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Abstract: Liver fibrosis is the excessive expression and accumulation of extracellular matrix proteins
in the liver. Fibrotic scarring occurs as the consequence of chronic injury and inflammation. While the
successful treatment of hepatitis B and C reduced the burden of liver disease related to viral hepatitis,
non-alcoholic fatty liver disease (NAFLD) or non-alcoholic steatohepatitis (NASH) are nowadays the
leading causes of hepatic fibrosis worldwide. Although basic research activities have significantly advanced
our understanding of the molecular disease pathogenesis, the present therapeutic options for fibrosis are
still limited. In advanced disease stages, liver transplantation often remains the only curative treatment.
This highlights the necessity of preventive strategies to avoid complications of fibrosis, particularly
cirrhosis, portal hypertension and liver cancer. Lifestyle modifications (weight loss, exercise, healthy
diet) are the basis for prevention and treatment of NAFLD-associated fibrosis. In the present review,
we discuss recent advances in antifibrotic prevention and therapy. In particular, we review the current
concepts for antifibrotic drug candidates in the treatment of NAFLD and NASH. While some compounds
aim at reverting pathogenic liver metabolism, an alternative approach is to disconnect the injury (e.g.,
NAFLD) from inflammation and/or fibrosis. Investigational drugs typically target metabolic pathways,
insulin resistance, hepatocyte death, inflammatory cell recruitment or activation, the gut-liver axis, matrix
expression or matrix turnover. While several promising drug candidates failed in phase 2 or 3 clinical trials
(including elafibranor, emricasan and selonsertib), promising results with the farnesoid X receptor agonist
obeticholic acid, the pan-PPAR agonist lanifibranor and the chemokine receptor CCR2/CCRS inhibitor
cenicriviroc support the expectation of an effective pharmacological therapy for liver fibrosis in the near
future. Tackling NAFLD-associated fibrosis from different directions by combinatorial drug treatment
and effective lifestyle changes hold the greatest prospects.
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Introduction

Persistent liver damage occurring in the context of
metabolic (non-alcoholic fatty liver), viral hepatitis B or C,
cholestatic, toxic (alcohol) or genetic (hemochromatosis,
Wilson disease, etc.) diseases, usually causes a chronic
inflammatory reaction. Similar to a misdirected wound
healing reaction, chronic inflammation can cause scarring
of the liver (1). Noteworthy, liver fibrosis is, in principle,
independent of the noxious agent that causes hepatic insult,
although the pattern of initial fibrosis (e.g., periportal vs.
perisinusoidal) may vary. Untreated (and progressive) fibrosis
can lead to cirrhosis, which is the complete architectural
reconstruction with deposition of large quantities of connective
tissue resulting in consecutive loss of hepatic function (2).
Cirrhosis, in turn, can lead to portal hypertension, progressive
liver failure and/or hepatocellular carcinoma (HCC). In recent
years, it has become evident that this process is not irreversible.
This offers a window of opportunity for preventive or
therapeutic antifibrotic interventions.

During the past decade, the landscape of hepatology
has substantially changed (3). While the effective antiviral
treatment of hepatitis B and C significantly reduced the
disease burden, alcohol-related liver disease remains a leading
cause of liver-related mortality (4). The successful antiviral
treatment against hepatitis B (viral suppression) and hepatitis
C (viral eradication) provided clinical evidence that fibrosis
regression can be achieved and is associated with a remarkable
reduction in liver-related morbidity and mortality (5).
For instance, hospital admissions related to hepatitis
C-associated liver cirrhosis have tremendously decreased,
signifying the enormous clinical benefit of direct-acting
antivirals (DAA) in the treatment of hepatitis C (6).

During the last years, non-alcoholic steatohepatitis
(NASH) has emerged as a major etiology of liver fibrosis
in Western populations, and it is expected to become
the leading indication for liver transplantation and liver-
related mortality within a few years worldwide (7). Obesity,
type 2 diabetes, insulin resistance, dyslipidemia, metabolic
syndrome and several predisposing genetic factors
(Figure I) fuel non-alcoholic fatty liver disease (NAFLD).
Alcohol-related liver disease and NAFLD are prime
examples that liver fibrosis can be improved by changing life
style, that means avoiding the uptake of compounds leading
to the disease (i.e., alcohol) or by modifying disease drivers
(overweight/obesity, insulin resistance, sedentary lifestyle).
Importantly, such lifestyle-related risk factors for fatty liver
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disease remain relevant in patients with viral hepatitis as
well, even if hepatitis C has been successfully cured (8).

However, alcohol-related liver disease and NAFLD
are also prime examples that liver fibrosis is the hepatic
manifestation of a systemic disease. In case of alcohol
and NAFLD, a large number of comorbidities exist in
most patients (e.g., cardiovascular diseases, diabetes,
psychiatric disorders), emphasizing that prevention and
treatment of liver fibrosis is only one aspect of the patient
management (9,10).

The substantial global burden of hepatic fibrosis to the
public health systems demands the active search for effective
therapies. However, despite the urgent need, approved drugs
are still not available for this specific indication (11). This is
majorly due to the complex molecular disturbances and the
multifactorial symptoms associated with respective disease.
Although lifestyle changes (particularly weight loss) are
highly effective in blocking or even reversing fibrosis (12),
only few patients successfully achieve a durable lifestyle
change in clinical practice. Bariatric surgery is also beneficial
in NASH (13), but is only available to a small fraction of
morbidly obese patients. Several novel medications targeting
different stages and molecular events in the disease process
are currently in the pipeline, while other previously known
drug candidates are used off-label or tested in clinical trials.
These compounds offer new hope to patients and it is most
likely that highly desirable future anti-fibrotic therapies
will be established which will allow to attenuate or even
reverse fibrosis and improve the quality of care in patients
with liver fibrosis and cirrhosis. The histological regression
of fibrosis has been accepted as a surrogate for clinically
relevant endpoints in clinical trials investigating anti-NASH
agents (11). This is based on the close association between
fibrosis stage and “hard outcomes” including liver-related
complications and mortality (14).

From a clinical perspective, it is well understood that
histology is suboptimal to assess “antifibrotic” effects of
an intervention (15). In cases of advanced fibrosis and
cirrhosis, improving the hepatic venous pressure gradient
(HVPG) might better indicate beneficial effects on portal
hypertension and cirrhosis prognosis (16). Serum-based and
imaging-based biomarkers may also provide information
on treatment responses, but this require further prospective
evaluation (17).

This review intends to summarize current concepts
on strategies for the therapy and prevention of NAFLD-
associated liver fibrosis.
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Figure 1 Clinical conditions from normal liver to NAFLD, NASH, cirrhosis, and HCC. About 25% of the general population have

NAFLD, of which a substantial fraction (10-30%) is at risk for progressing towards relevant fibrosis. Between 0.3-3% of patients with

fibrosis progress to cirrhosis and/or HCC per year. The pathogenesis is influenced by many factors including genetic factors, age, diabetes,

obesity, alcohol, and lifestyle. Weight loss, physical exercise, consumption of coffee, Mediterranean diet, and a vegetable-rich diet have

positive effects on disease outcome and are recommended to prevent NAFLD progression. NAFLD, non-alcoholic fatty liver disease;

NASH, non-alcoholic steatohepatitis; HCC, hepatocellular carcinoma.

Mechanisms of liver fibrogenesis

Fibrogenesis is initiated as a consequence of parenchymal
cell damage that can be induced by different hepatotoxic
agents and mechanisms. In general, an inflammatory
response is initiated after tissue injury, which involves
the local vascular system, the immune system, and an
orchestrated local as well as systemic mobilization of
soluble mediators. This response is orchestrated by non-
parenchymal cells (endothelium, stellate and Kupffer cells)
and resident immune cells (macrophages, dendritic cells,
and mast cells) that are equipped with specialized surface
receptors that recognize specific pathogen-associated
molecular patterns (PAMPs) such as bacterial toxins and
damage-associated molecular patterns (DAMPs). After
binding, they trigger the synthesis and/or release of a
large variety of different inflammatory and pro-fibrogenic
mediators within the injured liver tissue. Subsequently, these
soluble mediators lead to the recruitment of inflammatory
immune cells into the liver tissue (18) as well as to the
activation of matrix-producing cell populations driving scar
tissue synthesis (1). There is an intimate crosstalk between
(stressed/injured) hepatocytes, (activated) macrophages
and stellate cells in the liver, which ultimately drives matrix
protein deposition (19). Understanding the fibrogenic
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signals may offer new targets for therapeutic interventions.
For instance, the recognition of liver injury by Kupffer cells,
the resident phagocytes of the liver, promotes the release
of chemokines including CCL2, which then promotes the
recruitment of inflammatory, fibrogenic monocytes into the
injured liver (20,21).

The main matrix-producing cell types in liver fibrosis
are hepatic stellate cells (HSCs) that transition into
myofibroblasts (MFBs). Fibrogenic mediators or cell-cell
contacts promote HSC activation by triggering distinct
signaling cascades (22). New technologies such as single-
cell RNA sequencing (scRNAseq) have helped to elucidate
such activation profiles of HSC/MFB, but revealed also
a striking heterogeneity among MFBs (23). For instance,
HSCs partition into topographic regions, with specific
differences between portal vein-associated and central
vein-associated HSCs (24). Moreover, different functional
aspects of HSC—e.g., chemokine/cytokine release wvs.
matrix production—can be assigned to different HSC/MFB
subpopulations by scRNAseq (25). This ambiguity offers
potential therapeutic options, as innovative drugs might
specifically target defined myofibroblast populations (26).
While targeting HSC activation and drug delivery to MFBs
works already quite well in preclinical models, translation
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into human diseases has remained challenging (27).

Liver fibrogenesis is closely linked to pathological
angiogenesis. Inflammatory signals, particularly from
infiltrating macrophages, promote the expansion of
hepatic blood vessels (28). These newly formed vessels
have a different, dysfunctional, dedifferentiated phenotype
compared to healthy sinusoidal endothelial cells (29).
The crosstalk between pro-angiogenic endothelial cells
and activated stellate cells is not only relevant during
progression, but also during regression of fibrosis (30).
Very likely, the fibrosis-induced angiogenesis favors the
development of HCC in fibrotic livers (31). Intriguingly,
changes in sinusoidal endothelial cells including loss
of fenestrae (“capillarization”) or the reduced ability to
generate vasodilator agents occur quite early in NAFLD
and can precede fibrosis, making these cells an interesting
target for therapeutic interventions (32).

Antifibrotic therapeutic targets

Based on the high complexity of mediators and signaling
pathways as well as the different cellular players involved
in hepatic fibrogenesis, there are several new treatment
options currently under evaluation. Due to the high
burden of NAFLD, most antifibrotic drugs are being
evaluated in patients with NASH-associated fibrosis.
Liver disease in NASH is oftentimes viewed as the
hepatic manifestation of the metabolic syndrome, due to
the similar pathomechanisms driving obesity-associated
metabolic alterations and NAFLD progression, such
as oxidative stress, free fatty acids, hyperinsulinemia or
systemic inflammation (33). Figure 2 provides an overview
of selected therapeutic targets in NASH-related fibrosis.
The different strategies can be summarized into two goals:
(D) reverting pathogenic liver metabolism (in order to stop
the underlying fibrosis-promoting mechanism) or (II)
disconnecting NAFLD from inflammation and/or fibrosis
(i.e., target “downstream” pathways so that the metabolic
stress does not translate into inflammation or fibrosis).

Reverting pathogenic liver metabolism

Many metabolic risk factors contribute to the pathogenesis
of NAFLD and NASH. In particular, low high-density
lipoprotein (HDL), high triglycerides, hypercholesterolemia,
and type 2 diabetes mellitus have been discussed as
independent predictors of poor outcome in NAFLD. A
recent meta-analysis of 22 population-based cohort studies
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suggested that type 2 diabetes and obesity as measured by
body mass index (BMI) are the most important factors that
are associated with more severe liver disease (35). Therefore,
strategies targeting insulin resistance and diabetes are
promising for ameliorating metabolic disturbances in NASH.
Modern antidiabetic drugs that have a beneficial impact
on weight loss may therefore also alleviate NASH. Such
drug candidates are agonists of the glucagon-like peptide-1
(GLP-1), which promotes insulin secretion in a glucose-
dependent manner, or inhibitors of the sodium-glucose
transport protein 2 (SGLI2), also called gliflozins, which
inhibit glucose reabsorption in the kidney. GLP-1 receptor
agonists (liraglutide, semaglutide) are currently being tested
in NASH, also in non-diabetic patients. An initial pilot study
demonstrated improvement of histological features of NASH
by using liraglutide (36).

Besides “repurposing” anti-diabetes drugs, several
strategies for targeting aspects of aberrant (liver) metabolism
are in focus. Potential targets include correction of insulin
resistance, interference with free fatty acid generation,
triglyceride uptake, lipolysis and prevention of autophagy,
endoplasmic reticulum stress, and mitochondrial functions
(Figure 2, Table I).

One key factor contributing to metabolic stress pathways
are bile acid receptors such as the farnesoid X-activated
receptor (FXR) that is involved in energy expenditure
and metabolism. It is involved in pathways that control
lipogenesis-inducing enzymes such as the sterol regulatory
element-binding transcription factor 1 (SREBP-1) and
reducing endogenous bile acid production, thereby having
a critical role in glucose and lipid metabolism. Drugs with
agonistic FXR activity such as obeticholic acid are currently
approved for the treatment of patients with primary biliary
cholangitis, and was shown to be particular useful to
improve insulin sensitivity in NAFLD patients suffering
from type 2 diabetes (37,38). These positive attributes of
obeticholic acid were also confirmed in the multicenter,
randomized, placebo-controlled “FXR ligand obeticholic
acid in NASH treatment” (FLINT) phase 2 trial, in
which NASH patients showed significant improvements
in inflammation and fibrosis (39). Based on this positive
finding, obeticholic acid is currently tested in a large
phase 3 long-term trial in over 2,400 patients with NASH,
including ~2,100 patients with stage 2 or 3 liver fibrosis (40).
The interim analyses from this trial are very promising,
as obeticholic acid at a dose of 25 mg daily significantly
improved fibrosis and key histological components of
NASH disease activity after 72 weeks of therapy (41). Based
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Figure 2 Therapeutic targets in liver fibrosis. The understanding of molecular processes leading to hepatic fibrosis offers emerging
therapeutic targets for preventing fibrosis and enhancing therapy. Effective drugs are beneficial to prevent cell death, inflammation, and
reactive oxygen species formation. Other drugs target hepatic fat metabolism, the gut-liver axis, and matrix expression or turnover. The
figure is based on (34). ACC, acetyl-CoA carboxylase; DNL, de novo lipogenesis; ER, endoplasmic reticulum; FGF, fibroblast growth factor;
FFA, free fatty acids; FXR, farnesoid X receptor; PPAR, peroxisome proliferator- activated receptor; ROS, reactive oxygen species; SHP,
small heterodimer partner; SREBP1, Sterol regulatory element binding protein-1; TGRS, G protein-coupled bile acid receptor 1 (GPBARLI);
THRB, thyroid hormone receptor-f; TNF, tumor necrosis factor.

Table 1 Selected examples for pharmacotherapies under evaluation for the treatment of NASH and/or NASH fibrosis

Mechanism Selected compounds Effects on fibrosis Stage of development
FXR agonism Obeticholic acid (OCA); tropifexor; Fibrosis regression (OCA) Phase 3 (OCA); phase 2
cilofexor (others)
PPAR agonism Elafibranor (a/d); saroglitazar (o/y); No effect on fibrosis (0/6) vs. fibrosis Phase 2-3
lanifibranor (a/y/6) regression (o/y/d)
ACC inhibition Firsocostat; PF-05221304 Possible de-activation of stellate cells Phase 2
THRP agonism Resmetirom Indirect antifibrotic effects Phase 3
FGF19/FGF21 mimetics Aldafermin (FGF19); pegbelfermin Indirect antifibrotic effects Phase 2
(FGF21)
SCD1 inhibition Aramchol Indirect antifibrotic effects Phase 2-3
CCR2/CCRS5 inhibition Cenicriviroc Fibrosis regression Phase 3

NASH, non-alcoholic steatohepatitis
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on these data, it is expected that the FDA and EMEA will
conditionally approve this drug for the treatment of NASH
patients with advanced fibrosis.

Many companies now developed FXR agonists without
chemical similarities to bile acids. Such “non-steroidal”
FXR agonist may potentially show a more favorable safety
profile, as obeticholic acid has relevant side effects such
as itching and elevated LDL cholesterol serum levels.
Representative non-steroidal FXR agonists are tropifexor
(Novartis), GS-9674 (Gilead), AKN-083 (Allergan) and
LBM763 (Novartis).

Another pathway involving bile acid biology in NASH is
the chemical inhibition of the apical sodium-dependent bile
acid transporter (ASBT), which blocks bile acid reuptake
and stimulates hepatic bile acid production. The ASBT
inhibitor volixibat increased bile acid synthesis and decreased
cholesterol in NASH patients, but did not show clear signals
of histological benefits in a phase 2 clinical trial (42).

Other therapeutic targets are offered by the family of
fibroblast growth factors (FGF) and their receptors. This
growth factor family comprises 22 members that bind to five
distinct receptors (FGFR1-4, FGFRL1) and signal through
several downstream pathways relevant in the initiation of
fibrosis (43). They have not only a substantial influence of
fibrogenesis, but also impact development, regeneration,
hepatocyte proliferation and recruitment of progenitor cells
during acute and chronic liver injury (44). In particular,
the hepatoprotective properties and beneficial effects on
inflammation and fibrosis have brought FGF19 and FGF21
into the focus as novel targets for drug development.
Mice lacking FGF21 showed increased hepatic fatty acid
activation and PB-oxidation and subcutaneous infusions of
FGF21 reduced steatosis and peroxidative damage in a
mouse NASH model (45). The PEGylated FGF21 analogue
pegbelfermin (BMS-986036) demonstrated beneficial
metabolic effects and reduced hepatic fat content in a 16-
week application in NASH patients (46). The engineered
FGF19 analogue NGM282 seems to be very effective in
reducing hepatic steatosis as well (47,48). Its concomitant
changes in circulating lipids, including increases of LDL
cholesterol, can be effectively managed by coadministering
rosuvastatin, as demonstrated in clinical trials (49).

An interesting group of drugs are agonists for
proliferator-activated receptors (PPARs). PPARs represent
a family of transcription factors that act as lipid sensors in
various tissues (50). They are responsive to specific ligands,
especially fatty acids, phospholipids, and prostaglandins.
The family consists of three different receptors (PPARa,
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PPARB/S, and PPARY) that are expressed at different
levels in various tissues and are targeted by different
ligands. PPARs play critical roles in the regulation of
liver homeostasis, fatty acid oxidation, triglyceride
metabolism, and adipogenesis. They prevent fibrogenesis
by keeping HSC in the quiescent phase and regulating
the inflammatory response, increase insulin sensitivity
and regulate triglyceride storage in adipose tissue (51).
PPAR stimulation may provide therapeutic benefit against
steatohepatitis and insulin resistance. Several medical
compounds acting on one, two or even three PPARs
already exist. Pioglitazone or rosiglitazone targeting PPARy
improved histological features in NAFLD (52) and may
even ameliorate fibrosis (53). However, the use of these
drugs in clinical routine is limited by their propensity to
induce weight gain (36). In a phase 2 trial, the dual PPARa/
0 agonist elafibranor improved histological features and
showed beneficial effects on lipid profiles, glucose, liver
enzymes and inflammatory marker expression in NASH
but failed to improve hepatic fibrosis (54). However,
interim analyses from a phase 3 clinical trial reported
that elafibranor failed to reach its primary endpoint, as
elafibranor did not significantly improve the rate of patients
achieving histological resolution of NASH compared to
placebo.

In experimental mouse models, also the PPARo/y agonist
saroglitazar and the triple PPARa/y/8 agonist lanifibranor
(IVA337) were highly effective in protecting the liver from
metabolic disorders and fibrosis (55,56). In mice subjected to
choline-deficient high-fat diet-induced NASH, saroglitazar
reduced hepatic steatosis, inflammation, ballooning and
prevented fibrogenesis (55). Similar preventive and curative
effects were shown for lanifibranor in preclinical mouse
models of NASH (56). Most importantly, lanifibranor
synergistically combined beneficial effects of agonism on
PPARa (on hepatocytes), PPARY (on stellate cells) and
PPARS (on macrophages) in mouse models of NASH (57). A
clinical trial using lanifibranor in NASH patients is ongoing.

Improvement of NASH by increasing hepatic fat
metabolism and reducing lipotoxicity was also found by
usage of the liver-directed, orally active, selective thyroid
hormone receptor-p (THRP) agonist resmetirom (MGL-
3196) (58). THRP is a nuclear hormone receptor for
triiodothyronine and are associated with the control
of a wide variety of effects related to development,
differentiation, growth, and metabolism (59). Binding
to THRP affects metabolic processes by lowering serum
lipids, cholesterol, serum triglycerides, and other metabolic
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factors. Several thyroid hormone analogues are currently
under development that vary regarding selectivity (60).

Inhibition of acetyl-coenzyme carboxylase (ACC)
catalyzing the rate-limiting step in de novo lipogenesis by
drugs such as firsocostat (GS-0976) or PF-05221304 showed
also beneficial effects on hepatic steatosis, fibrogenic marker
expression and liver histology in a phase 2 randomized
placebo-controlled trials of patients with NASH (61). More
recent evidence suggests direct anti-fibrotic activities in
addition to the beneficial metabolic effects of inhibiting
ACC (62).

Disconnecting NAFLD from inflammation and/or fibrosis

It is well known that inflammation and fibrosis are key
characteristics of disease progression in NAFLD. This
observation fuels the concept that blocking inflammation
and/or activation of MFBs or matrix deposition would
provide clinically meaningful benefit to patients. Cell death
and activation of inflammatory signaling pathways (in
hepatocytes and non-parenchymal cells) would represent
logical targets for “anti-inflammatory” interventions (63).
In this direction, selonsertib, an apoptosis signal-regulating
kinase 1 (ASK1) inhibitor, was proposed. In fact, selonsertib
demonstrated potent antifibrotic activity in rodent models
(64,65). However, two large phase 3 trials in NASH
patients with either advanced fibrosis or cirrhosis failed, as
selonsertib did not improve liver fibrosis after 48 weeks of
therapy compared to placebo (66).

One of the key findings of NASH progression
towards fibrosis is the accumulation of macrophages
in the liver (67). These disease-promoting fibrogenic
macrophages originate from monocytes that are recruited
to the liver (68) and display a unique, metabolically
activated and inflammatory phenotype (69). Monocyte
recruitment to NASH livers can be effectively inhibited
by the chemokine receptor CCR2/CCRS inhibitor
cenicriviroc (70). In patients with NASH and fibrosis,
cenicriviroc treatment was associated with a higher rate
of fibrosis improvement after 1 year of therapy (71).
The antifibrotic efficacy was less clear after 2 years of
cenicriviroc therapy, but this drug was exceptionally safe and
well tolerated (72). A phase 3 trial evaluating cenicriviroc in
NASH patients with fibrosis is currently ongoing (73).

While the clinical development of cenicriviroc in liver
fibrosis is quite advanced, many other anti-inflammatory
approaches have been proposed as well. For instance,
blocking inflammatory macrophage activation or
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polarization by interfering with toll-like receptor (TLR)
signaling (e.g., with the TLR4 inhibitor serelaxin) or with
galectin-3 (e.g., with the inhibitor belapectin) may hold
antifibrotic potential (74). Similarly, monocytes upregulate
the medium chain fatty acid receptor GPR84 upon
inflammatory activation. Pharmacological inhibition of
GPR84 reduces myeloid cell infiltration in NASH mouse
models, which subsequently ameliorates steatohepatitis
and fibrosis (64). Such data underline the potential of
disconnecting NAFLD from inflammation and/or fibrosis
as a valid therapeutic strategy.

Targeting the activation of stellate cells directly has
remained challenging. While this can be achieved in
preclinical models, e.g., by innovative nanotheranostic drug
delivery approaches, the translation into clinical trials is
currently pending (27).

The role of physical activity and lifestyle
changes for treatment and prevention

Despite the promising results from research with new
pharmacological strategies, drug treatment by itself is likely
not sufficient, if the unhealthy lifestyle is not corrected.
Lack of physical activity is one critical factor having impact
of the outcome of hepatic diseases. Undoubtedly, exercise
can be very beneficial, even in advanced stages of liver
fibrosis or cirrhosis (75). It has been shown that in response
to exercise a large number of endogenous active mediators
are produced that endorse anti-inflammatory effects (76).
Therefore, it is not surprising that physical activity and
aerobic exercise of moderate intensity for at least 20 to
60 min on at least 5 days a week in combination with
resistance training performed thrice weekly has entered
into the practical recommendations for the prevention and
treatment of NAFLD (77).

Similarly, interventions promoting weight loss,
preventing overnutrition, and reducing hepatic fat have
been shown to attenuate NASH-related inflammation and
fibrosis (78). Weight loss of 1 kg/week is recommended
for overweight and obese subjects suffering from NAFLD
and NASH (79). The beneficial effects of weight loss
on histological features of NAFLD/NASH are well
documented, and strategies to overcome barriers in
adopting dietary recommendations in the management of
patients have been proposed and validated (80).

Several macronutrients and micronutrients are known
to either support or prevent NAFLD pathogenesis.
Prototypically, fructose is a key carbohydrate that is
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associated with insulin resistance and NAFLD development,
while the consumption of soluble or insoluble fibers is
beneficial for the outcome of hepatic disease because
they promote satiety, restrict caloric intake, slow stomach
emptying, and reduce glucose and cholesterol uptake (79).
Saturated fatty acids are another factor contributing to
the pathogenesis of NASH/NAFLD, while the uptake
of monounsaturated or polyunsaturated fatty acids has
been shown to be beneficial against NAFLD (79). Among
micronutrients, vitamin E, vitamin C, vitamin D, and
several polyphenols (e.g., resveratrol, curcumin, caffeine,
quercetin) have been successfully tested in preclinical
models and clinical studies (43,79). They counteract
intracellular reactive oxygen species formation, prevent
hepatic infiltration with circulating blood cells, or target
pro-inflammatory and pro-fibrotic signaling pathways
and mediators that critically contribute to generation of
extracellular matrix compounds (43). Nevertheless, most
of these beneficial attributes of these compounds have only
been shown in experimental models and the translation to
humans and the initiation of human trials is perennially
hampered by many factors (43).

Conclusions

Liver fibrosis, i.e., scarring of the liver as the characteristic
response to chronic injury, is the main determinant of
long-term outcome in patients with liver diseases. The
global epidemic of obesity and the metabolic syndrome
made NAFLD the leading cause of liver fibrosis to date.
Lifestyle modifications, particularly weight loss, healthy
diet and physical activity, are key to preventing fibrosis
progression. Extensive research over the past decade has
unraveled cellular and molecular mechanisms of hepatic
fibrogenesis. These findings have resulted in a large number
of clinical investigations on antifibrotic drugs. While several
promising drug candidates failed in phase 2 or 3 clinical
trials (including elafibranor and selonsertib), promising
results with obeticholic acid and cenicriviroc support the
expectation of an effective pharmacological therapy for liver
fibrosis in the near future. To the authors’ opinion, tackling
NAFLD-associated fibrosis from different directions by
combinatorial drug treatment and effective lifestyle changes
hold the greatest prospects.
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