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Non-alcoholic fatty liver disease (NAFLD) encompasses a spectrum of pathologies ranging from uncomplicated
hepatic fat accumulation to a state of lobular inflammation and hepatocyte ballooning, known as non-alcoholic
steatohepatitis (NASH). Currently, there are no reliable biomarkers or effective therapeutic options established
for NAFLD. Nevertheless, there are several molecular targets in the pipeline, of which fibroblast growth factor
21 (FGF21) is one. FGF21 is secreted primarily from liver and has a plethora of metabolic functions. Pre-clinical
and epidemiological studies indicate a relationship between circulating FGF21 levels and hepatic fat content in
both mice and humans. Moreover, animal studies have clearly shown that aberrant FGF21 signalling is a key
pathological step in the development and progression of NAFLD. A recent Phase II clinical trial demonstrated
that administration of an FGF21 analogue significantly reduced hepatic fat in subjects with NASH. As such,
FGF21 provides a novel target for future biomarker and therapeutic studies. This review appraises preclinical
data to outline the current understanding of FGF21 function in both normal hepatic function and NAFLD. Epide-
miological evidence is explored to delineate the relationship between circulating FGF21 levels and NAFLD in
humans. Finally, we review the therapeutic effects of FGF21 in the treatment of NAFLD.
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1. Introduction

Non-alcoholic fatty liver disease (NAFLD) is estimated to effect one in
four individuals globally and is now the leading cause of chronic liver dis-
ease [1]. NAFLD is defined as ≥5% hepatic fat content (steatosis) in the ab-
sence of a secondary cause, such as excessive alcohol use, viral infection or
autoimmune disease [2]. Although the definition of excessive alcohol use
is not uniform throughout the literature, current best practice guidelines
define excessive alcohol consumption as N21 and N14 standard drinks
per week for males and females, respectively [3]. NAFLD encompasses a
spectrumof pathologies ranging fromuncomplicated hepatic fat accumu-
lation (simple steatosis) to a state of lobular inflammation andhepatocyte
ballooning, known as non-alcoholic steatohepatitis (NASH). Patientswith
NASH experience accelerated hepatic fibrosis and up to 20% will develop
widespread, irreversible fibrosis (cirrhosis) ultimately requiring liver
transplantation [3,4]. NAFLD is currently the second most common indi-
cation for liver transplantation in the United States and is expected to sur-
pass chronic hepatitis C for the top spot in coming years [5,6]. Moreover,
steatosis and/or steatohepatitis is the most common reason for hepatic
donor disqualification [7].

Unsurprisingly, NAFLD patients have an increased risk of hepatocel-
lular carcinoma (HCC), particularly those who develop cirrhosis. How-
ever, the ramifications of NAFLD spread beyond the liver, to the heart,
pancreas and kidneys. There is substantial evidence of a causal relation-
ship between NAFLD and cardiovascular disease (CVD) [8–11]. Impor-
tantly, CVD is currently the leading cause of death in patients with
NAFLD. Considering the two conditions share the majority of their risk
factors (i.e. obesity, dyslipidaemia, hypertension, inflammation and in-
sulin resistance) the association is expected. A recent meta-analysis
concluded that NAFLD is an independent risk factor for determining car-
diovascular events [12].

As the burden of NAFLD and its sequelae progresses, the need for a
population-based screeningmethod increases. Currently, a combination
of liver enzymes and ultrasound are used for the diagnosis of NAFLD.
However, the use of liver enzymes for the diagnosis of NAFLD is grossly
inaccurate [13]. Ultrasound provides amore reliable diagnostic method,
yet is limited by its sensitivity, user-dependence and relative cost [13].
Controlled attenuation parameter score assessment with the
FibroScan® provides a more sensitive and specific alternative to tradi-
tional ultrasound [14]. Nevertheless, the cost and availability of this
novel technique limits its application. Other imaging modalities, such
as magnetic resonance spectroscopy and computed tomography are
highly accurate, however, these options are not readily accessible nor
cost-effective for such a prevalent disease [13]. Due to the lack of reli-
able biomarkers for NAFLD, patients frequently remain undiagnosed.
Development of an effective biomarkerwould, not only streamlinediag-
nosis, but help identify high-risk patients for treatment, monitor pro-
gression and provide vital information regarding prognostication. In
cases where a diagnosis is made, treatment is currently limited to life-
style adaptations, symptom management and cardiovascular risk re-
duction [3]. Evidently, there is an underwhelming supply of
biomarkers and treatment options for patients with NAFLD. Neverthe-
less, several promising options are in the pipeline, of which, fibroblast
growth factor 21 (FGF21) is one.

This review will provide an overview of FGF21 function and discuss
its role in the pathogenesis and progression of NAFLD. Furthermore,
epidemiological data is analysed to evaluate the relationship between
circulating FGF21 levels and NAFLD in humans. Finally, by drawing
from animal studies and human clinical trials we explore the therapeu-
tic potential of FGF21 for the treatment of NAFLD.

2. NAFLD Pathogenesis

The development and progression of NAFLD is a multifactorial pro-
cess, which requires contribution from genetic, physiological and envi-
ronmental factors. Obesity and insulin resistance are the principal
pathological mechanisms underpinning the development of NAFLD
(Fig. 1). In fact, the prevalence of NAFLD is N75% in patients with type
2 diabetes mellitus and N90% in morbidly obese patients [1]. Broadly,
obesity and insulin resistance promote hepatic steatosis by increasing
free fatty acid (FFA) delivery to the liver. Obesity is the result of an en-
ergy imbalance, commonly due to excessive consumption of dietary
fats, which induces adipocyte dysfunction; thereby increasing FFA re-
lease, promoting inflammation and altering adipokine expression
(Fig. 1) [15]. Insulin resistance and the accompanying hyperinsulinemia
activate lipogenic pathways that further increase FFA biosynthesis [16].
Chronic insulin resistance increases lipolysis in adipocytes, increases he-
patic de novo lipogenesis, decreases hepatocyte β-oxidation and de-
creases very-low-density lipoprotein (VLDL) production and secretion
from the liver. This ultimately results in triglyceride (TG) accumulation
in the liver and disruption of hepatic lipid homeostasis [17]. Increased
intrahepatic TG accumulation promotes gluconeogenesis and de novo
lipogenesis, thereby worsening insulin resistance and the oversupply
of FFAs [15]. This process can continue in an unrelenting cycle for
many years.

Epidemiological data suggests that one-third of individuals with
simple hepatic steatosis progress to NASH [1]. The exact reason why
some progress and other do not, is not completely understood. How-
ever, lipotoxicity has been identified as a common underlying mecha-
nism. Lipotoxicity occurs when the liver's ability to esterify FFAs is
overwhelmed, leading to hepatic FFA accumulation [18]. FFAs are toxic
to cells as they induce inflammation, endoplasmic reticulum stress, mi-
tochondrial dysfunction and reactive oxygen species (ROS) formation
[18,19]. Worsening parenchymal injury promotes the infiltration of in-
nate (macrophages) and adaptive (B- and T-lymphocytes) immune
cells, which further exacerbate lobular inflammation and degeneration
[20,21]. Simultaneously, oxidativemodification of host antigens triggers
CD4+ T-cell activation, leading to further activation of M1macrophages
and hepatic fibrogenesis [20]. Ultimately, the liver becomes diffusely fi-
brotic and the risk of decompensation and hepatocellular carcinoma
(HCC) increases dramatically (Fig. 1) [18].

3. FGF21

In humans, 22members of fibroblast growth factor family have been
identified. FGF21 is a hormone-like FGF commonly expressed in the
liver, adipose tissue and pancreas [22]. Circulating FGF21 is predomi-
nantly liver-derived [22]. Hepatic FGF21 expression is primarily regu-
lated by nutritional stress – specifically starvation. Hepatic FGF21
expression is regulated by the peroxisome proliferator-activated recep-
tor (PPAR)-α pathway and the exchange protein directly activated by



Fig. 1. Pathogenesis of NAFLD. Obesity and insulin resistance drive steatosis by promoting adipocyte dysfunction, hyperglycaemia and hyperinsulinemia. Oxidative damage and chronic
inflammation suppress β-klotho and FGFR expression, leading to a compensatory increase in FGF21 synthesis and secretion. Steatosis impairs normal hepatocellular functions and lipid
metabolites begin to accumulate. Lipotoxicity and oxidative damage stimulate innate and adaptative immune responses leading to activation of hepatic stellate cells (HSCs). The
chronic inflammatory state associated with NASH predisposes individuals to cardiovascular disease; whereas, activation of HSCs induces fibrosis and can lead to cirrhosis and
hepatocellular carcinoma. Abbreviations: CRP, C-reactive protein; DNL, de novo lipogenesis; ER, endoplasmic reticulum; FC, free cholesterol); FFA, free fatty acid; HDL, high-density
lipoprotein; IL-6, interleukin-6; LDL, low-density lipoprotein; TG, triglycerides; TNFα, tumour necrosis factor α; VLDL, very-low-density lipoprotein.
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cyclic adenosine monophosphate (EPAC)/protein kinase A (PKA) path-
way. The PPARα pathway is activated by FFAs and/or protein insuffi-
ciency, which increases FGF21 gene expression [23]. The EPAC/PKA
pathway is activated by stimulation of the hepatic glucagon receptor,
triggering a signalling cascade that results in activation of the PKA and
EPAC branches of the cyclic adenosine monophosphate (cAMP) path-
way [24]. As such, EPAC/PKA signalling increases FGF21 gene expression
and secretion, via pre- and post-transcriptional mechanisms [24].

FGF21 acts in an endocrine, paracrine and autocrine-like fashion via
fibroblast growth factor receptors (FGFRs). There are four FGFRs:
FGFR1–4. FGF21 is known to interact with FGFR1–3 [25]. Binding of
FGF21 to FGFRs requires the co-receptor β-Klotho, a transmembrane
glycoprotein. β-klotho expression is tissue-specific, and expressed pre-
dominantly in the liver and adipose tissue [25]. A β-klotho independent
pathway for FGF21 signalling was proposed by Tomiyama et al. (2010),
however, there is little evidence supporting this theory [26].

4. Metabolic Functions of FGF21

4.1. Overview

FGF21 is involved in many metabolic processes including insulin
sensitivity, glucose and lipid metabolism, and energy homeostasis. The
metabolic effects of FGF21 were first described by Kharitonenkov et al.
(2005)whodemonstrated that FGF21 stimulation enhances glucose up-
take in adipocytes by increasing GLUT1 expression [27]. In the same
study, daily administration of FGF21 to mice markedly reduced plasma
glucose and insulin levels. These investigators also found that transgenic
Fgf21+/+ mice have enhanced insulin sensitivity, reduced hepatic
steatosis and increased brown adipose tissue (BAT) mass [27]. This
seminal paper brought FGF21 into the spotlight as a key regulator of glu-
cose homeostasis.
4.2. FGF21 and Peripheral Metabolism

Ketogenic diets are commonly employed to challenge metabolic
pathways. Consumption of a ketogenic diet restricts carbohydrate in-
take and switches the primary energy source to ketones – a product of
fatty acid metabolism. Typically, mice that are fed a ketogenic diet,
lose weight and have elevated circulating FGF21 levels. In contrast,
Fgf21−/−mice gainweight and develop significant hepatic steatosis fol-
lowing exposure to a ketogenic diet [28]. This abnormal response to the
ketogenic diet is associated with a reduction in β-hydroxybutyrate
levels, indicating that FGF21 is required for fatty acid oxidation [28].
This effect has been corroborated by Potthoff et al. (2009), who showed
that Fgf21+/+ transgenic mice have markedly increased hepatic β-
oxidation [29]. Adding to this, deficiency of FGF21 has been shown to
impair ketogenesis [28]. FGF21 also suppresses hepatic lipogenesis in
an autocrine and paracrine manner, therefore, redirecting fatty acids
to β-oxidation [30]. FGF21 additionally influences glucose production
by activating PPAR-γ coactivator 1α, which regulates hepatic glucose
and lipid metabolism [29]. Similar to a ketogenic diet, amino acid depri-
vation causes a robust increase in FGF21 expression. Under these condi-
tions, Fgf21−/− mice have a reduced ability to induce lipolysis and
repress lipogenesis [31].Moreover, Fgf21−/−micehave impaired upreg-
ulation of uncoupling protein 1 – a BAT-specific, inner mitochondrial
membrane transport protein essential for non-shivering thermogenesis
[31].When taken together, these studies indicate that FGF21 is essential
for proper lipid and glucose metabolism. They also suggest that

Image of Fig. 1
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interference of this pathway can have deleterious effects on metabolic
homeostasis.

Adding to its beneficial metabolic profile, FGF21 promotes insulin
sensitisation and enhances β-cell function. The induction of FGF21,
whether by transgenic overexpression or therapeutic administration
of FGF21, protects mice against insulin resistance and lowers systemic
insulin levels [32–34]. Similarly, Fgf21−/− mice tend to be
hyperinsulinemic and have diminished insulin sensitivity, especially in
the liver [35,36]. The insulin sensitising effects of FGF21 are, at least in
part, mediated by its ability to promote the healthy expansion of subcu-
taneous adipose tissue [36]. In diabetic db/dbmice, FGF21 expression is
elevated in the liver and adipose tissue, but is downregulated in the
pancreatic islets [37]. It is this downregulation of FGF21 in the pancre-
atic islets that promotes β-cell dysfunction [37]. Fgf21−/− mice develop
islet hyperplasia, β-cell proliferation and perivascular T lymphocytic in-
flammation that ultimately leads to increased insulin synthesis [38,39].
When pancreatic FGF21 expression is increased by adeno-associated
virus gene therapy technique, islet morphology and function dramati-
cally improves [37].Moreover, FGF21 can restore β-cell function and re-
duce cytokine-induced β-cell apoptosis [40].

FGF21 is involved in a complex interplay with the adipokines, leptin
and adiponectin. In mice lacking either of these adipokines, the benefi-
cial metabolic effects of FGF21 are diminished [41,42]. In vitro, leptin
treatment of hepatocytes increases FGF21 expression [43], which is re-
quired tomaintain leptin sensitivity [44]. On theother hand, stimulation
of adipocyteswith FGF21 augments adiponectin production [41]. In fact,
chronic exposure to increased FGF21 levels raises plasma adiponectin
levels in mice [34,45], and humans [46–48]. The ‘FGF21-adipokine
axis’ is not completely understood, although it is clear that functional
adipokine expression is essential for FGF21 to exert its glycaemic and in-
sulin sensitising effects. Future studies examining this relationship
would provide valuable information and markedly improve under-
standing of the role of FGF21 in metabolic diseases, such as NAFLD.

Energy expenditure is partially regulated by FGF21. FGF21 adminis-
tration reduces body weight and increases energy expenditure in mice
[49]. This effect is partially due to the action of FGF21 on adipose tissue.
In BAT, FGF21 upregulates thermogenic genes [49]. Inwhite adipose tis-
sue (WAT), FGF21 promotes ‘browning’; a process whereby BAT-
specific genes are upregulated, and tissue specific energy consumption
is increased [50]. Browning of WAT is known to improve metabolic pa-
rameters and has been proposed as a therapeutic target for metabolic
disorders [51]. This increased energy expenditure, at least partially ex-
plains the increased longevity seen in Fgf21+/+ mice [34].
4.3. Centrally Acting FGF21

Beyond its role in the periphery, FGF21 also crosses the blood-brain
barrier by simple diffusion and acts on the central nervous system (CNS)
[52]. A continuous low dose intracerebroventricular infusion of recom-
binant human FGF21 can increase energy expenditure and improves in-
sulin sensitivity in obese rats [53]. Human FGF21 is not detected in the
peripheral circulation of these rats, which suggests that the metabolic
effects of FGF21 were regulated via the CNS. Centrally acting FGF21
can increase energy expenditure, promote ‘browning’ of WAT and acti-
vate BAT in mice [54]. β-klotho and several FGFRs, are expressed in the
CNS [55]. The transgenic overexpression of FGF21 in the livers of mice
increases systemic corticosterone levels, reduces basal plasma insulin
levels and alters circadian periodicity. These effects are abrogated by
CNS-specific deletion of β-klotho [55].

In humans, FGF21 is detectable in the cerebrospinal fluid and the
level positively correlates with plasma FGF21 levels. Moreover, cerebro-
spinal fluid FGF21 levels positively correlate with body mass index
(BMI), fat mass and plasma insulin [56]. Taken together, these data
highlight a central pathway through which FGF21 acts to exert its ben-
eficial metabolic effects. Consideration of this CNS pathway for FGF21
signalling should be an important aspect of future studies aiming to de-
velop FGF21 mimetics for NAFLD and other metabolic diseases.

5. FGF21 in NAFLD

5.1. Overview

As FGF21 is a liver derived, metabolically active hormone, it is con-
ceivable that FGF21 is implicated in the pathobiology of NAFLD. In
fact, there is an abundance of preclinical evidence demonstrating that
aberrant FGF21 signalling is, at least partially, responsible for the path-
ogenesis and progression of NAFLD [9,57]. In humans, observational
studies have demonstrated that circulating FGF21 levels are elevated
in subjects with NAFLD [58]; thus, indicating a state of potential
‘FGF21 resistance’.

5.2. Preclinical Evidence of the Role of FGF21 in Hepatic Fat Accumulation

In contrast to the beneficial metabolic effects of FGF21 in animal
studies, the studies in Table 1 show that both systemic FGF21 levels
and hepatic expression of FGF21 is increased in patients with NAFLD –
suggesting that the function of FGF21 is impaired. The term ‘FGF21 re-
sistance’ was coined by Fisher et al. (2010) who demonstrated that
obese mice have reduced hepatic andWAT expression of the FGF21 re-
ceptor complex, and that this was associated with a blunted response
following the administration of exogenous FGF21 [59]. These results in-
dicate the presence of FGF21 resistance, similar to that of insulin in type
2 diabetes mellitus. Although the existence of FGF21 resistance in obe-
sity remains a contentious issue [60], it appears to play a distinct role
in NAFLD. An elegant study by Rusli et al. in which mice were main-
tained on a medium-fat diet and hepatic steatosis and fibrosis were
monitored for up to 26 months [61] established that NAFLD develops
in the later stages of life in this species, as is the case in humans. In
these mice, plasma FGF21 levels correlated positively with hepatic fat
content, yet negatively with hepatic expression of β-klotho, FGFR2
and FGFR4; implying some degree of FGF21 resistance. The suppression
of hepatic β-klotho expression is thought to be driven by inflammatory
cytokines including interleukin (IL)-1β, IL-6 and tumour necrosis factor
(TNF)-α that are commonly elevated in NAFLD [62].

Mechanistically, it appears that the elevation of FGF21 levels in
NAFLD patients is the product of dysfunctional PPARα signalling. Mice
with NAFLD have an augmented response to PPARα agonism, resulting
in enhanced FGF21 expression when compared to non-NAFLD controls
[61]. In addition to FGF21, other genes that regulate lipogenesis and
cholesterol metabolism are also up-regulated in NAFLD [61]. In the set-
ting of NAFLD, PPARα is activated by intrahepatic fatty acids [63] and
sustained activation of this dysfunctional signalling pathway results in
the elevated FGF21 levels that are characteristic of individuals with
NAFLD.

Due to the central role of FGF21 in lipid metabolism, resistance to
this hormone can have deleterious effects on the liver. Circulating
FFAs levels are elevated in patients with NAFLD, and hepatic FFA depo-
sition is responsible for approximately 60% of hepatic TG accumulation
[64]. In mice, the administration of FGF21 acutely reduces circulating
FFA levels by suppressing hormone-sensitive lipase and perilipin ex-
pression in WAT [59]. Additionally, FGF21 increases the deposition
and catabolism of TG-rich lipoproteins in WAT and BAT, thus reducing
plasma TGs [65]. Expression of the hepatic VLDL receptor (VLDLR), re-
sponsible for hepatic lipid uptake, is greatly increased in subjects with
NAFLD [66]. Hepatic VLDLR expression is also increased in Fgf21−/−

mice and the restoration of FGF21 in thesemice by human recombinant
FGF21 administration inhibits endoplasmic-reticulum stress-induced
VLDLR expression and reduces hepatic steatosis [66]. FGF21 also alters
the hepatic expression of genes involved in hepatic lipid metabolism:
it upregulates anti-lipogenic genes (Lepr and Igfbp2) and represses
genes involved in lipid synthesis (Scd1 and Gck) [67].



Table 1
Studies examining the relationship of FGF21 with NAFLD in humans.

Population Key findings Reference

Overweight participants
(n = 187)
• No NAFLD (n = 41)
• NAFLD (n = 146)
○ NASH (n = 94)

• Circulating FGF21 inversely correlated with insulin sensitivity in skeletal muscle, adipose tissue, but not the
liver
• Circulating FGF21 was the highest in patients with NASH
• Circulating FGF21 increased with worsening fibrosis and necroinflammation; but not with worsening
steatosis

[85]

Non-obese HIV-infected
(n = 73)
• No/mild steatosis (n = 43)
• Severe steatosis (n = 30)

• Circulating FGF21 was higher in those with severe steatosis compared to those with no/mild steatosis
• FGF21 is an independent predictor of severe hepatic steatosis
• Circulating FGF21 ≥ 51 pg/mL was diagnostic of severe steatosis, with an accuracy of 64%

[111]

Hepatitis B-positive (n = 415)
• NAFLD (n = 192)
• No NAFLD (n = 223)

• Circulating FGF21 increased progressively with increasing severity of steatosis.
• FGF21 is an independent predictor of severe hepatic steatosis
• Circulating FGF21 relatively unaffected by degree of fibrosis

[110]

Chinese population (n = 565)
• No NAFLD (n = 442)
• NAFLD (n = 123)

• Circulating FGF21 increased in patients with NAFLD
• Baseline FGF21 predicted onset of simple steatosis
• Baseline FGF21 could not predict the onset of NASH, resolution of steatosis or progression of steatosis to
NASH

[84]

Morbidly obese females
(n = 56)
• No NAFLD (n = 17)
• NAFLD (n = 39)

• Circulating FGF21 was higher in patients with a higher steatosis grade
• Circulating FGF21 did not differ significantly between patients with and without fibrosis

[102]

Chinese population (n = 270)
• NAFLD (n = 179)
• No NAFLD (n = 91)

• Circulating FGF21 was elevated in NAFLD patients
• Circulating FGF21 was the highest in patients with NASH

[82]

Paediatric participants
(n = 107)
• No NAFLD (n = 23)
• NAFLD (n = 84)

• Circulating FGF21 was lower in NAFLD patients than controls
• Circulating FGF21 was lower in NASH compared to simple steatosis
• Higher FGF21 levels were associated with lower probability of NASH
• Hepatic β-klotho expression was reduced in patients with NAFLD

[89]

Adolescent participants
(n = 217)
• No NAFLD (n = 138)
• NAFLD (n = 79)

• Circulating FGF21 was higher in obese patients and those with higher HFC
• Circulating FGF21 correlated positively with visceral fat, HFC and ALT
• In NASH patients, circulating FGF21 correlated positively with NAFLD activity score

[91]

Chinese population (n = 220)
• No NAFLD (n = 74)
• NAFLD (n = 146)

• Circulating FGF21 was higher in NAFLD patients than controls
• Circulating FGF21 had weak association with lobular inflammation
• Circulating FGF21 was the highest in patients with NASH

[81]

Paediatric participants
(n = 100)
• No NAFLD (n = 48)
• NAFLD (n = 52)

• Circulating FGF21 was increased in obese children and correlated positively with BMI
• Circulating FGF21 positively correlated with FFA and leptin levels
• Circulating FGF21 did not significantly differ between children with or without metabolic syndrome or
NAFLD

[90]

Chinese population (n = 99)
• No NAFLD (n = 62)
• NAFLD (n = 37)

• Circulating FGF21 was elevated in those with T2DM and/or NAFLD
• Circulating FGF21 positively correlated with CRP levels in T2DM patients

[125]

Participants with abnormal glucose metabolism
and NAFLD

(n = 138)

• Circulating FGF21 increased progressively with HFC for HFC quartiles 1–3 yet decreased in the fourth HFC
quartile
• Circulating FGF21 was the strongest factor associated with HFC in patients with abnormal glucose
metabolism.

[126]

Chinese population (n = 348)
• No NAFLD (n = 124)
• NAFLD (n = 224)

• Circulating FGF21 was elevated in NAFLD patients
• Hepatic FGF21 expression increased in participants with steatosis
• Circulating and hepatic FGF21 levels correlated positively with HFC
• Circulating FGF21 correlated positively with waist circumference, ALT, GGT, total cholesterol, triglycerides
and HDL cholesterol

[80]

Overweight participants
(n = 159)
• No NAFLD (n = 77)
• NAFLD (n = 82)

• Circulating FGF21 was elevated in NAFLD patients
• Circulating FGF21 correlated positively with steatosis score
• No association was found between FGF21 and NASH

[83]

Total participants
(n = 21)
• No NAFLD (n = 6)
• NAFLD (n = 15)

• Circulating FGF21 correlated positively with BMI
• Circulating FGF21 was elevated in NAFLD patients
• Hepatic FGF21 expression was elevated in simple steatosis, but not NASH.
• Circulating FGF21 was not altered by nutritional challenges (i.e. OGTT or ketogenic diet)

[79]

Abbreviations: ALT, alanine aminotransferase; BMI, body mass index; CRP, C-reactive protein; FFA, free fatty acid; GGT, gamma glutamyltransferase; HDL, high-density lipoprotein; HFC,
hepatic fat content; HIV, human immunodeficiency virus; OGTT, oral glucose tolerance test; NAFLD, non-alcoholic fatty liver disease; NASH, non-alcoholic steatohepatitis; T2DM, type 2
diabetes mellitus.
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The autophagic degradation of intracellular lipid droplets
(lipophagy), has recently been identified as another pathway of interest
in the pathogenesis of NAFLD [68]. Reduced lipophagy is associatedwith
endoplasmic reticulum stress, insulin resistance and hepatic steatosis
[68,69]. Inhibition of autophagy predisposes hepatocytes to lipid accu-
mulation [70]. Moreover, knockdown of the essential autophagy
genes, Atg14 and Tfeb, promotes excessive hepatic lipid accumulation
in mice [71,72]. A comprehensive study by Zhu et al. has reported that
FGF21 induces lipophagy by increasing expression of key autophagic
genes, sequestration of lipids within autophagosomes and autophagic
flux; therefore, correcting hepatic lipid metabolism [73]. A similar
mechanism whereby FGF21 deficiency reduces autophagy has recently
been proposed for pancreatic islets [74]. Taken together, these studies
suggest that FGF21 resistance may impair autophagic mechanisms
within hepatocytes, thereby increasing susceptibility to NAFLD.

Excess sugar intake, particularly fructose, can have an important im-
pact on hepatic metabolism. A recent review suggests that excessive
sugar consumption predisposes individuals to NAFLD by enhancing li-
pogenesis and impairing fatty acid oxidation [75]. FGF21 production is
stimulated by the ingestion of either fructose or glucose, and it may reg-
ulate simple sugar intake, via a negative feedback loop involving the
liver and hypothalamus [76]. Sugar intake is increased in Fgf21−/−
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mice, and is suppressed by overexpression of FGF21, which acts on neu-
rons in the hypothalamus to reduce ‘sweet-seeking’ behaviour andmeal
size [77]. The spike in FGF21 secretion following a carbohydrate load
also acts as a mechanism for peripheral disposal of excess energy. In-
creases in circulating FGF21 post-feeding correlate with increased he-
patic lipogenesis and peripheral glucose secretion [78]. As such,
impaired FGF21 signalling, would lead to unopposed carbohydrate con-
sumption with inadequate peripheral disposal of the excess energy.

5.3. Clinical Evidence of the Relationship between FGF21 and NAFLD in
Humans

Table 1 shows a summary of clinical studies reporting on the rela-
tionship of circulating FGF21 levels with NAFLD in humans. In a cohort
of 21 participants, Dushay et al first reported that both the plasma con-
centration and hepatic expression of FGF21 is elevated in patients with
NAFLD [79] – a finding supported by several subsequent cross-sectional
studies [80–83]. In a 3-year longitudinal analysis of 565 Chinese partic-
ipants, elevated serum FGF21 levels predicted the onset of simple
steatosis, but not the onset of NASH or the resolution of steatosis [84].
In contrast to the vast majority of existing evidence, a recent study by
Barb et al. found no difference in the plasma FGF21 level between
those with and without NAFLD [85]. Reasons for this disparity may in-
clude the lack of a lean control group and differences in diagnostic
methods. The control cohort in the study by Barb et al. had a mean
plasma FGF21 of 325 pg/mL, which is much higher than those levels
(b200 pg/mL) previously reported in heathy subjects [80,81,83,84]. Cir-
culating FGF21 levels have also been positively associated with NAFLD
risk factors, including BMI, waist circumference, C-reactive protein, in-
sulin resistance and the metabolic syndrome [79,80,85–87].

Within the paediatric population, the relationship between circulat-
ing FGF21 levels and NAFLD appears to be even more complex, poten-
tially because of different metabolic regulatory mechanisms. A recent
study of a large paediatric population found that the correlation of
FGF21 levels with obesity, insulin resistance and metabolic syndrome
are the inverse of that found in the adult population, with lower
FGF21 levels in children with metabolic dysfunction [88]. Hence,
FGF21-deficiency, as opposed to FGF21 resistance may predispose chil-
dren to insulin resistance and its sequelae. In support of this hypothesis,
Alisi and colleagues (2013) reported that a lower serum FGF21 level is
associated with an increased risk of NASH in children [89]. In the same
study, lower hepatic β-klotho expression was associated with NASH
and increased circulating FGF21 levels. In contrast, two earlier studies
yielded conflicting results. The first of these studies did not find an asso-
ciation between FGF21 levels and NAFLD in pre-pubertal children or in
subjects in the early stages of puberty [90]. The second study reported a
robust positive association between FGF21 levels and hepatic fat con-
tent in adolescents [91]. As such, it is apparent that age and potentially
pubertal factors (e.g. adipokine and sex-hormone levels) modify the re-
lationship of FGF21 levels with NAFLD.

A meta-analysis pooling results from a total of 1724 subjects, con-
firmed that circulating FGF21 levels are elevated in patients with
NAFLD [58]. Additionally, this analysis pooled results from four studies
with data on the diagnostic accuracy of FGF21 in NASH – reporting the
overall sensitivity and specificity as 0.62 and 0.78, respectively. The di-
agnostic accuracy of FGF21 for NAFLD, without NASH, was not calcu-
lated. This pooled-analysis provides an interesting overview of FGF21
in NAFLD; however, the study is limited by its relatively small sample
size, marked cross-study heterogeneity, predominantly single ethnic
population, inadequate subgroup analyses, and pooling of data from
studies in paediatric and non-paediatric populations in a single analysis.

5.4. Preclinical Evidence of the Role of FGF21 in NASH

Arguably, isolated steatosis is not detrimental to hepatic function.
The esterification and deposition of TGs in the liver is a compensatory
response to the high levels of hepatic FFAs [18]. However, this compen-
satory response can be overwhelmed leading to the accumulation of
fatty acids in the liver and lipotoxicity [18,19] – a process that is exacer-
bated by FGF21 deficiency [92]. Fgf21−/− mice have significantly re-
duced acyl CoA synthetase activity, which inhibits the hepatic
conversion of FFAs to acyl CoA [92]. This leads to accumulation of FFAs
that induce a lipotoxic effect and promote the development of NASH.
Treatment of Fgf21−/− mice with exogenous FGF21 restores acyl CoA
synthetase activity and attenuates the development of NASH [92]. Fur-
thermore, apoptosis is enhanced in Fgf21−/− mice due to prolonged
lipotoxicity [93].

NASH is principally an inflammatory condition inwhich activation of
pro-inflammatory pathways induces fibrogenesis, the first stage of cir-
rhosis. There is strong evidence indicating that FGF21 has an anti-
inflammatory effect, both within the liver and systemically. Mice with
global FGF21 deficiency have an augmented inflammatory response, in-
creased hepatic macrophage infiltration, and increased expression of
pro-inflammatory and pro-fibrotic cytokines [93]. Increasing FGF21
production in mice by adeno-associated viral vector-mediated gene
therapy inhibits hepatic macrophage infiltration [94]. Moreover, phar-
macological doses of FGF21 suppress pro-inflammatory cytokine levels
in the liver, plasma and WAT [95,96]. It is not clear how FGF21 induces
this anti-inflammatory effect, however, two potential pathways have
been identified. First, FGF21 can exert an anti-inflammatory effect in
macrophages by inhibiting nuclear factor kB (NF-kB) activation and
stimulating the nuclear factor erythroid 2-related factor 2 (Nrf2) signal-
ling pathway [97]. Second, FGF21 protects hepatocytes from inflamma-
tory insults by diminishing the negative effects of the pro-inflammatory
cytokine IL-1β [62].

A fine balance between the generation and elimination of reactive
oxygen species (ROS) is essential for maintenance of normal cellular
function. Mitochondrial dysfunction and augmented ROS production is
evident in hepatocytes that are overloaded with FFAs [98]. ROS also
have deleterious effects on hepatocellular homeostasis by inducing
lipid peroxidation, hepatic stellate cell (HSC) stimulation, hepatocyte
apoptosis and activation of both the innate and adaptive immune re-
sponses [98]. Under normal physiological conditions, FGF21 reduces ox-
idative stress by upregulating Nrf2-mediated antioxidant capacity [97].
In mice, administration of exogenous FGF21 improves hepatic and adi-
pocyte mitochondrial function [99,100], while FGF21-deficency in-
creases hepatic ROS accumulation, which can be alleviated by the
replenishment of FGF21 [101]. Therefore, it is ostensible that FGF21 re-
sistance promotes NAFLD by enhancing oxidative stress.

5.5. Clinical Evidence of the Relationship of FGF21 With NASH in Humans

Although both subsets of NAFLD, simple steatosis and NASH differ
significantly in their pathophysiological mechanisms – simple steatosis
being relatively benign hepatic lipid accumulation andNASH, an inflam-
matory disorder driven by lipotoxicity. As such, these differences can in-
fluence the relationship of circulating FGF21 levelswithNAFLD. An early
report indicated that both serum and hepatic FGF21 levels are lower in
patients with NASH compared to those with simple steatosis [79]. How-
ever, this finding has since been refuted in subsequent studies. In a co-
hort of 179 patients with NAFLD and 91 healthy controls, a linear
relationship between circulating FGF21 levels and NAFLD progression
was reported, with the highest FGF21 levels found in subjects with
NASH [82]. Additionally, FGF21 levels correlate positively with the de-
gree of necro-inflammation (hepatocyte ballooning and lobular inflam-
mation) and fibrosis in patients with NASH [85]. FGF21 levels also
correlate positively with cytokeratin-18 [85]; a marker of hepatocyte
apoptosis and fibrosis. On the contrary, a cross-sectional study of 56
morbidly obese females undergoing bariatric surgery [102] failed to
demonstrate any association between plasma FGF21 and pathological
features of NASH, suggesting that gender, body fat and other co-
morbidities may modify this association.
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6. FGF21 in Secondary Steatosis

Secondary steatosis (i.e. preceded by excessive alcohol consumption
and/or viral infection) does not fall under the umbrella of NAFLD. Nev-
ertheless, FGF21 also appears to be involved in the pathobiology of
these important causes of steatosis.

6.1. Alcoholic Fatty Liver Disease

Ethanol is a potent inducer of FGF21 [103]. In humans, 0.9 g/kg eth-
anol consumption causes a 40-fold increase in serumFGF21 levels [103],
possibly as a negative feedbackmechanism to reduce alcohol consump-
tion by reducing the activity of dopaminergic reward pathways [104].
Independent of its aforementioned effect on alcohol preference, FGF21
Table 2
FGF21 augmentation in NAFLD.

Reference Population and intervention

Humans
[48] Obese participants with biopsy confirmed NASH (n = 75)

Intervention: subcutaneous pegbelfermin

[46] Obese participants with T2DM
Intervention: subcutaneous pegbelfermin

[123] Obese participants with hypertriglyceridaemia ± T2DM (n =

Intervention: intravenous PF-05231023

[47] Obese participants with T2DM (n = 47)

Intervention: subcutaneous LY

Mice
[95] Diet-induce obesity

Intervention: human FGF21

[96] Methionine choline-deficient diet
Intervention: PsTag600-FGF21

[32] Choline-deficient high-fat diet
Intervention: PsTag600-FGF21

[117] High-fat diet obesity
Intervention: native FGF21

[100] Leptin-deficient +- methionine and choline-deficient diet
Intervention: LY2405319

[119] Dimethylnitrosamine-induced hepatic fibrogenesis
Intervention: human FGF21

[73] Monosodium L-glutamate-induced NAFLD
Intervention: native FGF21

[92] Methionine and choline-deficient diet
Intervention: human FGF21

Abbreviations: BAT, brown adipose tissue; FFA, free fatty acid; HbA1c, Haemoglobin A1C; H
steatohepatitis; NF-kB, nuclear factor kappa-light-chain-enhancer of activated B cells; T2DM, t
protects against alcoholic liver disease by limiting hepatotoxicity
[103,105]. Furthermore, recombinant FGF21 has been shown to amelio-
rate ethanol-induced liver damage by improving hepatic metabolism in
mice [106]. Large epidemiological studies are required to delineate the
relationship of circulating FGF21 levels with alcoholic fatty liver disease
in humans.

6.2. Infection-association Steatosis

Chronic infections, such as human immunodeficiency virus (HIV)
and hepatitis, predispose individuals to hepatic steatosis [107]. On the
other hand, steatosis has been suggested to accelerate fibrosis in pa-
tients chronically infected with hepatitis C [108]. In three independent
studies, circulating FGF21 levels have demonstrated a positive
Effect

• Improved lipid profile
• Reduced hepatocyte damage and fibrosis
• Increased systemic adiponectin levels
• Reduced hepatic fat content
• No effect on HbA1c
• Improved lipid profile
• Reduced hepatocyte damage and fibrosis
• Increased systemic adiponectin levels

107) • No effect on body weight
• Improved lipid profile
• Dose-dependent increase in adiponectin
• No effect on fasting plasma glucose
• Improved lipid profile
• Reduced fasting insulin
• Decreased body weight
• Increased systemic adiponectin levels

• Corrected cognitive impairment and anxiety
• Reduced body weight, blood glucose and HbA1c
• Improved lipid profile
• Suppressed local and systemic inflammation
• Reduced body weight
• Improved lipid profile and glucose utilisation
• Reduced circulating FFA and liver enzymes
• Reduced hepatic cholesterol and triglyceride content
• Suppressed hepatic inflammation and fibrosis
• Reduced body weight,
• Improved lipid profile and glucose utilisation
• Reversed hepatic steatosis
• Attenuated local and systemic inflammation
• Increased adiponectin levels
• Decreased liver enzyme levels
• Reduced fasting insulin and free fatty acids
• Improved glucose utilisation
• Attenuated hepatic lipid accumulation
• Increased energy expenditure
• Increased insulin sensitivity (particularly in BAT)
• Suppressed liver enzymes and inflammation
• Reduced oxidative stress and lipid peroxidation
• Reduced hepatic steatosis and fibrosis
• Enhanced mitochondrial function
• Improved insulin sensitivity and energy expenditure
• Attenuated hepatic fibrosis by inhibiting HSC activation
• Promoted apoptosis of activated HSCs
• Reduced hepatic inflammation by inhibiting NF-kB induction
• Reduced body weight
• Improved lipid profile
• Suppressed intracellular hepatocyte lipid accumulation
• Increased energy expenditure and glucose utilisation
• Suppressed expression of fat synthesis genes
• Reduced hepatic steatosis and peroxidative damage
• Increased fatty acid β-oxidation
• Inhibited pro-inflammatory and pro-fibrotic gene expression

SC, hepatic stellate cell; NAFLD, non-alcoholic fatty liver disease; NASH, non-alcoholic
ype 2 diabetes mellitus.
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correlation with the degree of hepatic steatosis in individuals with
chronic HIV, hepatitis B or hepatitis C [109–111]. In patients chronically
infected with hepatitis B, circulating FGF21 levels correlated inversely
with the extent of hepatic fibrosis [110]. Therefore, as the liver becomes
fibrotic, its ability to synthesize and secrete FGF21 is likely to be
diminished.

7. FGF21 in Hepatocarcinogenesis

Hepatocellular carcinoma (HCC) is a potentially fatal complication of
NAFLD. There is mounting evidence suggesting that aberrant FGF21 sig-
nalling may predispose individuals with NAFLD to
hepatocarcinogenesis. Zhang et al. first noted that reduced FGF21 levels
were associated with cancerous hyperproliferation and atypical onco-
gene signalling in the liver [112]. It has since been reported that plasma
FGF21 levels correlate positively with transcriptional changes related to
hepatocarcinogenesis, and that FGF21 deficiency compromises tumour
suppressor signalling [61,93]. Recently, Fgf21−/− mice have been
shown to have a 13-fold increased risk of HCC when fed an obesogenic
diet for 52-weeks [113]. This latest report provides strong evidence for a
causal role of aberrant FGF21 signalling in hepatocarcinogenesis. Large-
scale epidemiological studies investigating this association would pro-
vide valuable insight into the significance of this relationship in humans.

8. Therapeutic Potential of FGF21 Modulation in NAFLD

Currently, there are no effective therapies for the treatment of
NAFLD. A recent systematic review concluded that, due to the low
level of evidence available, the effectiveness of pharmacological treat-
ment in NAFLD is unclear and recommendations cannot be made for
or against [114]. Nevertheless, there are several experimental treat-
ments in the pipeline, including FGF21 (Table 2). Utilising preclinical
Fig. 2. Preclinical evidence of the therapeutic effects of FGF21 for the treatment of NAFLD. FGF21
processes to improve simple steatosis and NASH, such as lip
[27,29,30,32,41,45,50,54,59,62,66,77,92,94,97,100,116,119,124]. Abbreviations: AT, adipose ti
protein 1; WAT, white adipose tissue; FFA, free fatty acid; ER, endoplasmic reticulum; VLDL
factor α; IL-17A, interleukin-17A; IL-6, interleukin-6; HSC, hepatic stellate cell; NF-κB, nuclear
evidence, Fig. 2 summarises the therapeutic effects of FGF21 for the
treatment of NAFLD.

As FGF21 has a short half-life, and poor instability and bioavailability
[25], several FGF21mimetics have been developed in recent years. Typ-
ical pharmacological doses of FGF21 range from 100 to 1000 ng/mL,
while endogenous FGF21 levels are usually b30 ng/mL. Furthermore,
FGF21 analogues often have a longer half-life and duration of action
than the native protein [115], which may explain why their pharmaco-
logical effects are not always congruentwith the physiological actions of
endogenous FGF21.

Overexpression or administration of exogenous FGF21 has a pro-
found effect in animal models of NAFLD. Multiple studies have demon-
strated that supraphysiological doses of FGF21 can reverse steatosis,
suppress hepatic and systemic inflammation, and limit fibrosis
[32,92,96] through different pathways. FGF21 reduces hepatic expres-
sion of lipogenic genes and increases the expression of genes responsi-
ble for energy expenditure [73]. FGF21 also dramatically improves
glucose metabolism by enhancing insulin sensitivity and secretion and
promoting glucose uptake in skeletalmuscle and BAT [116,117]. Admin-
istration of a recombinant FGF21 variant can protect against NASH by
improving mitochondrial function, preventing oxidative stress and re-
ducing chronic inflammation in obese mice [100]. FGF21 also has anti-
fibrotic effects in the liver. LY2405319, a FGF21 analogue, reduces he-
patic fibrosis in mice by reducing succinate signalling and α-SMA ex-
pression in HSCs [118]. In vitro, FGF21 inhibits HSC activation and
promotes apoptosis of activated HSCs [119]. Although not yet assessed
in an animal model of NAFLD, β-klotho/FGFR1-specific agonists may
provide a novel method for mimicking FGF21 function while
minimising off-target effects. Such a therapeutic approach has been
shown to vastly improvemetabolic parameters in non-human primates
[120], and ameliorate diabetes and obesity in mice [121].

Despite the abundance of preclinical evidence supporting the use of
FGF21 mimetics for the treatment of NAFLD, there is only one human
can act in both peripheral organs and the central nervous system as a regulator ofmultiple
ogenesis, glucose uptake, β-oxidation, inflammation, and fibrosis
ssue; FGF21, fibroblast growth factor 21; GLUT1, glucose transporter 1; UCP1,uncoupling
R, very-low-density lipoprotein receptor; IL-1β, interleukin-1β; TNFα, tumour necrosis
factor κB; Nrf2, nuclear factor erythroid 2-related factor 2. *Studies performed in vitro.

Image of Fig. 2
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trial that has tested this hypothesis. In this study, obese participants
with biopsy-confirmed NASH were randomised to either placebo or
once-daily subcutaneous pegbelfermin (a polyethylene glycol-
conjugated recombinant analogue of human FGF21 with a prolonged
half-life) for 16 weeks [48]. Overall, pegbelfermin was well tolerated
and provided a clinically significant reduction in hepatic fat content. Ad-
ditionally, pegbelfermin increased adiponectin levels, improved lipid
profiles and reduced markers of hepatocellular damage [48]. Further
Phase IIb trials are currently being conducted to corroborate these find-
ings (NCT03486912 and NCT03486899). Pegbelfermin and LY2405319
have also been trialled in obese patients with type 2 diabetes mellitus
that are at high risk of NAFLD [47,122,123]. In these studies, the FGF21
analogues improved metabolic parameters, such as the lipid profile
and circulating insulin and adiponectin levels.

9. Conclusion

The incidence of NAFLD is rising rapidly. Currently, diagnostic path-
ways are suboptimal and there is a lack of effective management op-
tions. There have been recent improvements in the understanding of
NAFLD pathogenesis, although a number of pathways remain ill-
defined. Although there appears to be a distinct relationship between
FGF21 and NAFLD, it remains to be determined whether FGF21 is a ro-
bust biomarker for NAFLD. FGF21 is a promising target for drug develop-
ment, particularly in advanced NAFLD. We believe that optimisation of
FGF21 mimetics will greatly reduce NASH-associated mortality and po-
tentially provide a curative intervention for hepatic steatosis and
inflammation.
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