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Atherosclerotic cardiovascular disease (ASCVD) remains the leading cause of death worldwide. Increasing evi
dence suggests that, in addition to traditional metabolic risk factors such as obesity, hypercholesterolemia,
hypertension, diabetes mellitus, and insulin resistance (IR), nonalcoholic fatty liver disease (NAFLD) is an
emerging driver of ASCVD via multiple mechanisms, mainly by disrupting lipid metabolism. The lack of phar
maceutical treatment has spurred substantial investment in the research and development of NAFLD drugs.
However, many reagents with promising therapeutic potential for NAFLD also have considerable impacts on the
circulating lipid profile. In this review, we first summarize the mechanisms linking lipid dysregulation in NAFLD
to the progression of ASCVD. Importantly, we highlight the potential risks of/benefits to ASCVD conferred by
NAFLD pharmaceutical treatments and discuss potential strategies and next-generation drugs for treating NAFLD
without the unwanted side effects.

1. Introduction
Atherosclerotic cardiovascular disease (ASCVD) remains the leading
cause of death worldwide [1]. The overall prevalence of ASCVD and the
number of deaths due to ischemic heart disease (IHD) has risen steadily
in recent decades, reaching 197 million and 9.14 million in 2019,
respectively [2,3]. Due to rapid economic growth and transitions in
lifestyle, metabolic risk factors, such as obesity, hypercholesteremia,
hypertension, diabetes mellitus, and insulin resistance (IR), have
become the leading drivers of ASCVD [4]. Although we observed sig
nificant reductions in the prevalence and mortality rate of ASCVD in
many developed countries after a comprehensive intervention in major
metabolic risk factors, the number of cases and the incidence of ASCVD
continue to show increasing trends throughout the rest of the world.
These trends indicate that a number of remaining metabolic risk factors
need to be managed more appropriately.
As the most common chronic liver disease, nonalcoholic fatty liver
disease (NAFLD) has a global prevalence of 25.24%, and its incidence is

still rising [5,6]. Over one-third of patients with simple steatosis prog
ress to a more severe form, nonalcoholic steatohepatitis (NASH), which
largely increases the risk of developing liver fibrosis and cancer [7].
More importantly, the liver regulates systemic glucose and lipid meta
bolism, and its pathology enhances lipid dysregulation and IR [8]. Both
the European Association for the Study of the Liver (EASL) and Amer
ican Association for the Study of Liver Diseases (AASLD) guidelines
recommend that patients with NAFLD should be screened for cardio
vascular disease (CVD) and that risk factors for CVD need to be
aggressively controlled in these patients [9,10]. Existing evidence from
cross-sectional and longitudinal studies showed a close correlation be
tween NAFLD and various forms of CVD [11–16], and experimental
studies also provide support from a mechanistic perspective that NAFLD
promotes the initiation and progression of ASCVD; however, a causal
relationship has not been well established in a large population study
[17–19]. Since there is still a lack of pharmacological treatments specific
to NAFLD, whether treatments for NAFLD attenuate ASCVD remains
unknown [20,21].
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Active investigations into the development of pharmacotherapeutics
for NAFLD have been conducted in recent years [20,21]. However,
several promising drug candidates, such as acetyl-coenzyme A carbox
ylase (ACC) inhibitors and farnesoid X receptor (FXR) agonists, failed in
the final clinical trials due to potential side effects on the cardiovascular
system [22,23]. In this review, we first summarize the changes in lipid
profiles and the mechanisms linking NAFLD to the progression of
ASCVD. Importantly, we highlight the potential risks of/benefits to
ASCVD conferred by NAFLD pharmaceutical treatments and discuss
potential strategies and next-generation drugs for treating NASH
without the unwanted side effects.

2.1. Increased adipose tissue lipolysis and dietary-derived fatty acids
exacerbate hepatic lipid uptake
Free fatty acids (FFAs) generated from lipolysis of peripheral adipose
tissue are the main source of lipids in the liver. NAFLD patients with IR
show increased lipolysis in peripheral adipose tissue, which may ac
count for 60–70% of the accumulated fat in the liver [27]. Excessive
lipolysis of peripheral adipose tissue is usually accompanied by adipose
tissue inflammation and abnormal production of the hormones released
by adipocytes, which further promotes IR and ectopic fat deposition [28,
29]. Of note, insulin plays an essential role in maintaining FFAs at an
appropriate level by inhibiting lipolysis in peripheral adipose tissue.
Lipolysis occurs when insulin sensitivity decreases, and a large amount
of FFAs overflow into the circulation and shunt the liver [30,31] (Fig. 2).
Dietary lipids are hydrolyzed by lipoprotein lipase (LPL) to form
chylomicrons, which are primarily absorbed in the intestinal lumen. The
FFAs produced by TG hydrolysis are absorbed from the intestine into the
circulation and can be taken up by adipose tissue and liver [32]. In a
healthy state, dietary fatty acids are mainly taken up by peripheral ad
ipose tissue. However, in the IR state, LPL activity is suppressed, and the
circulating TG level increases, which decreases the storage efficiency of
dietary fatty acids in adipose tissue and increases the fat content in the
liver [33] (Fig. 2).

2. NAFLD and lipid dysregulation
The liver is a central organ of lipid metabolism. NAFLD and other
metabolic syndromes alter insulin sensitivity in the periphery and
viscera and affect the activity of enzymes that regulate lipid metabolism,
thus dysregulating lipid homeostasis and distribution [24]. The dysre
gulation of lipid homeostasis in NAFLD manifests as increased hepatic
lipid uptake and de novo lipogenesis (DNL), suppressed fatty acid
oxidation (FAO), excessive very low-density lipoprotein (VLDL) pro
duction and secretion, and impaired high-density lipoprotein
(HDL)-mediated cholesterol efflux [21,25,26] (Fig. 1).

Fig. 1. Overview of hepatic lipid metabolism in nonalcoholic fatty liver disease.
Intrahepatic lipid levels are controlled by a balance between lipid acquisition and disposal, constituting four major pathways of hepatic lipid homeostasis. 1) hepatic
lipid uptake, 2) de novo lipogenesis, 3) fatty acid oxidation, and 4) very low-density lipoprotein secretion. The liver acquires lipids through uptake of circulating fatty
acids (from the adipose tissue lipolysis and the intestinal absorption of diet) and DNL. The two major fates of intrahepatic lipids are mitochondrial β-oxidation and
esterification to form triglyceride. Triglycerides can be exported into the blood as very low-density lipoprotein. Consequently, lipid accumulation is the result of lipid
acquisition pathways exceeding disposal pathways. ASCVD, atherosclerotic cardiovascular disease; NAFLD, nonalcoholic fatty liver disease; DNL, de novo lipogenesis;
FAO, fatty acid oxidation; VLDL, very low-density lipoprotein; ATP, adenosine triphosphate; ER, endoplasmic reticulum.
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Fig. 2. Hepatic lipid uptake and de novo lipogenesis activation in nonalcoholic fatty liver disease.
Dietary fatty acids are mainly absorbed in the intestine and then transported to the liver. In nonalcoholic fatty liver disease, the lipolysis of adipose tissue is greatly
enhanced. Moreover, hepatic De novo lipogenesis is mainly mediated by acetyl-Coenzyme A carboxylase, fatty acid synthase, stearoyl-CoA desaturase 1, and lipogenic
transcription factors, sterol regulatory element-binding protein-1c and carbohydrate response element-binding protein. Under conditions of chronic energy excess
and hyperinsulinemia prevalent in nonalcoholic fatty liver disease, both lipogenic transcription factors and de novo lipogenesis are constantly active, which leads to
elevated triglyceride synthesis. Regardless of their source, fatty acids are esterified into triglycerides and stored in intracellular lipid droplets. NAFLD, nonalcoholic
fatty liver disease; DNL, de novo lipogenesis; ACC, acetyl-Coenzyme A carboxylase; FASN, fatty acid synthase; SCD1, stearoyl-CoA desaturase 1; TG, triglyceride;
SREBP, sterol regulatory element-binding protein; ChREBP, carbohydrate response element-binding protein.

2.2. The activation of de novo lipogenesis

and is required for normal lipogenesis [44]. ChREBP activity in adipose
tissue has been proposed to be regulated by mTORC2, whereas mTORC2
regulates SREBP1 in the liver, suggesting that adipogenesis is regulated
by mTORC2 in a tissue-specific manner [45]. So far, only a few upstream
regulators of mTORC2 have been found, and their regulatory mecha
nisms in hepatic steatosis have not been fully elucidated [46,47].
Notably, Bhat N et al. identified that phosphorylation and activation of
mTORC2 are regulated by Dyrk1b, which directly activates mTORC2 to
promote hepatic lipogenesis in mice [48]. This not only sheds light on
the pathogenesis of NASH but also provides new insights for the treat
ment of NASH.

The second-largest source of FFAs in the liver is DNL. In a healthy
state, insulin directs excess carbohydrates to skeletal and muscle adipose
tissue and promotes the storage of liver glucose as glycogen and DNL.
However, IR hinders glucose oxidation and directs carbohydrates into
the DNL pathway, leading to increased hepatic TG storage, glycogenesis,
and DNL [34,35]. Liver DNL is mainly mediated by ACC, fatty acid
synthase (FASN), and sterol regulatory element-binding protein-1c [34].
Excessive glucose in the liver is metabolized by glycolysis to produce
pyruvic acid, which is subsequently converted to acetyl-CoA. ACC cat
alyzes the first critical stage of fatty acid synthesis, that is, the conver
sion of acetyl-CoA to malonyl-CoA, which can reduce fatty acid
oxidation and further aggravate liver steatosis [36]. Subsequently,
malonyl-CoA is catalyzed by FASN and stearoyl-CoA desaturase 1 to
form TGs, which are stored in hepatocytes [35]. At the same time,
reduced malonyl-CoA levels repress the formation of polyunsaturated
fatty acids (PUFAs), which subsequently enhance lipogenic gene
expression and VLDL secretion [36–38] (Fig. 2).
Sterol regulatory element-binding protein (SREBP)-1c and carbohy
drate regulatory element-binding protein (ChREBP) are two key tran
scriptional regulators of DNL [39]. SREBP-1c is activated by insulin and
promotes the expression of adipogenesis genes such as FASN, ACC, and
stearoyl-CoA desaturase 1 (SCD1) [40]. In this process, the mammalian
target of rapamycin complex 1 (mTORC1) is required to stimulate adi
pogenesis [41,42]. mTORC1 enhances lipogenesis via the positive
regulation of SREBPs [43]. ChREBP, in contrast to SREBP-1c, is acti
vated by the postprandial rise in glucose delivery to hepatocytes [39]

2.3. Reduced fatty acid oxidation
Nonalcoholic fatty liver disease and IR increase fatty acid storage
rather than fatty acid oxidation. The β-oxidation, carried out in mito
chondria and peroxisomes, is the main route of most fatty acid oxidation
[49]. In the case of excessive accumulation of lipids, α-oxidation and
ω-oxidation in the endoplasmic reticulum can also be initiated [26].
These oxidation processes produce a large amount of reactive oxygen
species, which induce liver cell death and inflammation [50]. FAO is
controlled by peroxisome proliferator-activated receptor (PPAR)-α,
which is highly expressed in the liver. The activation of PPARα promotes
FAO in mitochondria, peroxisomes, and cytochromes [51]. Knockout of
PPARα in mice results in decreased expression of genes regulating
mitochondrial β-oxidation and increases fat content in the liver [52]. In
patients with liver steatosis, the expression of PPARα is downregulated
and negatively correlated with the severity of NASH [53]. Increased
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PPARα activity was positively associated with NASH amelioration in a
longitudinal study [53] (Fig. 3).
In addition to fatty acid oxidation, lipophagy is a novel form of
autophagy that participates in the degradation of lipid droplets.
Through the fusion of lipid droplets and lysosomes, TGs stored in lipid
droplets are hydrolyzed and degraded [54]. Mechanism-mediated lipid
degradation is also suppressed under metabolic stress and NAFLD.

(HTL) to induce the loss of its TG content to form low-density lipoprotein
(LDL). Patients with metabolic disorders have increased systematic
oxidative stress, TG, and glucose levels. Circulating LDL can be further
modified to generate oxidized LDL (ox-LDL), small dense LDL (sd-LDL),
and glycated LDL, leading to atherosclerotic lesion formation.
ApoB100 and MTP play important roles in the regulation of liver
VLDL secretion. Patients with genetic defects of apolipoprotein B or MTP
gene often suffer from hepatic steatosis secondary to impaired TG output
[57,58]. Liver-specific knockout of MTP in mice results in moderate
hepatic steatosis [59], and liver-specific overexpression of MTP can
enhance VLDL secretion [60]. In addition, insulin can reduce liver VLDL
production by inducing apoB100 degradation and inhibiting MTP syn
thesis, thereby reducing liver lipid output [40]. However, in the state of
IR, insulin promotes DNL without inhibiting VLDL secretion [61]. VLDL
secretion is increased in NAFLD patients, and liver TG content is directly
related to the secretion rate of VLDL-TG [56,62]. Although the output of
VLDL-TG in NAFLD patients increases with the increase of liver lipid
content, the increased VLDL secretion cannot compensate for the over
production of TG in the liver [56], thus, the liver TG concentration in
creases. Notably, mTORC1 is essential for this sustained VLDL-TG
secretion and lipid homeostasis. mTORC1 hyperactivation in NAFLD
enhances the expression of lipoprotein assembly (MTP and apoB) genes,

2.4. Increased very-low-density lipoprotein secretion
The secretion of TG-rich VLDL particles from the liver is the only way
to reduce liver lipid content [55]. TGs are packaged together with
apolipoproteins, cholesterol and phospholipids into water-soluble VLDL
particles, which are subsequently secreted into the systemic circulation
[56]. The assembly and secretion of VLDL particles involve a series of
proteins and lipid factors. After the formation of nascent VLDL particles,
apolipoprotein B100 (apoB100) is lipidated with TGs under the catalysis
of microsomal triglyceride transfer protein (MTP). Then, the VLDL
particles are transported from the endoplasmic reticulum to the Golgi
apparatus and enter the circulating plasma [40] (Fig. 3). VLDL interacts
with LPL and is converted to intermediate-density lipoprotein (IDL).
Approximately half of IDL interacts with hepatic triglyceride lipase

Fig. 3. Hepatic fatty acid oxidation and very low-density lipoprotein secretion in nonalcoholic fatty liver disease.
Fatty acids derived from lipolysis and from chylomicron remnants are taken up in the liver. A small fraction of intracellular fatty acid supply in the liver also comes
from de novo lipogenesis in the cytosol. Fatty acyl-CoA might either mainly enter the mitochondrion for β-oxidation, or enter the cytosolic esterification pathway for
triglyceride synthesis. The oxidation of fatty acids is controlled by peroxisome proliferator-activated receptor α, which is expressed at high levels in the liver.
Furthermore, triglyceride can be packaged into very low-density lipoprotein particles together with apolipoprotein, cholesterol, and phospholipids. After the nascent
very low-density lipoprotein particles are formed in the endoplasmic reticulum, the apolipoprotein B100 is lipidated with triglyceride under the catalysis of the
microsomal triglyceride transfer protein. Then the very low-density lipoprotein particles are transported from the endoplasmic reticulum to the Golgi apparatus.
During these processes, very low-density lipoprotein particles are further lipidated under the catalysis of MTP and finally enter the circulating plasma. NAFLD,
nonalcoholic fatty liver disease; FAO, fatty acid oxidation; DNL, de novo lipogenesis; VLDL, very low-density lipoprotein; TG, triglyceride; PPARα, peroxisome
proliferator-activated receptor α; ER, endoplasmic reticulum; MTP, microsomal triglyceride transfer protein.
33

Z. Wang et al.

Atherosclerosis 355 (2022) 30–44

thereby promoting the secretion of TG-rich VLDL particles [63,64].

enhancing hepatic lipid oxidation or lipid degradation in plasma [22], or
fine-tuning ACC activity using moderate ACC inhibitors [37]. A phase 2a
clinical study administered combined treatment with ACC inhibitors and
diacylglycerol acyltransferase 2 (DGAT2) inhibitors to NAFLD patients
[76]. DGAT2 inhibitors lead to the downregulation of SREBP-1, thereby
inhibiting the expression of lipogenic genes and the induction of
oxidative pathways [79]. Coadministration of a DGAT2 inhibitor
effectively mitigated ACC inhibitor-induced hypertriglyceridemia and
normalized lipogenesis-related gene expressions [76]. ACC
inhibitor-mediated hypertriglyceridemia may also be associated with
PUFA deficiency and reduced PPARα expression levels. PPARα agonists,
along with PUFA supplementation, have also been shown to normalize
ACC inhibitor-induced hypertriglyceridemia [22]. Moreover, ACC
inhibition-mediated hypertriglyceridemia may also be due to the high
potency of ACC inhibitor [75] or the inhibitory effect on both ACC1 and
ACC2. It has been demonstrated that the use of low-dose ACC inhibitors
may ameliorate ACC inhibitor-induced hypertriglyceridemia [75],
however, it is challenging to balance efficacy and side effects to establish
an effective therapeutic window. IMA-1, a small molecule, ameliorates
hepatic steatosis by blocking the arachidonate 12-lipoxygenase
(ALOX12) mediated ACC1 lysosomal degradation pathways and does
not elicit hyperlipidemia in either mice or macaques [37,38]. Since
IMA-1 specifically blocks the interaction between ALOX12 and ACC1,
even high doses of IMA-1 only partially reduce the expression of ACC1
without causing a significant decrease in PUFA content, which is
considered one of the leading causes of ACC inhibitor-induced hyper
triglyceridemia. The efficacy and safety data of this new monotherapy
strategy urgently require further clinical trials to evaluate.

2.5. Impaired HDL-mediated cholesterol efflux
Low levels of high-density lipoprotein (HDL)-cholesterol are one of
the risk factors for ASCVD [65]. HDL exerts anti-atherosclerotic prop
erties by inhibiting inflammatory, oxidative and apoptotic pathways
[66], mainly because it promotes cholesterol efflux in macrophages
[67]. Cholesterol efflux is the first step in reverse cholesterol transport,
whereby cholesterol is cleared from macrophages by high-density lipo
protein, transported to the liver for metabolism, and finally secreted into
bile [67]. Multiple studies have demonstrated an inverse relationship
between HDL-mediated cholesterol efflux capacity (CEC) and CVD risk
independent of HDL-cholesterol, whereas after adjusting for CEC, the
inverse relationship between HDL-cholesterol and CVD risk dis
appeared. These results suggest improving CEC is a better target for
reducing CVD risk [66,68,69]. Furthermore, clinical studies have shown
that HDL-mediated CEC is inhibited in NAFLD patients, which may in
crease the risk of atherosclerosis in NAFLD patients [70,71].
3. Pharmacotherapy for NAFLD and risk of ASCVD
Numerous lines of evidence have suggested a strong correlation be
tween NAFLD and ASCVD [11,13]. The accumulated lipid burden in
NAFLD patients significantly increases the risk of atherosclerosis [72].
Recently, novel reagents have shown encouraging treatment effects in
attenuating NAFLD in clinical trials. However, many of these effects are
accompanied by changes in circulating lipid profiles, which may cause
potential risks of/benefits to ASCVD (Table 1 and Fig. 4).

3.1.2. Farnesoid X receptor agonists
Farnesoid X receptor is a nuclear receptor mainly expressed in the
liver and intestine [80]. Activation of FXR reduces intestinal lipid ab
sorption and inhibits lipogenesis in the liver, ultimately reducing he
patic steatosis [80]. Furthermore, FXR activation exerts multiple
beneficial metabolic effects, including promoting FAO in the liver,
regulating gluconeogenesis, and restoring insulin sensitivity [21,81].
Lower FXR expression levels were observed in the livers of fatty liver
patients, and FXR expression levels were inversely correlated with fatty
liver severity [82]. Similarly, FXR deficiency in mice leads to hepatic
steatosis and inflammation [83]. Therefore, FXR agonists may be a po
tential strategy for the treatment of NAFLD.
Obeticholic acid, a common FXR agonist, was shown in the FLINT
phase 2 trial to significantly improve NAFLD activity scores (NASs) and
mean fibrosis stage in NASH patients [23]. In the subsequent REGEN
ERATE phase 3 clinical trial, interim analysis results showed that an
18-month treatment with obeticholic acid significantly improved
fibrosis, although the expected endpoint of NASH regression was not
achieved [84]. However, increased circulating LDL and decreased HDL
levels are frequently observed during obeticholic acid treatment [23,
84]. Activation of FXR inhibits the conversion of cholesterol to bile
acids, resulting in decreased bile acid synthesis, which may be respon
sible for the elevated circulating LDL levels caused by obeticholic acid
[23]. Furthermore, FXR activation can also regulate reverse cholesterol
transport [23]. Given these complexities, investigators need to be vigi
lant about the effects of obeticholic acid on cholesterol metabolism, as
elevated LDL levels increase ASCVD risk, which may counteract the
therapeutic effect of NAFLD [85]. Given that obeticholic acid promotes
the development of a proatherosclerotic lipid profile in NASH patients
[23,84], combining obeticholic acid with atorvastatin was evaluated in
the CONTROL phase 2 study. The results showed that the combination
treatment with atorvastatin reduced LDL-cholesterol levels below
baseline, although the plasma lipid profile deteriorated after 4 weeks of
obeticholic acid administration [86].
In addition to obeticholic acid, several FXR agonists have been
investigated in clinical trials. Tropifexor, a nonsteroidal FXR agonist,
demonstrated anti-inflammatory and antisteatogenic effects in the

3.1. Reagents that disrupt the circulating lipid profile, which may increase
the risk of ASCVD
3.1.1. Acetyl-CoA carboxylase inhibitors
Acetyl-CoA carboxylase has a crucial role in fatty acid metabolism
and has two major isoforms, namely, ACC1 and ACC2 [22]. ACC1 cat
alyzes the first critical stage of fatty acid biosynthesis, the conversion of
acetyl-CoA to malonyl-CoA [22]. ACC2 inhibits carnitine palmitoyl
transferase 1 (CPT1) to regulate FAO in mitochondria [22]. Therefore,
inhibition of ACC seems to be a potential therapy for NAFLD by inhib
iting DNL and promoting FAO production in the liver [73]. GS-0976
(also known as NDI-010976) and MK-4074 are two potent ACC1 and 2
inhibitors developed for treating NASH. In multiple clinical trials,
GS-0976 and MK-4074 demonstrated a predominant effect in reducing
liver lipid content by repressing DNL and increasing FAO [22,74,75].
The ACC inhibitors exhibited a profound dose-dependent inhibition of
hepatic DNL even with single-dose treatment. The reduction in hepatic
steatosis was correlated with the doses of ACC inhibitors and length of
treatment [76].
Unfortunately, hypertriglyceridemia is frequently observed during
treatment with these ACC1/2 inhibitors [22,75,76]. The definitive
mechanism of hypertriglyceridemia induced by ACC inhibitors has not
yet been fully elucidated. It may be due to the sharp reduction in
malonyl-CoA, which can cause a decrease in the production of PUFAs,
increasing the expression of SREBP-1c in a compensatory manner and
resulting in increased lipogenesis in hepatocytes and export of VLDL and
TG into the peripheral [73]. In addition, lower PUFA decreases the
expression of PPARα, which increases the expressions of apolipoprotein
C3 (apoC3), increases serum apoC3 levels, and diminishes lipoprotein
lipase activity, thereby inhibiting lipid degradation in plasma [77,78].
Although this asymptomatic hypertriglyceridemia may resolve sponta
neously in some patients [75], dysregulated lipid profile could increase
the risk of ASCVD in the long run. The detrimental effect on lipid profile
has been a major obstacle to the successful initiation of clinical appli
cation of ACC inhibitors. Possible approaches to address this obstacle
include suppressing compensatory increases in lipogenic genes [76],
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Table 1
Pharmacotherapy for NAFLD and risk of ASCVD.
Therapeutic
targets
ACC inhibitors

FXR agonists

Agents

ClinicalTrials.gov
number

Phase

Study population

Study type

Duration

Effect on NALFD

Effects on lipids

NDI-010976

/

/

Obese and Overweight

10 hours

decreases hepatic
DNL

/

GS-0976

NCT02856555

2

Hepatic steatosis

randomized,
double-blind,
placebocontrolled,
crossover trial
randomized,
placebo-controlled
trial

12
weeks

hypertriglyceridemia

MK-4074

NCT01431521

/

NAFLD

4 weeks

PF-05221304

NCT03248882

2a

NAFLD

16
weeks

reduces hepatic fat

hypertriglyceridemia;
increase ApoC3

PF-05221304
co-administered
with PF06865571

NCT03776175

2a

NAFLD

double-blind,
randomized,
placebo- and
active-controlled
parallel group
study
randomized,
double-blind,
placebocontrolled, doseranging, parallelgroup study
randomized,
double-blind,
placebocontrolled, 2 × 2
factorial, four-arm
parallel-group
study

decreases hepatic
steatosis, selected
markers of fibrosis,
and liver
biochemistry
reduces hepatic
steatosis

6 weeks

reduces hepatic fat

mitigate ACC inhibitormediated
hypertriglyceridemia

Obeticholic
acid

NCT01265498

2

NASH

72
weeks

improve the
histological
features of NASH

increase TC and LDL-C;
decrease HDL-C

Obeticholic
acid

NCT02548351

3

NASH

18
months

NCT02855164

2

NASH

48
weeks

improve fibrosis
and key
components of
NASH disease
activity
decrease hepatic
fat fraction

increase TC and LDL-C;
decrease HDL-C

Tropifexor

Cilofexor

NCT02854605

2

NASH

24
weeks

decrease hepatic
steatosis

no significant alteration
in serum lipid profile

Cilofexor

NCT02943460

2

Primary sclerosing
cholangitis

12
weeks

reduce ALP, GGT,
ALT, AST and profibrogenic
cytokine TIMP-1

decrease HDL-C

MET409

/

/

NASH

multicentre,
double-blind,
placebocontrolled, parallel
group, randomised
clinical trial
multicentre,
randomised,
double-blind,
placebo-controlled
study
randomized,
double blind,
placebocontrolled, 3-part,
adaptive-design
study
double-blind,
placebo-controlled
trial
multicenter,
double-blind,
randomized,
placebo-controlled
trial
randomized,
placebo-controlled
study

12
weeks

reduce hepatic fat

increase LDL-C

NCT01237119

2

NASH

48
weeks

improve
steatohepatitis
without worsening
fibrosis

decrease LDL-C;
increase HDL-C

Exenatide

NCT02303730

/

T2DM patients with
NAFLD

24
weeks

reduce hepatic fat

decrease LDL-C

Cotadutide

NCT03235050

2b

Overweight/obesity
with T2DM

multicentre,
double-blinded,
randomised,
placebo-controlled
trial
open-label,
randomized,
controlled,
parallel-group,
multicentre trial
randomized,
parallel-group,
double-blind,

54
weeks

reduce NAFLD
fibrosis score

decrease TG

GLP-1 receptor agonists
Liraglutide

hypertriglyceridemia;
increase VLDL and LDL

increase LDL-C

(continued on next page)
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Table 1 (continued )
Therapeutic
targets

PPAR agonists

ACLY inhibitors

FASN inhibitors

THR-β agonists

FGF analogs

Agents

ClinicalTrials.gov
number

Phase

Study population

Study type

Duration

Effect on NALFD

26
weeks
52
weeks

(NFS) and fibrosis4 (FIB-4) index
decrease NASHrelated biomarkers
reduces liver fat
content

72
weeks

improve liver
fibrosis

without lipid profile
changes

randomized,
double-blind,
placebo-controlled
trial
randomized,
double-blind,
placebo-controlled
study
real-life,
multicenter, openlabel, proof-ofconcept trial
international,
multicenter,
randomized
placebo-controlled
study
multicenter,
randomized,
double-blind,
placebo-controlled
study
double-blind,
randomized,
placebo-controlled
trial

18
months

improve liver
histology score and
reduce hepatic fat

decrease TG and
increase HDL-C

52
weeks

fail to improve
liver histology

/

12
months

ameliorate fibrosis

/

52
weeks

relieve
nonalcoholic
steatohepatitis
without worsening
fibrosis
reduce hepatic fat
and ALT

decrease TG and LDL-C;
increase HDL-C

24
weeks

decrease SAF-A
score and improve
fibrosis

decrease TC, TG and
ApoB

single-center,
double-blind,
placebo-controlled
trial
randomized,
double-blind,
placebocontrolled,
parallel-group trial

4 weeks

/

decrease LDL-C and TC

52
weeks

/

decrease LDL-C, TC and
ApoB

placebo-controlled
study
randomised,
double-blind study
randomised, openlabel, parallelgroup, phase 3
SURPASS-3 trial
randomized,
double-blind,
placebocontrolled,
parallel-group trial

Effects on lipids

Tirzepatide

NCT03131687

2b

T2DM

Tirzepatide

NCT03882970

3

T2DM

Semaglutide

NCT02970942

2

NASH

Pioglitazone

NCT00994682

4

NASH with prediabetes
or T2DM

MSDC-0602K

NCT02784444

2b

NASH

Pirfenidone

NCT04099407

2

Advanced liver fibrosis

Elafibranor

NCT01694849

2

NASH

Saroglitazar

NCT03061721

2

NAFLD/NASH

Lanifibranor

NCT03008070

2b

Noncirrhotic, highly
active NASH

Bempedoic Acid

NCT01607294

2

Patients with T2DM and
elevated LDL-C

Bempedoic Acid

NCT02666664

3

ASCVD,
hypercholesterolemia,
or both

TVB-2640

NCT03938246

2a

NASH

randomized,
multicenter
placebocontrolled, singleblinded clinical
study

12
weeks

reduce hepatic fat
and improve
fibrotic biomarkers

decrease TC and LDL-C

Resmetirom

NCT02912260

2

NASH

36
weeks

reduce hepatic fat

reduce LDL-C, TG, ApoB
and ApoC3

VK2809

NCT02927184

2a

NAFLD

double-blind,
randomized,
placebo-controlled
study
randomized,
double-Blind,
placebocontrolled,
multicenter Study

12
weeks

reduce hepatic fat

/

Pegbelfermin

NCT02413372

2a

NASH

multicenter,
randomized,
double-blind,
placebocontrolled,
parallel-group
study

16
weeks

reduce hepatic fat

reduce LDL and TG;
increase HDL

16
weeks

decrease TG and TC
decrease TG and VLDLC; increase HDL-C

decrease TG and VLDL

(continued on next page)
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Table 1 (continued )
Therapeutic
targets

Agents

ClinicalTrials.gov
number

Phase

Study population

Study type

Duration

Effect on NALFD

Effects on lipids

Efruxifermin

NCT03976401

2a

NASH

16
weeks

reduce hepatic fat
fraction

reduce LDL-C, TC, ApoB
and ApoC3; increase
HDL-C

Aldafermin

NCT02443116

2

NASH

multicenter,
randomized,
double-blind,
placebocontrolled,
parallel-group
study
multicenter,
international,
randomized,
double-blind,
placebo-controlled
trial

12
weeks

reduce hepatic fat

reduce TG; increase
LDL-C

Aramchol

NCT01094158

2

NAFLD

3
months

reduce hepatic fat

without lipid profile
changes

Aramchol

NCT02279524

2b

NASH

52
weeks

reduce hepatic fat

without lipid profile
changes

SGLT2 inhibitors
Empagliflozin

multicenter,
randomized,
double-blind, and
placebo-controlled
trial
multicenter,
randomized,
double-blind,
placebo-controlled
study

NCT03118336

3

T2DM

12
weeks

reduce hepatic fat

reduce TG; increase
HDL-C

Empagliflozin

NCT02637973

4

T2DM

24
weeks

reduce hepatic fat

without lipid profile
changes

Dapagliflozin

NCT02279407

2

Participants with T2DM
and NAFLD

12
weeks

reduce hepatic fat

increase ApoC3

Ipragliflozin

UMIN000022651

/

Patients with T2DM and
NAFLD

24
weeks

ameliorate hepatic
steatosis

reduce TG; increase
HDL-C

Canagliflozin

NCT02009488

1

T2DM

24
weeks

reduce hepatic
triglyceride
content

/

Tofogliflozin

jRCTs031180159

/

NAFLD patients with
T2DM

24
weeks

reduce hepatic fat

without lipid profile
changes

Luseogliflozin

UMIN000016090

/

Patients with T2DM and
NAFLD

randomized,
parallel-group,
double-blind trial
randomized,
parallel-group,
double-blind trial
multicentre,
randomised,
placebocontrolled, doubleblind, parallelgroup trial
randomized, openlabel, multicenter,
active-controlled
trial
double-blind,
parallel-group,
placebo-controlled
trial
open-label,
prospective,
single-center,
randomized study
single-centre,
prospective,
randomized, openlabel, controlled
study

6
months

reduce hepatic fat

/

SCD1 inhibitors

ASCVD, atherosclerotic cardiovascular disease; NAFLD, non-alcoholic fatty liver disease; NASH, nonalcoholic steatohepatitis; T2DM, type 2 diabetes; DNL, de novo
lipogenesis; ACC, acetyl-Coenzyme A carboxylase; LDL, low-density lipoprotein; HDL, high-density lipoprotein; TG, triglyceride; TC, total cholesterol; LDL, low-density
lipoprotein; HDL, high-density lipoprotein; VLDL, very low density lipoprotein; LDL-C, low-density lipoprotein cholesterol; HDL-C, high-density lipoprotein choles
terol; ALP, alkaline phosphatase; ALT, alanine aminotransferase; AST, aspartate aminotransferase; GGT, gamma-glutamyl transferase; TIMP-1, tissue inhibitor of
metalloproteinase 1; SAF-A score, the activity part of the Steatosis, Activity, Fibrosis scoring system; GLP-1, glucagon-like peptide-1; PPAR, peroxisome proliferatoractivated receptor; ACLY, ATP-citrate lyase; apolipoprotein B, ApoB; apolipoprotein C3, ApoC3; ACC, acetyl-Coenzyme A carboxylase; FASN, fatty acid synthase;
SCD1, stearoyl-CoA desaturase 1; FXR, farnesoid X receptor; THR, thyroid hormone receptor; FGF, fibroblast growth factor; SGLT2, sodium-glucose cotransporter 2.

FLIGHT-FXR phase 2 trial, but alterations in the serum lipid profile
(increased LDL-cholesterol levels and decreased HDL-cholesterol levels)
were also observed during treatment [87,88]. Cilofexor, a nonsteroidal
FXR agonist, demonstrated an antisteatotic effect in a clinical study.
Unlike tropifexor, only pruritus was observed in the cilofexor-treated
group, with no significant alteration in the serum lipid profile [89].
This may be due to the limited oral bioavailability of cilofexor and the
lack of enterohepatic circulation, causing only a transient increase in
plasma fibroblast growth factor (FGF) 19 and thereby suppressing
FGF19-induced hypercholesterolemia [89]. In another phase 2 trial,

although patients treated with cilofexor did not experience increases in
total cholesterol (TC) or LDL-cholesterol levels, HDL-cholesterol levels
were reduced by approximately 10% [88]. The association of reduced
HDL-cholesterol levels with cardiovascular risk warrants further evalu
ation [90]. MET409, a structurally optimized novel FXR agonist, was
shown in a clinical study to significantly reduce liver fat content with
less effect on serum lipid profiles (a 9% placebo-adjusted LDL-choles
terol increase) [91]. This suggests that the adverse effects of FXR ago
nists on serum lipid profiles can be ameliorated by structural
optimization. Taken together, the future of FXR agonists in the
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Fig. 4. Pharmacotherapy for nonalcoholic fatty liver disease and risk of atherosclerotic cardiovascular disease.
The development and progression of nonalcoholic fatty liver disease involves complex pathogenesis, which permits the development of a wide array of potentially
viable therapeutic targets. This figure is a concise summary of the main effects of various nonalcoholic fatty liver disease pharmacotherapy and potential athero
sclerotic cardiovascular disease risks, with more detailed description of the individual agents and clinical studies provided in later text. ASCVD, atherosclerotic
cardiovascular disease; NEFA, nonesterified fatty acid; GLP-1, glucagon-like peptide-1; PPAR, peroxisome proliferator-activated receptor; ACLY, ATP-citrate lyase;
ACC, acetyl-Coenzyme A carboxylase; FASN, fatty acid synthase; SCD1, stearoyl-CoA desaturase 1; FXR, farnesoid X receptor; THR, thyroid hormone receptor; TCA,
tricarboxylic acid; VLDL, very low-density lipoprotein; TG, triglyceride; PUFA, polyunsaturated fatty acids; DGAT, diacylglycerol acyltransferase; DAG, diac
ylglycerol; APOC, apolipoprotein C.

treatment of NAFLD is likely to combine therapy with other drugs or
structural optimization to allow lower doses, thereby reducing the risk
of atherosclerosis.

NASH patients without changes to the lipid profile [97]. Tirzepatide
(also known as LY3298176), a dual agonist of the glucose-dependent
insulinotropic polypeptide (GIP) and GLP-1 receptors, has been shown
to significantly decrease NASH-related biomarkers, body weight, and
the levels of serum TGs and TC in a phase 2 clinical study with T2DM
patients [98,99]. In the SURPASS-2 trial, improvements in lipid profile
and liver-enzyme levels were observed in T2DM patients treated with
tirzepatide [100]. Notably, in the latest SURPASS-3 trial, 52 weeks of
tirzepatide treatment significantly improved hepatic steatosis and
reduced serum TGs and VLDL-cholesterol levels [101]. All these results
suggest that tirzepatide is a viable strategy for the treatment of NASH,
which will be further explored in a subsequent clinical study
(NCT04166773). The beneficial effects of GLP-1 agonists on NASH may
result from a combination of effects involving improved IR, decreased
body weight and blood glucose, and direct beneficial effects on the liver.
Preclinical studies have demonstrated that GLP-1 agonists may reduce
hepatic inflammation through mechanisms that are at least in part in
dependent of body weight reduction [102]. Although GLP-1 agonists are
only authorized to treat T2DM, these GLP-1 agonists have potential as
NAFLD drugs with few side effects due to their beneficial effects of
reducing body weight and improving lipid profiles, which can greatly
reduce the risk of ASCVD. Furthermore, GLP-1 agonists have also been
shown to improve endothelial dysfunction and suppress inflammation,
which may contribute to a reduction in ASCVD risk [103]. Taken
together, GLP-1 agonists have great potential not only in the treatment
of NAFLD, but also in reducing the risk of ASCVD, providing a rationale
for precision therapy with GLP-1 agonists in appropriate target patient
classes.

3.2. Reagents that favor circulating lipid profiles that may alleviate the
risk of ASCVD
3.2.1. Glucagon-like peptide-1 agonists
Glucagon-like peptide-1 (GLP-1) is a peptide hormone that improves
glucose metabolism by increasing insulin secretion and inhibiting
glucagon production, thereby reducing hepatic nonesterified fatty acid
(NEFA) overload caused by TG lipolysis [92]. In addition, GLP-1 also has
beneficial effects in reducing appetite and body weight [92,93]. These
effects are appropriate for NAFLD patients, who are often overweight
and have IR. Therefore, GLP-1 receptor agonists are a viable treatment
option for NAFLD.
Liraglutide is a long-acting GLP-1 receptor agonist suitable for the
treatment of patients with type 2 diabetes mellitus (T2DM). In the 48week LEAN phase 2 clinical trial, liraglutide demonstrated beneficial
effects on liver histology in patients with NASH, significantly improving
steatohepatitis without worsening fibrosis [94]. Notably, patients
receiving liraglutide experienced significantly reduced body weight and
LDL-cholesterol levels and increased HDL levels, and the mechanism by
which liraglutide ameliorated NASH may be due to the improvement of
liver metabolic dysfunction and IR [92,94]. Exenatide is another GLP-1
receptor agonist used in the clinical treatment of diabetic patients. A
multicenter clinical trial showed that exenatide reduced hepatic stea
tosis, body weight, and plasma LDL-cholesterol levels in T2DM patients
with NAFLD [95]. Cotadutide is a dual receptor agonist of GLP-1 and
glucagon. In a phase 2 clinical study, treatment with cotadutide for 54
weeks significantly reduced liver fibrosis and serum TG levels in par
ticipants with overweight/obesity and T2DM [96]. In addition, sem
aglutide, a next-generation GLP-1 agonist, improved steatohepatitis in

3.2.2. Peroxisome proliferator-activated receptor agonists
Peroxisome proliferator-activated receptors (PPARs) are nuclear re
ceptors that mainly include the following three subtypes: PPARα,
PPARδ, and PPARγ [104]. PPAR-α is highly expressed in the liver, and its
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activation promotes FAO and protects hepatocytes from oxidative
stress-induced damage. Furthermore, in vivo and in vitro studies have
shown that activation of PPAR-α reduces TG levels associated with
metabolic syndrome [104]. PPARγ is highly expressed in adipose tissue
and pancreas. Activation of PPARγ enhances adipocyte differentiation
and storage capacity, insulin sensitivity, and FAO levels in the liver [21,
104,105]. PPARδ is ubiquitously present throughout the whole body and
has essential roles in inhibiting enhanced NEFA oxidation and lipogen
esis as well as anti-inflammatory effects [21,104]. Based on the above
mentioned mechanism, PPAR agonists have great potential in the
treatment of NAFLD.
Pioglitazone, a PPARγ agonist, is a first-generation thiazolidinedione
[106]. In a phase 4 clinical study, 58% of NASH patients with diabetes
mellitus in the pioglitazone group achieved the primary outcome after
18 months of pioglitazone treatment. Pioglitazone significantly
improved hepatic steatosis, inflammation and swelling, decreased TG
levels, and increased HDL-cholesterol levels [106]. To reduce side ef
fects, researchers have developed second-generation PPARγ agonists.
However, MSDC-0602K, a second-generation PPARγ agonist, failed to
improve liver histology in NASH patients in a 52-week phase 2b trial,
and there was no monitoring of lipid profiles [107]. Pirfenidone is a
PPARα agonist that inhibits adipogenesis and fibrosis [108]. In the
PROMETEO phase 2 study, 12 months of pirfenidone treatment
improved fibrosis in more than a third of patients, but the effect on
serum lipids was not monitored [109]. The impact of pirfenidone on
lipid profiles needs to be addressed in further clinical studies. Notably,
PPARα activation has been shown to improve atherosclerotic dyslipi
demia, inhibit vascular inflammation and macrophage foam cell for
mation, thereby inhibiting the progression of atherosclerosis [110].
Based on the multiple benefits of PPAR agonists, this suggests a potential
therapeutic value in NAFLD and ASCVD.
Agonists that act simultaneously on two or three PPAR subtypes
appear to be more potent in controlling metabolic disorders than re
agents acting on a single PPAR subtype. Elafibranor, a dual agonist of
PPARα and PPARδ, significantly improved the histological features of
NASH in a Phase 2 clinical trial enrolling patients with NASH [111].
More notably, elafibranor also improved lipid parameters, such as
lowering TG and LDL-cholesterol levels and raising HDL-cholesterol
levels [111]. Saroglitazar is also a dual agonist that activates PPARα
and PPARγ. In a recent phase 2 clinical trial involving NAFLD/NASH
patients, saroglitazar was shown to improve hepatic steatosis, IR, and
atherogenic dyslipidemia [112]. Lanifibranor is a pan-PPAR agonist that
activates PPARα, PPARδ, and PPARγ. In a recently completed phase 2b
clinical study involving patients with NASH, lanifibranor was also
shown to significantly reduce the activity of steatohepatitis and improve
liver fibrosis. In addition, lanifibranor reduced liver enzyme levels and
improved most biomarkers of lipids (reduced TC, TG, and apoB levels),
inflammation, and fibrosis [113]. In summary, based on the beneficial
effects of PPAR agonists in regulating lipid metabolism, they not only
have promising potential for the treatment of NAFLD but also reduce the
risk of ASCVD exacerbated by lipid metabolism disorders.

can also reduce ACC activity, thereby inhibiting the conversion of
acetyl-CoA to malonyl-CoA, and ultimately inhibiting fatty acid syn
thesis [114]. More notably, bempedoic acid also increases circulating
LDL clearance by enhancing hepatic LDL receptor expression [114].
Consistent with these mechanisms, bempedoic acid has been shown to
reduce circulating atherogenic lipoprotein levels and hepatic TG and TC
levels in a NASH animal model [117]. Multiple phase 2 and 3 clinical
trials on bempedoic acid have also shown that bempedoic acid reduces
TC, apoB, and LDL-cholesterol levels [118]. Bempedoic acid is expected
to be a promising treatment for NAFLD and reduce the risk of ASCVD.
3.2.4. Fatty acid synthase inhibitors
Fatty acid synthase catalyzes hepatic DNL and is a key enzyme
regulating hepatic lipid metabolism [119]. Studies have demonstrated
that FASN expression is significantly elevated in the liver of NAFLD or
obesity [120,121]. Inhibition of FASN improved hepatic steatosis by
inhibiting hepatic fatty acid synthesis [119,122,123]. TVB-2640 is a
reversible FASN inhibitor that has been shown to reduce hepatic DNL
and hepatic TG levels in subjects in a small clinical study. Interestingly,
unlike the effect of ACC inhibitors, the plasma TG level was unchanged,
whereas TC and LDL-cholesterol levels were significantly reduced in
subjects who received 100 mg/d TVB-2640 [123]. More importantly,
the 12-week FASCINATE-1 phase 2a study showed that TVB-2640
significantly improved hepatic steatosis and reduced TC,
LDL-cholesterol and HDL-cholesterol levels in NASH patients. Baseline
ratios of TC/HDL cholesterol did not change after treatment, suggesting
that the HDL-cholesterol decrease resulted from decreased TC levels
[124]. In addition, 12 weeks of TVB-2640 treatment did not cause an
increase in plasma TG levels, suggesting that long-term TVB-2640
treatment may reduce ASCVD risk [124]. Taken together, FASN in
hibitors have promising potential in the treatment of NASH. Notably,
increased malonyl-CoA resulting from FASN inhibition impairs physio
logical and pathological angiogenesis through mTOR signaling [125].
The safety and efficacy of FASN inhibitors need to be evaluated in
further clinical trials.
3.2.5. Thyroid hormone receptor-β agonists
Thyroid hormone regulates DNL, fatty acid oxidation, and choles
terol metabolism [126]. There are two subtypes of thyroid hormone
receptors: thyroid hormone receptor α (THR-α) and thyroid hormone
receptor β (THR-β). THR-α is mainly expressed in the heart and skeletal
muscle and regulates cardiovascular functions. THR-β is mainly
expressed in the liver, and its activation enhances fatty acid oxidation
and promotes hepatic cholesterol metabolism [21,127]. Furthermore,
thyroid hormone is not suitable for long-term treatment of metabolic
diseases due to the increased number of adverse effects on the heart and
bones mediated by THR-α [21]. Therefore, THR-β agonists are currently
being developed to maximize the treatment of NAFLD and minimize side
effects mediated by THR-α.
Resmetirom (MGL-3196) is a highly selective THR-β agonist that has
been shown to reduce hepatic cholesterol and TG levels in a rodent
model of NAFLD [128]. A phase 2 clinical trial showed that resmetirom
treatment significantly improved hepatic steatosis and fibrosis activity
markers in patients with biopsy-confirmed NASH [129,130]. Further
more, resmetirom treatment also reduced LDL-cholesterol, TG, apoB,
and apoC3 levels, which may reduce ASCVD risk in NASH patients
[129]. VK2809, also a selective THR-β agonist, was evaluated in a phase
2a clinical study. The results of this study demonstrated that low-dose
VK2809 (5 mg) treatment significantly improved hepatic steatosis in
NAFLD patients [131]. These data suggest that THR-β agonists improve
NAFLD and lipid profiles and provide a strong rationale for further
developing low-dose THR-β agonist therapy for the treatment of NAFLD.

3.2.3. ATP-citrate lyase inhibitors
ATP-citrate lyase (ACLY) is an important enzyme that links carbo
hydrates to lipid metabolism, catalyzing the conversion of citric acid to
oxaloacetate and acetyl-CoA and ultimately promoting the biosynthesis
of fatty acids and cholesterol [114]. Liver samples from NAFLD patients
exhibit increased ACLY expression, which may contribute to NAFLD
progression [115]. Consistently, hepatic ACLY deficiency in mice ame
liorates hepatic steatosis by inhibiting DNL and improves glucose
metabolism by enhancing insulin sensitivity in skeletal muscle [114,
116]. These studies suggest that ACLY is a potential strategy for the
treatment of NAFLD.
Bempedoic acid, an ACLY inhibitor, is a prodrug that is converted to
the active form (bempedoic acid-CoA) only in the liver. In addition to
inhibiting the conversion of citrate to acetyl-CoA, bempedoic acid-CoA
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3.3. Ambiguous ASCVD risk

inhibitors significantly reduce body weight while improving hepatic
steatosis and fibrosis [144,145]. Nevertheless, multiple clinical studies
have revealed that SGLT-2 inhibitors decrease TG levels, increase
HDL-cholesterol levels, and increase LDL-cholesterol levels, which may
lead to ambiguous cardiovascular risk [146,147].
Empagliflozin, an SGLT-2 inhibitor, ameliorated hepatic steatosis in
patients with T2DM [148]. In a phase 3 study, empagliflozin treatment
for 12 weeks effectively reduced liver fat and was found to exert bene
ficial effects on TG and HDL-cholesterol levels in T2DM [149]. However,
in a phase 4 study over 24 weeks, empagliflozin reduced liver fat
without changes in blood lipids in patients with T2DM [150]. Notably,
in a phase 3 clinical study involving T2DM patients, a slight increase in
LDL-cholesterol levels was observed in the empagliflozin-treated group
[151]. This increase may be partly due to hemoconcentration, as SGLT2
inhibitors reduce blood volume following an increase in urine output
[147]. In addition, it may also be related to the mechanism by which
SGLT2 inhibitors reduce the catabolism of LDL [152].
Dapagliflozin is another SGLT2 inhibitor used in the clinical treat
ment of diabetic patients. In the EFFECT-II study, dapagliflozin treat
ment for 12 weeks improved hepatic steatosis in overweight individuals
[153]. Notably, treatment of dapagliflozin induced a significant increase
in apolipoprotein C3 levels without significant changes in
LDL-cholesterol and HDL-cholesterol and TG levels [153]. Ipragliflozin
is also an SGLT2 inhibitor suitable for the treatment of patients with
T2DM. In a multicenter trial, treatment of ipragliflozin for 24 weeks
improved hepatic steatosis, decreased TG, and increased
HDL-cholesterol levels [154]. Similarly, in a small clinical trial involving
patients with T2DM, significant reductions in LDL-cholesterol levels
were found in the ipragliflozin-treated group [155]. Other SGLT2 in
hibitors, such as canagliflozin, tofogliflozin, and luseogliflozin, have
been shown to improve hepatic steatosis and fibrosis without affecting
blood lipid levels in multiple clinical trials [156–158]. Although SGLT2
inhibitors have been found to improve NAFLD and reduce body weight,
the lipid profile changes induced by SGLT2 inhibitors need to be closely
watched in further clinical studies.

3.3.1. Fibroblast growth factor analogs
Fibroblast growth factor 21 is a hormone that plays a key role in
regulating glucose and lipid metabolism. Circulating level of FGF21 is
elevated in metabolically compromised states, such as obesity, T2DM,
and NAFLD [132]. Indeed, FGF21 deficiency promotes hepatic steatosis,
inflammation, and fibrosis, and FGF21 analogs ameliorate NASH by
inhibiting these pathological processes [132]. Pegbelfermin, a PEGy
lated FGF21 analog, has been shown in a Phase 2a clinical trial to
significantly improve hepatic steatosis in patients with NASH [133].
Pegbelfermin was also observed to decrease LDL and TG levels and in
crease HDL levels, and this improvement in the lipid profile may be due
to increased adiponectin levels [133]. Efruxifermin is a long-acting
FGF21 analog for the treatment of NASH. In the 16-week phase 2a
BALANCED clinical trial, efruxifermin significantly reduced the liver fat
fraction and was found to reduce TG, LDL-cholesterol, apoB, and apoC3
levels [134]. The decrease in circulating TG levels may be due to a
reduction in apolipoprotein [134]. Overall, the amelioration of dysli
pidemia suggests that the improvement in dyslipidemia suggests that
FGF21 analogs may reduce the risk of ASCVD in NASH patients.
Fibroblast growth factor 19 is a gastrointestinal hormone that plays a
key role in the regulation of bile acid and glucose homeostasis. Alda
fermin (NGM282) is an engineered analog of FGF19 under investigation
to treat NAFLD. In a phase 2 study, aldafermin rapidly and significantly
improved liver steatosis in NASH patients. However, unlike FGF21 an
alogs, aldafermin treatment reduced TG levels but increased LDLcholesterol levels [135]. In subsequent safety and efficacy studies, 24
weeks of aldafermin treatment also increased TC and LDL-cholesterol
levels [136]. Elevated LDL levels may be attributed to, similar to
FGF19, NGM282 potently inhibiting CYP7A1 expression via the
FGFR4-β Klotho receptor complex, thereby inhibiting cholesterol efflux
and ultimately resulting in reduced LDL-cholesterol clearance [135,
136]. The effect of aldafermin on ASCVD risk requires close attention in
further clinical studies, although the combination with a statin could
compensate for the detrimental effect of aldafermin on lipid profiles
[136].

4. Conclusion and perspectives

3.3.2. Stearoyl-CoA desaturase 1 inhibitors
Stearoyl-CoA desaturase 1 is a key enzyme in hepatic lipogenesis that
converts saturated fatty acids into monounsaturated fatty acids. SCD1
inhibition decreases the synthesis and increases β-oxidation of fatty
acids, resulting in decreased hepatic storage of TGs [137]. Aramchol, a
liver-targeted SCD-1 inhibitor, partially inhibits hepatic SCD1 protein
expression and reduces hepatic TG levels and fibrosis in animal models
of steatohepatitis or fibrosis [138]. In a phase 2 study, administration of
aramchol for 3 months significantly reduced liver fat content in patients
with NAFLD without changes in the lipid profile [137]. In a subsequent
52-week phase 2b clinical study, hepatic fat was reduced in the ara
mchol 400-mg arm, and no changes in lipid profiles were observed
[138]. However, in preclinical studies, the effect of SCD1 inhibition on
atherosclerosis risk appears controversial. Although SCD1 inhibition is
largely protective against diet-induced hepatic steatosis and hyper
triglyceridemia, it may also exacerbate atherosclerosis by promoting
inflammatory cytokine secretion [139]. ASCVD risk and lipid profile
changes should be assessed in this ongoing international phase 3 trial
(NCT04104321).

Atherosclerotic cardiovascular disease remains the leading cause of
death worldwide. Due to rapid economic growth and lifestyle changes,
the prevalence of NAFLD has risen dramatically over the past two de
cades and has emerged as a driver of ASCVD. This article summarizes the
mechanisms of lipid disturbance in NAFLD, highlighting the potential
risk of/benefit to ASCVD conferred by NAFLD drug therapy.
In recent years, the development of and research on drug treatments
for NAFLD have been more active than ever. A series of therapeutic
targets have been identified, and some of these compounds can improve
NAFLD-associated proatherosclerotic lipid profiles while treating
NAFLD, such as GLP-1 receptor agonists, PPAR agonists, ACLY in
hibitors, FASN inhibitors, and THR-β agonists. Worryingly, however, the
worsened lipid profile caused by ACC inhibitors and FXR agonists, as
well as the uncertain impact of FGF analogs, SCD1 inhibitors, and SGLT2 inhibitors on lipid profiles, necessitates rigorous cardiovascular risk
assessment in subsequent drug development and clinical trials. There
fore, evaluating the potential association of NAFLD with ASCVD and the
potential risk of/benefit to ASCVD conferred by NAFLD drug therapy
will help clinicians personalize treatment plans and minimize overall
cardiovascular risk in patients with NAFLD.

3.3.3. Sodium-glucose cotransporter 2 inhibitors
Sodium-glucose cotransporter 2 (SGLT2) is a transporter mainly
expressed in the kidney and is involved in the reabsorption of most
glucose in primary urine [140]. Inhibition of SGLT2 increases urinary
glucose excretion by inhibiting glucose reabsorption, thereby reducing
plasma glucose levels and body weight [141]. SGLT2 inhibitors, a novel
oral hypoglycemic agent, have attracted increasing attention for NAFLD
treatment [142,143]. In preclinical studies on rodent models, SGLT2
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