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Abstract: Non-alcoholic fatty liver disease (NAFLD) is to date the most common chronic liver disease
in clinical practice and, consequently, a major health problem worldwide. It affects approximately
30% of adults in the general population and up to 70% of patients with type 2 diabetes (T2DM).
Despite the current knowledge of the epidemiology, pathogenesis, and natural history of NAFLD,
no specific pharmacological therapies are until now approved for this disease and, consequently,
general strategies have been proposed to manage it. They include: (a) lifestyle change in order
to promote weight loss by diet and physical activity, (b) control of the main cardiometabolic risk
factors, (c) correction of all modifiable risk factors leading the development and progression of
advanced forms of NAFLD, and (d) prevention of hepatic and extra-hepatic complications. In the
last decade, several potential agents have been widely investigated for the treatment of NAFLD
and its advanced forms—shedding some light but casting a few shadows. They include some
glucose-lowering drugs (such as pioglitazone, glucagon-like peptide-1 (GLP-1) receptor agonists,
sodium-glucose co-transporter-2 (SGLT-2) inhibitors), antioxidants (such as vitamin E), statins or
other lipid lowering agents, bile and non-bile acid farnesoid X activated receptor (FXR) agonists, and
others. This narrative review discusses in detail the different available approaches with the potential
to prevent and treat NAFLD and its advanced forms.

Keywords: non-alcoholic fatty liver disease; NAFLD; non-alcoholic steatohepatitis; metabolic associ-
ated fatty liver disease; MAFLD

1. Introduction

Non-alcoholic fatty liver disease (NAFLD) is the hepatic manifestation of metabolic
syndrome and includes a spectrum of progressive conditions, such as simple steatosis,
steatohepatitis (NASH), fibrosis (with various grades of severity), and cirrhosis [1,2]. To
date, NAFLD is the most common chronic liver disease seen in clinical practice, mostly in
high-income countries. In fact, NAFLD affects approximately 30% of adults in the general
population [3] and up to 70% of patients with type 2 diabetes mellitus (T2DM) [4,5].

Though the physiopathology of NAFLD is complex, a large body of evidence now
suggests that NAFLD, insulin resistance, obesity, and T2DM frequently coexist and play a
role in the development of adverse hepatic and extra-hepatic clinical outcomes, such as
cardiovascular diseases (that are the leading causes of death in NAFLD patients) [5–10]. In
2020, some experts in the field have proposed a change of the terminology from NAFLD
to metabolic associated fatty liver disease (MAFLD) [11,12]. The diagnosis of MAFLD
can be performed by the presence of hepatic steatosis (as detected by specific serum
biomarker scores, imaging techniques, or histology) and at least one of the following criteria:
(a) overweight or obesity, (b) T2DM, and (c) metabolic dysregulation (at least two factors
among increased waist circumference, hypertension, hypertriglyceridemia, low serum
HDL-cholesterol levels, impaired fasting plasma glucose, insulin resistance (assessed by
homeostatic model assessment of insulin resistance), or subclinical inflammation (evaluated
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by high-sensitivity C-reactive protein levels)) [11,12]. However, seeing that at the time
of writing it is still debated which term should be used in literature [13,14], we have
considered it appropriate to maintain the NAFLD term in this narrative review.

Despite our understanding of the mechanisms involved in the development and
progression of NAFLD, at present there are no approved pharmacological treatments
for NAFLD and its advanced forms in patients with and without T2DM [1,2,15,16]. The
management of NAFLD is based essentially on four goals: (a) lifestyle change in order to
promote weight loss; (b) control of the cardiometabolic risk factors; (c) correction of all
modifiable risk factors leading to the development and progression of advanced forms of
NAFLD; and (d) prevention of hepatic and extra-hepatic complications [1,2,15–17]. Hypo-
thetically, an optimal therapy for NAFLD should reduce hepatic steatosis, inflammation,
and even fibrosis in order to prevent serious liver-related complications. In addition, it
should also improve the metabolic background with the aim to prevent T2DM, cardio-
vascular diseases, and extra-hepatic cancers. It is reasonable to suppose that a single
agent (or approach) is unable to achieve these goals. Hence, several beneficial therapeutic
approaches exist (as summarized in Figure 1) and are being tested in several studies [16].

Figure 1. Current proposed treatments for non-alcoholic fatty liver disease (NAFLD) and its advanced forms. Although
specific therapies for NAFLD are not approved yet, general strategies have been proposed to manage it, including:
(a) lifestyle change (blue line), (b) glucose-lowering agents (including pioglitazone), or antioxidants (such as vitamin E), or
other promising drugs (yellow line), (c) bariatric surgery in patients with severe obesity (i.e., BMI > 35 kg/m2) (light green
line), and (d) liver transplantation in selected cases (dark green line).

The aim of this narrative review is to summarize the current proposed treatments for
NAFLD in patients with and without T2DM and to discuss the potential future treatments,
current trials, and unanswered questions.

1.1. Lifestyle Modifications

A large body of evidence strongly supports the role of lifestyle modification as the
primary approach for the management of NAFLD and its advanced forms [1,2,15,16,18].
Weight loss is able to regress liver disease, along with the reduction of cardiovascular
diseases and T2DM risk [18]. A weight reduction of ≥10% can produce NASH resolution,
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as well as fibrosis improvement by at least one stage [18]. Modest weight loss (from 5% to
10%) can exert benefits on various components of the NAFLD activity score (NAS) [18].
For such reasons, the EASL-EASO-EASD and American Association for the Study of Liver
Diseases (AASLD) practice guidelines for the management of NAFLD indicate that, in
overweight/obese NAFLD patients, a 5–10% weight loss is the main goal of most lifestyle
interventions [1,2]. Similar recommendations were also provided by National Institute
for Health and Care Excellence (NICE) guidelines [15] (see Table 1). Some evidence also
documents that non-obese NAFLD patients can achieve NAFLD remission with a modest
weight loss of 3–10% and that they are more likely, compared with obese NAFLD patients,
to maintain weight reduction and normal liver enzymes over time [19].

Table 1. Management of NAFLD according to EASL-EASD-EASO, AASLD and NICE guidelines.

Diets Physical Activity Drugs

EASL-EASD-EASO [1]
Guidelines

Diets that have a 500–1000 kcal/day
deficit (i.e., diets containing

500–1000 kcal less than the person needs
to stay the same weight) are

recommended for weight loss (7–10%
total weight loss target); limit alcohol

consumption; no coffee drink limitation;
prefer Mediterranean diet

Moderate intensity aerobic
or exercise training

(150–200 min/week) in
3–5 sessions

Prefer pioglitazone;
notably, off-label use in

absence of T2DM in most
countries

AASLD [2] Guidelines
Prefer hypocaloric diet with a daily

reduction by 500–1000 kcal; no specific
diet to prefer; limit alcohol consumption

Moderate-intensity
exercise (≥150 min/week)

Prefer pioglitazone in
patients with T2DM;

prefer vitamin E in those
without T2DM

NICE [15] Guidelines

Diets that have a 600 kcal/day deficit (i.e.,
diets containing 600 kcal less than the

person needs to stay the same weight) or
that reduce calories by lowering the fat

content (low-fat diets) are recommended
for sustainable weight loss; limit alcohol

consumption; no recommendation for
supplementation with omega-3

fatty acids

At least 45 to 60 min of
moderate-intensity

activity a day (refer also to
specific NICE guidelines

for obesity)

Prefer pioglitazone in
T2DM patients; prefer

vitamin E in non-diabetic
patients with advanced

fibrosis

EASL-EASD-EASO: European Association for the Study of the Liver (EASL)—European Association for the Study of Diabetes (EASD)—
European Association for the Study of Obesity (EASO); AASLD: American Association for the Study of Liver Diseases; NICE: National
Institute for Health and Care Excellence; T2DM: type 2 diabetes mellitus.

The effect of weight loss on histological improvement appears to be in relation with the
degree of weight reduction, rather than the method used to reach it [18]. Indeed, lifestyle
intervention, including hypocaloric diet and physical exercise, weight loss-induced by
drugs (e.g., orlistat), or weight loss after bariatric surgery, seems to have a similar favorable
effect on NASH resolution and fibrosis regression [18]. All patients with NAFLD, regardless
of the presence of T2DM, should avoid alcohol consumption (even moderate) and, when
possible, the use of hepatotoxic drugs [1,2]. Clinicians should also recommend avoiding
cigarette smoking [1,2,15,20] and fructose-containing beverages and foods [1,2,15,21].

Several different diets have been tested in patients with NAFLD [18,22]. Observational
studies and small randomized controlled trials (RCTs) have consistently documented that
the Mediterranean diet has favorable effects in patients with NAFLD and, in addition,
it is able to reduce liver fat, as well as improve metabolic profile, regardless of weight
loss [22–25]. For such reasons, at present, the Mediterranean diet is the most recommended
dietary pattern in NAFLD patients by most guidelines [1,2,22]. In brief, the Mediterranean
diet is characterized by a high intake of vegetables, legumes, whole grains, olive oil (as
the main source of added fat), fish, seafood, nuts, fruits, as well as a low intake of red
meat, processed meats, and sweets [18,22,26]. Compared with low fat diets that usually
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contain up to 30% fat, in the Mediterranean diet 40% of the calories comes from fats,
especially monounsaturated fat and omega-3 polyunsaturated fatty acids [22,26]. In ad-
dition, it is clearly documented that the Mediterranean diet is able to reduce the risk of
cardiovascular disease [27,28] and T2DM [29], i.e., two conditions commonly observed in
NAFLD patients [5,6,30]. By contrast, the consumption of components characterizing a
Western dietary pattern, including soft drinks, fructose, processed meat, and saturated fatty
acids, has been shown to have detrimental effects on the development and progression
of NAFLD [18,22,25]. In a small randomized, cross-over trial enrolling 12 non-diabetic
patients with biopsy-proven NAFLD, randomly assigned to Mediterranean diet or low
fat-high carbohydrate diet over a follow-up of 6 weeks, Ryan et al. reported that the
Mediterranean diet reduced liver steatosis (−39% vs. −7%, as measured by magnetic
resonance spectroscopy, p < 0.05) and improved insulin sensitivity [31]. Similar findings
were also reported in patients with T2DM [32]. In a small randomized, parallel-group
design trial enrolling 45 T2DM patients randomly assigned to two 8-week isocaloric di-
ets (a high-carbohydrate/fiber diet or a high-monounsaturated fatty acid diet), Bozzetto
et al. reported that liver fat content, as measured by magnetic resonance spectroscopy,
decreased more in the high-monounsaturated fatty acid group, as compared with the
high-carbohydrate/fiber group (−29% vs. −4%, p < 0.05, respectively) [32]. Recently, in a
randomized, parallel-group design trial of 51 obese patients with NAFLD who were ran-
domly assigned to a 12-week single-blinded dietary intervention (i.e., ad libitum isocaloric
Mediterranean diet or low-fat diet), Properzi et al. documented that hepatic steatosis
(evaluated by magnetic resonance spectroscopy) decreased significantly in both groups,
with no difference in terms of mean percentage reductions in liver fat content [33]. Poten-
tial molecular mechanisms for the favorable effects of the Mediterranean diet include the
presence of polyphenols, carotenoids, oleic acid, polyunsaturated fatty acids (PUFAs), and
fiber [22,24]. These components might favorably influence some pathways involving the
intestine, adipose tissue, and liver, thereby mediating favorable effects in NAFLD [24,34,35].
While there are strong data supporting the role of dietary changes as primary therapy in
NAFLD treatment, a potential clinical problem is the adherence of the patient to beneficial
changes in the diet [34]. In this context, it is also important to note that the Mediterranean
diet may not be practical in each country or in every population [22]. Hence, some authors
have proposed a “wise choices” attitude, by which a patient makes the best nutritional
choices, trying to keep at least some of the principles of the Mediterranean diet [22]. Given
that each component of the Mediterranean diet has a beneficial effect on NAFLD, this may
be an acceptable compromise in clinical practice [22,34].

Different forms of physical exercise (e.g., aerobic exercise, resistance exercise, or high
intensity intermittent exercise) seem to have similar effects on liver fat content [16,18,36,37].
However, in the study by Oh et al., resistance training, high-intensity interval aerobic
training, and moderate-intensity continuous aerobic training were equally effective in
reducing hepatic fat content, but only high-intensity interval aerobic training was effective
in improving hepatic stiffness and restoring Kupffer cell function [38]. Notably, these
benefits appeared to be independent of weight loss and visceral fat reduction [38].

A 2017 systematic review of 24 studies reported that exercise, irrespective of weight
loss, produced a 20–30% relative reduction in intrahepatic triglyceride content, as measured
by proton magnetic resonance spectroscopy [39]. However, it is important to highlight
that, in the aforementioned meta-analysis, most studies had a small sample size and were
heterogeneous. Recently, in an RCT of 220 obese NAFLD patients who were randomly
assigned to vigorous/moderate exercise, moderate exercise, or no exercise (controls),
Zhang et al. showed that intrahepatic triglyceride content (on proton magnetic resonance
spectroscopy) was significantly reduced in the two exercise groups, as compared with
the control group, over the 12-month active intervention [40]. However, if patients do
not continue to exercise, the benefits are then lost [18]. Interestingly, genetic background
(e.g., PNPLA3 rs738409 variant) in NAFLD patients might influence their response to
physical activity. For instance, accumulating evidence now shows that NAFLD patients
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with rs738409 G/G genotype respond better to lifestyle intervention, when compared to
those with rs738409 G/G CC or C/G [18,41]. In addition, NASH resolution and fibrosis
regression rate after lifestyle intervention seem to be reduced also in other specific patients,
such as older people, T2DM patients, and those with higher histological activity in liver
biopsy (NAS > 5) [18]. The mechanisms underpinning the change in liver fat content
due to exercise display changes in energy balance, insulin sensitivity, and circulatory
lipids [16,18,42,43]. Exercise improves hepatic and systemic insulin sensitivity, thereby
producing an improvement in insulin action and reducing de novo lipogenesis [18,42,43].
Exercise also has direct effects on glycemic control and lipid flux, with an increase in
very-low-density lipoproteins (VLDL) clearance, thereby promoting reduction of liver fat
content [18,42,43]. In addition, an important reduction in visceral adipose tissue also occurs
with exercise [18,42,43]. Visceral fat directly correlates with liver inflammation and fibrosis,
independent of insulin resistance and hepatic steatosis [18,42,43]. Lastly, given that patients
with NAFLD are at higher risk of developing cardiovascular disease than those without, it
is important to remember that the beneficial effects of exercise are extended to the entire
cardiovascular system [18,44].

1.2. Bariatric Surgery

Bariatric surgery consists of surgical procedures causing weight loss by restricting the
amount of food the stomach can hold and/or by promoting malabsorption of nutrients.
Worldwide, the most common bariatric surgery procedures are laparoscopic sleeve gas-
trectomy, laparoscopic Roux-en-Y gastric bypass, laparoscopic adjustable gastric banding,
and duodenal switch. Along with a reduction of body weight, bariatric surgery is able to
improve insulin resistance, obesity, T2DM, hypertension, dyslipidemia, and obstructive
sleep apnea [45]. Importantly, bariatric surgery can markedly improve all histological
features of NAFLD, including fibrosis [1,2,45]. In a 2019 systematic review and meta-
analysis of 32 cohort studies comprising 3093 biopsy specimens, Lee et al. showed that
bariatric surgery resulted in a biopsy-confirmed resolution of steatosis in 66% of patients
(95% confidence interval 56–75%), inflammation in 50% (95% confidence interval 35–64%),
ballooning degeneration in 76% (95% confidence interval 64–86%), and fibrosis in 40%
(95% confidence interval 29–51%) (46). However, these effects seem to not be consistent,
as a subset of patients may progress to advanced forms of NAFLD after surgery, whereas
others may develop de novo NAFLD. In the aforementioned meta-analysis, for instance,
the authors found that NAFLD bariatric surgery resulted in new or worsening features of
NAFLD, including fibrosis, in 12% of patients (95% confidence interval 5–20%) [46].

The potential liver-related benefits derived from bariatric surgery may extend beyond
weight loss [47]. Indeed, bariatric surgery can increase circulating levels of glucagon-like
peptide-1 (GLP-1), which, in turn, decreases appetite, slows gastric emptying, and improves
insulin sensitivity [47]. In addition, GLP-1 modulates bile acid signaling via the farnesoid
X receptor (FXR), which can alter the gut microbiome and promote NAFLD [48,49]. With
these premises, current guidelines indicate that bariatric surgery can be a potential option
in patients with T2DM or in those with severe obesity (i.e., BMI >35 kg/m2) [1,2]. Bariatric
surgery should also be considered as an alternative option in patients with a BMI between
30 and 35 kg/m2 when T2DM is not adequately controlled by optimal medical regimen,
mainly in the presence of cardiovascular disease (CVD) risk factors [1,2]. While bariatric
surgery is effective, there are important limitations, including complications (e.g., bleeding,
infection, adverse reactions to anesthesia, blood clots, leaks in the gastrointestinal system,
bowel obstruction, dumping syndrome, flushing, nausea, vomiting, diarrhea, gallstones,
hernias, malnutrition, acid reflux, and even death), patient acceptability, service availability
and costs [45]. For these reasons, the potential side effects and long-term consequences of
bariatric surgery should be carefully considered [1,2]. Although the beneficial effects of
bariatric surgery are clinically relevant, long-term prospective studies (including RCTs) are
required to establish whether remission of NAFLD is permanent, as well as to determine the
exact frequency of the recurrence of NAFLD in specific patients. In addition, no consistent
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evidence regarding the comparative effects of different bariatric procedures on liver fat
content is available to date.

1.3. Liver Transplantation

NASH-associated cirrhosis is to date among the top three indications for liver trans-
plantation in most high-income countries, with the alarming trajectory to become the most
common [1,2]. Outcomes at 1, 3, and 5 years for patients undergoing a liver transplant for
NASH-associated cirrhosis are substantially similar to those for other indications [50–52].
However, the overall mortality in patients with NASH-associated cirrhosis undergoing
liver transplant seems to be more frequently associated with the age of the recipient
(i.e., >60 years), presence of obesity (i.e., BMI ≥ 30 kg/m2), T2DM, or post-transplant
MetS [50,52–54]. Recurrence of NAFLD is also common after liver transplantation, ranging
from 20% to 40% of cases, depending by the techniques used for the diagnosis [50,52–54].
Risk factors associated with NAFLD recurrence include: (a) post-transplant weight gain,
(b) steroid use, (c) presence of MetS, and (d) PNPLA3 rs738409 in the recipient [50,52–54].
In addition, approximately 30% of patients transplanted for reasons different from NASH-
associated cirrhosis can develop de novo NAFLD, usually within 3 years of the liver
transplantation [50,52–54]. Specifically, T2DM, obesity, arterial hypertension, and liver
graft steatosis are the most important risk factors for de novo NAFLD [50,52–54]. Conse-
quently, based on these data, close management of the components of MetS is relevant for
long-term survival in these patients [50,52–54]. In addition, patients with NASH-associated
cirrhosis tend to have poor performance status, which has been associated with decreased
graft survival and overall patient 5-year survival rates [50,52–54].

There are some challenges faced by patients with NASH-associated cirrhosis under-
going liver transplantation (54). First, the increasing prevalence of obesity and T2DM has
significantly contributed to an increase in the presence of hepatic steatosis in potential
donors, thereby reducing the number of transplantable livers [54]. In fact, donor livers
with >60% steatosis are to date judged non-transplantable, whereas those with <30% are
considered useable [54]. Livers with 30–60% steatosis may be used for specific patients,
although they tend to be associated with poor results [54]. Second, given that NAFLD is
the liver manifestation of MetS, patients with NASH-associated cirrhosis frequently have
many important comorbidities, such as obesity, cardiovascular disease, T2DM, and chronic
kidney disease [54]. In this regard, AASLD practice guidelines consider severe obesity
(i.e., BMI ≥ 40 kg/m2) as a relative contraindication for liver transplantation [2], whereas
EASL-EASD-EASO practice guidelines state that a multidisciplinary team should always
evaluate patients with a BMI > 35 kg/m2 before being included on the waiting list [1]. In
addition, AASLD practice guidelines also recommend that patients with NASH-associated
cirrhosis should be carefully evaluated for identifying CVD during the transplant evalua-
tion process [2]. Third, patients with NASH-associated cirrhosis who are on the waiting list
for liver transplantation may compete for liver allograft allocations, due to lower Model for
End-Stage Liver Disease (MELD) scores when compared with other etiologies of chronic
liver disease [55]. In fact, patients with end-stage liver disease due to NASH on the waiting
list for liver transplantation may have better liver functioning and, consequently, lower
MELD scores when compared with other etiologies of liver cirrhosis.

Additional research is, however, needed for improving the health care of this increas-
ing patient population.

1.4. Pharmacological Approach

Although at present there are no specific agents approved for the treatment of NAFLD
and its advanced forms, several potential agents have been widely investigated in the
last decades, including glucose-lowering drugs (such as metformin, pioglitazone, GLP-1
receptor agonists, and sodium-glucose co-transporter-2 (SGLT-2) inhibitors), statins and
other lipid lowering therapies, anti-hypertensive drugs, and other possible agents, such
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as obeticholic acid. A summary of principal agents and their characteristics for treating
NAFLD and its advanced forms is reported in Table 2.

Table 2. Main agents and their characteristics for treating NAFLD and its advanced forms.

Agents, Ref. Mechanisms of Action Relevant Studies Primary Endpoint(s) Main Side Effects Comments

Targets Related to Insulin Resistance and/or Lipid Metabolism

Metformin
[56,57]

- AMP-activated
protein kinase
(AMPK)-
dependent

- Alterations in
cellular energy
charge

- Modulation of
the cellular
redox state

- Gluconeogenesis

- Multiple studies
- TONIC trial

- Small beneficial
effects on liver
steatosis and
inflammation

- No effects on
liver fibrosis and
resolution of
NASH

Lactic acidosis, diarrhea,
nausea, vomiting,

flatulence, vitamin B12
deficiency (long-term

use)

- Not
recommended
for NAFLD
treatment by
most guidelines

- Potential effect
in reducing risk
of cirrhosis and
HCC

Pioglitazone
[58–64]

- PPAR-gamma
agonist

- PIVENS trial
- Multiple studies
- Meta-analyses

- Improvement in
NAS >2 without
fibrosis
worsening

- Improvement of
fibrosis

Weight gain (usually
2–4% of body weight),
fluid retention, bone
fractures (mostly in

women), bladder cancer

- Guidelines
recommend this
agent in patients
with
biopsy-proven
NASH,
regardless of the
presence of
T2DM

- This agent is not
yet approved by
most national
medicines
agencies outside
the treatment of
T2DM

- Off-label use for
NASH treatment
requires the
patient’s consent

- Cardiovascular
benefits in
patients with
T2DM or
prediabetes

Elafibrinor
[58,65] - PPARα/δ agonist - RESOLVE-IT trial

- Failed to achieve
NASH resolution,
without a worsening of
fibrosis

Nausea, headache,
diarrhea, fatigue,

asthenia, renal failure,
abdominal pain,

vomiting, myalgia, rash,
pruritus

- RESOLVE-IT has
been stopped

GLP-1 RAs (mainly
liraglutide and
semaglutide)

[56,66–71]

- GLP-1 receptor
agonist

- LEAN trial
- LEAD study
- LEAD-2 study
- Phase 2 trials
- Meta-analyses

- Resolution of
NASH

- Improvement of
hepatic steatosis,
hepatocyte
ballooning

- No effects on
liver fibrosis

Loss of appetite, nausea,
constipation, diarrhea

- Premature to
consider in
NASH patients

- Relevant
cardio-renal
benefits in large
RCTs enrolling
patients with
T2DM

SGLT-2 inhibitors
(dapagliflozin,
empagliflozin,
canagliflozin,

ipragliflozin) [56,72,73]

- Inhibition of SGLT-2
that is highly expressed
on the renal epithelial
cells edging the S1
segment of the proximal
convoluted tubule

- Multiple studies
- Meta-analyses

- Improvement of
serum liver
enzymes
(especially ALT)

- Improvement of
liver fat content

Genitourinary
infections, diabetic

ketoacidosis,
hypotension

- Premature to
consider in
NASH patients

- No current trials
with histological
end-points are
available

- Relevant
cardio-renal
benefits in large
RCTs enrolling
patients with
and without
T2DM
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Table 2. Cont.

Agents, Ref. Mechanisms of Action Relevant Studies Primary Endpoint(s) Main Side Effects Comments

Targets Related to Insulin Resistance and/or Lipid Metabolism

Acetylsalicylic acid
(ASA)
[74,75]

- Platelet cargo,
platelet adhesion,
platelet activation

- Experimental studies - Improvement of
fibrosis Hemorragia - No RCTs

Obeticholic acid (OCA)
[76,77]

- FXR (farnesoid X
receptor) ligand

- REGENERATE
trial

- FLINT trial

- Resolution of
NASH without
worsening
fibrosis

- Improvement of
fibrosis without
worsening
NASH

Pruritus, increased LDL
cholesterol levels and

other lipoproteins

- Might be
considered in
selected NASH
patients

- Concerns about
increased LDL
cholesterol levels

- The safety of the
combination of
OCA with
atorvastatin in
NASH patients
is being tested in
the CONTROL
study
(NCT02633956)

IONIS-DGAT2Rx
[78]

- 2′-O-methoxyethyl
chimeric antisense
oligo-nucleotide
inhibitor that mediate
enzyme-mediated
degradation of DGAT2
mRNA

- Phase 2 trial

- Reduction of liver fat
content (as quantified
by MRI-estimated
proton density fat
fraction)

Serious adverse events
occurred in 4 patients in

the IONIS-DGAT2Rx
group

- Preliminary data
- The phase 2 trial

included
NAFLD patients
with T2DM

- It is being testing
in combination
therapy trials
(e.g.,
NCT03776175)

Resmetirom
[79]

- Thyroid hormone
receptor
(THR)-β-selective
agonists

MAESTRO-NASH trial

- Reduction of liver fat
content (as quantified
by MRI-estimated
proton density fat
fraction)

Mild diarrhea, nausea - Preliminary data

Targets related to lipotoxicity and oxidative stress

Vitamin E
[59] - Antioxidant - PIVENS trial

- Improvement in
NAS > 2 without
fibrosis worsening

Nausea, diarrhea,
intestinal cramps,
fatigue, weakness,
headache, blurred

vision, rash, gonadal
dysfunction, increased

concentration of
creatine in the urine

(creatinuria), prostate
cancer

- May be used in
non-diabetic adults with
biopsy-proven NASH

Targets related to inflammation and immune activation

Cenicriviroc
[80] - CCR2/5 inhibitor

- AURORA trial
- CENTAUR trial

- Improvement in
fibrosis without
worsening NASH

Headache, nausea,
constipation, diarrhea,

sinusitis

- Premature to
consider in
NASH patients

- It is being testing
in combination
therapy trials
(e.g.,
NCT03517540)

Targets related to cell death (e.g., apoptosis and necrosis)

Emricasan [81] - Pan-caspase
inhibitor

- ENCORE-NF
trial

- ENCORE-PH
trial

- ENCORE-LF
trial

- Failed to improve
liver fibrosis

Headache, nausea,
fatigue - None
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Table 2. Cont.

Agents, Ref. Mechanisms of Action Relevant Studies Primary Endpoint(s) Main Side Effects Comments

Targets related to fibrogenesis or collagen turnover

Simtuzumab
[82]

- Monoclonal antibody
against LOXL-2 (lysyl
oxidase-like 2)

- Two phase 2b trials

- Ineffective in
decreasing hepatic
collagen content and
hepatic venous pressure
gradient

Headache, increased
lipase levels - None

Selonsertib
[83]

- ASK-1 (Apoptosis
signal-regulating kinase
1) inhibitor

- STELLAR 3
- STELLAR 4

- Failed to improve
liver fibrosis

Constipation, acute
kidney injury, back pain,

hyperglycemia (∼10%
of cases), cellulitis, gout,

hypertriglyceridemia
(∼10% of cases)

- Drug will continue
to be used in phase 2
combination therapy
trials (e.g.,
NCT02781584;
NCT03449446)

Abbreviations: ALT, alanine aminotransferase; GLP-1, glucagon-like peptide-1; MRI, magnetic resonance imaging; NAS, NAFLD Activity
Score; NASH, non-alcoholic steatohepatitis; PPAR, peroxisome proliferator-activated receptor; SGLT-2, sodium-glucose co-transporter-2;
T2DM, type 2 diabetes.

1.5. Metformin

Metformin is a biguanide that is broadly recommended as the initial pharmacotherapy
in most patients with T2DM at the time of diagnosis [84,85]. Metformin is considered safe
and effective (with a reduction in HbA1c levels ranging from 0.5% to 1%) in T2DM patients
with no contraindications (including chronic kidney disease stage 4 or 5, advanced heart
failure, advanced pulmonary disease, or history of lactic acidosis) [84]. Experimentally,
metformin reduces blood glucose levels by mechanisms involving an AMP-activated pro-
tein kinase (AMPK)-dependent improvement of hepatic glucose metabolism and increased
glucose uptake into muscle cells [84,86]. Other mechanisms involving alterations in cellular
energy charge, fructose-1,6-bisphosphatase 1, and modulation of the cellular redox state
through direct inhibition of mitochondrial glycerol-3-phosphate dehydrogenase have been
proposed as potential factors of inhibition of gluconeogenesis by this glucose-lowering
agent [87]. Metformin can also reduce the risk for cardiovascular events and death in T2DM
patients who are overweight or obese [84,85]. However, in the RCTs involving adults with
biopsy-proven NAFLD, despite its beneficial effects on liver enzymes and HbA1c levels,
metformin showed small beneficial effects on liver steatosis or inflammation but no effects
on the resolution of NASH and liver fibrosis [56]. Moreover, in the Treatment of NAFLD in
Children (TONIC) trial involving obese children/adolescents with biopsy-proven NASH,
metformin completely failed to show any beneficial effect on various features of liver
histology [57]. Although metformin is generally well tolerated, gastrointestinal symptoms
(such as diarrhea, bloating, or abdominal pain) can occur in a subset of T2DM patients [84].
Long-term use of metformin has also been associated with vitamin B12 deficiency [84].
At present, the EASL-EASO-EASD and AASLD practice guidelines for the management
of NAFLD do not support the use of metformin for the treatment of NAFLD [1,2]. NICE
guidelines are in line with these recommendations [15]. However, the possible advan-
tages of metformin in chronic liver disease seem to be restricted to its potential effect in
reducing the risk of cirrhosis and HCC [88–92]. Indeed, several case-control and cohort
studies, as well as some meta-analyses, have documented an independent association
between metformin and reduction in HCC incidence among T2DM patients with chronic
liver disease [88–92]. For instance, in a retrospective cohort study involving 191 T2DM
patients with biopsy-proven NASH and bridging fibrosis or compensated cirrhosis, Vilar-
Gomez et al. documented that long-term metformin use was independently associated
with reduced risk of all-cause mortality and HCC incidence over a mean follow-up of 7
years [89]. In a 2020 meta-analysis of six retrospective cohort studies (four studies with
curative treatment for HCC, for a total of 618 patients with metformin and 532 patients with
other anti-hyperglycemic agents, and two studies with non-curative treatment for HCC, for
a total of 92 patients with metformin and 57 patients with other glucose-lowering agents),
Zhou et al. reported that treatment with metformin was associated with significantly longer
overall survival and recurrence-free survival rates in HCC patients, when compared to
other glucose-lowering agents [90]. Experimental evidence suggests that metformin may
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inhibit cancer invasion and metastasis by AMPK (AMP-activated protein kinase) signaling
pathway, EMT (epithelial–mesenchymal transition) signaling pathway, and specific epige-
netic modifications, thereby improving the prognosis of patients with cancer [93]. However,
although this evidence indicates that metformin may be associated with a reduction of
cancer prevalence and incidence in patients with T2DM, specific randomized controlled
trials are needed to corroborate the aforementioned findings provided by case-control and
cohort studies.

1.6. PPAR-Gamma Agonists

Rosiglitazone and pioglitazone (which is to date the only glitazone agent available
on the market) are two selective ligands of the peroxisome proliferator-activated receptor
(PPAR)-γ [84,85]. Briefly, peroxisome proliferator-activated receptors (PPARs), constituted
by three different isotypes (i.e., α, β/δ and γ), are nuclear regulatory factors modulat-
ing key elements of glucose and fat metabolism [58]. In addition, they can also regulate
inflammatory cell activation and fibrotic processes [58]. In this way, binding PPAR-γ,
glitazones modulate insulin action, glucose, and lipid metabolism, as well as inflammation
and adipose tissue biology [58,84,85]. The PPAR-γ has three isoforms [58,84,85]. Among
the three known PPAR-γ isoforms, the PPAR-γ receptor-2 isoform is particularly expressed
in adipose tissue, playing a key role in the redistribution of intra-abdominal and subcu-
taneous adipose tissue by promoting accumulation of triglyceride in peripheral adipose
tissue depots [58,84,85]. PPAR-γ is also expressed in Kupffer cells that are involved in the
fibrosis processes [58,84,85]. In the context of cirrhosis, PPAR-γ can reduce portal pres-
sure, inflammation, angiogenesis, and portosystemic shunts [58]. Given these pre-clinical
data [58,84,85], several studies [59–63] have been performed to test the potential benefi-
cial effects of glitazones in NAFLD/NASH patients. In this regard, for instance, a recent
systematic review shows that the use of pioglitazone in patients with biopsy-confirmed
NASH can have important benefits on liver function, liver fat content, and resolution of
NASH in patients with and without T2DM [56]. Conversely, as compared to its beneficial
effects on NASH, the effect of pioglitazone on liver fibrosis seems to be relatively mod-
est [56]. However, in a placebo-controlled RCT of 101 adults with biopsy-proven NASH
and T2DM who were randomly assigned to pioglitazone (45 mg once daily) or placebo for
18 months, Cusi et al. documented that approximately 60% of patients in the pioglitazone
group achieved the primary outcome, defined as a reduction of at least 2 points in the
NAFLD activity score without worsening of fibrosis, and nearly 50% of them had full
resolution of NASH [61]. Long-term pioglitazone treatment improved individual histologic
scores of NASH, including fibrosis score [61]. In a meta-analysis of eight RCTs enrolling
nearly 500 adults with biopsy-confirmed NASH followed up to 24 months, Musso et al.
documented that pioglitazone improved advanced fibrosis in NASH patients, regardless of
T2DM [64]. Data for rosiglitazone are, instead, more limited. The 1-year FLIRT (Fatty Liver
Improvement with Rosiglitazone Therapy) trial documented that steatosis significantly
improved in patients receiving rosiglitazone, as compared with those receiving placebo
(47% vs. 16%, respectively, p < 0.05). By contrast, no significant changes in liver fibrosis
were observed [63]. Studies on the rosiglitazone were, however, stopped for an increased
cardiovascular risk [85]. Based on these data, the EASL-EASO-EASD, AASLD, and NICE
practice guidelines for the management of NAFLD recommend the use of pioglitazone in
patients with NASH [1,2,15]. However, pioglitazone is not yet approved by most national
medicines agencies outside of use for the treatment of T2DM. Hence, currently, off-label use
of pioglitazone for NAFLD/NASH treatment requires the patient’s consent [85]. Concerns
regarding weight gain (notably, a gain of 2–4% of body weight after 6–36 months of pioglita-
zone therapy was reported in most RCTs), fluid retention, and risk of bone fractures (mostly
in women) or bladder cancer may restrict the use of pioglitazone in NAFLD patients. Lastly,
pioglitazone exerts important cardiovascular benefits, decreasing the risk of myocardial
infarction and stroke in patients with T2DM or prediabetes [94,95]. Given that compared to
those without liver involvement, patients with NAFLD are at higher risk of developing car-
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diovascular disease, independent of the presence of T2DM, this cardiovascular-protective
agent should be considered in NASH patients. Interestingly, accumulating evidence now
indicates that specific genetic polymorphisms may explain some of the inter-individual
variability in response to pioglitazone treatment in NASH patients. For instance, in a small
pilot study of 55 participants from a randomized controlled trial designed to determine
the efficacy of long-term pioglitazone treatment in patients with NASH (NCT00994682),
Kawaguchi-Suzuki et al. reported that ADORA1 (Adenosine A1 Receptor) rs903361 was
associated with resolution of NASH and improvement in the ballooning score in patients
receiving pioglitazone [96].

Agents able to promote a safe disposal of various metabolic substrates are under
investigation, such as PPARα/δ (i.e., dual activity on both PPAR-α and PPAR-δ receptors)
and PPARα/γ agonists [58,97]. Experimentally, the PPARα component enhances the oxi-
dation of fatty acids, whereas the PPARδ component exhibits important anti-inflammatory
effects [97]. A prototype of a PPARα/δ agonist is elafibrinor, which can improve insulin
resistance and inflammation [97]. In a phase 2b study of 274 patients with biopsy-proven
NASH who were randomly assigned to receive elafibranor (120 mg once daily) or placebo,
elafibranor was superior in achieving the reversal of NASH without worsening of fi-
brosis (20% in elafibranor group vs. 11% in placebo group, p = 0.018) [65]. A post hoc
analysis of this trial, based on a revised definition for the resolution of NASH, further
corroborated these findings [65]. The efficacy and safety of this agent in patients with
NASH and varying grades of fibrosis have also been evaluated in a phase 3 trial, namely
RESOLVE-IT (NCT02704403) [58]. However, the interim analysis failed to show the achieve-
ment of the primary histological end point of NASH resolution without worsening of
fibrosis, and, consequently, this trial has been stopped (68) (For additional details please
see: https://ir.genfit.com/news-releases/news-release-details/genfit-announces-results-
interim-analysis-resolve-it-phase-3/ (accessed date: 20 February 2021).

Experimental animal models of NASH now indicate that the PPARα/γ dual agonist
saroglitazar may have beneficial effects on the liver [58]. A meta-analysis of 18 studies
demonstrated that in patients with diabetic dyslipidaemia, saroglitazar was able to decrease
serum ALT concentrations and improve cardiometabolic profiles [98]. Encouraging results
on the potential role of saroglitazar in NASH patients come from a preliminary analysis of
a randomized, double-blind, phase 2 trial with non-invasive liver end points (EVIDENCES
II; NCT03061721) [58]. Ongoing clinical trials indicate that dual- and pan-PPAR agonists
might have beneficial effects on NASH by interrelated mechanisms [58].

1.7. GLP-1 Receptor Agonists

Glucagon-like peptide 1 receptor agonists (GLP-1 RAs) are a class of glucose-lowering
drugs able to induce significant weight loss (on average 3–5 kg) and improve insulin
resistance [84,85]. GLP-1 receptors have been documented in mice and human hepatocytes,
and the activation of such receptors may promote the reduction of hepatic steatosis by
improving insulin-signaling pathways, hepatocyte lipotoxicity, and mitochondrial func-
tion [56,99]. For these reasons, GLP-1RAs have also been investigated as a therapeutic
option for NASH. In a 2021 meta-analysis of 11 placebo-controlled or active-controlled
phase 2 RCTs (including a total of nearly 950 middle-aged individuals) that used liraglutide,
exenatide, dulaglutide, or semaglutide to specifically treat NAFLD or NASH, as detected
by liver biopsy or imaging techniques, Mantovani et al. documented that treatment with
GLP-1 RAs for a median of 26 weeks was associated with significant reductions in the
absolute percentage of liver fat content, as assessed on magnetic resonance imaging (pooled
weighted mean difference (WMD): −3.92%, 95% confidence interval −6.27% to −1.56%;
I2 = 97%) and serum liver enzyme levels (mostly ALT), as well as with greater histological
resolution of NASH without worsening of liver fibrosis (pooled random-effects odds ratio
4.06, 95% confidence interval 2.52–6.55; I2 = 0%; for liraglutide and semaglutide only) [66].
In the context of various specific RCTs available so far, liraglutide (which is a long-acting
GLP-1RA) was evaluated in patients with either biochemistry-based or imaging-defined

https://ir.genfit.com/news-releases/news-release-details/genfit-announces-results-interim-analysis-resolve-it-phase-3/
https://ir.genfit.com/news-releases/news-release-details/genfit-announces-results-interim-analysis-resolve-it-phase-3/
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NAFLD by the LEAD (Liraglutide Effect and Action in Diabetes) program and LEAD-2
study [67] and in patients with biopsy-proven NASH by the LEAN (Liraglutide Efficacy
and Action in NASH) trial [68]. Evidence from these studies documented that liraglutide
improved serum liver enzyme levels and other metabolic end points (e.g., peripheral,
hepatic, and adipose tissue insulin resistance), as well as promoted the improvement of
hepatic steatosis and the resolution of NASH and hepatocyte ballooning [67,68]. Con-
versely, liraglutide failed to improve liver fibrosis [68]. The benefits of liraglutide on the
aforementioned histological liver outcomes may likely be due to weight loss and its direct
hepatic effect, thereby suggesting a possible synergistic and multifactorial effect [56]. GLP-
1RAs are generally well tolerated and, among the RCTs available so far, they have a similar
adverse event profile to placebo (or reference therapy), with the exception of an increased
frequency of gastrointestinal symptoms, including loss of appetite, nausea, constipation, or
diarrhea [56]. These events are, however, transient and mild-to-moderate in severity [56].
Studies of semaglutide or dulaglutide, two GLP-1 RAs requiring only weekly dosing, have
produced interesting results [69,70]. In particular, in a 72-week, double-blind phase 2
trial of 320 patients with biopsy-confirmed NASH and liver fibrosis randomly assigned
to receive semaglutide at a dose of 0.1 mg (80 patients), 0.2 mg (78 patients), or 0.4 mg
(82 patients), or to receive placebo (80 patients), Newsome et al. reported that the percent-
age of patients in whom NASH resolution was observed with no worsening of fibrosis
was 40% in the 0.1 mg group, 36% in the 0.2 mg group, 59% in the 0.4 mg group, and
17% in the placebo group (p < 0.05) [71]. Conversely, this trial did not report a significant
between-group difference in the percentage of patients with an improvement in fibrosis
stage (p = 0.48) [71]. Notably, in this RCT, participants were randomly assigned to receive
once-daily semaglutide at a dose of 0.1 mg, 0.2 mg, 0.4 mg/day, or placebo [71], At present,
the approved dosage of semaglutide for the treatment of T2DM is different [66]. Hence,
the transferability of these findings [71] to clinical practice is currently uncertain. Given
that liraglutide was reported to reduce the risk of cardiovascular events in patients with
T2DM in the LEADER trial [100] and in a 2019 meta-analysis [101], in addition to other
GLP-1 RAs, it is reasonable to suppose that liraglutide (along with other GLP-1RAs [69,70])
might become an important treatment option in NAFLD patients, especially if they are
obese or have T2DM. In addition, therapy with GLP-1 RAs in combination with a glucagon
inhibitory peptide, which is able to improve intestinal barrier function, is under study
(NCT03437720) [97].

1.8. SGLT-2 Inhibitors

Sodium-glucose cotransporter-2 (SGLT-2) inhibitors are a relatively new class of
glucose-lowering agents that increase glucose reabsorption by the kidneys and also by the
bowel and heart [84,85]. SGLT-2 is particularly expressed on the renal epithelial cells edging
the S1 segment of the proximal convoluted tubule and promotes glycosuria [84,85]. In this
regard, the regulation of blood glucose control is independent of insulin secretion [84,85].
Experimental studies using animal NASH models suggested a favorable effect of SGLT-2
inhibitors on liver steatosis, inflammation, and fibrosis owing to a combination of negative
energy balance by increased glycosuria and substrate switching toward lipids as a source
of energy expenditure [102]. For these reasons, SGLT-2 inhibitors have also been investi-
gated as a therapeutic option for NASH in humans. In a 2021 meta-analysis of 12 RCTs
evaluating the efficacy of dapagliflozin, empagliflozin, ipragliflozin, or canagliflozin to
treat NAFLD for a median period of 24 weeks with a total of 850 middle-aged overweight
or obese individuals with NAFLD, Mantovani et al. reported that, compared to placebo or
reference therapy, treatment with SGLT-2 inhibitors decreased serum ALT (pooled WMD:
−10.0 IU/L, 95% confidence interval−12.2 to−7.8 IU/L; I2 = 11%) and GGT levels (pooled
WMD: –14.5 IU/L, 95% confidence interval −19.4 to −9.6 IU/L, I2 = 39%), as well as the
absolute percentage of liver fat content on magnetic resonance imaging (pooled WMD:
−2.1%, 95% confidence interval −2.6 to −1.5%; I2 = 0%) [72]. Similar findings were also
reported in another meta-analysis [73]. However, it is important to highlight that most
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of the RCTs available so far are small and do not test the effect of SGLT-2 inhibitors on
liver histology. With regard to adverse effects across the published RCTs, SGLT-2 inhibitors
have a similar adverse event profile to placebo (or reference therapy), with the exception
of a higher risk of genitourinary infections [56]. Given that SGLT-2 inhibitors have docu-
mented relevant cardio-renal benefits in large RCTs enrolling patients with and without
T2DM [103,104], they are attractive agents for patients with NAFLD. At present, there are
additional ongoing RCTs testing the effects of SGLT-2 inhibitors in these patients.

1.9. Statins and Other Lipid-Lowering Agents

Seeing that NAFLD is associated with specific features of MetS, including T2DM, hy-
pertension, obesity, and (atherogenic) dyslipidemia, clinicians frequently have to manage
these conditions in NAFLD patients. Abnormal blood cholesterol levels can be controlled
by statins, known to inhibit 3-hydroxy-3-methylglutaryl-coenzyme A reductase (HMG-
CoA), which is a key enzyme implicated in cholesterol synthesis [105]. Along with their
lipid-lowering effect, statins also exhibit pleiotropic properties, including antioxidative
and anti-inflammatory effects, neoangiogenesis, and improvement of endothelial func-
tions [105]. Although statins might elevate aminotransferase levels, liver damage owing to
this lipid-lowering agent is infrequently observed in clinical practice [105,106]. In this way,
it is estimated that an elevation of liver enzymes >3 times the upper limit of normal can
be observed in <1% of patients treated with statins [105,107]. For this reason, to date, the
periodic monitoring of transaminase levels is no longer recommended [105]. In addition,
NAFLD patients are at high risk of cardiovascular morbidity and mortality [5,6,30]. In
a post hoc analysis of the Greek Atorvastatin and Coronary Heart Disease Evaluation
(GREACE) study, enrolling 437 patients with moderately abnormal liver tests at baseline
due to the presence of NAFLD (227 of whom were treated with a statin and 210 were not),
Athyros et al. reported that NAFLD patients who received statins had significantly reduced
cardiovascular morbidity, without significant liver-related adverse events [108]. Interest-
ingly, accumulating evidence also suggests that in patients with NAFLD, statin treatment
is associated with a significant improvement of liver steatosis, inflammation, and even
fibrosis [109–111]. For instance, in a recent observational study of 11,593,409 individuals
from the National Health Information Database of the Republic of Korea (712,262 of whom
had a fatty liver index >60, which is indicative of NAFLD), Lee et al. reported that the
use of statins was associated with a reduced risk of NAFLD (adjusted odds ratio 0.66, 95%
confidence interval 0.65–0.67), as well as with a reduced risk of significant liver fibrosis,
indirectly evaluated by BARD score, even after controlling for several metabolic risk factors
(adjusted odds ratio 0.43, 95% confidence interval 0.42–0.44) [110]. Experimental studies
using animal models have shed light regarding the potential mechanisms by which statins
might promote the improvement of liver histology in NAFLD patients. In experimental
NASH, for instance, statins affect the paracrine signaling (including the RhoA/Rho-kinase
pathway) of hepatocytes on hepatic stellate cells, thereby blocking hepatic stellate cell
activation and, consequently, fibrosis processes [105]. In a bile duct ligated mouse model,
the antifibrotic effect of statins was due to the reduction of serum bile acid levels [105]. In
other models, including angiotensin-II-induced liver fibrosis, statins decreased fibrosis by
reducing inflammatory activity [105].

All etiologies of chronic liver disease have a common end stage characterized by
portal hypertension and liver remodeling. Statins may even modulate the pathways (e.g.,
RhoA/Rho-kinase and nitric oxide (NO)) involved in the impaired intrahepatic resistance
and vascular tone regulation, causing portal hypertension [105]. Based on these data,
statins seem to be able to modulate the dynamic and the structural components of chronic
liver diseases (including fibrosis), making themselves useful in the management of patients
with and without T2DM who have cirrhosis and portal hypertension [105,112].

Information regarding the effects of other lipid-lowering agents on liver histology in
patients with NAFLD is also available. Ezetimibe is a lipid-lowering agent acting by de-
creasing cholesterol absorption in the intestines. Specifically, it blocks the critical mediator
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of cholesterol absorption—namely, the Niemann–Pick C1-like 1 (NPC1L1) protein—on the
gastrointestinal tract epithelial cells, as well as in hepatocytes. In a small meta-analysis of
six studies (two RCTs and four single-arm trials) for a total 273 NAFLD patients with and
without T2DM, it was reported that ezetimibe significantly reduced serum liver enzyme
levels as well as improved hepatic steatosis and hepatocyte ballooning [113]. However, in
that study, ezetimibe did not improve liver fibrosis [113].

Fenofibrate, which is a PPAR-α agonist, seems to not reduce liver fat content in
NAFLD patients with and without T2DM [114].

Omega-3 polyunsaturated fatty acids (n-3 PUFAs) contain several long chain fatty
acids, such as α-linolenic acid (α-ALA), stearidonic acid (SDA), eicosapentaenoic acid
(EPA), docosapentaenoic acid (DPA), and docosahexaenoic acid (DHA) [115]. EPA and
DHA decrease the levels of triglyceride and very-low-density lipoproteins, which are
converted to low-density lipoprotein and intermediate-density lipoprotein [115]. Accumu-
lating evidence also suggests that dietary n−3 PUFAs could improve insulin resistance by
regulating mitochondrial function and mediating anti-inflammatory effects [115]. Several
preclinical studies using animal NASH models have suggested that the supplementation
of n−3 PUFAs could exert a positive impact on NAFLD by diminishing hepatic fat de-
position and preventing the proinflammatory state [116]. For these reasons, n−3 PUFAs
have been investigated as a therapeutic option for NASH in humans. In a 2020 meta-
analysis of 22 RCTs with a total of 1366 participants with and without T2DM, Lee et al.
reported that n−3 PUFAs supplementation significantly reduced liver fat (evaluated by
imaging methods) when compared with placebo (pooled risk ratio 1.52, 95% confidence
interval 1.09–2.13) [115]. In that study, in addition, n−3 PUFAs supplementation signifi-
cantly improved the levels of triglyceride, total cholesterol, high-density lipoprotein, and
BMI [115]. Similar findings were also observed in another meta-analysis [117]. However, it
is important to point out that the size of the effect of n−3 PUFAs is relatively small and
that the optimal dose and duration of treatment with them are not yet established [117].
Hence, we believe that additional well-designed randomized clinical trials are needed to
recommend omega-3 PUFA supplementation for the treatment of NAFLD in patients with
and without T2DM. In this regard, based on the current evidence, NICE guidelines [15] do
not recommend the supplementation with n−3 PUFAs in NAFLD patients (Table 1).

Proprotein convertase subtilisin kexin type-9 (PCSK-9) is a key regulator of cholesterol
homeostasis, acting as a potent inhibitor of the LDL receptor (LDLR) pathway [118]. Once
secreted by the hepatocyte, circulating PCSK-9 binds to the extra-cellular EGF(A) domain
of the LDLR and promotes its lysosomal degradation [118]. Accumulating data suggests
that high intrahepatic or circulating PCSK-9 levels increase muscle and liver lipid storage,
adipose energy storage, hepatic fatty acids, and triglycerides storage, thereby promoting the
development of NAFLD [118,119]. Preliminary evidence indicates that antisense particles
against PCSK-9 mRNA or anti-PCSK-9 antibodies, able to reduce circulating PCSK-9 levels,
might improve NAFLD independent of LDL cholesterol level reduction [119].

1.10. Anti-Hypertensive Agents: Spotlight on ACEi and ARBs

Experimental and clinical studies, although not all, have demonstrated that an-
giotensin converting enzyme inhibitors (ACEi) or angiotensin II receptor blockers (ARBs)
may have an anti-fibrotic effect in the liver. In animal NASH models, for instance, the
treatment with ACEi and ARBs can switch off the profibrogenic state and lead to regression
of fibrosis [120–123]. Clinical studies have been conducted to test the potential anti-fibrotic
effects of these drugs in NAFLD patients, with inconsistent results [124–127]. In addition,
trials enrolling exclusively T2DM patients are absent to date. In a randomized, open-label
trial of 137 individuals with biopsy-proven NASH (approximately 20% with established
T2DM at baseline) and randomly assigned to receive either 4 mg twice daily of rosiglita-
zone, 4 mg of rosiglitazone and 500 mg of metformin twice daily, or 4 mg of rosiglitazone
twice daily and 50 mg of losartan once daily for 48 weeks, combination therapy with
rosiglitazone and metformin or rosiglitazone and losartan conferred no higher benefit
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than rosiglitazone alone on histopathological features [126]. A double-blind randomized-
controlled trial of losartan (50 mg once a day) vs. placebo for 96 weeks in 45 patients with
histological evidence of NASH (approximately 60% with established T2DM at baseline)
failed to recruit sufficient patients to determine whether losartan had anti-fibrotic effects
in the liver [127]. Therefore, to date, given the current evidence, it is possible to speculate
that some ARBs (especially losartan) may be beneficial in treating NASH/NAFLD and its
consequences, but additional and larger controlled clinical trials are required to provide
consistent data on this topic, especially in those with T2DM.

1.11. Anti-Platelet Aggregation Agents

There are few data from prospective studies on the effects of aspirin on fibrosis
in patients with NAFLD. In a recent observational study of patients with biopsy-proven
NAFLD, daily aspirin use was associated with less severe histologic features of NAFLD and
NASH, as well as with lower risk for progression to advanced fibrosis with time [74]. This
evidence was supported by some studies showing that platelet-derived GPIbα may play a
role in the development of NASH, independent of von Willebrand factor (vWF), p-selectin,
and Mac-1 (also known as integrin αMβ2, or CD11b/CD18) [75]. These mechanisms might
offer a novel potential target against NASH [75].

1.12. Vitamin E

Vitamin E is a potent antioxidant agent and may be useful in the treatment of NAFLD.
Experimentally, vitamin E exerts beneficial effects on NAFLD in animal NASH models by
multiple mechanisms, including the improvement of lipid and glucose metabolism with
the activation of the Nrf2/CES1 signaling pathway [128] and the reduction of oxidative
stress via the downregulation of iNOS and nicotinamide adenine dinucleotide phosphate
(NADPH) oxidase [129]. The PIVENS trial, enrolling 247 adults with NASH randomly
assigned to receive vitamin E at a dose of 800 U/day or placebo over 96 weeks, documented
significant improvements in serum liver enzymes and in some histological features of
NASH (i.e., steatosis, inflammation, and ballooning) in the vitamin E group [59]. That said,
at present, insufficient data are available to use vitamin E in NAFLD patients with T2DM.
The AASLD and NICE practice guidelines [2,15] for the management of NAFLD support
the use of vitamin E in non-diabetic patients with NASH, especially in secondary/tertiary
settings. However, we believe that additional evidence is required to support the use of
this agent, especially long term.

2. New Drugs for NAFLD/NASH

In recent years, several other potential agents have been tested for NAFLD [97].
However, it is important to note that in most of the trials available so far, only a subset of
NASH patients had established T2DM at baseline.

Synthetic ligands that activate the nuclear receptor, the farnesoid X receptor (FXR),
improve insulin resistance, regulate glucose and lipid metabolism, and have direct anti-
inflammatory and anti-fibrotic effects in animal NASH models [97,130]. Obeticholic acid
(OCA), which is a synthetically modified analogue of chenodeoxycholic acid, is the proto-
type for this class of agents [97]. The multicenter, randomized, placebo-controlled FLINT
trial, enrolling 283 individuals with non-cirrhotic NASH (approximately 50% with estab-
lished T2DM), documented that OCA improved histological features of NASH, including
fibrosis [76]. In the 18 month interim analysis of the multicenter, randomized, placebo-
controlled phase 3 trial REGENERATE study that evaluated the safety and efficacy of
two doses of OCA (10 mg or 25 mg daily) relative to placebo in 931 patients (mean age
55 years; 58% females; 57% with established T2DM) with biopsy-proven stage F2–F3 fi-
brosis, Yonoussi et al. reported that improvement of fibrosis was obtained in 71 (23%)
of 308 patients in the OCA 25 mg group, compared with 37 (12%) of 311 patients in the
placebo group (p = 0.0002) [77]. Obeticholic acid has side-effects, such as pruritus and
elevated LDL cholesterol levels [77]. In particular, the effect of OCA on the lipid profile is
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clinically relevant, as NAFLD patients have an increased risk of CVD, which is, of note,
the principal cause of death in these patients. In the REGENERATE trial, LDL cholesterol
levels increased by nearly 20% from baseline, although it was suggested that the increase
in LDL cholesterol levels tended to be transient and controlled by statin treatment [77]. In
another study enrolling 196 patients (99 in OCA group and 97 in placebo group) from the
FLINT trial, OCA therapy was associated with increases in small VLDL particles, large and
small LDL particles, and a reduction in HDL particles at 12 weeks [131]. Such alterations
in lipoprotein concentrations reverted to baseline after drug discontinuation [131]. The
safety of the combination of OCA with atorvastatin in NASH patients is being tested
in the randomized, placebo-controlled, double-blind “combination OCA and statins for
monitoring of lipids (CONTROL)” phase 2 study (NCT02633956) [132]. Analogously to
pioglitazone, a pilot genome-wide association study using FLINT participants showed
that some genetic variants may be associated with histological improvement in NASH
patients receiving OCA [133]. Among the tested genetic variants, rs75508464 variant near
CELA3B (chymotrypsin-like elastase 3B) gene seems to document a significant effect on
NASH resolution in patients receiving OCA [133].

Non-bile acid farnesoid X activated receptor (FXR) agonists, such as tropifexor,
cilofexor, EDP-305, and nidufexor, are under evaluation for the potential to not increase
LDL cholesterol levels (or other lipoproteins) and to not cause pruritus [97].

Another important pathway able to enhance FXR activity is the release of growth factor
FGF-19 from the intestine upon bile acid binding to FXR, documenting favorable effects in in
animal NASH models [97]. In phase 2a study (NCT02443116), the FGF-19 analog—namely,
NGM282—achieved an important reduction in hepatic fat content and liver enzymes in
166 patients with biopsy-proven NASH (mean age 52 years; approximately 60% with
established T2DM) [134]. A recent study confirmed and extended these findings [135].

Thyroid hormone receptor (THR)-β-selective agonists has been tested to reduce lipo-
toxic load in the liver in animal NASH models [97]. Importantly, its utilization improves
circulating lipids in healthy humans [97]. In a multicenter, randomized, double-blind,
placebo-controlled, phase 2 trial of 125 NAFLD patients (mean age 50 years; 50% men;
39% with established T2DM), resmetirom (also called MGL-3196)—a liver-directed, orally
active, selective thyroid hormone receptor-β agonist—showed a relative reduction of hep-
atic fat (evaluated by MRI proton density fat fraction), when compared with placebo, at
week 12 (−32.9% resmetirom vs. −10.4% placebo; p < 0.0001) and at week 36 (−37.3%
resmetirom vs. −8.5% placebo; p < 0.0001) [79]. Transient mild diarrhea and nausea were
more frequently observed in the resmetirom group than the placebo group [79].

Diacylglycerol-O-acyltransferase 2 (DGAT2) is one of two enzyme isoforms (i.e.,
DGAT1 and DGAT2) that catalyze the final step of triglyceride synthesis by promoting the
linkage of diacylglycerol to acyl-coenzyme A [78,136]. Whilst DGAT1 is highly expressed
in the small intestine, DGAT2 is mostly expressed in the liver [78]. Preliminary evidence
from animal NASH models has reported that antisense inhibition of DGAT2 can decrease
triglyceride synthesis and hepatic triglyceride levels, as well as improve hepatic steatosis
and plasma lipoprotein profiles [78,136]. IONIS-DGAT2Rx is a 2′-O-methoxyethyl chimeric
antisense oligonucleotide inhibitor that mediates enzyme-mediated degradation of DGAT2
mRNA in order to prevent production of DGAT2 protein [78,136]. In a recent small random-
ized, placebo-controlled phase 2 trial of IONIS-DGAT2Rx enrolling 44 NAFLD patients
with T2DM, randomly assigned to receive IONIS-DGAT2Rx (29 patients) or placebo (15
patients) for a total of 13 weeks, Loomba et al. showed that the mean absolute reduction of
liver fat content (as quantified by MRI-estimated proton density fat fraction) from baseline
was −5.2% in the IONIS-DGAT2Rx group as compared with −0.6% in the placebo group
(p = 0.026) [78]. However, six serious adverse events (e.g., acute exacerbation of chronic
obstructive pulmonary disease, cardiac arrest, ischemic cerebral infarction, increased blood
triglycerides, deep-vein thrombosis, acute pancreatitis) occurred in four patients in the
IONIS-DGAT2Rx group, whereas no serious adverse events were reported in the placebo
group [78].
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The innate and adaptive immune systems are implicated in the pathogenesis of
NASH [97]. In this regard, based on evidence from animal models, the C–C motif
chemokine receptor 2 (CCR2)-CCR5 chemokine axis increases the innate immune response
into the liver, as well as promotes the activation of hepatic stellate cells, which are the
key producers of collagen, thereby leading to fibrosis [97,137]. In a small clinical trial of
289 NASH patients (mean age 54 years; 52% women; 50% with established T2DM), the
inhibition of CCR2-CCR5 with cenicriviroc reduced short-term fibrosis progression [80]. A
phase 3 trial is currently ongoing (NCT03028740) [97].

Some experimental studies have focused on the specific inhibition of the fibrosis
process into the liver [97,138]. A potential mechanism is the use of an inhibitory antibody
to lysyl oxidase-2 (LOXL-2), which is an enzyme that chemically crosslinks fibrillary col-
lagen [97,138]. In this context, LOXL-2 inhibition can enhance the macrophage-mediated
collagen degradation in animal NASH models [97,138]. However, in two phase 2b trials of
219 patients with bridging fibrosis caused by NASH (median age 57 years; approximately
68% with established T2DM) who were randomly assigned to groups given weekly subcu-
taneous injections of simtuzumab (a monoclonal antibody against LOXL-2) or placebo for
240 weeks, Harrison et al. reported that simtuzumab was ineffective in decreasing hepatic
collagen content and hepatic venous pressure gradient [82].

Caspases are intracellular proteases that play a role in apoptotic cell death by cleavage
of cytoskeletal proteins [97,139]. Apoptosis is increased in NASH patients and serum
levels of cleaved keratin-18 is closely associated with liver fibrosis [97,139]. Emricasan is a
pan-caspase inhibitor that had previously been shown to decrease caspase-3/7 activity and
cleave keratin-18 and serum ALT levels in NAFLD patients [97]. However, a double-blind,
placebo-controlled study enrolling 318 biopsy-proven NASH patients (approximately 50%
with established T2DM) who were randomly assigned to emricasan or placebo for 72
weeks, reported that emricasan treatment did not improve liver histology and, importantly,
may even have worsened fibrosis and ballooning in a subset of patients [81].

Apoptosis signal-regulating kinase 1 (ASK1) plays a key role in hepatocyte injury,
inflammation, and fibrosis [97]. Experimental evidence from animal NASH models has
suggested that the selective inhibition of ASK1 by selonsertib may have an important
antifibrotic effect in NASH [97]. However, recently, two randomized, double-blind, placebo-
controlled phase 3 trials of selonsertib in patients with NASH and bridging fibrosis (F3;
STELLAR-3) or compensated cirrhosis (F4; STELLAR-4) failed to demonstrate a reduction
of liver fibrosis with selonsertib treatment in these patients [83]. Are these two trials a
defeat? No, but, according to Rinella and Noureddin [140], we believe that it is fundamental
to stratify NAFLD patients carefully when we design the next trials.

A Bayesian network meta-analysis combining direct and indirect treatment compar-
isons has recently evaluated the comparative effectiveness of various pharmacological
agents for the treatment of NASH [141]. Nine randomized, controlled trials with a to-
tal of nearly 1000 patients with biopsy-proven NASH comparing vitamin E, glitazones,
pentoxifylline, or OCA to placebo or one another were found [141]. This study showed
that pentoxifylline and OCA improved fibrosis, whereas vitamin E, glitazones, and OCA
improved ballooning degeneration in NASH patients [141]. However, these data do not
provide straightforward recommendations for drug treatment of NAFLD.

The intestinal microbiome has a key role in the development and progression of
NAFLD [142]. At present, probiotics, prebiotics, and bovine colostrum containing antibod-
ies to endotoxin are under evaluation for NASH [142,143]. For instance, in a double-blind
phase 2 trial of 104 UK patients with NAFLD (mean age 51 years; 65% men; 37% with
established T2DM) who were randomly assigned to receive synbiotic agents (i.e., fructo-
oligosaccharides, 4 g twice per day, plus Bifidobacterium animalis subspecies lactis BB-12)
or placebo for 14 months, Scorletti et al. reported that the administration of a synbiotic
combination (probiotic plus prebiotic) altered the fecal microbiome but did not improve
liver fat content (as measured by MRI) or indirect markers of liver fibrosis [144].
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Main agents against NAFLD and their mechanisms of action are summarized in
Figure 2.

Figure 2. Main medications against NAFLD and its advanced forms and their mechanisms of action. See text for details.
Note: Blue lines correspond to signal activation; red lines correspond to signal block. Abbreviations: ASK-1, apoptosis
signal-regulating kinase-1; FFA, free fatty acids; FXR, farnesoid X receptor; GLP-1 RAs, glucagon-like peptide-1 receptor
agonists; LOXL-2, lysyl oxidase-like 2; OCA, obeticholic acid; PPAR, peroxisome proliferator activated receptor; SGLT-2,
sodium-glucose co-transporter-2; THR, thyroid hormone receptor.

3. Conclusions

In spite of many advances in our knowledge regarding the epidemiology and patho-
genesis of NAFLD, at present the only available and effective treatment for NAFLD and its
advanced forms is weight loss. In addition, most RCTs available so far (with the exception
of a phase 2 trial testing IONIS-DGAT2Rx [78]) have included patients with and without
T2DM, and, consequently, the current information on new drugs (such as OCA, selonsertib,
elafibranor, cenicriviroc, or resmetirom) as monotherapy for NAFLD treatment may not
necessarily be generalizable to all patients with T2DM. In these patients, however, some
glucose-lowering agents, such as pioglitazone, GLP-1RAs, and SGLT-2 inhibitors, may be
useful for treating NAFLD.

A current challenge in the field of NAFLD is the lack of reliable and non-invasive
endpoints for NASH [145] for use in the trials, although novel blood-based diagnostic
tests to non-invasively rule in or rule out NASH risk are under way [114,146]. In addition,
although the resolution of NASH and/or the improvement of fibrosis are currently ac-
cepted endpoints, histologic assessment using liver biopsy is often suboptimal and always
invasive [145]. Importantly, to date, trials of drugs as monotherapy for the treatment of
NASH have reported response rates from 30% to 50% as compared with placebo or refer-
ence therapy [145]. Considering the multiple pathways implicated in NASH pathogenesis,
as well as the single response from single-agent therapies, it is reasonable to assume that
a combination of different therapies might be more appropriate to treat NASH [145]. In
this context, theoretically, the combination of two (or more) therapies might enhance the
response rates, as well as might convert non-responders or partial responders to monother-
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apy into true responders. To date, there are ongoing trials regarding the treatment of NASH
using multiple agents [145]. For instance, given that GLP-1 RAs are able to promote weight
loss, the GLP-1 RA semaglutide is being investigated in combination with the FXR agonist
cilofexor, as well as in combination with the Acetyl-CoA carboxylase inhibitor firsocostat,
in a phase 2 proof-of-concept trial (NCT03987074) [145]. The FXR agonist tropifexor is
also being investigated in combination with the SGLT-1/2 inhibitor licogliflozin in NASH
patients with varying stages of liver fibrosis (NCT04065841) [145]. The phase 2 TANDEM
trial is being testing the combination of cenicriviroc with 2 doses of tropifexor over 48
weeks in NASH patients (NCT03517540) [145].

Given the heterogeneity of NASH patients, it is also fundamental to identify appro-
priate individuals for a specific combination [17,145]. The identification of specific genetic
polymorphisms might provide useful and important information regarding the response
to treatment [145]. A single nucleotide polymorphism rs903361 in the ADORA1 gene has
been recently associated with the resolution of NASH in patients treated with pioglita-
zone [96,145]. The rs75508464 variant near CELA3B gene seems to be associated with
the most important effect on the resolution of NASH in patients receiving OCA [133,145].
Additional studies are, however, required to improve our understanding of identifying
which NAFLD patients would have a higher probability of treatment response with a
specific agent as monotherapy or with a combination therapy.
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