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In recent years, the prevalence of metabolic-associated fatty liver disease (MAFLD)

has reached pandemic proportions as a leading cause of liver fibrosis worldwide.

However, the stage of liver fibrosis is associated with an increased risk of severe

liver-related and cardiovascular events and is the strongest predictor of mortality

in MAFLD patients. More and more people believe that MAFLD is a multifactorial

disease with multiple pathways are involved in promoting the progression of liver

fibrosis. Numerous drug targets and drugs have been explored for various anti-

fibrosis pathways. The treatment of single medicines is brutal to obtain satisfactory

results, so the strategies of multi-drug combination therapies have attracted

increasing attention. In this review, we discuss the mechanism of MAFLD-related

liver fibrosis and its regression, summarize the current intervention and treatment

methods for this disease, and focus on the analysis of drug combination strategies

for MAFLD and its subsequent liver fibrosis in recent years to explore safer and

more e�ective multi-drug combination therapy strategies.

KEYWORDS

liver fibrosis, metabolic-associated fatty liver disease (MAFLD), non-alcoholic
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Introduction

With the prevalence and development of the disease, non-alcoholic fatty liver disease
(NAFLD) has become the most general etiology of chronic liver disease worldwide. As one
of the most common indications for liver transplantation (1, 2), it affects about 25% of
the world’s population, and its prevalence continues to increase (3). Increasing number of
studies have reported that metabolic dysfunction, including obesity, type 2 diabetes mellitus
(T2DM), hypertension, and metabolic syndrome, is closely associated with the complex
pathological mechanism of NAFLD (4). To better integrate the present understanding of the
heterogeneity of NAFLD patients, reflect the pathogenesis more accurately, realize stratified
management of patients, and accelerate the translation of new treatments, in 2020, an expert
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group proposed the new nomenclature “metabolic-associated
fatty liver disease (MAFLD)” (5), which is now globally multi-
stakeholder-agreed (6). From metabolic overload to durative
hepatocyte injury, MAFLD will eventually lead to liver fibrosis,
cirrhosis, and even HCC. In addition, the illness is closely related
to various extrahepatic diseases, such as chronic kidney disease and
cardiovascular complications (7, 8). Multiple factors, including
race, age, sex, hormonal status, metabolic rate, diet, alcohol
consumption, cigarette smoking, genetic predisposition, and
microbiota, may influence the heterogeneity of disease progression
and clinical manifestations in MAFLD (5). Consequently,
efficacious treatments must consider various complex factors and
may require personalized multi-drug combination therapies. This
review introduces the mechanism of MAFLD-associated liver
fibrosis progression and regression, discusses the role of lifestyle
intervention, bariatric metabolic surgery, liver transplantation,
and drug therapy, and focuses on analyzing drug combination
therapy related to MAFLD and liver fibrosis in recent years. It
aims to explore more effective multi-drug combination strategies
for treating MAFLD and its related liver fibrosis and reducing the
disease burden.

MAFLD-related liver fibrosis and its
regression mechanism

During the past two decades, the incidence of HBV and
HCV-related liver fibrosis and liver cancer has declined due to
vaccination and new effective antiviral treatments. However, as the
prevalence of MAFLD has reached pandemic levels, the incidence
of MAFLD-related liver fibrosis is increasing (9–11). At the same
time, studies have shown that the progression of liver fibrosis
is significantly related to an increased chance of hepatocellular
carcinoma (HCC); MAFLD has risen as one of the major causes
of HCC (12); in addition, the increased risk of severe liver-
related and cardiovascular events in MAFLD patients is closely
related to the fibrotic stage (13) and is the strongest predictor of
mortality in MAFLD patients (14), so it is crucial to understand
the mechanism of MAFLD-related liver fibrosis (Figure 1) and
explore effective antifibrotic therapeutic strategies. From metabolic
disorders of fatty acids and carbohydrates to persistent liver injury,
ultimately leading to liver fibrosis and cirrhosis, the pathogenesis
of MAFLD-associated fibrosis relates to many complicated drivers
and diverse mechanisms, such as high-concentration hepatic free
fatty acid (FFA)-induced mitochondrial dysfunction, oxidative
stress, endoplasmic reticulum (ER) stress and inflammation,
subsequent hepatocyte apoptosis, and extracellular matrix (ECM)
formation, which also involves the interaction of immunity and
genetic and epigenetic regulations (15, 16). To date, the increase
in hepatic FFA concentration is still considered the most critical
stage in the development of MAFLD and activating of hepatic
stellate cells (HSCs) is the key pathogenic event for the development
of liver fibrosis (17). FFA comes from three sources (18): 15%
comes from dietary fat absorbed in the gut, and bile acids play
a crucial role in lipid absorption (19); 25% comes from de novo

lipogenesis (DNL) of new fat synthesis, in which liver cells generate
new fatty acids by converting excess carbohydrates (especially
fructose), and acetyl-CoA carboxylase (ACC) is a crucial enzyme

in the regulation of DNL, catalyzing the acetyl-CoA converse
into malonyl-CoA; and 60% of fatty acids come from the non-
esterified fatty acid pool or lipolysis of triglyceride (TG) in adipose
tissue. In the hepatocytes, fatty acids’ two significant fates are
mitochondrial β-oxidation and re-esterification to form TG. A part
of TG can be converted to very low-density lipoprotein (VLDL)
and transported into the blood. Another part of TG is stored in
lipid droplets, which undergo regulated lipolysis and release fatty
acids into FFA pools (15). It has been suggested that FFA and its
metabolites may represent the lipotoxic agents responsible for the
development of MAFLD (20). When fatty acids are redundant,
or their processing is impaired, they may serve as substrates to
generate lipotoxic lipids that stimulate the ER stress, oxidative
stress, and inflammasome activation, and release danger-associated
molecular patterns, which lead to liver cell damage and induce
diverse modes of cell death, including apoptosis and necrosis (15).
Damaged hepatocytes can activate HSCs via paracrine signals.
For example, lipotoxic hepatocytes can mediate the activation and
proliferation of HSCs by producing exosomes, such as exosomal
miR-27a and exosomal miR-1297 (21, 22). IL11 from lipotoxic
hepatocytes stimulates HSCs to myofibroblast transformation in a
paracrine manner (23). Lipotoxic-related reactive oxygen species
(ROS) production in hepatocytes is a critical factor in the activation
of HSCs in fibrosis (24, 25). The mitochondrial dysfunction,
production of ROS, ER stress, and sterile hepatocyte death conduce
to the pro-inflammatory environment of the liver, contributing to
the pro-inflammatory environment. Bacterial translocation due to
intestinal barrier dysfunction can induce an inflammatory response
(26). Neutrophils remove apoptotic liver cells and produce various
cytokines to participate in the occurrence of liver fibrosis. The
transforming growth factor-β (TGF-β) from Kupffer cells is the
most influential profibrotic factor (27). It should be noted that
during MAFLD, immune mechanisms link the metabolic injury
to inflammation and fibrosis; susceptibility to inflammatory liver
states is also closely related to genetic and epigenetic backgrounds
(16, 28, 29). During the injury–repair response, activated HSCs
migrate to the injury site. They secrete ECM, accumulating and
eventually forming fibrous scars and regenerative nodules that
replace the damaged normal tissue, resulting in portal hypertension
and cirrhosis. From an asymptomatic to a symptomatic phase
(decompensated cirrhosis), associated complications often lead to
hospitalization, poor quality of life, and higher mortality (30).

Metabolic-associated fatty liver disease-related liver fibrosis
regression has been verified in many animal experiments and
clinical practice (31), and serial liver biopsy has proved that
bariatric metabolic surgery can effectively promote the regression
of liver fibrosis in patients with non-alcoholic steatohepatitis
(NASH) (32). After the etiology of chronic injury is eliminated,
liver fibrosis stops progressing or even regresses, which is related to
many mechanisms. Eliminating the etiology of chronic liver injury
is the vital goal of antifibrotic therapy. However, not all causes
of chronic liver injury can be effectively removed, especially for
MAFLD-related liver fibrosis. In addition, direct anti-fibrosis or
reverse fibrosis therapeutics are more hopeful strategies for patients
with severe liver cirrhosis. Therefore, we need to deeply understand
the mechanism of liver fibrosis regression to explore effective
therapeutic targets. The mechanisms of liver fibrosis reversibility
include HSCs’ inactivation and apoptosis and the fibrous scar’s
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FIGURE 1

Mechanisms of MAFLD-related liver fibrosis. Free fatty acids (FFAs) and their metabolites may represent the lipotoxic agents that induced the

development of MAFLD, and the increasing concentration of FFA is considered the most critical stage. There are three primary sources and two fates

of hepatic FFA. Excessive FFA and their metabolites will cause mitochondrial dysfunction, stimulate ER stress, oxidative stress, and inflammasome

activation, then activate the HSCs and eventually lead to liver fibrosis.

resorption (33). First, reducing activated HSCs is an essential target
of antifibrotic therapy. On the one hand, we can reduce the number
of HSCs by promoting senescence and apoptosis. Antiretroviral
drugs against HIV can enhance the proliferation of hepatocytes and
the apoptosis of HSCs (34). In addition, studies have shown that
TNF-α activates a nuclear factor-κB-dependent gene program to
promote HSCs survival and differentiation (35), which provides a
possible target for us to explore the senescence and apoptosis of
HSCs and inhibit the NF-kB pathway that may inhibit liver fibrosis
by inducing apoptosis of HSCs. On the other hand, HSCs activation
can be inhibited or reversed to fight liver fibrosis. Some studies
have shown that peroxisome proliferator-activated receptor gamma
(PPARγ) is a crucial mediator of HSCs activation and phenotypic
changes and can affect the state of HSCs in the quiescent phase.
The addition of PPARγ agonists in vitro and in vivo can reduce
the activation of HSCs and promote the degradation of the ECM
(36). Moreover, reducing collagen production, enhancing ECM
degradation, and changing ECM’s spatial conformation and matrix
stiffness are also exploration targets for antifibrotic therapy (37, 38).
For example, a study has shown that lysyl oxidase-like 2 (LOXL2)
monoclonal antibodies can alleviate liver fibrosis and promote
fibrosis reversal in mice (39).

Interventions/treatment measures for
MAFLD and its related liver fibrosis

Lifestyle intervention

The development of MAFLD is closely related to lifestyle
factors, especially excess caloric intake paired with insufficient

physical exercise (40). Current studies suggest that dietary
intervention improves MAFLD with or without physical activity,
and training also reduces hepatic steatosis with or without dietary
intervention (41). The 2018 ASSLD Practice Guidelines state
that a combination of a low-calorie diet and moderate-intensity
exercise may lead to sustained weight loss over time, with a
3–5% weight loss improving steatosis and a 7–10% weight loss
improving fibrosis (42). However, relevant clinical trials found
that most patients could not achieve the level of weight loss
that can improve liver fibrosis (43). It is difficult to achieve the
goal of enhancing fibrosis through lifestyle intervention alone.
A recent prospective cohort study found that healthy lifestyles
positively correlate with all-cause mortality in MAFLD patients
(44). The COVID-19 pandemic has affected people’s lifestyles
seriously, and new MAFLD diagnoses have increased during
the pandemic. A retrospective study including 973 participants
found that before the pandemic (2018–2019), the independent
lifestyle predictor of MAFLD was regular late-night eating,
while in the epidemic (2019–2020), it was higher daily alcohol
intake (45). The research in mice showed that respiratory
exposure to silica nanoparticles induces hepatotoxicity, resulting
in inflammatory infiltration, and even causes the deposition of
collagen (46). Another cross-sectional study conducted in China
proves that the rising sickness rate of MAFLD in the real
world is significantly related to long-term exposure to ambient
PM1, PM2.5, PM10, and NO2, particularly those who are men,
alcohol drinkers, cigarettes smokers, high-fat diet consumers,
and central obesity (47). Lifestyle changes make MAFLD more
and more common. There is no doubt that healthy lifestyles
can help prevent the occurrence of MAFLD, and timely change
in unhealthy lifestyles is very important for MAFLD patients.

Frontiers inMedicine 03 frontiersin.org

https://doi.org/10.3389/fmed.2023.1120621
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org


Dong et al. 10.3389/fmed.2023.1120621

However, as a preventive strategy that can be extended to the
whole population, lifestyle interventions alone have yet to control
the prevalence of MAFLD and the development of MAFD-related
liver fibrosis, so we must actively explore other preventive and
therapeutic measures.

Bariatric metabolic surgery

Bariatric metabolic surgery is now recommended as an
effectual treatment for clinically severe obesity and its interrelated
comorbidities and has generally been accepted by patients in
recent years (48). In a bariatric metabolic surgery center in France,
Guillaume Lassailly conducted a long-term follow-up on 180
severely obese patients whowere biopsy-confirmedwithNASH and
underwent bariatric metabolic surgery; they found that 84% of the
participants had regression of NASH in liver samples after 5 years,
indicating that the fibrosis of the liver was reduced from the first to
the fifth year (32). Although it is generally believed that MAFLD
is closely related to obesity, there is growing evidence proving
that not all overweight individuals have MAFLD. Approximately
40% of MAFLD patients are classified as non-obese (49, 50). Does
bariatric metabolic surgery have a therapeutic effect on low BMI
MAFLD patients? Adrian T Billeter researched the curative effect of
Roux-en-Y gastric bypass (RYGB) in advancedMAFLD; 20 patients
participated in this prospective trial and underwent RYGB surgery;
liver biopsy was performed during the operation and followed up 3
years later. The results showed that after 3 years of RYGB treatment,
MAFLD completely disappeared in all patients, and fibrosis was
also improved, 55% of the patients stopped insulin therapy,
glycosylated hemoglobin decreased significantly, new lipogenesis
decreased, β-oxidation was enhanced, and finally, the secretion of
gastrointestinal hormones and adipokines was favorably altered
(51). The aforementioned results suggest that bariatric metabolic
surgery positively affects MAFLD regardless of obesity, but there
are still certain risks in these surgical treatments for MAFLD.
For example, the mortality rate of patients with decompensated
liver cirrhosis after bariatric metabolic surgery is as high as 16.3%
(52). Therefore, bariatric metabolic surgery is excluded as the first-
line treatment of MAFLD. It is believed that with the continuous
improvement of relevant clinical research, clinicians can more
accurately evaluate the pros and cons of bariatric metabolic surgery
for MAFLD, better grasp the indications for surgical treatment, and
make more patients benefit from it.

Liver transplantation

Because of the severe scarcity of liver resources, the high cost
of liver transplantation (LT), and a series of problems, such as
immune rejection after transplantation, LT is just considered for
advancedMAFLD patients with severe complications inmost cases.
However, it cannot be ignored that MAFLD is the fastest-rising
indication for LT in Western countries. Its interrelated end-stage
liver disease and HCC have grown to be LT’s common indications
worldwide (2). Severe cirrhosis, liver failure, and severe portal
hypertension caused by advanced liver fibrosis usually require LT.

Some patients with non-resettable HCC also need LT for better
treatment (53, 54). Although the survival rate of liver transplant
recipients with MAFLD is similar to that of liver transplant
recipients with other etiologies, liver transplant recipients still seem
prone to relapse MAFLD due to the persistence of diseases such as
metabolic syndrome (55). This proportion is as high as 78–88%,
usually relapsing within the first 5 years after LT. However, ∼11–
14% may develop cirrhosis within 5 years after LT (56). As the
number of liver transplant recipients continues to increase, their
quality of life continues to improve, their survival time continues
to increase, and increased attention has been paid to the occurrence
of MAFLD after transplantation. In addition, due to the shortage of
liver resources and the prevalence of MAFLD, some donor livers
with steatosis also need to be used in LT.

Pharmacological treatment

Pharmacological treatment is very attractive to MAFLD and
liver fibrosis, not only due to its convenience but also because
various mechanisms of disease progression can be targeted. At
present, many drugs are actively developed for the therapy of
MAFLD and its related liver fibrosis, which are mainly divided
into the following categories according to the main mechanism
(18, 57): The first category is agents acting on lipid syntheses and
fat accumulation, such as glucagon-like peptide 1 (GLP-1) agonists,
ACC inhibitors, Fanitol X receptor (FXR) agonists, and PPAR-
α/δ agonists. The second category is drugs that act on cellular
stress and apoptosis, including vitamin E and caspase inhibitors.
The third category is drugs that play roles in the immune and
inflammatory response, such as C-C chemokine receptor type 2
and type 5 antagonists. The fourth category is drugs that directly
target the fiber formation process, such as LOXL2 monoclonal
antibodies. In addition, new studies have also found that anti-
angiogenic drugs can improve liver fibrosis, such as recombinant
vascular endothelial growth factor (rVEGF) and bevacizumab (58).
These drugs have some efficacy in the therapy of MAFLD and its
associated liver fibrosis. However, few pharmacological treatments
reached satisfactory endpoints assessed by liver biopsy or with
negligible side effects in clinical trials (18). It is essential to
accelerate the discovery of new pharmacotherapeutics and explore
better multi-drug combination therapies.

In summary (Table 1), measures such as lifestyle intervention
have failed to effectively control the increasing prevalence of
MAFLD and the progression of liver fibrosis. Bariatric metabolic
surgery is still not suitable as the first-line treatment for MAFLD.
LT, an option method to save lives for patients with MAFLD-
related non-resettable HCC or end-stage liver diseases, is not a good
solution for decreasing the burden of MAFLD and its associated
liver fibrosis. In addition, the advance of MAFLD-related liver
fibrosis involves numerous complicating factors, and the impact
of single-drug therapy is very limited. Effective pharmaceutical
therapies may need to consider multiple mechanisms, such
as metabolic disorders, inflammation, immunity, and fibrosis.
Combination pharmaceutical therapies may be an inevitable choice
to achieve adequate control of MAFLD and its related liver fibrosis
in the future.
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Multi-drug combination therapies

In the following, we will analyze some pharmaceutical
combination therapies for MAFLD and liver fibrosis in recent years
(Table 2).

Combination therapy based on
glucagon-like peptide 1 receptor agonists

Glucagon-like peptide 1 (GLP-1), a pleiotropic peptide
hormone secreted by intestinal L cells (59), controls insulin
hormone secretion, intestinal motility, and body weight. GLP-1

TABLE 1 Comparison of di�erent therapeutics for MAFLD.

Therapeutics Superiorities Shortcomings

Lifestyle
intervention

Applicable to the whole
population
Reduces all-cause mortality

Difficult to persist
Failed to control the
prevalence of
MAFLD effectively

Bariatric
metabolic surgery

Surgery is becoming less
invasive
Gets rid of taking medicines
every day

Risk of post-operative
complications
Lack of adequate clinical
research
Is excluded as the first-line
treatment of MAFLD

Liver
transplantation

A life-saving method Expensive
Lack of liver resources
Immune rejection,
MAFLD relapsing

Pharmacological
therapies

Convenient
Affordable
Various mechanisms of
disease progression can
be targeted

No specific drugs
Drug side effects
The impact of single-drug
therapy is minimal

receptor agonists, developed for treating T2DM and obesity
recently, have demonstrated a favorable benefit and decreased
the occurrence of cardiovascular-related adverse events in T2DM
patients. The current analysis considers all people with T2DM,
and people with a liver fat content of >5% are deemed to
have MAFLD (60). MAFLD increases cardiovascular morbidity
and mortality (18). In recent years, the potential role of the
combination therapy of GLP-1 receptor agonists and sodium–
glucose cotransporter-2 (SGLT-2) inhibitors in treating MAFLD
has attracted increased attention. Numerous clinical trials link this
combination treatment to reductions in intrahepatic triglyceride
accumulation and liver fibrosis, even though none of the GLP-
1 or SGLT-2 receptors are expressed in the liver (61). Therefore,
GLP-1 receptor agonists are a potentially valuable element of
combination therapy to address different complementary pathways
in MAFLD therapy (62). For example, in a 24-week exploratory
phase 2 trial, the GLP-1 receptor agonist semaglutide alleviates
cilofexor and firsocostat-induced hypertriglyceridemia, resulting in
more significant reductions in liver enzymes, liver fat, and non-
invasive imaging assessed liver fibrosis (NCT03987074) (63). In
conclusion, GLP-1 receptor agonists are very suitable as the primary
drugs for the combination therapy of MAFLD characterized by
metabolic disorders.

Combined use of acetyl-CoA carboxylase
inhibitors

Acetyl-CoA carboxylase (ACC) is a critical enzyme in de

novo lipogenesis (DNL), catalyzing the rate-limiting step in
converting acetyl-CoA to malonyl-CoA, regulating the fatty
acids’ mitochondrial β-oxidation and playing a vital role in the
accumulation of TG in hepatocytes. Animal studies have confirmed
that inhibiting ACC in rat models can reduce liver fibrosis (18).

TABLE 2 Some combination treatments for MAFLD and liver fibrosis in recent years.

Agents Primary
mechanism

Patients Pros and cons of combined
therapy

NCT number (and
Phase)

Cilofexor
+ firsocostat

FXR agonist
ACC inhibitor

392 patients with bridging fibrosis
or compensated cirrhosis (F3–F4)

Combined therapy has better
anti-fibrosis potential but still induces
hypertriglyceridemia

NCT03449446 (Phase 2b)

Cilofexor
+ firsocostat
+ semaglutide

FXR agonist
ACC inhibitor
GLP-1 receptor agonist

Patients with NASH Cilofexor and firsocostat-induced
hypertriglyceridemia is alleviated by
semaglutide

NCT03987074 (phase 2)

Cilofexor
+ firsocostat
+ fenofibrate

FXR agonist
ACC inhibitor
PPARα agonist

Patients with NASH with elevated
TG (≥150 and <500 mg/dL)

Fenofibrate was safe and effectively
mitigated increases in TG associated
with ACC inhibitor

NCT02781584

PF-05221304
+ PF-06865571

ACC inhibitor
DGAT2 inhibitor

Adults with NAFLD ACC inhibitor-mediated serum TG
elevation was mitigated

NCT03776175 (phase 2a)

OCA+ atorvastatin FXR agonist
HMGR inhibitors

84 participants with NASH Atorvastatin attenuates OCA-induced
LDL-C elevation

NCT02633956 (Phase 2)

Pioglitazone
+tofogliflozin

PPARγ agonist
SGLT-2 inhibitor

Patients with NAFLD with T2DM
and a hepatic fat fraction of ≥10%

Therapeutic potential to prevent the
progression of NASH to HCC

/

HXT+

vitamin E
Natural compounds
Antioxidant

Children with biopsy-proven
NAFLD

Ameliorate steatosis and
hypertriglyceridemia, reducing the
fibrosis stage

NCT02842567
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Currently used ACC inhibitors mainly include firsocostat (formerly
GS-0976) and PF-05221304. These two acetyl-CoA carboxylase
inhibitors affect serum TG. In a study of NASH patients, it was
found that treating with GS-0976 20mg per day for 12 weeks
reduced liver steatosis, selective markers of liver fibrosis, and
biochemistry but caused significant increases in serum TG levels
in most patients (64); this asymptomatic hypertriglyceridemia can
be partially resolved by fibrate (belonging to PPARα agonists).
Lawitz EJ compared the curative effects of Vascepa or fenofibrate
in mitigating triglyceride elevation in patients with NASH treated
with cilofexor and firsocostat. NASH patients with elevated TG
were randomly divided into two groups: one group treated
with Vascepa 2 g twice a day for 2 weeks, and another with
fenofibrate 145mg once a day; both groups followed these with
cilofexor 30mg and firsocostat 20mg once a day for 6 weeks,
then safety, blood lipids, and liver biochemistry were monitored.
After 6 weeks of combination therapy, fenofibrate has a better
curative effect than Vascepa in reducing elevated TG in patients
(NCT02781584) (65). Similarly, the ACC inhibitor PF-05221304
alone significantly reduced hepatic steatosis and induced an
asymptomatic increase in serum TG levels; the latter may represent
an adverse cardiometabolic profile limiting the long-term use of
this class of drugs (66). Diacylglycerol acyltransferase 2 (DGAT2)
is an enzyme that catalyzes the last step of TG synthesis. It
plays a role in regulating VLDL production in rodents (67); PF-
06865571 is an inhibitor of DGAT2 (68). In a Phase 2a pilot
study combining PF-05221304 and PF-06865571, a significant
attenuation of ACC inhibitor-mediated effects on serum TG
was observed (NCT03776175) (69). We look forward to longer-
period research including liver biopsies to further demonstrate
the impact of co-administration of PF-05221304 and PF-06865571
on NASH regression and fibrosis in NASH patients. In summary,
ACC inhibitors are currently attractive target drugs to restore the
balance of hepatic fatty acid metabolism in patients with MAFLD.
Combined use with drugs, such as FXR agonists, can reduce liver
fibrosis, but attention still needs to be paid to the combination
use of other medications that regulate lipogenesis to minimize the
impact on blood lipids.

Combination of Fanitol X receptor agonists
and other drugs

Fanitol X receptor (FXR) is a nuclear receptor abundantly
expressed in the liver and intestinal epithelia, which is vital in
the perception of bile acid signals. It regulates inflammatory
pathways by reducing pro-inflammatory cytokines, inhibiting the
activation of inflammasomes, and upregulating anti-inflammatory
mediators (70). Studies have confirmed that activating the FXR
in HSCs can reduce the HSCs’ response to profibrotic signals
such as TGFβ, thereby decreasing ECM formation and inhibiting
the development of fibrosis (71). FXR agonists mainly include
obeticholic acid (OCA) and cilofexor. One serious limitation of
the OCA therapy is dyslipidemia (elevated low-density lipoprotein
cholesterol), which may lead to a rising risk in NASH patients with
atherosclerosis. The 3-hydroxy-3-methylglutaryl-CoA reductase
(HMGR) plays a pivotal role in the biosynthesis of cholesterol;

HMGR inhibitors inhibit cholesterol synthesis by atorvastatin
(72). Clinical research about the combination of OCA and a
statin found that atorvastatin attenuated OCA-induced low-density
lipoprotein cholesterol (LDL-C) elevation in patients with NASH
after 16 weeks of treatment (NCT02633956) (73). Cilofexor can
significantly reduce liver steatosis, biochemical markers, and serum
bile acid levels. Studies have shown that it has better anti-fibrosis
profit when combined with ACC inhibitor firsocostat but still faces
the problem of hypertriglyceridemia (NCT03449446) (53). This
issue limits the application of this pharmacological combination
therapy strategy. Therefore, it is necessary to explore more precise
and effective drug targets; otherwise, multi-drug combination
therapies are needed. As previously mentioned, adding fenofibrate
or semaglutide relieves elevated TG induced by the combination
therapy of cilofexor and firsocostat (63, 65). In addition, the FXR
receptor agonist tropifexor and the C-C chemokine receptor type 2
and type 5 antagonist cenicriviroc target steatosis, inflammation,
and fibrosis pathways involved in MAFLD. FXR agonists, which
restore bile acid metabolism and suppress inflammation, are
essential to future combination therapy for MAFLD.

Peroxisome proliferator-activated receptor
modulators in combination with other
drugs

Peroxisome proliferator-activated receptors (PPARs) are a class
of nuclear hormone superfamily receptors widely involved in
regulating inflammatory responses and metabolic homeostasis.
Some agonists targeting PPAR combined with other different
classes of drugs have a complementary effect in treating liver
fibrosis, such as fenofibrate mentioned above (65, 74). In addition,
pemafibrate is a selective PPARα modulator, and clinically relevant
doses of pemafibrate were demonstrated to effectively and safely
lower serum TG in mice (75). A study containing 118 patients
evaluated the therapeutical effect of pemafibrate for MAFLD
patients and showed that pemafibrate reduced liver stiffness but
had no effect in reducing liver fat content (76). Pemafibrate may
be a hopeful drug for treating MAFLD combined with medicines
to lower hepatic fat. Another trial, including 70 participants with
ultrasound-confirmed MAFLD, showed that the combination of
ezetimibe plus rosuvastatin lowered hepatic fat (77). Further studies
are needed to determine whether the combined use of pemafibrate,
ezetimibe, and rosuvastatin can achieve more clinical benefits.
In addition, a mouse model study showed that, at the two-
time points of onset of NASH progression and HCC survival,
combined treatment with pemafibrate and tofogliflozin (an SGLT-
2 inhibitor) not only significantly relieved hyperglycemia and
hypertriglyceridemia but also reduced ballooning of hepatocytes,
reduced expression of ER stress-related genes level (such as Ire1a,
Grp78, Xbp1, and Phlda3), and significantly improved the survival
rate and decreased the tumors’ numbers in the liver. It suggests
that PPARα modulator and SGLT-2 inhibitor combined treatment
has the potential to inhibit the progression of NASH to HCC (78).
Pioglitazone belongs to the first-generation thiazolidinediones,
which is a PPARγ agonist, and it was proved that pioglitazone
could improve liver fibrosis scores in non-diabetic patients with
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NASH (79). In patients with T2DM and MAFLD, 32 suitable
patients were treated with pioglitazone and tofogliflozin; compared
with every single-drug therapy group, combination therapy gained
additional improvement in HbA1C. Weight gain mediated by
pioglitazone was reduced with the concomitant use of tofogliflozin
(80). In conclusion, agonists of PPAR are widely involved in
regulating metabolic homeostasis and inflammatory response, have
therapeutic potential in preventing the progression of MAFLD to
HCC, and have a prominent position in combination therapy.

Combination therapy of natural
compounds

Up to now, there is no specific clinically useful therapy for
MAFLD, thus some people try to screen and study natural products
or synthetic compounds to find efficacious drugs for the treatment
of MAFLD, such as the natural sesquiterpene ketone (Nok) (81),
hydroxytyrosol (HXT), and vitamin E. Both HXT and vitamin
E have good antioxidant properties (82), and oxidative stress is
an influential factor that induces HSCs to activate and leads to
liver fibrosis (83). HSCs can be activated by tumor growth factor
TGF-β, leading to a significant increase in proliferation rate (84).
Nadia Panera used this cell as an in vitro model to conduct
experiments, indicating that the use of HXT and vitamin E alone
or in combination treatment resulted in a marked decrease in this
TGF-β-dependent pro-proliferative effect. The combined therapy
of HXT + vitamin E more effectively inhibited the impact of
TGF-β on HSCs. HXT + vitamin E significantly reduced the
pattern of liver fibrosis observed in a mouse model which was
fed a carbon tetrachloride plus Western diet (82). In addition, in
children with biopsy-proven MAFLD, a 4-month-old short-term
HXT+ vitamin E treatment responds to DNA damage recovery by
increasing circulating IL-10 levels, ultimately ameliorating steatosis
and hypertriglyceridemia, reducing the fibrosis stage in children
with MAFLD, and this beneficial effect is extended over time
(NCT02842567) (85). Screening and research on natural products
or synthetic compounds to treat MAFLD will help explore new
antifibrotic therapeutic targets, which may provide new elements
for pharmaceutical combination therapies.

Combined use of di�erent endothelial cell
modulators

Liver fibrosis is due to the excessive formation of extracellular
matrix, often accompanied by neovascularization and changes
in vascular structure, ultimately causing organ injury and
failure (86, 87). In recent years, angiogenesis inhibitors such
as bevacizumab have made great progress in the treatment of
tumors (88). Simultaneously, people are also actively exploring the
application of angiogenesis modulators in treating liver fibrosis.
Themicrovessels in the liver contain portal veins, hepatic sinusoids,
and central vessels, and different vessels play different roles in the
development of liver fibrosis (58). Therefore, achieving effective
anti-fibrosis through targeted vascular therapy may require a

combination of varying angiogenesis modulators. Leukocyte cell-
derived chemotaxin 2 (LECT2), a newly discovered hepatic factor,
is significantly increased in MAFLD patients (89). Ec-specific
receptor Tie1 is necessary for the maturation of blood vessels.
Meng Xu found that direct binding of LECT2 to Tie1 can inhibit
portal vein angiogenesis, induce hepatic sinusoidal capillarization,
and promote liver fibrosis. On the other hand, adeno-associated
virus vector serotype 9 carrying LECT2 short hairpin RNA (AAV9-
LECT2-shRNA) can target mouse LECT2 to inhibit LECT2/Tie1
signaling, thereby inducing portal angiogenesis, suppressing
hepatic sinusoidal capillarization, and alleviating liver fibrosis (90).
Yuan Lin and Meng Xu further explored the effect of AAV9-
LECT2-shRNA combined with rVEGF or bevacizumab in the
targeted therapy of liver fibrosis in mice. The shortcomings of
bevacizumab and rVEGF in regulating different microvessels in
the treatment of liver fibrosis are made up for by AAV9-LECT2
shRNA, the combination of varying angiogenesis modulators
further improves the therapeutic effect on liver fibrosis, and the
side effects of bevacizumab combination therapy are relatively
less (58). In comparison, vascular endothelial cell regulators
are aimed at the changes of angiogenesis in the development
of liver fibrosis, directly anti-fibrosis, and in combination with
other drugs targeting metabolic disorders, inflammation, and
other mechanisms; theoretically speaking, the complementary
advantages are apparent, and it is a direction worth exploring.

Conclusion and perspectives

As MAFLD has become the primary cause of liver fibrosis
and one of the most common indications for LT worldwide, the
global health problems caused by the MAFLD pandemic cannot
be ignored. In the face of a considerable disease burden, lifestyle
interventions have failed to control the prevalence of MAFLD
effectively, and bariatric metabolic surgery is unsuitable as a first-
line treatment. It is important to explore safe and effective drug
treatment options. The occurrence of MAFLD and its liver fibrosis
progression involves many complex factors and mechanisms,
such as metabolic disorders, inflammation, immunity, and ECM
formation. Some new drugs with multiple mechanisms of action
have been discovered, such as FXR agonists that can regulate bile
acid metabolism and inflammatory response and PPAR agonists
that target metabolic disorders and inflammation simultaneously,
but it is still challenging to achieve satisfactory results when these
drugs are used alone. Hence, a strategy for combining different
types of drugs is necessary. In recent years, appropriate drug
combination therapy has mainly focused on driving factors such
as metabolic disorders, inflammation, and oxidative stress. In the
future, it is believed that there will be more explorations of multi-
drug combination therapy strategies targeting different pro-fibrosis
pathways and fibrosis regression mechanisms.

Author contributions

QD and HB wrote the original draft and further revised it. JW
and WS organized and created tables. XZo and JS drew the figure.
YX, YC, and XZh were responsible for project administration,

Frontiers inMedicine 07 frontiersin.org

https://doi.org/10.3389/fmed.2023.1120621
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org


Dong et al. 10.3389/fmed.2023.1120621

revising, and approving the manuscript. All authors contributed to
the manuscript and approved the submitted version.

Funding

This study was supported by the National Natural Science
Foundation of China (82270599 and 81902431), the Natural
Science Foundation of Heilongjiang Province (LH2022H018),
the Hong Kong Scholars Program (XJ2020012), the Marshal
Initiative Funding of Harbin Medical University (HMUMIF-
22008), the Beijing Xisike Clinical Oncology Research Foundation
(YYoung2022-0188), the Medjaden Academy & Research
Foundation for Young Scientists (MJR20220903), the Opening
Research Fund of Key Laboratory of Gastrointestinal Cancer,
Fujian Medical University, Ministry of Education (FMUGIC-
202203), the Opening Project of Key Laboratory of Environment
and Health, Ministry of Education (2022GWKFJJ01), the Opening
Project of Key Laboratory of Functional and Clinical Translational
Medicine, Fujian Province University (XMMC-FCTM202205), the
Opening Project of Key Laboratory of Biomarkers and In Vitro
Diagnosis Translation of Zhejiang Province (KFJJ-2022002), the
Opening Project of Guangxi Laboratory of Enhanced Recovery
after Surgery for Gastrointestinal Cancer (GXEKL202204), the
Opening Project of Jiangsu Province Engineering Research Center
of Tumor Targeted Nano Diagnostic and Therapeutic Materials
(JETNM202210), the Opening Project of Key Laboratory of Basic

Pharmacology of Ministry of Education, Zunyi Medicial University
(2022-449), the Opening Project of the State Key Laboratory of
Chemical Oncogenomics, Thematic Research Support Scheme of
State Key Laboratory of Liver Research, The University of Hong
Kong (SKLLR/TRSS/2022/08), Opening Project of Key Laboratory
of Intelligent Pharmacy and Individualized Therapy of Huzhou
& Changxing Anti-cancer Association (NZKF-20230203), and
Opening Project of Fujian Provincial Key Laboratory of Innovative
Drug Target Research (FJ-YW-2022KF03).

Conflict of interest

The authors declare that the research was conducted
in the absence of any commercial or financial relationships
that could be construed as a potential conflict
of interest.

Publisher’s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

References

1. Geier A, Tiniakos D, Denk H, Trauner M. From the origin of nash to the
future of metabolic fatty liver disease. Gut. (2021) 70:1570–9. doi: 10.1136/gutjnl-2020-
323202

2. Battistella S, D’Arcangelo F, Grasso M, Zanetto A, Gambato M, Germani G, et al.
Liver transplantation for Nafld: indications and post-transplant management. Clin Mol
Hepatol. (2022). doi: 10.3350/cmh.2022.0392

3. Wong RJ, Cheung R. Trends in the prevalence of metabolic dysfunction-
associated fatty liver disease in the United States, 2011-2018. Clin Gastroenterol
Hepatol. (2022) 20:e610–e3. doi: 10.1016/j.cgh.2021.01.030

4. Sakurai Y, Kubota N, Yamauchi T, Kadowaki T. Role of insulin resistance inMafld.
Int J Mol Sci. (2021) 22:4156. doi: 10.3390/ijms22084156

5. Eslam M, Sanyal AJ, George J. Mafld: a consensus-driven proposed nomenclature
for metabolic associated fatty liver disease. Gastroenterology. (2020) 158:1999–
2014. doi: 10.1053/j.gastro.2019.11.312

6. Méndez-Sánchez N, Bugianesi E, Gish RG, Lammert F, Tilg H, Nguyen MH, et al.
Global multi-stakeholder endorsement of the Mafld definition. Lancet Gastroenterol
Hepatol. (2022) 7:388–90. doi: 10.1016/S2468-1253(22)00062-0

7. Kim D, Konyn P, Sandhu KK, Dennis BB, Cheung AC, Ahmed
A. Metabolic dysfunction-associated fatty liver disease is associated with
increased all-cause mortality in the United States. J Hepatol. (2021)
75:1284–91. doi: 10.1016/j.jhep.2021.07.035

8. Wang T-Y, Wang R-F, Bu Z-Y, Targher G, Byrne CD, Sun D-Q, et al. Association
of metabolic dysfunction-associated fatty liver disease with kidney disease. Nat Rev
Nephrol. (2022) 18:259–68. doi: 10.1038/s41581-021-00519-y

9. Tornesello ML, Buonaguro L, Izzo F, Buonaguro FM. Molecular alterations
in hepatocellular carcinoma associated with hepatitis b and hepatitis C infections.
Oncotarget. (2016) 7:25087–102. doi: 10.18632/oncotarget.7837

10. Liu W, Baker RD, Bhatia T, Zhu L, Baker SS. pathogenesis of non-alcoholic
steatohepatitis. Cell Mol Life Sci. (2016) 73:1969–87. doi: 10.1007/s00018-016-
2161-x

11. Kuchay MS, Martínez-Montoro JI, Kaur P, Fernández-García JC, Ramos-
Molina B. Non-alcoholic fatty liver disease-related fibrosis and sarcopenia: an altered

liver-muscle crosstalk leading to increased mortality risk. Ageing Res Rev. (2022)
80:101696. doi: 10.1016/j.arr.2022.101696

12. Guo F, Estévez-Vázquez O, Benedé-Ubieto R, Maya-Miles D, Zheng K, Gallego-
Durán R, et al. A shortcut from metabolic-associated fatty liver disease (Mafld) to
hepatocellular carcinoma (Hcc): C-Myc a promising target for preventative strategies
and individualized therapy. Cancers. (2021) 14:192. doi: 10.3390/cancers14010192

13. Vieira Barbosa J, Milligan S, Frick A, Broestl J, Younossi Z, Afdhal N,
et al. Fibrosis-4 index can independently predict major adverse cardiovascular
events in nonalcoholic fatty liver disease. Am J Gastroenterol. (2022) 117:453–
61. doi: 10.14309/ajg.0000000000001606

14. Ekstedt M, Hagström H, Nasr P, Fredrikson M, Stål P, Kechagias S, et al. Fibrosis
stage is the strongest predictor for disease-specific mortality in Nafld after up to 33
years of follow-up. Hepatology. (2015) 61:1547–54. doi: 10.1002/hep.27368

15. Friedman SL, Neuschwander-Tetri BA, Rinella M, Sanyal AJ. Mechanisms
of Nafld development and therapeutic strategies. Nat Med. (2018) 24:908–
22. doi: 10.1038/s41591-018-0104-9

16. Peiseler M, Schwabe R, Hampe J, Kubes P, Heikenwälder M, Tacke F. Immune
mechanisms linking metabolic injury to inflammation and fibrosis in fatty liver disease
- novel insights into cellular communication circuits. J Hepatol. (2022) 77:1136–
60. doi: 10.1016/j.jhep.2022.06.012

17. Huang C, Gao X, Shi Y, Guo L, Zhou C, Li N, et al. Inhibition of hepatic
Ampk pathway contributes to free fatty acids-induced fatty liver disease in laying hen.
Metabolites. (2022) 12:825. doi: 10.3390/metabo12090825

18. Qu W, Ma T, Cai J, Zhang X, Zhang P, She Z, et al. Liver fibrosis and
mafld: from molecular aspects to novel pharmacological strategies. Front Med. (2021)
8:761538. doi: 10.3389/fmed.2021.761538

19. Yang B, Huang S, Zhao G, Ma Q. Dietary supplementation of porcine bile
acids improves laying performance, serum lipid metabolism and cecal microbiota in
late-phase laying hens. Anim Nutr. (2022) 11:283–92. doi: 10.1016/j.aninu.2022.08.003

20. Wang Z, Li S, Wang R, Guo L, Xu D, Zhang T, et al. The protective effects of the
B3 adrenergic receptor agonist Brl37344 against liver steatosis and inflammation in a
rat model of high-fat diet-induced non-alcoholic fatty liver disease (Nafld). Mol Med.
(2020) 26:54. doi: 10.1186/s10020-020-00164-4

Frontiers inMedicine 08 frontiersin.org

https://doi.org/10.3389/fmed.2023.1120621
https://doi.org/10.1136/gutjnl-2020-323202
https://doi.org/10.3350/cmh.2022.0392
https://doi.org/10.1016/j.cgh.2021.01.030
https://doi.org/10.3390/ijms22084156
https://doi.org/10.1053/j.gastro.2019.11.312
https://doi.org/10.1016/S2468-1253(22)00062-0
https://doi.org/10.1016/j.jhep.2021.07.035
https://doi.org/10.1038/s41581-021-00519-y
https://doi.org/10.18632/oncotarget.7837
https://doi.org/10.1007/s00018-016-2161-x
https://doi.org/10.1016/j.arr.2022.101696
https://doi.org/10.3390/cancers14010192
https://doi.org/10.14309/ajg.0000000000001606
https://doi.org/10.1002/hep.27368
https://doi.org/10.1038/s41591-018-0104-9
https://doi.org/10.1016/j.jhep.2022.06.012
https://doi.org/10.3390/metabo12090825
https://doi.org/10.3389/fmed.2021.761538
https://doi.org/10.1016/j.aninu.2022.08.003
https://doi.org/10.1186/s10020-020-00164-4
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org


Dong et al. 10.3389/fmed.2023.1120621

21. Luo X, Xu Z-X, Wu J-C, Luo S-Z, Xu M-Y. Hepatocyte-derived exosomal Mir-
27a activateshepatic stellate cells through the inhibitionof Pink1-mediated mitophagy
in Mafld.Mol Ther Nucleic Acids. (2021) 26:1241–54. doi: 10.1016/j.omtn.2021.10.022

22. Luo X, Luo S-Z, Xu Z-X, Zhou C, Li Z-H, Zhou X-Y, et al. Lipotoxic hepatocyte-
derived exosomal Mir-1297 promotes hepatic stellate cell activation through the Pten
signaling pathway in metabolic-associated fatty liver disease. World J Gastroenterol.
(2021) 27:1419–34. doi: 10.3748/wjg.v27.i14.1419

23. Dong J, Viswanathan S, Adami E, Singh BK, Chothani SP, Ng B, et al. Hepatocyte-
specific Il11 cis-signaling drives lipotoxicity and underlies the transition from Nafld to
Nash. Nat Commun. (2021) 12:66. doi: 10.1038/s41467-020-20303-z

24. Chen Z, Tian R, She Z, Cai J, Li H. Role of oxidative stress in the
pathogenesis of non-alcoholic fatty liver disease. Free Radic Biol Med. (2020) 152:116–
41. doi: 10.1016/j.freeradbiomed.2020.02.025

25. Zhao Y, Wang Z, Feng D, Zhao H, Lin M, Hu Y, et al. P66shc contributes to liver
fibrosis through the regulation of mitochondrial reactive oxygen species. Theranostics.
(2019) 9:1510–22. doi: 10.7150/thno.29620

26. Schuster S, Cabrera D, Arrese M, Feldstein AE. Triggering and
resolution of inflammation in nash. Nat Rev Gastroenterol Hepatol. (2018)
15:349–64. doi: 10.1038/s41575-018-0009-6

27. Mridha AR, Wree A, Robertson AAB, Yeh MM, Johnson CD,
Van Rooyen DM, et al. Nlrp3 inflammasome blockade reduces liver
inflammation and fibrosis in experimental nash in mice. J Hepatol. (2017)
66:1037–46. doi: 10.1016/j.jhep.2017.01.022

28. Qin Y, Zhao B, Deng H, Zhang M, Qiao Y, Liu Q, et al. Isolation and
quantification of the hepatoprotective flavonoids from scleromitron diffusum (Willd)
R JWang with Bio-Enzymatic Method against Nafld by Uplc-Ms/Ms. Front Pharmacol.
(2022) 13:890148. doi: 10.3389/fphar.2022.890148

29. Rodríguez-Sanabria JS, Escutia-Gutiérrez R, Rosas-Campos R, Armendáriz-
Borunda JS, Sandoval-Rodríguez A. An update in epigenetics in metabolic-associated
fatty liver disease. Front Med. (2021) 8:770504. doi: 10.3389/fmed.2021.770504

30. Ginès P, Krag A, Abraldes JG, Solà E, Fabrellas N, Kamath PS. Liver cirrhosis.
Lancet. (2021) 398:1359–76. doi: 10.1016/S0140-6736(21)01374-X

31. Campana L, Iredale JP. Regression of liver fibrosis. Semin Liver Dis. (2017)
37:1–10. doi: 10.1055/s-0036-1597816

32. Lassailly G, Caiazzo R, Ntandja-Wandji L-C, Gnemmi V, Baud G, Verkindt
H, et al. Bariatric surgery provides long-term resolution of nonalcoholic
steatohepatitis and regression of fibrosis. Gastroenterology. (2020) 159:1290–1301.e5.
doi: 10.1053/j.gastro.2020.06.006

33. Kisseleva T, Brenner D. Molecular and cellular mechanisms of
liver fibrosis and its regression. Nat Rev Gastroenterol Hepatol. (2021)
18:151–66. doi: 10.1038/s41575-020-00372-7

34. Martí-Rodrigo A, Alegre F, Moragrega ÁB, García-García F, Martí-
Rodrigo P, Fernández-Iglesias A, et al. Rilpivirine attenuates liver fibrosis
through selective Stat1-mediated apoptosis in hepatic stellate cells. Gut. (2020)
69:920–32. doi: 10.1136/gutjnl-2019-318372

35. Yamashita M, Passegué E. Tnf-A coordinates hematopoietic stem cell
survival and myeloid regeneration. Cell Stem Cell. (2019) 25:357–372.e7.
doi: 10.1016/j.stem.2019.05.019

36. Zhang Q, Xiang S, Liu Q, Gu T, Yao Y, Lu X. Ppar antagonizes hypoxia-induced
activation of hepatic stellate cell through cross mediating Pi3k/Akt and Cgmp/Pkg
signaling. PPAR Res. (2018) 2018:6970407. doi: 10.1155/2018/6970407

37. Sun W-Y, Gu Y-J, Li X-R, Sun J-C, Du J-J, Chen J-Y, et al. B-Arrestin2 deficiency
protects against hepatic fibrosis in mice and prevents synthesis of extracellular matrix.
Cell Death Dis. (2020) 11:389. doi: 10.1038/s41419-020-2596-8

38. Klepfish M, Gross T, Vugman M, Afratis NA, Havusha-Laufer S, Brazowski E,
et al. Loxl2 inhibition paves the way for macrophage-mediated collagen degradation in
liver fibrosis. Front Immunol. (2020) 11:480. doi: 10.3389/fimmu.2020.00480

39. Ikenaga N, Peng Z-W, Vaid KA, Liu SB, Yoshida S, Sverdlov DY, et al.
Selective targeting of lysyl oxidase-like 2 (Loxl2) suppresses hepatic fibrosis progression
and accelerates its reversal. Gut. (2017) 66:1697–708. doi: 10.1136/gutjnl-2016-
312473

40. Hallsworth K, Adams LA. Lifestyle modification in Nafld/Nash: facts and figures.
JHEP Rep Innovat Hepatol. (2019) 1:468–79. doi: 10.1016/j.jhepr.2019.10.008

41. Nassir F. Nafld: mechanisms, treatments, and biomarkers. Biomolecules. (2022)
12:824. doi: 10.3390/biom12060824

42. Chalasani N, Younossi Z, Lavine JE, Charlton M, Cusi K, Rinella M, et al.
The diagnosis and management of nonalcoholic fatty liver disease: practice guidance
from the American Association for the study of liver diseases. Hepatology. (2018)
67:328–57. doi: 10.1002/hep.29367

43. El-Agroudy NN, Kurzbach A, Rodionov RN, O’Sullivan J, Roden M, Birkenfeld
AL, et al. Are lifestyle therapies effective for Nafld treatment? Trends Endocrinol Metab.
(2019) 30:701–9. doi: 10.1016/j.tem.2019.07.013

44. Wang X, Wang A, Zhang R, Cheng S, Pang Y. Associations between healthy
lifestyle and all-cause mortality in individuals with metabolic associated fatty liver
disease. Nutrients. (2022) 14:4222. doi: 10.3390/nu14204222

45. Fujii H, Nakamura N, Fukumoto S, Kimura T, Nakano A, Nadatani Y,
et al. Lifestyle changes during the coronavirus disease 2019 pandemic impact
metabolic dysfunction-associated fatty liver disease. Liver Int. (2022) 42:995–1004.
doi: 10.1111/liv.15158

46. Abulikemu A, Zhao X, Xu H, Li Y, Ma R, Yao Q, et al. Silica nanoparticles
aggravated the metabolic associated fatty liver disease through disturbed
amino acid and lipid metabolisms-mediated oxidative stress. Redox Biol. (2023)
59:102569. doi: 10.1016/j.redox.2022.102569

47. Guo B, Guo Y, Nima Q, Feng Y, Wang Z, Lu R, et al. Exposure to air pollution is
associated with an increased risk of metabolic dysfunction-associated fatty liver disease.
J Hepatol. (2022) 76:518–25. doi: 10.1016/j.jhep.2021.10.016

48. Ji Y, Lee H, Kaura S, Yip J, Sun H, Guan L, et al. Effect of bariatric surgery
on metabolic diseases and underlying mechanisms. Biomolecules. (2021) 11:1582.
doi: 10.3390/biom11111582

49. EslamM, El-Serag HB, Francque S, Sarin SK,Wei L, Bugianesi E, et al. Metabolic
(dysfunction)-associated fatty liver disease in individuals of normal weight. Nat Rev
Gastroenterol Hepatol. (2022) 19:638–51. doi: 10.1038/s41575-022-00635-5

50. Hou X-D, Yan N, Du Y-M, Liang H, Zhang Z-F, Yuan X-L. Consumption of
wild rice (Zizania Latifolia) prevents metabolic associated fatty liver disease through
the modulation of the gut microbiota in mice model. Int J Mol Sci. (2020) 21:5375.
doi: 10.3390/ijms21155375

51. Billeter AT, Scheurlen KM, Israel B, Straub BK, Schirmacher P, Kopf S,
et al. Gastric bypass resolves metabolic dysfunction-associated fatty liver disease
(Mafld) in low-bmi patients: a prospective cohort study. Ann Surg. (2022) 276:814–
21. doi: 10.1097/SLA.0000000000005631

52. Klebanoff MJ, Corey KE, Samur S, Choi JG, Kaplan LM, Chhatwal
J, et al. Cost-effectiveness analysis of bariatric surgery for patients
with nonalcoholic steatohepatitis cirrhosis. JAMA Netw Open. (2019)
2:e190047. doi: 10.1001/jamanetworkopen.2019.0047

53. Loomba R, Noureddin M, Kowdley KV, Kohli A, Sheikh A, Neff G, et al.
Combination therapies including cilofexor and firsocostat for bridging fibrosis
and cirrhosis attributable to Nash. Hepatology. (2021) 73:625–43. doi: 10.1002/hep.
31622

54. Younossi ZM, Loomba R, Rinella ME, Bugianesi E, Marchesini G,
Neuschwander-Tetri BA, et al. Current and future therapeutic regimens for
nonalcoholic fatty liver disease and nonalcoholic steatohepatitis. Hepatology. (2018)
68:361–71. doi: 10.1002/hep.29724

55. Bhati C, Idowu MO, Sanyal AJ, Rivera M, Driscoll C, Stravitz RT,
et al. Long-term outcomes in patients undergoing liver transplantation for
non-alcoholic steatohepatitis-related cirrhosis. Transplantation. (2017) 101:1867–
74. doi: 10.1097/TP.0000000000001709

56. Saeed N, Glass L, Sharma P, Shannon C, Sonnenday CJ, Tincopa MA.
Incidence and risks for non-alcoholic fatty liver disease and steatohepatitis post-liver
transplant: systematic review and meta-analysis. Transplantation. (2019) 103:e345–
54. doi: 10.1097/TP.0000000000002916

57. Sumida Y, Yoneda M. Current and future pharmacological therapies for
Nafld/Nash. J Gastroenterol. (2018) 53:362–76. doi: 10.1007/s00535-017-1415-1

58. Lin Y, Dong M-Q, Liu Z-M, Xu M, Huang Z-H, Liu H-J, et al. A
strategy of vascular-targeted therapy for liver fibrosis. Hepatology. (2022) 76:660–
75. doi: 10.1002/hep.32299

59. Müller TD, Finan B, Bloom SR, D’Alessio D, Drucker DJ, Flatt
PR, et al. Glucagon-like peptide 1 (Glp-1). Mol Metab. (2019) 30:72–130.
doi: 10.1016/j.molmet.2019.09.010

60. Davis TME. Diabetes and metabolic dysfunction-associated fatty liver disease.
Metabolism. (2021) 123:154868. doi: 10.1016/j.metabol.2021.154868

61. Moon JS, Hong JH, Jung YJ, Ferrannini E, Nauck MA, Lim S. Sglt-2 inhibitors
and Glp-1 receptor agonists in metabolic dysfunction-associated fatty liver disease.
Trends Endocrinol Metab. (2022) 33:424–42. doi: 10.1016/j.tem.2022.03.005

62. Yabut JM, Drucker DJ. Glucagon-like peptide-1 receptor-based therapeutics for
metabolic liver disease. Endocr Rev. (2023) 44:14–32. doi: 10.1210/endrev/bnac018

63. Alkhouri N, Herring R, Kabler H, Kayali Z, Hassanein T, Kohli A, et al. Safety and
efficacy of combination therapy with semaglutide, cilofexor and firsocostat in patients
with non-alcoholic steatohepatitis: a randomised, open-label phase II trial. J Hepatol.
(2022) 77:607–18. doi: 10.1016/j.jhep.2022.04.003

64. Loomba R, Kayali Z, Noureddin M, Ruane P, Lawitz EJ, Bennett M, et al. Gs-
0976 reduces hepatic steatosis and fibrosis markers in patients with non-alcoholic fatty
liver disease. Gastroenterology. (2018) 155:1463–1473.e6. doi: 10.1053/j.gastro.2018.
07.027

65. Lawitz EJ, Bhandari BR, Ruane PJ, Kohli A, Harting E, Ding D, et al.
Fenofibrate mitigates hypertriglyceridemia in non-alcoholic steatohepatitis patients
treated with cilofexor/firsocostat. Clin Gastroenterol Hepatol. (2023) 21:143–152.e3.
doi: 10.1016/j.cgh.2021.12.044

66. Bergman A, Carvajal-Gonzalez S, Tarabar S, Saxena AR, Esler WP, Amin NB.
Safety, tolerability, pharmacokinetics, and pharmacodynamics of a liver-targeting
acetyl-coa carboxylase inhibitor (Pf-05221304): a three-part randomized Phase 1 study.
Clin Pharmacol Drug Dev. (2020) 9:514–26. doi: 10.1002/cpdd.782

Frontiers inMedicine 09 frontiersin.org

https://doi.org/10.3389/fmed.2023.1120621
https://doi.org/10.1016/j.omtn.2021.10.022
https://doi.org/10.3748/wjg.v27.i14.1419
https://doi.org/10.1038/s41467-020-20303-z
https://doi.org/10.1016/j.freeradbiomed.2020.02.025
https://doi.org/10.7150/thno.29620
https://doi.org/10.1038/s41575-018-0009-6
https://doi.org/10.1016/j.jhep.2017.01.022
https://doi.org/10.3389/fphar.2022.890148
https://doi.org/10.3389/fmed.2021.770504
https://doi.org/10.1016/S0140-6736(21)01374-X
https://doi.org/10.1055/s-0036-1597816
https://doi.org/10.1053/j.gastro.2020.06.006
https://doi.org/10.1038/s41575-020-00372-7
https://doi.org/10.1136/gutjnl-2019-318372
https://doi.org/10.1016/j.stem.2019.05.019
https://doi.org/10.1155/2018/6970407
https://doi.org/10.1038/s41419-020-2596-8
https://doi.org/10.3389/fimmu.2020.00480
https://doi.org/10.1136/gutjnl-2016-312473
https://doi.org/10.1016/j.jhepr.2019.10.008
https://doi.org/10.3390/biom12060824
https://doi.org/10.1002/hep.29367
https://doi.org/10.1016/j.tem.2019.07.013
https://doi.org/10.3390/nu14204222
https://doi.org/10.1111/liv.15158
https://doi.org/10.1016/j.redox.2022.102569
https://doi.org/10.1016/j.jhep.2021.10.016
https://doi.org/10.3390/biom11111582
https://doi.org/10.1038/s41575-022-00635-5
https://doi.org/10.3390/ijms21155375
https://doi.org/10.1097/SLA.0000000000005631
https://doi.org/10.1001/jamanetworkopen.2019.0047
https://doi.org/10.1002/hep.31622
https://doi.org/10.1002/hep.29724
https://doi.org/10.1097/TP.0000000000001709
https://doi.org/10.1097/TP.0000000000002916
https://doi.org/10.1007/s00535-017-1415-1
https://doi.org/10.1002/hep.32299
https://doi.org/10.1016/j.molmet.2019.09.010
https://doi.org/10.1016/j.metabol.2021.154868
https://doi.org/10.1016/j.tem.2022.03.005
https://doi.org/10.1210/endrev/bnac018
https://doi.org/10.1016/j.jhep.2022.04.003
https://doi.org/10.1053/j.gastro.2018.07.027
https://doi.org/10.1016/j.cgh.2021.12.044
https://doi.org/10.1002/cpdd.782
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org


Dong et al. 10.3389/fmed.2023.1120621

67. McLaren DG, Han S, Murphy BA, Wilsie L, Stout SJ, Zhou H, et al. Dgat2
inhibition alters aspects of triglyceride metabolism in rodents but not in non-
human primates. Cell Metab. (2018) 27:1236–1248.e6. doi: 10.1016/j.cmet.2018.
04.004

68. Futatsugi K, Cabral S, Kung DW, Huard K, Lee E, Boehm M, et al. Discovery
of ervogastat (Pf-06865571): a potent and selective inhibitor of diacylglycerol
acyltransferase 2 for the treatment of non-alcoholic steatohepatitis. J Med Chem. (2022)
65:15000–13. doi: 10.1021/acs.jmedchem.2c01200

69. Calle RA, Amin NB, Carvajal-Gonzalez S, Ross TT, Bergman A, Aggarwal S,
et al. Acc inhibitor alone or co-administered with a Dgat2 inhibitor in patients with
non-alcoholic fatty liver disease: two parallel, placebo-controlled, randomized phase 2a
trials. Nat Med. (2021) 27:1836–48. doi: 10.1038/s41591-021-01489-1

70. Fiorucci S, Zampella A, Ricci P, Distrutti E, Biagioli M.
Immunomodulatory functions of Fxr. Mol Cell Endocrinol. (2022)
551:111650. doi: 10.1016/j.mce.2022.111650

71. Schumacher JD, Kong B,Wu J, Rizzolo D, Armstrong LE, ChowMD, et al. Direct
and indirect effects of fibroblast growth factor (Fgf) 15 and Fgf19 on liver fibrosis
development. Hepatology. (2020) 71:670–85. doi: 10.1002/hep.30810

72. Istvan ES, Deisenhofer J. Structural mechanism for statin inhibition of Hmg-Coa
reductase. Science. (2001) 292:1160–4. doi: 10.1126/science.1059344

73. Pockros PJ, Fuchs M, Freilich B, Schiff E, Kohli A, Lawitz EJ, et al. Control: a
randomized phase 2 study of obeticholic acid and atorvastatin on lipoproteins in non-
alcoholic steatohepatitis patients. Liver Int. (2019) 39:2082–93. doi: 10.1111/liv.14209

74. Rau M, Geier A. An update on drug development for the treatment of non-
alcoholic fatty liver disease - from ongoing clinical trials to future therapy. Expert Rev
Clin Pharmacol. (2021) 14:333–40. doi: 10.1080/17512433.2021.1884068

75. Zhang Z, Diao P, Zhang X, Nakajima T, Kimura T, Tanaka N. Clinically relevant
dose of pemafibrate, a novel selective peroxisome proliferator-activated receptor A
modulator (Spparmα), lowers serum triglyceride levels by targeting hepatic Pparα in
mice. Biomedicines. (2022) 10:1667. doi: 10.3390/biomedicines10071667

76. Nakajima A, Eguchi Y, Yoneda M, Imajo K, Tamaki N, Suganami H, et al.
Randomised clinical trial: pemafibrate, a novel selective peroxisome proliferator-
activated receptor A modulator (Spparmα), versus placebo in patients with
non-alcoholic fatty liver disease. Aliment Pharmacol Ther. (2021) 54:1263–
77. doi: 10.1111/apt.16596

77. Cho Y, Rhee H, Kim Y-E, Lee M, Lee B-W, Kang ES, et al. Ezetimibe
combination therapy with statin for non-alcoholic fatty liver disease: an
open-label randomized controlled trial (essential study). BMC Med. (2022)
20:93. doi: 10.1186/s12916-022-02288-2

78. Murakami K, Sasaki Y, Asahiyama M, Yano W, Takizawa T, Kamiya W, et al.
Selective Pparα modulator pemafibrate and sodium-glucose cotransporter 2 inhibitor

tofogliflozin combination treatment improved histopathology in experimental mice
model of non-alcoholic steatohepatitis. Cells. (2022) 11:720. doi: 10.3390/cells11040720

79. Cusi K, Orsak B, Bril F, Lomonaco R, Hecht J, Ortiz-Lopez C, et al. Long-term
pioglitazone treatment for patients with non-alcoholic steatohepatitis and prediabetes
or type 2 diabetes mellitus: a randomized trial. Ann Intern Med. (2016) 165:305–
15. doi: 10.7326/M15-1774

80. Yoneda M, Kobayashi T, Honda Y, Ogawa Y, Kessoku T, Imajo K,
et al. Combination of tofogliflozin and pioglitazone for Nafld: extension
to the topind randomized controlled trial. Hepatol Commun. (2022)
6:2273–85. doi: 10.1002/hep4.1993

81. Yong Z, Zibao H, Zhi Z, Ning M, Ruiqi W, Mimi C, et al. Nootkatone,
a sesquiterpene ketone from alpiniae oxyphyllae fructus, ameliorates metabolic-
associated fatty liver by regulating Ampk andMapk signaling. Front Pharmacol. (2022)
13:909280. doi: 10.3389/fphar.2022.909280

82. Panera N, BraghiniMR, Crudele A, Smeriglio A, BianchiM, Condorelli AG, et al.
Combination treatment with hydroxytyrosol and vitamin e improves nafld-related
fibrosis. Nutrients. (2022) 14:3791. doi: 10.3390/nu14183791

83. Tsuchida T, Friedman SL. Mechanisms of hepatic stellate cell activation. Nat Rev
Gastroenterol Hepatol. (2017) 14:397–411. doi: 10.1038/nrgastro.2017.38

84. Dewidar B, Meyer C, Dooley S, Meindl B, Nadja. Tgf-B in hepatic
stellate cell activation and liver fibrogenesis-updated 2019. Cells. (2019)
8:1419. doi: 10.3390/cells8111419

85. Mosca A, Crudele A, Smeriglio A, Braghini MR, Panera N, Comparcola
D, et al. Antioxidant activity of hydroxytyrosol and vitamin E reduces systemic
inflammation in children with paediatric Nafld. Dig Liver Dis. (2021) 53:1154–
8. doi: 10.1016/j.dld.2020.09.021

86. Schuppan D, Ashfaq-Khan M, Yang AT, Kim YO. Liver fibrosis:
direct antifibrotic agents and targeted therapies. Matrix Biol. (2018)
68–69:435–451. doi: 10.1016/j.matbio.2018.04.006

87. Rockey DC, Bell PD, Hill JA. Fibrosis–a common pathway to organ injury and
failure. N Engl J Med. (2015) 373:96. doi: 10.1056/NEJMra1300575

88. Garcia J, Hurwitz HI, Sandler AB, Miles D, Coleman RL, Deurloo
R, et al. Bevacizumab (Avastin R©) in cancer treatment: a review of 15
years of clinical experience and future outlook. Cancer Treat Rev. (2020)
86:102017. doi: 10.1016/j.ctrv.2020.102017

89. Yoo HJ, Hwang SY, Choi J-H, Lee HJ, Chung HS, Seo J-A, et al. Association
of leukocyte cell-derived chemotaxin 2 (Lect2) with Nafld, metabolic syndrome, and
atherosclerosis. PLoS ONE. (2017) 12:e0174717. doi: 10.1371/journal.pone.0174717

90. Xu M, Xu H-H, Lin Y, Sun X, Wang L-J, Fang Z-P, et al. Lect2, a ligand
for tie1, plays a crucial role in liver fibrogenesis. Cell. (2019) 178:1478–1492.e20.
doi: 10.1016/j.cell.2019.07.021

Frontiers inMedicine 10 frontiersin.org

https://doi.org/10.3389/fmed.2023.1120621
https://doi.org/10.1016/j.cmet.2018.04.004
https://doi.org/10.1021/acs.jmedchem.2c01200
https://doi.org/10.1038/s41591-021-01489-1
https://doi.org/10.1016/j.mce.2022.111650
https://doi.org/10.1002/hep.30810
https://doi.org/10.1126/science.1059344
https://doi.org/10.1111/liv.14209
https://doi.org/10.1080/17512433.2021.1884068
https://doi.org/10.3390/biomedicines10071667
https://doi.org/10.1111/apt.16596
https://doi.org/10.1186/s12916-022-02288-2
https://doi.org/10.3390/cells11040720
https://doi.org/10.7326/M15-1774
https://doi.org/10.1002/hep4.1993
https://doi.org/10.3389/fphar.2022.909280
https://doi.org/10.3390/nu14183791
https://doi.org/10.1038/nrgastro.2017.38
https://doi.org/10.3390/cells8111419
https://doi.org/10.1016/j.dld.2020.09.021
https://doi.org/10.1016/j.matbio.2018.04.006
https://doi.org/10.1056/NEJMra1300575
https://doi.org/10.1016/j.ctrv.2020.102017
https://doi.org/10.1371/journal.pone.0174717
https://doi.org/10.1016/j.cell.2019.07.021
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org

	Liver fibrosis and MAFLD: the exploration of multi-drug combination therapy strategies
	Introduction
	MAFLD-related liver fibrosis and its regression mechanism
	Interventions/treatment measures for MAFLD and its related liver fibrosis
	Lifestyle intervention
	Bariatric metabolic surgery
	Liver transplantation
	Pharmacological treatment

	Multi-drug combination therapies
	Combination therapy based on glucagon-like peptide 1 receptor agonists
	Combined use of acetyl-CoA carboxylase inhibitors
	Combination of Fanitol X receptor agonists and other drugs
	Peroxisome proliferator-activated receptor modulators in combination with other drugs
	Combination therapy of natural compounds
	Combined use of different endothelial cell modulators

	Conclusion and perspectives
	Author contributions
	Funding
	Conflict of interest
	Publisher's note
	References


