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Emerging Molecular Targets for Treatment of

Nonalcoholic Fatty Liver Disease
Ze Chen,"? Yao Yu,"? Jingjing Cai,’23* and Hongliang Li 1.24*

In parallel with the obesity epidemic, nonalcoholic fatty liver disease (NAFLD) has emerged as
the most common chronic liver disease worldwide. Disequilibrium of lipid metabolism and the
subsequent metabolic-stress-induced inflammation are believed to be central in the pathogen-
esis of NAFLD. Of note, metabolic inflammation is primarily mediated by innate immune
signaling, which is increasingly recognized as a driving force in NAFLD progression. Currently,
a series of agents targeting one or more of these pathomechanisms have shown encouraging re-
sults in preclinical models and clinical trials. This review summarizes the emerging molecular tar-
gets involved in signaling in the lipid metabolism and innate immunity aspects of NAFLD,
focusing on their mechanistic roles and translational potentials.

NAFLD Epidemic and Urgent Need for Therapeutic Drugs

NAFLD is a clinicopathological entity that encompasses a wide range of liver disease spectra ranging
from steatosis and nonalcoholic steatohepatitis (NASH) to fibrosis and cirrhosis [1]. NAFLD is associ-
ated with higher risks of hepatocellular carcinoma (HCC) and severe extrahepatic diseases such as
cardiovascular disease (CVD) [2,3]. In parallel with the epidemics of obesity, type 2 diabetes mellitus
(T2DM), and metabolic syndrome, NAFLD has become the most common chronic liver disease world-
wide and places a tremendous burden on public health [4]. The global prevalence of NAFLD is esti-
mated to be approximately 25%, and it has grown tremendously in recent decades [1]. A recent meta-
analysis showed an unexpected rapid increase in the burden of NAFLD in China over the past 10
years, with a national prevalence of 29.2% [5]. In the US, NASH is estimated to be the leading etiology
for liver transplantation in the near future [4]. Thus, we are now facing remarkable challenges in
dealing with the soaring epidemic of NAFLD worldwide [6,7]. Although the burden of NAFLD is
increasing rapidly, unfortunately, there are no FDA-approved effective drugs thus far. Lifestyle mod-
ifications via diet and exercise are still the most highly recommended NAFLD treatment, which is hard
to sustain for the long term [1]. Therefore, the need to develop effective pharmacological interven-
tions is urgent and imperative.

Lipid Metabolism and Innate Immunity in NAFLD

Over the past few years, countless studies aimed at unraveling the pathogenesis of this disease have
been conducted and provided potential therapeutic options [8,9]. Mounting evidence has demon-
strated that the development of hepatic steatosis in NAFLD may result from an imbalance between
lipid production and breakdown due to an overwhelmed liver metabolic capacity. Excessive accumu-
lation of lipids induces distinct liver metabolic stress and subsequently causes lipotoxicity, which trig-
gers the activation of sterile inflammatory pathways and finally leads to chronic liver injury and fibrosis
[10-12]. Of note, metabolic inflammation is primarily regulated by innate immune signaling. The
innate immune system can sense metabolic stress, inducing inflammation and further worsening
metabolic disorders, acting as a driving force in NAFLD progression [13-15]. Thus, disturbances of
lipid metabolism and subsequent metabolic-stress-induced innate immune responses are believed
to be pivotal in NAFLD pathogenesis (Figure 1).

Major Mechanisms in the Regulation of Hepatic Lipid Accumulation

Lipid metabolic disorder is the most direct etiology of NAFLD. When free fatty acids (FFAs) are either
oversupplied or their disposal is damaged, they may be used as substrates for the production of lip-
otoxic species (e.g. ceramides, diacylglycerols, and lysophosphatidyl choline species) that trigger
inflammation and fibrogenesis [2,10]. Therefore, clarifying the origins and fates of energy substrates
in hepatocytes, especially FFAs, is essential for understanding the pathogenic underpinnings of
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Figure 1. Lipid Metabolism and Metabolic-Stress-Induced Innate Immune Signaling in Nonalcoholic Fatty Liver Disease (NAFLD).

There are three sources of free fatty acids (FFAs) for the accumulation of lipid in the liver: 60% from the peripheral lipolysis or none-esterified fatty acid (NEFA)
pool, 25% from de novo lipogenesis (DNL), and the remaining 15% from the diet. The two major metabolic fates of FFAs are mitochondrial B-oxidation and
esterification to form triglyceride (TG). TGs can be exported into the blood as very-low-density lipoprotein (VLDL) and an excess of TGs are stored in lipid
droplets. When FFAs are oversupplied or their disposal is damaged, excessive FFAs serve as substrates to generate lipotoxic species, which provoke
endoplasmic reticulum (ER) stress, produce reactive oxygen species (ROS), and lead to cell death and release of danger-associated molecular patterns
(DAMPs). Pattern recognition receptors (PRRs) such as TLRs and NLRs sense the continuously produced DAMPs and metabolites, thus triggering
downstream signaling pathways. Apoptosis signal-regulating kinase 1 (ASK1) and TGF-B-activated kinase 1 (TAK1) are pivotal intracellular signaling
transduction components, which are activated through post-transcriptional modification (PTM) and further activate several crucial kinases such as C-Jun
N-terminal kinase (JNK), AMP-activated kinase (AMPK), and IkB. The activation of transcription factors such as interferon regulatory factors (IRFs),
nuclear factor (NF)-kB, activator protein 1 (AP-1), and peroxisome proliferator-activated receptors (PPARs), is a common endpoint of these intracellular
signaling cascades, which leads to the production of inflammatory cytokines and chemokines. These effector molecules can induce insulin resistance
(IR), aggravate steatosis and inflammation, and promote fibrogenesis. Several endogenous targets that regulate altered innate immune elements in
nonalcoholic steatohepatitis have been identified recently, including CASP8 and FADD-like apoptosis regulator (CFLAR), tumor necrosis factor (TNF)
a-induced protein 3 (TNFAIP3), cylindromatosis (CYLD), transmembrane BAX inhibitor motif-containing 1 (TMBIM1), TNF receptor-associated factor 6
(TRAF6), TRAF1, TRAF3, dual-specificity phosphatase 14 (DUSP14), tripartite motif 8 (TRIM8), dickkopf-3 (DKK3), and TRAF5. Emerging therapeutic
agents for NAFLD and their molecular targets are also shown.

NAFLD. Three sources of FFAs are known to contribute to lipid accumulation in the liver: 60% from the
peripheral lipolysis or nonesterified fatty acid (NEFA) pool, 25% from de novo lipogenesis (DNL), and
the remaining 15% from the diet [8]. Herein, major mechanisms and key molecules in the regulation of
hepatic lipid accumulation during NAFLD are summarized.
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NEFAs

Over half of FFAs in the liver come from the NEFA pool. FFAs originating from the lipolysis of tri-
glyceride (TG) in adipose tissue are primarily delivered to the liver through blood. Notably, lipolysis
of TG is regulated by the actions of insulin on adipocytes [15]. Insulin resistance (IR), characterized
by low insulin sensitivity and low glucose disposal in peripheral tissues, is an integral component of
NAFLD pathogenesis. IR leads to uninhibited lipolysis in adipose tissue, resulting in an excessive
influx of NEFA to the liver, which is further converted into fatty acyl-CoA in hepatocytes [16-18].
High plasma levels of glucagon and epinephrine (released into the blood during starvation and ex-
ercise) promote the transfer of cytoplasmic fatty acyl-CoA into the mitochondria with the help of
carnitine palmitoyltransferase (CPT)-1. Once the fatty acyl-CoA is inside the mitochondrial matrix,
it is broken down through B-oxidation to form acetyl-CoA, which enters the citric acid cycle
and eventually forms several equivalents of ATP. By contrast, insulin (e.g. after meals) accelerates
the esterification of FAs to form TG, and an excess of TG is stored in the lipid droplets of hepato-
cytes [19].

DNL

The second major source of FFAs in hepatocytes is DNL, which is markedly enhanced in NAFLD pa-
tients [20]. Through DNL, hepatocytes convert excess glucose and fructose to FAs. Carbohydrate
absorbed from the diet is transported to its target tissues by blood, which is mediated by the effects
of insulin. Skeletal muscle IR hampers insulin-stimulated glucose transport into the myocytes, thus
redirecting ingested glucose to the liver [10,19]. The increased level of glucose in hepatocytes is
metabolized via glycolysis to generate pyruvic acid, which is then transformed to acetyl-CoA.
Acetyl-CoA can be utilized in the Krebs cycles to generate ATP and promote gluconeogenesis dur-
ing hypoglycemia, while in the case of hyperglycemia or IR, it is primarily processed via the DNL
process to synthesize FAs [15,21]. The first committed step of DNL is the synthesis of malonyl-
CoA from cytosolic acetyl-CoA under the catalytic actions of acetyl-CoA carboxylase (ACC). Ma-
lonyl-CoA is then used as a substrate to form saturated FA, a process that is catalyzed by FA syn-
thase (FAS). Stearoyl CoA desaturase (SCD)1 is an endoplasmic reticulum (ER) enzyme that is
responsible for the formation of monounsaturated FAs from saturated FAs. When excessive FAs
are synthesized, they will be converted to fatty acyl-CoA, which is further esterified into TGs and
stored in hepatocytes [19].

Diet

Approximately 15% of FFAs in the liver originate from the diet. Bile acids excreted by hepatocytes aid
digestion and absorption of TGs by hydrolyzing them to form nascent chylomicrons in the intestinal
lumen, which is the main site for lipid absorption. The FAs from the hydrolysis of TGs are then taken up
by adipose tissue and liver [22]. In addition to their functions as detergents, bile acids can regulate
lipid and glucose metabolism in both hepatic and extrahepatic tissues through modulation of specific
bile-acid-activated receptors, including farnesoid X receptor (FXR), pregnane X receptor (PXR), and
Takeda G protein-coupled receptor (TGR)5 [22,23].

Lipid Export

The disposal of FFAs is another key link in determining FFA homeostasis. Once homeostasis is
impaired, excessive FFAs can serve as substrates to generate lipotoxic species, which provoke
ER stress, produce reactive oxygen species (ROS), and lead to cell death and release of cytokines
and chemokines [4,10]. The two major metabolic fates of FFAs in hepatocytes are mitochondrial
B-oxidation and esterification to form TG, the latter of which is generally considered an adaptive
and protective response to lipid overload. The key enzymes regulating the synthesis of TG
include diglyceride acyltransferase (DGAT)1 and DGAT2. TGs can be exported into the blood as
very-low-density lipoprotein (VLDL), but this removal cannot compensate for the increased synthe-
sis of TG in NAFLD patients. An excess of TG is stored in the lipid droplets in hepatocytes, which
can also be hydrolyzed under the actions of hydrolases such as PNPLA3 to contribute to the FA
pool [8,15].
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Metabolic Stress-Induced Innate Imnmune Response and Inflammation in
NAFLD

Metabolic-stress-induced inflammation is mainly driven by the innate immune system. Innate immune
cells residing in the liver include Kupffer cells, dendritic cells, and lymphocytes. Additionally, hepato-
cytes and liver sinusoidal endothelial cells can function as immune cells when they are stressed
[13,24,25]. In metabolic disorders, pattern recognition receptors (PRRs), such as Toll-like receptors
(TLRs) and nucleotide-binding oligomerization domain-like receptors (NLRs), in these cells sense
the continuously produced danger-associated molecular patterns (DAMPs) and metabolites, thereby
triggering the downstream cascades of immune reaction signaling, which is implicated with several
pivotal intracellular adaptors and kinases, such as apoptosis signal-regulating kinase (ASK)1 and
TGF-B-activated kinase (TAK)1 [26-29]. The activation of transcription factors, such as interferon reg-
ulatory factors (IRFs) and nuclear factor (NF)-kB, is a common endpoint of these intracellular signaling
pathways and leads to the production of effector molecules (e.g. inflammatory cytokines and chemo-
kines) [30-32]. These effector molecules can aggravate chronic inflammation, activate hepatic stellate
cells (HSCs) to promote collagen deposition, and impair post-receptor insulin signaling to induce IR
[33-37]. Together, these results show that the innate immune system directly modulates the patho-
genesis of NAFLD at multiple levels, acting as a driving force in NAFLD progression.

Emerging Targets in Lipid Metabolism and Innate Immunity in NASH

Although this review focuses on molecular targets in pharmacological intervention, it is worth emphasizing
that lifestyle changes with diet and exercise remain the mainstay of NAFLD treatment. The American
Gastroenterological Association, American Association for the Study of Liver Diseases, and American Col-
lege of Gastroenterology guidelines advise a weight loss of at least 3-5% to improve steatosis, but a
greater weight loss (7-10%) is recommended to improve other histological features of NASH, including
fibrosis [1]. A combination of a hypocaloric diet and moderate-intensity exercise appears to be the best
strategy to sustain weight loss over time. Exercise alone may reduce hepatic steatosis in NAFLD patients,
but its ability to improve inflammation and fibrosis remains uncertain [1]. The most major problem with life-
style interventions is that they are hard to sustain for a long time. Indeed, one prospective trial with paired
liver biopsies in 261 NASH patients showed that only half of the participants succeeded to achieve at least
a 7% weight loss after 12 months [38]. Under such circumstances, the development of drugs for NASH is
flourishing and advancing rapidly. A list of agents targeting key regulators in each specific stage during the
development and progression of NASH has been designed and tested in clinical trials (Figure 2). Based on
the mechanistic view of the pathogenesis of NAFLD/NASH described above, the following section sum-
marizes emerging molecular targets in the regulation of lipid metabolism and innate immunity and the ad-
vances of their corresponding compounds in preclinical models and clinical trials (Figure 1 and Table 1).

Targets in Regulating NEFA-Generated Lipids

Glucagon-like Peptide (GLP)-1

GLP-1 is a peptide hormone generated through the proteolytic processing of proglucagon and
secreted by L cells in the intestine [39]. It decreases postprandial glucagon production and enhances
insulin secretion, thus improving IR and IR-facilitated TG lipolysis, reducing NEFA-originated FFA
overload in the liver. GLP-1 also has central actions, including decreasing appetite and delaying
gastric emptying [39,40]. Given the central role of IR in NAFLD pathogenesis and the strong link be-
tween diabetes and NAFLD, GLP-1 receptor agonists, a group of antidiabetic agents, have logically
become a feasible therapeutic option for NASH. Animal studies demonstrated that GLP-1 receptor
agonists reduced liver steatosis and inflammation and exerted antifibrotic effects by improving the
HSC phenotype [41,42]. Liraglutide, a GLP-1 receptor agonist requiring daily injection, has been
shown to be effective for the resolution of NASH in a pilot Phase Il clinical trial (LEAN trial) [43].
Notably, considerable weight loss (mean 5.3 kg) was achieved in patients treated with liraglutide.
Therefore, weight loss may be a primary mechanism involved in the beneficial effects of liraglutide.
However, some adverse events, such as gastrointestinal reactions, were observed. Thus, trials with
a large sample size are necessary in the future. Semaglutide, another GLP-1 receptor agonist that
is administered only once weekly, is currently being tested in a Phase Il clinical trial.
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Figure 2. Current Therapeutic Targets for Nonalcoholic Steatohepatitis (NASH).
Metabolic-disorder-induced steatosis is likely the first step in the pathogenesis of NASH. A partial list of agents
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targeting key regulators in hepatic metabolism are shown, including glucagon-like peptide-1 (GLP-1) receptor
agonist, acetyl-CoA carboxylase (ACC) inhibitor, stearoyl CoA desaturase 1 (SCD1) inhibitor, fatty acid-bile acid
conjugate, farnesoid X receptor (FXR) agonist, fibroblast growth factor 19 (FGF19) analog, peroxisome
proliferator-activated receptor (PPAR) agonist, and thyroid hormone receptor B (THR-B) agonist. Excessive
accumulation of lipids induces distinct cellular metabolic stress and subsequently causes lipotoxicity, which
triggers cell death. Representative agents targeting this process include vitamin E, betaine,
S-adenosylmethionine, and caspase inhibitor. Continuous metabolic stress and subsequent cell death activate
inflammatory signaling. Apotosis signal-regulating kinase 1 (ASK1) inhibitor, CC-chemokine receptor 2/CC-
chemokine receptor 5 (CCR2/CCR5) antagonist, Toll-like receptor 4 (TLR4) antagonist, and vascular adhesion
protein 1 (VAP1) inhibitor are agents acting to alleviate inflammation. Finally, chronic inflammation induces
fibrogenesis and drives the progression of fibrogenic remodeling, ultimately leading to cirrhosis over time.
Representative agents that work at this stage include Lysyl oxidase like 2 (LOXL2) inhibitor and galectin-3 inhibitor.

Targets in Regulating DNL-Generated Lipids
ACC

ACC is a key enzyme in the DNL process that catalyzes the starting step, the production of malonyl-
CoA from acetyl-CoA [44]. There are two isoforms of ACC: the cytoplasmic isoform ACC1 and the
mitochondrial isoform ACC2. Malonyl-CoA produced by ACC2 suppresses the mitochondrial FFA
transfer protein CPT-1, leading to the inhibition of B-oxidation of fatty acyl-CoA [45,46]. Thus, inhibi-
tion of ACC appears to be a viable strategy to treat NASH as it suppresses DNL and promotes mito-
chondrial FFA B-oxidation. Animal studies using ACC knockout mice or ACC inhibitors showed incon-
sistent results among studies, as some reported decreased liver TG and improved hepatic insulin
action, whereas others did not find these improvements [47-50]. A Phase Il clinical trial showed
that treatment with GS-0976 (which is a potent ACC inhibitor) at a higher dose for 12 weeks signifi-
cantly reduced hepatic steatosis and fibrosis marker TIM1 in patients with biopsy-proven NASH
and F1-F3 fibrosis [51]. A limitation of GS-0976 is the increase in serum TG levels, possibly due to
a compensatory increase in sterol regulatory element-binding protein 1 activity, which leads to TG
accumulation from peripheral FFAs [44]. Data from long-term clinical trials are urgently needed.

ATP-Citrate Lyase (ACLY)

ACLY is a lipogenic enzyme that catalyzes the cleavage of citrate to generate oxaloacetate and acetyl-
CoA. It serves as a metabolic checkpoint for sensing excess nutrients and is positioned at the nexus of
glucose catabolism and lipid synthesis [52,53]. Several studies have shown that the liver samples of
NAFLD patients have increased mRNA, protein, and protein acetylation levels of ACLY, which may
promote NAFLD progression [54,55]. Moreover, liver-specific ACL abrogation using adenovirus-
mediated RNAIi prevents liver steatosis and ameliorates hyperglycemia in leptin-receptor-deficient
mice [53]. A recent mendelian randomization study, which uses genetic variants to mimic the effect
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Table 1. Emerging Molecular Targets and Associated Agents with Clinical Data in NAFLD/NASH

Mechanisms Agents
Targeting lipid generated from NEFA

GLP-1 receptor agonist  Liraglutide

Semaglutide
Targeting lipid generated from DNL

ACC inhibitor GS-0976

PF-05221304

SCD1 inhibitor Armachol

Targeting lipid generated from diet

FXR agonist Obeticholic acid

GS-9674

LIN-452

Targeting multiple metabolic pathways

PPARY agonist Pioglitazone

PPARo/d agonist Elafibranor

PPARa/y agonist Saroglitazar

THR-B agonist MGL-3196
VK2809
Targeting Innate immune signaling

ASK1 inhibitor Selonsertib

TAK1 inhibitor NA

Status

Phase Il completed;

Phase lIl recruiting

Phase Il active

Phase Il completed

Phase Il completed

Phase Il completed

Phase Il completed,
Phase Ill recruiting

One Phase Il completed,

another active

Phase Il recruiting

Phase lll completed

Phase Il completed,

Phase Ill recruiting

Phase Il active
Phase Il active

Phase Il completed

Phase lll completed

Preclinical

Clinical data

NASH resolution; improvements in fibrosis;

weight loss; gastrointestinal reactions

Data pending

Reduced steatosis and fibrosis marker;

increased serum triglyceride
DNL inhibition without triglyceride increase

Improvements in hepatic steatosis;
no alterations in liver enzymes and

glucose metabolism

Improvements in NAS and fibrosis;
no alterations in NASH resolution;
pruritus and dyslipidemia

Reduced steatosis at higher dose

Interim results showed reduced ALT

and liver fat content

NASH resolution; improvements in steatosis,
NAS, and fibrosis; fluid retention, weight
gain, and bone loss

Reduced fibrosis; improved metabolic
parameters; failed to achieve NASH

resolution without fibrosis worsening
Data pending
Reduced liver fat content and ALT

Reduced liver fat content

Failed to achieve > 1-stage histologic
improvement in fibrosis without

worsening of NASH

NA

of ACLY inhibitors and statins, showed that genetic inhibitions of ACLY and 3-hydroxy-3-methylglu-
taryl-CoA reductase led to similar patterns of changes in plasma lipid levels, and were associated with
nearly identical effects on CVD risk per unit decrease in the LDL—cholesterol level [56]. These clues
indicate that ACLY serves as a novel therapeutic target for modulating lipid metabolism and FLD.
Excitingly, the crystal structure of ACLY has been reported recently, which provides the possibility
for the development of molecular targeted therapeutic drugs in the future [52].
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SCD1

SCD1is an ER enzyme that catalyzes the synthesis of monounsaturated FAs from saturated FAs, which
is the rate-limiting step in hepatocyte lipogenesis [57]. Liver-specific SCD1 knockout mice are pro-
tected from high-carbohydrate-diet-induced hepatic lipid accumulation [58]. In addition, synthetic
antisense oligonucleotides (ASOs) targeting SCD1 protect mice against NAFLD and increase energy
expenditure [59]. Aramchol, an FA—cholic acid conjugate, is able to inhibit SCD-1 and DNL, reduce
steatosis and inflammation, and improve fibrosis in preclinical animal models [60]. A Phase Il clinical
trial showed that aramchol treatment for 3 months significantly reduced hepatic lipid content by
12.6% in patients with simple steatosis. However, no improvements in liver enzymes, glucose meta-
bolism, and insulin sensitivity were observed [61]. Therefore, aramchol appears to be effective in alle-
viating liver steatosis, but its effects on inflammation and fibrosis need further investigation. An inter-
national multicenter Phase Ill trial evaluating the efficacy of aramchol in patients with biopsy-
confirmed noncirrhotic NASH is ongoing.

Targets in Regulating Dietary-Generated Lipids
FXR

FXR is a bile acid nuclear receptor that is highly expressed in the liver and small intestinal mucosa. It has
recently been recognized as a master regulator in glucose and lipid metabolism. After binding to bile
acids, FXR is activated and induces gene transcription, resulting in various effects, including inhibition
of lipogenesis and gluconeogenesis, restitution of insulin sensitivity, and suppression of bile acid synthesis
[62]. FXR also stimulates the local production of fibroblast growth factor (FGF)15 (mice) or FGF19 (humans)
in the intestine, which promotes mitochondrial FFA oxidation and hepatic glycogen synthesis after binding
to FGF receptor (FGFR)4 in hepatocytes [63]. Mice with FXR deletion exhibit increased susceptibility of he-
patic steatosis, necrotic inflammation, and fibrosis [64,65]. In NASH patients, the expression levels of FXR in
the liver is downregulated and inversely correlated with disease severity [66]. Therefore, FXR agonists are
reasonable pharmaceuticals to treat NASH. Obeticholic acid (OCA) is a semisynthetic FXR agonist with an
approximately 100-fold higher potency than that of chenodeoxycholic acid [22]. It has been shown to be
effective in improving glucose homeostasis and IR in obese and diabetic mice [67]. In the Phase Il FLINT
trial, patients treated with OCA showed significantly improved NAFLD activity score (NAS) and mean
fibrosis stage compared to patients treated with placebo. However, the resolution of NASH and advanced
fibrosis did not significantly differ between the groups. Moreover, some daunting side effects, such as pru-
ritus and dyslipidemia, have been shown to be associated with the use of OCA [23]. To investigate these
concerns, two Phase Il trials (REGENERATE and REVERSE) are underway. In addition to OCA, several non-
bile acid FXR agonists, such as LIN452 and GS9674, are currently being investigated in clinical trials.

Targets Regulating Multiple Metabolic Pathways
Peroxisome Proliferator-Activated Receptors (PPARs)

PPARs form a nuclear receptor superfamily that is deeply involved in the regulation of glucose and
lipid metabolism as well as inflammatory pathways [68]. There are three isotypes of PPARs: PPARa,
PPARSJ, and PPARYy. PPARY is mainly expressed in adipocytes and pancreatic f cells and is expressed
at lower levels in hepatocytes and skeletal myocytes. It accelerates adipocyte differentiation, im-
proves pancreatic B-cell function, and enhances insulin sensitivity and FFA oxidation in hepatocytes
and muscle cells [68,69]. Thiazolidinediones (e.g. pioglitazone), a type of PPARY agonist, have been
studied in several trials and have been shown to be effective in improving histological manifestations
of NASH, especially in patients with diabetes [70-73]. An important randomized placebo-controlled
trial which included 101 patients with prediabetes or T2DM and biopsy-proven NASH followed for 3
years showed that 58% of pioglitazone-treated patients achieved the primary outcome of a reduction
of at least 2 points in the NAS in two histological categories without worsening of fibrosis (treatment
difference, 41 percentage points) [70]. In addition, pioglitazone treatment was associated with a
higher proportion of NASH resolution and improvement in individual histologic scores such as the
fibrosis score, compared with the placebo. In contrast to studies assessing the effects of pioglitazone
in diabetic NASH patients, the Pioglitazone vs Vitamin E vs Placebo for the Treatment of Nondiabetic
Patients with NASH (PIVENS) trial, which randomized 247 nondiabetic NASH patients to receive
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vitamin E, pioglitazone, or placebo for 96 weeks, showed that pioglitazone treatment failed to
achieve the primary outcome (as assessed by a composite of standardized scores for histological fea-
tures) but significantly improved steatosis, lobular inflammation, and NAS [74]. However, the benefits
of pioglitazone should be weighed against its side effects, such as fluid retention, weight gain, and
osteoporotic fracture.

PPARa. is most prominently expressed in the liver. It promotes hepatic FFA oxidation and protects hepa-
tocytes from oxidative stress [75,76]. PPARS is expressed more widely than PPARa.. It inhibits lipogenesis,
enhances FFA oxidation, and exerts anti-inflammatory effects [68]. Elafibranor (GFT505) is a typical PPARa/
d dual agonist, which revealed evident hepatoprotective effects in murine models of NASH [77]. The Phase
lIb Elafibranor - (GFT505) NASH Treatment - GOLDEN 505 Study demonstrated that treatment with elafi-
branor for 52 weeks failed to achieve the a priori endpoint as defined by NASH resolution without a wors-
ening of fibrosis. However, post hoc analysis showed an improvement in both disease activity and fibrosis
in patients with NASH and an NAS>4 who received elafibranor [78]. Currently, elafibranor is being tested in
a pivotal Phase Il trial (RESOLVE-IT).

Thyroid Hormone Receptor (THR)-f

THR-B is a type of thyroxine receptor predominantly expressed in the liver and particularly enhances
hepatic cholesterol metabolism and fat burning. A THR-B-specific agonist is supposed to reduce liver
steatosis while avoiding the adverse effects caused by THR-a stimulation of other organs, such as the
cardiovascular system and bone [79]. MGL-3196 is an outstanding THR-B agonist that could reduce
liver cholesterol and TG in diet-induced NAFLD mice [80]. A Phase lla proof-of-concept trial with
125 NASH patients showed that MGL-3196 treatment for 12 weeks decreased the amount of liver
fat by approximately 40%, with a low incidence of adverse reactions [81]. Therefore, the results of
the Phase lll trial of MGL-3196 are highly expected. VK2809 is another selective THR-B agonist, which
remarkably increased hepatic FFA oxidation and reduced liver fat accumulation in preclinical rodent
models [82]. Data from a Phase Il clinical trial that evaluated the efficacy and safety of VK2809 in pa-
tients with NAFLD and hyperlipidemia are waiting to be published.

Targets Regulating Innate Immune Responses
ASK1

ASK1 is a member of the mitogen-activate protein kinase kinase kinase (MAP3K) family that activates
downstream C-Jun N-terminal kinase (JNK)-p38 and NF-kB pathways. Under metabolic stress, ASK1
can recruit multiple regulatory factors due to its scaffold structure and then be activated through
post-transcriptional modification (PTM). Activated ASK1 induces downstream signaling transduction
and further induces inflammation, apoptosis, and fibrosis, which functions as a molecular hub regu-
lating cellular signaling flow in NASH [83-88]. ASK1 deficiency significantly alleviated hepatic lipid
accumulation in mice fed a high-fat diet [89]. In addition, ASK1 is hyperactivated in the liver of patients
with NASH [9,11]. Thus, ASK1 is one of the prime targets for the development of drugs for NASH. A
Phase Il clinical trial showed that selonsertib (GS-4997), a selective inhibitor of ASK1, had a better anti-
fibrotic effect than the control agent in NASH patients with fibrosis stage 2 or 3 [90]. The STELLAR-3
trial and the STELLAR-4 trial are two pivotal Phase lll trials that recruited participants with NASH-
induced bridging fibrosis (F3) and NASH-induced compensated cirrhosis, respectively. Unfortu-
nately, selonsertib failed to achieve the primary endpoint (i.e. > 1-stage histological improvement
in fibrosis without worsening of NASH) at 48 weeks in both trials, as announced recently (https://
www.gilead.com). In contrast to selonsertib, CASP8 and FADD-like apoptosis regulator (CFLAR)
and TNF-a-induced protein (TNFAIP)3 inhibit ASK1 activation by damping its PTM process, which
serve as key endogenous suppressors of ASK1 [91,92]. CFLAR and TNFAIP3 have been shown to
ameliorate NASH in preclinical models and are promising therapeutic targets in future research.

TAK1

TAK1 is also a member of the MAP3K family, which serves as a pivotal regulator in innate immune
signaling transduction. Metabolic stress can hyperactivate TAK1 by inducing its PTM, namely, ubig-
uitination and subsequent autophosphorylation, causing the activation of downstream JNK-p38 and
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Outstanding Questions.

What are the central metabolic
events that lead to the transition
from simple steatosis to NASH?
How can the most crucial molecules
in the progression of NAFLD be
determined?

Is targeting a single target suffi-
cient to treat NASH? If not, what is
the principle for choosing com-
bined targets?

What are the tissue- and cell-spe-
cific functions of these molecular
targets in the pathogenesis of
NASH? How to antagonize their
pathogenic effects while maintain-
ing normal biological functions? Is
it possible to design target-specific
effectors contraposing cells with
disordered metabolism or injured
hepatic cells?

How to identify patients with a
higher risk of advanced complica-
tions? How to optimize drug regi-
mens based on risk stratification?

Is NAFLD a critical independent risk
factor that can cause systemic
metabolic diseases? In turn, what
is the effect of systemic metabolic
status on the metabolic and immu-
nologic profiles of hepatic cells?
Can medications used for diabetes
influence  the progression  of
NAFLD via inflammatory pathways
other than metabolic homeostasis?


https://www.gilead.com
https://www.gilead.com
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NF-kB signaling pathways, which further promote metabolic disorders and steatohepatitis [93-97].
Moreover, TAKT weakens insulin signaling transduction through IRS1 phosphorylation and enhances
PPAR expression via AMP-activated protein kinase (AMPK), thereby playing a crucial role in hepatic
metabolic homeostasis [15,98]. Although excessive activation of TAK1 is harmful, maintaining its
normal catalytic function in the regulation of lipid metabolism, oxidation, and cell autophagy is
important. In fact, total deletion of TAK1 also promotes hepatosteatosis and inflammation in mice
[99,100]. Thus, inhibiting TAK1 overactivation via deubiquitination or dephosphorylation without im-
pairing its physiological activity could be an applicable strategy for treating NASH. Cylindromatosis
(CYLD), which inhibits TAK1 activation through its deubiquitinase function, was found to be effective
in suppressing NASH progression and is now a promising therapeutic target [95]. However, successful
clinical translation of TAK1 inhibitors requires careful clinical trials in the future.

Concluding Remarks and Future Perspectives

NAFLD has become the most common chronic liver disease worldwide, and its presence and severity are
strongly associated with increasing risks of end-stage liver disease, HCC, and serious extrahepatic diseases
like CVD. Hence, effective treatments for NAFLD are eagerly awaited. A series of therapeutic targets have
been identified, and some of their corresponding compounds have shown promise in early phase trials.
Successful clinical translation requires an in-depth knowledge of the molecular mechanisms of the disease
(see Outstanding Questions). Disequilibrium of lipid metabolism and metabolic-stress-induced inflamma-
tion are believed to be central in NAFLD pathogenesis. Of note, metabolic inflammation is primarily medi-
ated by innate immune signaling, which is increasingly recognized as an integral role in the progression of
NAFLD. However, as NAFLD is a complex disease involving a myriad of genetic, metabolic, and environ-
mental factors, we still lack a comprehensive understanding of the mechanistic differences in various
stages of NAFLD and the forces driving the progression from one stage to the next. To overcome the
intractable challenge of the considerable heterogeneity in NASH pathogenesis, recent advances in sys-
tems-based multiomic analyses, combined with big data technology, will be useful for elucidating mech-
anisms, screening potential therapeutic targets, and providing individualized therapies in the future.
Furthermore, methodologies in artificial intelligence, such as machine learning, are increasingly being
applied to the interpretation of omics data as they enable integrative analyses among high-dimensional
data sets. In addition, the development of more clinically relevant animal models, especially nonhuman
primate models, will facilitate translation from the laboratory to the clinic. Since NAFLD is a multifactorial
disorder, combination therapies engaging different targets may be necessary. Future clinical trials with
adequate duration and power are needed to evaluate the long-term efficacy and safety of each potential
therapeutic option.
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