation,  which  renders  HSCs  insensitive  to  OCA and
other FXR agonists. SUMOylation inhibitors enhance OCA’s
effectiveness  by  rescuing  FXR  signaling  and  reducing
fibrosis in NASH mouse models [156]. Additionally, FXR acet-
ylation under liver injury conditions hinders its nuclear trans-
location, leading  to  increased  cytoplasmic  retention  and  de-
gradation mediated by the carboxyl terminus of HSP70 inter-
acting  protein.  SIRT1  activators  mitigate  FXR  acetylation
and degradation, suggesting that combining SIRT1 activators
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with  FXR  agonists  could  be  promising [157].  OCA-induced
changes  in  gut  microbiota  lead  to  lipid  peroxidation,  which
impairs  its  anti-fibrotic  effect,  indicating the need for  co-ad-
ministration  of  OCA  with  lipid  peroxidation  inhibit-
ors [158].  Despite clinical  challenges,  OCA’s efficacy remains
significant, necessitating further investigation to mitigate side
effects  and prolong its  action [159].  Other FXR agonists,  such
as MET-642 and cilofexor, are also showing promise in phase
II clinical  trials  by  reducing  liver  fat  content  in  NASH  pa-
tients  (NCT04773964,  NCT02854605).  INT-767,  a  dual
FXR/TGR5  agonist,  dose-dependently  improves  NASH
severity by reducing inflammatory cell infiltration and fibrot-

ic  biomarkers [160].  Comparative  studies  between  OCA  and
INT-767  in  NASH  mice  revealed  that  INT-767 exhibits  su-
perior efficacy [161].

Dysregulation  of  transporters,  including  BSEP,  ASBT,
NTCP,  and  organic  solute  transporter  alpha/beta  (OSTα/β),
disrupts bile acid homeostasis, leading to liver fat accumula-
tion,  inflammation,  and fibrosis [162]. Volixibat,  an ASBT in-
hibitor, increases  fecal  bile  acid  levels  and  reduces  hepato-
cyte enlargement, hepatic triglycerides, and cholesterol esters
in NASH mice induced by HFD [163]. However, phase II clin-
ical trials showed that volixibat failed to reduce liver fat con-
tent or protect against liver injury (NCT02787304). Similarly,
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another ASBT inhibitor,  elobixibat,  did not  significantly im-
prove ALT  levels  or  reduce  liver  fat  content  in  NASH  pa-
tients in a recent phase II clinical trial (NCT04006145). Nev-
ertheless,  combining  the  ASBT  inhibitor  GSK672  with
FGF15  activation  showed  synergistic  effects  in  suppressing
the reabsorption of intestinal bile acids and reducing liver bile
acid  synthesis,  resulting  in  a  more  pronounced  reduction  in
the  bile  acid  pool  and  improved  therapeutic  outcomes  in
NASH mice [164].  Hepalatide,  an NTCP agonist,  significantly
decreased serum triglycerides, cholesterol, and ALT levels in
diet-induced NASH mice by mitigating inflammation, hepat-
ic steatosis, cell apoptosis, and fibrosis [165].

The  progression  of  NASH  is  also  linked  to  changes  in
gut microbiota composition, which compromise the intestinal
barrier, allowing harmful substances and bacteria to enter the
bloodstream. This interference with liver glucose/lipid meta-
bolism and bile  synthesis  ultimately  promotes  NASH devel-
opment [166-168]. Akkermansia  muciniphila (A.  muciniphila),  a
mucin-degrading bacterium found in the mucus layer, is sig-
nificantly  reduced  in  obese  patients [169].  Oral  administration
of A.  muciniphila improves hepatic  steatosis,  decreases  in-
flammation  in  NAFL,  and  prevents  NASH  by  regulating
γδT17  cell  activation  and  macrophage  polarization [170].  A
phase II clinical trial  is currently evaluating the efficacy and
safety of  lyophilized  fecal  microbiota  transplantation  cap-
sules containing A. muciniphila along with two other probiot-
ics (A. soehngenii and B. animalis subsp.) for treating NASH
patients (NCT05821010).  Nobiletin  has  been  shown  to  sup-
press  the  progression  of  diet-induced NASH  in  mice  by  re-
versing  gut  microbiota  dysbiosis,  primarily  by  increasing
Bacteroidetes [171].  Other  probiotics,  such  as Lactobacillus
lactis and Pediococcus  pentosaceus, have  demonstrated  po-
tential in improving diet-induced NAFLD in mice [172]. Clinic-
al studies are exploring the use of P. pentosaceus, L. lactis, or
L.  helveticus for  treating  NASH  patients  (NCT04555434).
Additionally,  combinations  of  probiotics  like Lactobacillus
rhamnosus GG, Bifidobacterium  breve BR03,  and Lactoba-
cillus  plantarum,  along  with  compounds  such  as  glutamine,
quercetin, vitamin E, curcumin, silybin, and pectin, are under
investigation  for  NASH  treatment  (NCT04781933) [173-175].
Further research is  necessary to fully understand these inter-
ventions and determine their long-term efficacy and safety in
clinical settings (Fig. 5). 

Cell death and pro-survival of hepatocytes
Cell death is an intrinsic aspect of both physiological and

pathological processes. Various cell death modalities, such as
apoptosis, pyroptosis,  autophagy,  and  ferroptosis,  are  clinic-
ally  associated  with  the  progression  of  NASH  and  cirrho-
sis [176]. Apoptosis, a form of programmed cell death, is com-
monly observed in the hepatocytes of NASH patients [177]. In-
hibition of apoptotic proteases caspase 2/3 reduces NASH de-
velopment in mice by mitigating apoptosis [178, 179]. Pharmaco-
logical agents that inhibit  apoptosis also attenuate the patho-
logical  progression  of  NASH.  Selonsertib,  a  small-molecule
inhibitor of apoptosis signal-regulated kinase 1 (ASK1), alle-

viates  liver  fibrosis  in  patients  with  F2/3  liver  fibrosis  in
phase II clinical trials (NCT02781584). Combination therapy
involving  the  apoptosis  inhibitor  IDN-655  and  OCA  has
shown  promise  in  attenuating  liver  fibrosis  in  NASH
mice [180].  In  contrast  to  apoptosis,  ferroptosis  is  an  iron-de-
pendent, non-apoptotic form of cell death linked to the emer-
gence  of  steatohepatitis  inflammation  in  the  early  stages  of
NASH [181, 182].  Treatment with ferroptosis  inhibitors,  such as
liproxstatin-1 or the iron chelator deferiprone, has shown pos-
itive results in experimental models [183]. Impaired autophagy,
characterized by  reduced  autophagy  in  liver  sinusoidal  en-
dothelial cells  and  mitochondrial  autophagy,  has  been  ob-
served  in  NASH  patients [184-186].  Activation  of  autophagy,
either  by  overexpressing  the  autophagy-related  protein  7
(ATG7) or  using  the  mTOR  inhibitor  rapamycin,  success-
fully  reduces  hepatic  steatosis  in  obese  mouse  models [187].
However, it is worth noting that overexpression of ATG3 in-
creases hepatocyte lipid accumulation, suggesting the need to
consider  its  independent  roles  when  targeting  autophagy  for
NASH treatment [188]. Pyroptosis, a form of cell death charac-
terized by the activation of pro-inflammatory cells, is also im-
plicated in NASH [189]. In mice fed an MCD diet, reduced ex-
pression  of  gasdermin  D  (GSDMD)  slows  NASH  pathol-
ogy [190].  The  GLP-1  analog  exenatide,  commonly  used  to
treat  T2DM,  attenuates  NASH  caused  by  the  MCD  diet  by
suppressing  pyroptosis  signaling  pathways [191]. These  find-
ings  highlight  the  potential  of  targeting  cell  death  pathways
as a promising therapeutic strategy to inhibit NASH progres-
sion (Fig. 6).

Pro-survival signals  and  receptors,  such  as  the  TRK re-
ceptor family (TrkA, TrkB, and TrkC), are implicated in the
progression of NASH. These receptors are activated by neur-
otrophin proteins: nerve growth factor (NGF) binds to TrkA,
brain-derived  neurotrophic  factor  (BDNF)  and  neurotrophic
factor 4 (NT-4) bind to TrkB, and neurotrophic factor 3 (NT-
3)  binds  to  TrkC [192, 193].  The initiation of  the  TRK pathway
occurs  when a  neurotrophin  binds  to  a  TRK receptor  on  the
cell  surface,  leading  to  receptor  dimerization [194].  In  healthy
hepatocytes, TrkB expression is mostly absent. However, our
research has shown that  a truncated isoform of TrkB (TrkB-
T1)  is  significantly  elevated  in  a  diet-induced  mouse  model
of  NASH.  This  elevation  is  conserved  between NASH mice
and clinical  patients.  Our  experiments  demonstrate  that  in-
creased  expression  of  TrkB-T1 promotes  inflammatory  sig-
naling  and  stress-induced  cell  death  in  a  cell-autonomous
manner. Furthermore, BDNF reduces TrkB-T1 expression in
hepatocyte  membranes,  protecting  mice  from  diet-induced
NASH [195].  Similarly,  TrkC  expression  is  absent  in  normal
liver  tissue  but  is  induced  in  HSCs  of  NASH  patients.  The
use of LOXO-195, a highly specific TrkC kinase domain in-
hibitor, reduces the interaction between TrkC and NT-3. This
inhibition prevents  the  activation  of  human  HSCs  and  re-
verses  advanced  murine  NASH  fibrosis [196].  These  findings
highlight the  critical  role  of  TRK  receptors  and  their  path-
ways in the progression of NASH and suggest potential thera-
peutic strategies by targeting these pathways. 
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Others emerging strategies
Extracellular  vesicles  (EVs)  are  lipid  membrane-bound

vesicles released  into  the  extracellular  space,  playing  a  cru-
cial  role  in  mediating  communication  between  the  liver  and
other organs  by  carrying  bioactive  molecules  such  as  pro-
teins, lipids, DNA, and RNA [197]. In NASH patients, circulat-
ing EVs  exhibit  altered  levels  and  cargo  composition  com-
pared to healthy individuals, contributing to the activation of
HSCs  and  macrophages,  fibrosis,  and  the  occurrence  of
HCC [198-200].  Primary  hepatocytes  of  mice  fed  a  short-term
HFD express higher intracellular levels of let-7e-5p and miR-
210-3a, whose elevation in EVs drives triglyceride accumula-
tion in adipose tissue, adapting to metabolic changes induced
by lipid overload [201]. Additionally, exosomes rich in miR-28-
5p  secreted  by  hepatocytes  promote  NF-κB  transcriptional
activity in  macrophages  and  stimulate  the  expression  of  in-
flammatory  factors,  establishing  serum  miR-28-5p as  a  bio-
marker for NASH diagnosis [202]. Enhancing the uptake of be-
neficial EVs or counteracting the effects of EVs that promote
NASH progression is an emerging therapeutic strategy [203-205].

Mesenchymal  stem  cells  (MSCs),  originating  from  the

mesoderm,  are  multipotent  stem  cells  widely  distributed
throughout the body [206]. MSCs can promote endogenous tis-
sue  regeneration  and  protect  pancreatic  β  cell  function,
thereby improving NASH progression caused by insulin res-
istance [207]. Furthermore, MSCs inhibit inflammation, reduce
hepatocyte apoptosis,  and  suppress  hepatic  fibrosis  and  cir-
rhosis  by  secreting  cytokines  such  as  IL-10  and  hepatocyte
growth factor (HGF) [208, 209]. Human umbilical cord MSC-de-
rived  exosomes  (hUC-MSC  exosomes)  have  been  found  to
alleviate liver  inflammation,  lipid  deposition,  and  macro-
phage  infiltration  induced  by  high-fat,  high-cholesterol  (HF-
HC) or MCD diets [210-212]. Similarly, MSCs from human bone
marrow  improve  NASH  in  immune-deficient  mice  induced
by  HFD.  Additionally,  donor  MSCs  deliver  mitochondria  to
recipients,  enhancing lipid oxidation and restoring metabolic
homeostasis [213].  Given  their  self-replication, low  immuno-
genicity, and high activity, MSCs have gained significant at-
tention for NASH therapy.

Sex hormone replacement therapy has been explored as a
potential  treatment  for  NASH,  considering  the  significant
gender  differences  in  disease  severity  and  prevalence [214].
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Men are more prone to develop severe liver fibrosis in NASH
compared  to  premenopausal  women [215].  Research  has
demonstrated  a  correlation  between  low  testosterone  levels
and  the  severity  of  NASH  in  men [216].  Therefore,  restoring
hormone levels within the normal range, such as testosterone
replacement therapy  (TRT)  in  males  and  estradiol  supple-
mentation in females [217-219], may benefit liver function by re-
ducing  hepatic  fat  accumulation  and  improving  NASH-re-
lated metabolic  markers.  These  interventions  require  evalu-
ation  for  efficacy  and  safety  in  clinical  trials  (NCT01919-
294) [220-223].  The  anti-NASH  therapeutic  drugs  currently  in
clinical  and  preclinical  stages  have  been  summarized  in
Tables S1 and S2. 

Application of TCM in the treatment of NASH
TCM, renowned for its efficacy and safety, plays a vital

role  in  the  development  of  hepatoprotective  drugs.  A  meta-

analysis  comparing  randomized  clinical  trials  using  TCM
alone or in combination with placebos, ursodeoxycholic acid,
insulin  sensitizers,  lipid-lowering  agents,  or  antioxidants,
found that  TCM is  more effective than Western medicine in
reducing serum ALT levels  and alleviating radiographic  ste-
atosis in the treatment of NAFLD [224].

Ginsenosides, the  primary bioactive  components  of  gin-
seng,  significantly  reduce  hyperlipidemia.  A  four-week  oral
administration of  ginsenosides in rats  significantly improved
HFD-induced liver  weight  gain  and insulin  resistance  by in-
creasing GLP-1 levels in the portal vein and intestine [225, 226].
Recent advancements have combined ginsenosides with albu-
min to address poor bioavailability, effectively delaying HFD-
induced hepatic steatosis and fibrosis in mice [227].

IAVPGEVA (SGP8),  an  octapeptide  derived  from  soy-
bean 11S globulin hydrolysis, alleviates diet-induced liver in-
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jury  and  metabolic  disorders  in  NASH  mice  by  inhibiting
DPP4  activity [228].  Natural  compounds  like  those  found  in
Salvia improve  insulin  resistance  and  hepatic  steatosis  in-
duced by high-density lipoprotein cholesterol in mice [229, 230].
Cyclocarya  paliurus,  rich  in  triterpenoids,  reduces  diet-in-
duced insulin resistance and hepatic steatosis in mice [231-233].
Methyl palmitate, an endogenous PPAR transcription activat-
or, mitigates MCD-induced NASH progression in mice by re-
ducing hepatic steatosis, inflammation, and fibrosis [234].

Baicalin  and  scutellarin  reduce  diet-induced  NASH  by
enhancing  glucose  reabsorption  in  adipocytes via phos-
phorylation  of  AMPK  and  AKT [235-237].  Catalpol  enhances
skeletal muscle mitochondrial function by activating AMPK-
mediated  mitochondrial  biogenesis [238]. Black  quinoa  poly-
phenols (BQPs) alleviate insulin resistance in HepG2 cells by
modulating  the  IRS1/PI3K/Akt/GLUTs  signaling  pathway,
potentially providing new treatments for NASH [239].

Andrographolide  reduces  HFD-induced weight  gain  and
hepatic  fat  accumulation in  mice by downregulating SREBP
target genes,  thereby  improving  serum  lipid  levels  and  in-
sulin/glucose  sensitivity [240].  Berberine,  a  natural  alkaloid
from Coptis chinensis and other Chinese herbs, effectively re-
duces hepatic  lipid accumulation and treats  NASH in rodent
models and patients [241, 242].  Curcumin, a natural  polyphenol,
inhibits  lipolysis  and  prevents  hepatic  insulin  resistance  by
suppressing ER stress in adipose tissue [174, 243].

Osthole, an AMPK activator, combats NASH by regulat-
ing mitochondrial homeostasis and inhibiting NLRP3 inflam-
masome activation [244, 245]. β-Glycyrrhetinic acid,  a  bioactive
metabolite of  glycyrrhizin  (GL),  alleviates  liver  inflamma-
tion and injury by stabilizing lysosomal membranes,  inhibit-
ing cathepsin B, suppressing mitochondrial cytochrome C re-
lease, and reducing FFA-induced oxidative stress [246]. Physal-
in B improves MCD diet-induced NASH by stimulating auto-
phagy  and  activating  P62-KEAP1-NRF2 antioxidant  signal-
ing [247]. Schisandra lignans extract significantly reduces liver
phosphatidylethanolamines (PEs) and intracellular ROS, sug-
gesting its potential for treating NASH [248]. Antioxidants such
as melatonin  and  theabrownin  have  also  been  shown  to  re-
duce  inflammation,  oxidative  stress,  and  fibrosis  in  NASH
models [249, 250].

Silymarin exerts  anti-NASH effects  by reducing histone
deacetylase 2  (HDAC2)  activity,  enhancing  FXR  transcrip-
tion,  and  promoting  FGF-15/19  expression  in  the  ileum [251].
Large-scale  trials  are  currently  evaluating  silymarin’s poten-
tial to reduce liver fibrosis (NCT02006498). Magnesium gly-
cyrrhizinate (MGIG), a derivative of Glycyrrhiza glabra, has
anti-inflammatory  effects  by  inhibiting  TLR4  and  is  widely
used in treating inflammatory liver diseases [252].

Sappanone A, a natural PDE4 inhibitor from Caesalpin-
ia sappan heartwood, alleviates CCl4-induced liver fibrosis in
mice [253]. Physalin  D  (PD),  a  kaferol  lactone  from  So-
lanaceae  plants,  alleviates  HSC  activation  and  liver  fibrosis
by  blocking  TGF-β/Smad  signaling [254].  Hypericin  K  (HK)
interacts with DEAD-box protein 5 (DDX5) and prevents its

degradation, significantly  reducing  lipid  accumulation,  in-
flammation, and fibrosis in NASH mouse models [255]. Com-
pounds  such  as  3-tigloyl-khasenegasin  F  (a  mexicanolide-
type limonoid derivative) and tannic acid inhibit HSC activa-
tion  and  fibrosis  marker  expression,  potentially  improving
liver fibrosis [256, 257].

Terminalia  bellirica, a  traditional  Tibetan  medicine,  re-
stores  CDAHFD-induced  gut  microbiota  structural  disorders
by reducing Intestinimonas, Lachnoclostridium, and Lachno-
spirace while  increasing Akkermansia and Bifidobacterium,
thereby alleviating liver  lipid accumulation and cell  necrosis
in mice [258].

TCM  is  a  valuable  source  for  developing  new  anti-
NASH drugs, but the bioavailability of these compounds of-
ten poses a challenge,  potentially limiting their  efficacy.  For
instance, resveratrol’s concentration in the liver can be insuf-
ficient  due  to  low  bioavailability.  Enhancing  bioavailability
through structural modification is a key area of research. Ad-
ditionally,  the  multi-target  nature  of  TCM  adds  complexity,
necessitating clinical trials to further determine their efficacy
for NASH. TCMs currently under clinical  evaluation for  the
treatment of NASH are summarized in Table S3. 

Perspectives

The lack of effective diagnostic tools for NASH in clin-
ical  trials  presents  a  significant  challenge [259, 260].  Although
tissue biopsy is  considered the gold standard for NASH dia-
gnosis,  it  is  invasive,  time-consuming,  and  high-risk [261, 262].
Transient  elastography  (TE)  has  shown  high  sensitivity  in
evaluating liver cirrhosis, but its accuracy is compromised in
obese  patients [263-266].  Currently,  NASH  diagnosis  relies
primarily on imaging, clinical history, and biochemical indic-
ators, often leading to late-stage diagnosis and missed oppor-
tunities for early intervention [267, 268]. The complex pathogen-
esis of NASH contributes to scientific disputes and a lack of
clarity  regarding  patient  heterogeneity  and  disease  subtypes.
This  knowledge  gap  among clinicians  results  in  inconsistent
diagnoses, even when analyzing the same pathological speci-
men [269, 270].  Additionally,  translating  beneficial  effects  from
preclinical animal studies to human trials has proven difficult,
contributing  to  clinical  research  failures [271, 272].  Recruiting
subjects for clinical trials also poses challenges, as it is diffi-
cult to  match  participants  with  similar  backgrounds  regard-
ing  drug  treatment,  disease  stages,  and  physical  fitness  lev-
els [273, 274].

Recently,  a  CRISPR-based  screening  platform  using
APOB and  MTTP mutant  organoids  has  been  established  to
identify regulators and targets of lipid metabolism and assess
NAFLD risk genes. This platform pinpointed FADS2 (a rate-
limiting  enzyme  for  polyunsaturated  fatty  acid  biosynthesis)
as a  crucial  regulator  of  lipid  metabolism.  This  novel  ap-
proach demonstrates the feasibility of liver-like organs in elu-
cidating  the  early  pathogenesis  of  NASH  and  suggests  new
drug  targets  for  liver  steatosis,  providing  promising  avenues
for drug discovery and development [275].  Utilizing organoids
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and  metabolomics  to  explore  the  pathogenesis  of  NASH  is
expected to yield more efficient and insightful results.

NASH  arises  from  a  complex  interplay  of  lifestyle
factors  and  genetic  predisposition,  leading  to  dysregulated
glucose  and  lipid  metabolism,  hepatic  fat  accumulation,  and
insulin  resistance.  This  metabolic  imbalance  increases  fatty
acid oxidation and ROS production,  causing oxidative stress
and hepatocyte damage. Oxidative stress activates inflammat-
ory pathways, resulting in hepatic inflammation and fibrosis.
Additionally,  gut  microbiota  dysbiosis  heightens  intestinal
permeability, allowing  bacterial  products  to  enter  the  blood-
stream and activate the hepatic TLR4 signaling pathway, fur-
ther  intensifying  inflammation.  Cell  death via apoptosis  and
necrosis  releases  cellular  contents,  perpetuating  a  vicious
cycle  of  inflammation.  Single  therapeutic  agents  targeting
specific mechanisms often fail to reverse NASH pathogenes-
is, making  combination  therapy  a  crucial  strategy.  Innova-
tions such  as  drug  repurposing  (e.g.,  metformin)  and  emer-
ging therapies  (e.g.,  cell  therapy)  offer  potential  break-
throughs. Managing NASH concurrently with diabetes, cardi-
ovascular  diseases,  and  other  metabolic  syndromes  through
comprehensive  treatment  approaches  represents  a  promising
direction. 

Conclusion

Developing effective treatments for NASH has become a
significant  challenge  for  scientists  worldwide.  Despite  only
one drug being approved so far,  recent years have seen con-
siderable  progress  in  understanding  the  disease’s mechan-
isms, laying a solid foundation for future drug development.
We propose the following therapeutic strategies for NASH:

1. Multi-target intervention: combining drugs with differ-
ent mechanisms to simultaneously regulate bile acid metabol-
ism, glucose  and  lipid  metabolism,  oxidative  stress,  and  in-
flammation. For instance, the combination of the GLP-1 ana-
log semaglutide, the FXR agonist cilofexor, and the ACC in-
hibitor  firsocostat  has  proven  significantly  more  effective
than monotherapy [276].

2. Personalized treatment: developing individualized tre-
atment plans based on the patient’s genetic background, life-
style, and disease status. For example, patients with PNPLA3
gene mutations  may  require  specialized  approaches  to  regu-
late fat  metabolism,  while  those  with  gut  microbiota  imbal-
ances might benefit from probiotics or prebiotics.

3. Comprehensive management: inaddition to pharmaco-
therapy, lifestyle modifications such as dietary control and in-
creased physical  activity  are  essential  components  of  NASH
management.

As NASH is  a  chronic liver  disease requiring long-term
medication, ensuring drug safety is paramount. TCM, with its
long  history  of  clinical  use  and  multi-target  effects,  has
demonstrated considerable safety and efficacy. We anticipate
that TCM  will  make  significant  contributions  to  the  treat-
ment of NASH. 
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