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Abstract: Dietary interventions include the changeofdietary
styles, such as fasting and dietary or nutrient restrictions;
or the addition of plant-derived compounds (such as poly-
phenols known as curcumin, resveratrol, or anthocyanin, or
other nutraceuticals) into the diet. During the past a few
decades, large number of studies have demonstrated thera-
peutic activities of these dietary interventions on metabolic
and other diseases in human subjects or various animal
models. Mechanisms underlying those versatile therapeutic
activities, however, remain largely unclear. Interestingly,
recent studies have shown that fibroblast growth factor 21
(FGF21), a liver-derived hormone or hepatokine, mediates
metabolic beneficial effects of certain dietary polyphenols
as well as protein restriction. Here I have briefly summarized
functions of FGF21, highlighted related dietary interventions,
and presented literature discussions on role of FGF21 in
mediating function of dietary polyphenol intervention
and protein restriction. This is followed by presenting my
perspective view,with the involvement of gutmicrobiota. It is
anticipated that further breakthroughs in this field in the near
future will facilitate conceptual merge of classical medicine
and modern medicine.

Keywords: dietary polyphenol intervention; fibroblast
growth factor 21; gut microbiota; protein restriction.

Overview

To deal with the rapid increase on the prevalence of obesity,
type 2 diabetes (T2D), fatty liver diseases, other metabolic
disorders, as well as their devastating complications, great
efforts have been made to identify novel therapeutic targets
and develop novel therapeutic agents for those disorders.
These, along with the vigorous promotion on changing
sedentary lifestyles, are still not sufficient in preventing
the elevation of the prevalence of those diseases globally.
Other approaches to improve metabolic homeostasis
are dietary interventions, either via changing dietary
behaviors (fasting or nutrition restriction) or by adding
chemical compounds, most of them are from edible
plants, into the diet. Common ones include the poly-
phenol compounds known as curcumin, resveratrol, and
anthocyanin. Without involving a drug prescription,
dietary interventions have been adopted by more and
more people in both developing and developed countries.
Ill, sub-healthy, and healthy people, may pick up a type of
dietary intervention, aiming to improve their health
conditions. Although metabolic and other beneficial
effects of dietary interventions have been reported
in many clinical trials and pre-clinical investigations,
mechanisms underlying their effects remain largely
unclear.

Certain therapeutic agents are virtually metabolic
hormones per se, such as insulin, amylin, and glucagon-
like peptide-1 (GLP-1) [1, 2]. Other key metabolic hormones
include leptin, adiponectin and glucose-dependent insu-
linotropic polypeptide (GIP). Due to various reasons, those
hormones or their analogues may not be suitable for
metabolic drug development yet. Recently, clinical trials
have been conducted on a few analogues of a relatively
novel hormone known as fibroblast growth factor 21
(FGF21). As a “fasting” hormone, FGF21 production and
secretion can be triggered by fasting or other types of
stresses. Interestingly, investigations have shown that
various dietary interventions can regulate FGF21 produc-
tion, or increase its sensitivity, or rely on FGF21 to achieve
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its metabolic and other beneficial effect [3–5]. Thus, FGF21
may serve as a linkage piece for mechanistic understand-
ing of dietary intervention in general. Here I have presented
a brief literature review on related studies andmy personal
view on one of the future directions.

A brief introduction on FGF21

Fibroblast growth factors (FGFs) are a protein family with
23 recognized members in humans and other mammals,
which are able to act in paracrine, autocrine, or endocrine
manners, serving as mitogens, androgen-induced growth
factors, glia growth factors, or endocrine hormones [3].
FGFs can interact with a class of receptor tyrosine kinases
known as FGF receptors (FGFRs), leading to complicated
downstream signaling events. Among these 23 members,
FGF21was isolated in 2000 byNishimura and colleagues as
an FGF family member which is predominantly expressed
in the liver [6]. Although FGF21 expression was then
detected in pancreas, adipose tissues [7], testes [8], and
hypothalamus [9, 10], it has been generally accepted that
circulating FGF21 is hepatic driven [11]. Due to the lack of a
heparin binding domain, FGF21, FGF19 (FGF15 in rodents)
and FGF23 can be released into the bloodstream easily,
making them fit the criterion as endocrine hormones [12]. In
addition to FGFRs (mainly isoforms of FGFR1 and FGFR4),

the obligatory co-receptor β-klotho (KLB) is also required
for FGF21 to exert its metabolic and other functions. For
cDNAs of FGF21/Fgf21 genes and their transcriptional
regulation, protein structure of the FGF21 hormone, as well
as signaling pathways that mediate FGF21 function in
various organs, please see our recent reviews [3, 13]. For
additional information on FGF family member evolution
and their role in embryonic development, metabolism, and
disease development, as well as potential role of FGF21
and its analogues in metabolic disease treatment, please
see review articles elsewhere [14–18].

Although metabolic beneficial effects of exogenous
FGF21 (or its long-active analogue) administration have been
demonstrated in various animal models; obesity, either due
to genetic defects or induced by dietary challenges, is
strongly associated with elevated plasma FGF21 level and
increased hepatic FGF21 expression. Hence, it has been sug-
gested that obesity represents FGF21 resistant status [4, 19].

As we have reviewed very recently [3], during the past
decade, several clinical trials have been conducted at
different scales utilizing the four designed FGF21 analogues
(Figure 1A), known as LY2405319, PF-05231023, AKR-001,
and Pegbelfermin (also known as BMS-986036), in testing
their therapeutic potential in T2D, or in obese subjectswith or
without another defined metabolic disorder [20–25]. FGF19
(FGF15 in rodents) is a gut produced hormone. NGM282 (also
known as Aldafermin), an analogue of human FGF19 [26, 27],

BMS-986036 (Pegbelfermin)
FGF21-pAcF-PEG

LY2405319
FGF21(18-140)-Leu118Cys-S-S-Ala134Cys

PF-05231023 
FGF-21-IgG1-FGF21

AKR-001
Fc-FGF21

NGM282 (Aldafermin)
Human FGF19 (5-194)

(A) List of FGF21 and FGF19 analogues used in clinical trials to date

(B) FGFR1/KLB agonist

BFKB8488A
(a humanized bi-specific antibody)

(C) GLP-1/FGF21 dual agonists

GLP-1 FGF21

GLP-1 FGF21

IgG-Fc

Elastin

Figure 1: List of potential fibroblast growth factor
based therapeutic agents that have been tested
in clinical trials and pre-clinical investigations.
(A) Names and structure of four fibroblast growth
factor 21 analogues and an fibroblast growth
factor 19 analogue. (B) A humanized bi-specific
antibody as potential therapeutic agent to acti-
vate FGF21 receptor fibroblast growth factor
receptor 1 and obligatory co-receptor β-klotho.
(C) Structure of two glucagon-like peptide-1/
FGF21 dual agonists. FGF21, fibroblast growth
factor 21; FGF 19, fibroblast growth factor 19;
FGFR1, fibroblast growth factor receptor 1;
KLB, β-klotho; GLP-1, glucagon-like peptide-1.
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is also included in Figure 1A. Although the body weight
lowering effect of theseFGF21 analogueswasobserved inpre-
clinical studies, such effect was observed only in one trial
with PF-05231023 [3]. The effects of these four FGF21 ana-
logues on improving lipid homeostasis, including the
reduction on LDL-c and fasting TG; and increase on HDL-c
and adiponectin) are consistent for current clinical tri-
als [3, 13]. Clinical trials have demonstrated the therapeutic
effects of the FGF19 analogue NGM282 on nonalcoholic
steatohepatitis (NASH) but not on diabetes [26–28].

Attempt has also been made to target FGF21 down-
stream signaling with humanized therapeutic antibody
(Figure 1B) [29]. In addition, the additive effect of dual
agonists that target both FGF21 and the incretin hormone
GLP-1 have also been investigated by different groups
(Figure 1C) [30, 31]. Together, studies conducted for the
last two decades have clearly demonstrated that hepatic
hormone FGF21 represents a promising pharmacological
target for diabetes, fatty liver diseases, and other related
metabolic disorders.

Protein restriction and dietary
polyphenol intervention

Dietary intervention is defined as any types of alterations in
an individual’s diet with one or more designed goals, such
as the management of body weight, the improvement on
glucose or lipid homeostasis, cancer treatment or preven-
tion, or even longevity. Among them, protein restriction
(PR) is one category of dietary restriction. Epidemiological
studies have suggested that lowering dietary protein
content can support metabolic improvements [32–34].
In rodent models, studies have shown that PR can also
extend lifespan [35, 36]. In addition to PR, pre-clinical
investigations have been expanded into the restriction
of selected amino acids, such as methionine, threonine, or
tryptophan; or the branched-chain amino acids (leucine,
isoleucine, and valine, BCAA) [37–39].

Many natural products, most of them are derived from
edible plants, are available over the counter in many coun-
tries. They are commonly consumed by healthy, sub-healthy,
and ill people to treat or to prevent metabolic and other
diseases. This represents another category of dietary inter-
vention, also known as dietary supplementation. Among
those dietary compounds, three types of polyphenols, known
as resveratrol, curcumin, and anthocyanin, have attracted
most attentions. It is worth mentioning that resveratrol is
also considered as a candidate of fasting mimetics. Approx-
imately 50,000 PubMed publications have been generated

on studying these three polyphenol compounds. A recent
mega-data study has analyzed outcomes of 750 clinical trials
that have been conducted over the past 20 years. A large
amount of these registered clinical trials (139 per 750) have
put lipid profile and blood pressure as their primary
outcomes [40].

For decades, two common features of those dietary
polyphenols have severely hampered our mechanistic
exploration on their metabolic and other beneficial effects.
Firstly, these compounds target multiple organs or cell
signaling pathways, without a clearly defined membrane
bound or nuclear receptor. Secondly, their bioavailability
is extremely low. After taking 10 mg or even 100 mg of a
defined phenolic compound, maximum plasma concen-
tration of it can rarely exceed 1 µm [41]. A number of recent
studies including our own published and unpublished
observations suggest that gut microbiota is involved in
mediating these dietary polyphenols [2, 42–44].

Hepatic FGF21 expression can be
regulated by dietary polyphenol
intervention

Dietary polyphenol interventions can improve insulin
sensitivity. Early investigationshave attributed this function
to their effect on anti-inflammation, anti-oxidation and
reducing body weight gain. Seven years ago, my lab asked
whether insulin sensitizing effect of curcumin intervention
could occur ahead of its anti-inflammation and anti-
oxidation effect. For this purpose, we have generated insu-
lin resistance in C57BL/6J mice with daily dexamethasone
injection for five days, without or with daily curcumin
intervention. In the absence of body weight lowering and
the development of inflammation, we were still able to
observe insulin signaling improvement effect of curcumin
intervention [45]. Our follow up studies then indicated
that the improvement involves the regulation of hepatic
FGF21 [4, 45]. In mice fed with regular chow diet, short-term
(5–7 days) curcumin gavage increased hepatic FGF21
expression level; while in high fat diet (HFD) challenged
mice, curcumin intervention attenuated HFD induced
FGF21 over-expression. Primary hepatocytes isolated from
HFD-challenged mice with curcumin intervention showed
increased sensitivity to ex vivo FGF21 treatment, associated
with elevated expression of genes that encode FGFR1 and
KLB [4]. We hence suggest that curcumin intervention
attenuate HFD induced FGF21 resistance [4]. Other dietary
polyphenols including anthocyanin and resveratrol, as well
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as certain other nutraceuticals of plant origin were also
shown to regulating hepatic FGF21 production, reported by
our team and by others [42, 46–50].

Function of PR may also involve
FGF21

In addition to clinical investigations, metabolic beneficial
effects of PR have been demonstrated in organisms
including rodent species, fruit flies andyeast. The restriction
of protein but not carbohydrateswas also shown to increase
lifespan in fruit flies and certain rodentmodels. Mechanistic
studies have then attributed the beneficial effect of PR
and amino acid restriction to several signaling cascades
including themammalian target of rapamycin (mTOR),AMP
activated protein kinase (AMPK), and general control
nonderepessible 2 (GCN2), as well as autophagy. Several
studies conducted by Morrison’s team, however, suggested
the involvement of FGF21 [51]. Back to 2014, Laeger et al.
reported that hepatic FGF21 expression can be induced by
PR but not by energy restriction. In human subjects, plasma
FGF21 level was shown to be increased dramatically
following 28 days on a low protein diet. Furthermore, effects
of PR on food intake, energy expenditure, and body weight
gain alterations, were observed in wild type mice but not in
FGF21 deficient mice [52]. The team then demonstrated that
FGF21 is required for both the metabolic and behavioral
responses to PR and then made their effort in identifying
upstream molecules including GCN2 and activating trans-
cription factor 4 (ATF4) [53]. These molecules, however, are
unlikely the direct trans-activators of FGF21. Utilizing the
Geometric Framework, a nutritional modeling platform,
Solon-Biet and colleagues have concluded that FGF21 is
maximally increased under low protein and high carbohy-
drate intakes, and metabolic beneficial effect of FGF21 are
dependent on nutrient context [54]. More recently, Hill et al.
in Morrison’s team reported that inmale mice, PR increased
lifespan, reduced frailty, body weight and adiposity, and
improved physical performance. In FGF21 knockout mice,
metabolic response to PR was virtually lost in early life [5].
In later life, FGF21 knockoutmice showed early onset of age-
related weight loss, increased frailty, reduced physical
performance, associated with shortened life span [5].

What we need to know next?

Studies from several different disciplines are now all
pointing to functions of the hepatic hormone FGF21 in

mediating metabolic and other beneficial effects of PR
as well as dietary polyphenol interventions. It is worth
mentioning that we and several other teams have also
reported the involvement of FGF21 in mediating functions
of the diabetes drug liraglutide and other GLP-1 receptor
agonists in T2D mouse models [55–59]. As a “fasting” hor-
mone, we have already learned that FGF21 level rise during
fasting for both humans and rodents species [3]. Thus, it is
very likely that the hepatic hormone FGF21 also mediates
functions of fasting as well as the use of fasting mimetics.
These findings will further accelerate clinical investigations
on FGF21 as well as FGF19 analogues, including further
verifying clinical efficacy of each analogue as well as
defining of the spectrum of disorders for each analogue. In
the near future, explorations on mechanisms underlying
FGF21 transcription as well as FGF21 signaling sensitization
in the liver and elsewhere will also be facilitated. Here,
however, I would like to present an emerging view: it
is gut microbiome that mediates effect of most dietary
interventions, if not all, on FGF21 regulation. Rationales that
support this view are as follows. Firstly, we are aware of
that bioavailability of dietary polyphenols as well as other
plant derived nutraceuticals are extremely low. It is unlikely
that in vivo hepatic FGF21 gene transcription is mediated by
dietary polyphenols that are absorbed in the gut and then
enter the circulation. Secondly, in HFD challenged mice,
dietary curcumin or anthocyanin intervention was shown
to attenuate HFD-induced FGF21 over-expression, associ-
ated with improved FGF21 signaling sensitivity. Such
bi-directional effects of dietary polyphenols are likely
mediated by mechanisms that involve multiple organs,
including the brain or the central nerve system. Thirdly,
as we have anticipated, PR was also shown to alter gut
microbiome in animal models [60]. Indeed, a recent study
by Martin and colleagues showed that hepatic FGF21
adaptive pathwaycanbe triggeredbydietary PRwhile in the
absence of gut microbiome, FGF21 adaptive pathway
is desensitized in response to dietary PR [61].

As presented in Figure 2, two typical types of dietary
interventions, known as dietary polyphenol intervention
and dietary PR, can alter gut microbiome, which send
signals to the brain and elsewhere by gut-brain axis and yet
to be defined gut-peripheral tissue axis that triggers the
hepatic FGF21 adaptive pathway via brain-liver axis or
other to be defined axis, which links a peripheral tissue
(such as adipose tissue) and the liver. FGF21 as an endo-
crine hormone, exerts its metabolic beneficial effects via
targeting multiple target tissues [3]. It is likely that fasting
and the use of fasting mimetics may also trigger hepatic
FGF21 adaptive pathway, involving alterations on gut
microbiome. In addition to gut microbiome per se, various
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gut produced metabolic and other hormones, as well as
farnesoid X receptor (FXR) mediated gut bile acid
homeostasis, may also participate dietary intervention
triggered hepatic FGF21 adaptive pathway for improving
metabolic homeostasis. We anticipate seeing more and
more breakthroughs in this field in next a few years, which
will further facilitate conceptual merge of classical med-
icine and modern medicine.
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