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Abstract

FGF21 is a multifunctional metabolic and stress hormone which is normally expressed in liver but
cellular stress, e.g. mitochondrial or endoplasmic reticulum (ER) stress, can induce its expression and
subsequent secretion from several mammalian tissues. The stress kinases of the integrated stress
response (ISR) pathway stimulate the expression of FGF21 through the activation of ATF4
transcription factor, thus enhancing cellular stress resistance. The metabolic and stress-inducible
transactivation mechanisms of FGF21 gene are mostly mediated through separate pathways. FGF21 is
an interorgan regulator which can alleviate many age-related metabolic and stress disorders, e.g.
through the activation of AMPK signaling. FGF21 signaling is also involved in circadian and torpor
regulation. Given that circulating FGF21 can attenuate organelle stress, e.g. mitochondrial and ER
stresses, it resembles a stress-induced cell non-autonomous regulation of proteostasis and longevity
present in model organisms. The overexpression of FGF21 can even extend the lifespan of mice,
probably by improving the healthspan. We will clarify the positive and negative signaling mechanisms
which control the stress-related expression of FGF21 through the ISR pathway. Moreover, we will
examine the role of FGF21 as an interorgan coordinator of survival functions in metabolic and stress
disorders. We conclude that FGF21 can be viewed as a cell non-autonomous enhancer of longevity in

mammals.



1. Introduction

Fibroblast growth factor 21 (FGF21) is an endocrine member of FGF family which contains
multifunctional signaling factors possessing a diversity of survival and developmental properties [1].
FGF21 is a coordinator of systemic energy metabolism; a topic which recently has been discussed in
detail in several review articles [2,3]. In brief, FGF21 regulates the energy expenditure of the body by
controlling the metabolism of glucose and lipids. For instance, FGF21 enhances glucose uptake into
adipose tissues and thus decreases serum hyperglycemia. Moreover, FGF21 stimulates tissue free fatty
acid (FFA) oxidation and thus it reduces the serum levels of FFA and LDL-cholesterol.
Correspondingly, FGF21 inhibits gluconeogenesis and lipogenesis in liver. There is a significant
crosstalk between FGF21 and insulin/IGF-1 in the control of energy metabolism, e.g. FGF21
administration improves insulin sensitivity in mice [4]. Circulating FGF21 stimulates the FGFR1/B-
klotho receptor complex which subsequently activates several signaling pathways, e.g. AMPK and
ERK signaling [5,6]. The receptor components are expressed in a tissue and context-dependent
manner, which is an important regulatory mechanism of FGF21 responses. In addition, FGF21 can
also regulate energy metabolism by controlling the secretion of other hormones, e.g. adiponectin in
adipose tissues and corticosteroids in the hypothalamic-pituitary-adrenal (HPA) axis [7,8]. Overall,
FGF21 is an evolutionarily conserved, inducible endocrine factor which allows the organism to

modify its energy metabolism to cope with different metabolic crises [9].

FGF21 is not only an energy metabolic regulator but it can also act as a stress hormone
maintaining tissue homeostasis, in an autocrine, paracrine or endocrine fashion [10-12]. There is
compelling evidence that the integrated stress response (ISR) pathway stimulates the expression of
FGF21 (Section 2.2.). The ISR pathway is an evolutionarily conserved stress response pathway which
strives to maintain cellular homeostasis and induces adaptation to many diverse stress stimuli [13].
There are also systemic mechanisms which coordinate interorgan adaptation to stresses, known as a
cell non-autonomous mechanism in lower species (Section 3.1.). FGF21 can be viewed as an ideal cell
non-autonomous messenger since organelle stress stimulates its expression and secretion from many

peripheral tissues into the circulation, thus attempting to restore whole body homeostasis. There are



several studies indicating that a stress-induced increase in the level of circulating FGF21 can alleviate
systemic metabolic and stress disorders and thus enhance healthspan (Section 4.2.). The
overexpression of FGF21 can even extend the lifespan of mice, i.e. FGF21 seems to be a cell non-
autonomous enhancer of longevity. First, we will describe the mechanisms of FGF21 expression
through the ISR pathway in different tissues. Next we will examine how FGF21 acts as an interorgan
messenger to coordinate survival functions in the body. Finally, we discuss observations indicating
that FGF21 can inhibit organelle stress and alleviate age-related disorders and thus extend healthspan

and lifespan of the organism.

2. Integrated stress response regulates the expression and secretion of FGF21

2.1. Integrated stress response (ISR)

The integrated stress response (ISR) refers to the convergence of several stress signaling
pathways leading to the phosphorylation of eukaryotic translation initiation factor 2o (eIF2a) [13,14]
(Fig. 1). There are four different elF2a-specific kinases which phosphorylate the elF2o subunit of the
elF2 complex [14,15]. This event preferentially stimulates the translation of stress-inducible mRNAs
e.g. activating transcription factor 4 (ATF4) which subsequently augments the transcription of a
specific set of stress-related genes, including the FGF21 gene (Fig. 1). Conversely, the
phosphorylation of elF2a protein represses general protein synthesis which is a common response
encountered in the ISR [14]. The group of four elF2a kinases include protein kinase R (PKR), PKR-
like endoplasmic reticulum kinase (PERK), general control non-depressible 2 (GCN2), and heme-
regulated elF2a kinase (HRI) (Fig. 1). These kinases possess a homologous catalytic enzyme domain
but the regulatory domains are distinct, allowing specific responses to different stress stimuli [15]. For
instance, mitochondrial and ER stresses commonly activate the PERK/elF2a/ATF4 pathway, whereas
GCN2 responds to the deprivation of amino acids and nutritional starvation (Fig. 1). PERK is a crucial
sensor of misfolded proteins in ER and consequently can block protein synthesis by phosphorylating
elF2a (Fig. 1). In this respect, PERK is an important element in the unfolded protein response of ER

(erUPR) and thus able to restore ER homeostasis which can be disturbed by several stresses, e.g.



oxidative stress, hypoxia, and a deficiency of autophagic clearance [15-17]. GCN2 is the most ancient
and widespread of the eIF2a kinases, i.e. it is also present in yeast conferring tolerance to intracellular
acid stress [18]. However, the main function of GCN2 is to respond to nutritional stress, especially
amino acid deprivation (Fig. 1). B’chir et al. [19] demonstrated that amino acid starvation activated the
GCN2-mediated increase in ATF4 expression and subsequently induced the expression of autophagy
genes in mouse fibroblasts. A third elF2a kinase, PKR, is activated by viral infections if it encounters
a double-stranded RNA insult, although recent studies have revealed other inducers, including
oxidative stress and many cytokines and some growth factors [15]. PKR is not exclusively an elF2a
kinase, since it can also stimulate many inflammatory pathways, e.g. via the formation of
inflammasomes [20]. HRI has a crucial role in the maintenance of iron homeostasis and it can protect

cells against metal overload, e.g. Pb-induced toxicity [21].

The phosphorylation of elF2a protein on Ser51 inhibits the formation of the pre-initiation
complex of mMRNA translation and thus it prevents subsequent protein synthesis [15,22]. However, the
phosphorylated elF2a protein can enhance the translation of some mRNAs, such as that of ATF4,
since the 5’UTR of their mRNAs contains distinct uUORF sequences which preferentially allow the
initiation of translation with the phosphorylated elF2a subunit [14,23]. ATF4 is a basic leucine zipper
(bZIP) domain containing transcription factor which forms active homodimers but it can also
heterodimerize with other bZIP factors, e.g. C/EBPy, HIF-1a, NRF2, PHD3 [13]. Given that amino
acid deprivation induces the transcription of ATF4, the DNA binding site was called the amino acid
response element (AARE) or C/EBP:ATF4 response element (CARE) [23,24]. ATF4 has a crucial role
in the generation of adaptive responses and thus supports survival in the face of a variety of stresses.
The main defence strategy is to alleviate the stress condition e.g. by activation of autophagy in amino
acid deprivation [19,23], stimulation of antioxidant defences in oxidative stress [25], or inhibition of
MRNA translation and elevation of protein folding capacity in ER stress [26]. The intensity of stress
and its duration, i.e. is it acute or chronic, can affect the outcome of ISR activation; either it rescues

cells or triggers their apoptotic death. If homeostasis cannot be restored, ATF4 can induce cellular



apoptosis by stimulating the expression of C/EBP homologous protein (CHOP) which can execute cell

death through a variety of mechanisms [13] (Fig. 1).

There are negative feedback mechanisms which prevent an excessive activation of the
elF20/ATF4 pathway during stress and they can trigger cellular recovery [27,28]. ATF4 stimulates the
expression of GADD34, a protein phosphatase 1 (PP1) regulatory subunit 15A, which interacts with
the catalytic unit of PP1. GADD34 binds to the eIF2a protein and subsequently PP1 dephosphorylates
it, thus relieving translational repression and preventing possible apoptosis (Fig. 1). It seems that
energy metabolic stress can also suppress the function of the ISR pathway, probably preventing the
ATF4-induced apoptosis in excessive stress. Ghosh et al. [29] demonstrated that elF2a protein
interacted with SIRT1, a NAD'-dependent Sirtuin-type deacetylase, which inhibited the
phosphorylation of elF2a protein (Fig. 1). Moreover, SIRT1 activation prevented the expression of
ATF4 induced by proteasome inhibition, indicating that SIRT1 was able to repress ISR signaling [30].
Recently, Prola et al. [31] revealed that SIRT1 activation attenuated the ER stress-induced
PERK/elF2a signaling by deacetylating elF2a protein and thus rescued mouse cardiomyocytes from
apoptotic cell death. It is known that eIF2a has a crucial role in the control of a cell’s fate, deciding
between adaptation and death in stress and thus disturbances in the regulation of elF2a

phosphorylation might augment pathogenesis in many diseases, e.g. fatty liver disease [32].

2.2. Stimulation of FGF21 expression via the ISR pathway

Several studies have identified two functional AARE/CARE response elements in the promoter
of FGF21 gene [10,33]. The activation of eI[F20/ATF4 signaling stimulates the transcription of FGF21
gene to combat many stresses, e.g. amino acid deprivation [33,34], ER stress [10,12], and
mitochondrial disturbances [35-37]. There are observations indicating that the elF2a kinases can
induce the stimulation of the FGF21 transcription in a stress-specific manner, i.e. PERK is activated
by ER stress and mitochondrial disorders [10,35], whereas GCN2 is induced by protein restriction
[34]. In addition, Touvier et al. [38] observed that the muscle-specific overexpression of mitochondrial

dynamin-related protein 1 (DRP1) induced the activation of the elF20/ATF4/FGF21 pathway through



the stimulation of PKR, subsequently inhibiting protein synthesis and muscle growth. Moreover, Zarei
et al. [39] reported that the down-regulation of PPARP/d expression in hepatocytes, e.g. in animals fed
a high-fat diet, activated HRI which consequently increased the expression of FGF21 via the ISR
signaling. These studies clearly demonstrated that FGF21 is the target of ISR signaling and

furthermore, that FGF21 can attenuate cellular stresses (Section 3.2.).

In addition to PERK, ER stress also stimulates two other stress pathways, i.e. the IRE1a-XBP1
and ATF6 pathways, which induce the transcriptional response of erUPR [40]. Interestingly, Jiang et
al. [41] demonstrated that XBP1 controlled the expression of the FGF21 gene through the ER stress
response element (ERSE) located in the promoter of the human FGF21 gene. The IRE1-XBP1
pathway can directly target the FGF21 gene without activating the ISR pathway (Fig. 1). The IREla-
XBP1 branch has many significant functions in glucose and lipid metabolism [42], some of which
might be mediated through an increased expression of FGF21. In conclusion, it seems that the
expression of FGF21 can be stimulated through multiple stress response pathways and subsequently
FGF21 can attenuate stress at the cellular, tissue, and organismal levels in auto-, para-, and endocrine

fashions.

2.3. Stress-inducible expression of FGF21 in multiple tissues

2.3.1. Liver

In normal physiological conditions, liver is the major source of expression and secretion of
FGF21 [43]. However, given that the FGF21 gene is a stress-inducible gene, its expression and
secretion can be significantly stimulated in many tissues, e.g. in skeletal and cardiac muscles (Fig. 2).
The nutritional state regulates the expression of hepatic FGF21 via the PPARa signaling [44]. The
promoter of the human FGF21 gene contains the PPARa response element (PPRE) which is also
involved in the induction of the fasting-induced expression of FGF21 [45]. Badman et al. [44]
demonstrated that a high-fat, low-carbohydrate ketogenic diet substantially increased the expression
and secretion of FGF21 from mouse liver. The diet significantly increased lipid oxidation and

ketogenesis as well as enhanced triglyceride clearance from liver. Moreover, a carbohydrate-rich diet



stimulated the hepatic expression of FGF21 through the activation of carbohydrate response element
binding protein (ChREBP), both in mice and humans [9,46]. Especially, fructose ingestion induced a
robust expression of FGF21 and increased its secretion from mouse liver [46]. These studies indicate

that a nutritional crisis, either fasting or overfeeding, can stimulate the expression of FGF21 in liver.

In contrast to the energy metabolic regulation of FGF21 expression, dietary amino acid
deprivation stimulates the expression of hepatic FGF21 through the GCN2-driven ISR pathway
[33,34]. Uncharged tRNAs activate GCN2 kinase which subsequently phosphorylates eIF2a inhibiting
protein synthesis [47] (Fig. 1). De Sousa-Coelho et al. [33] demonstrated that a leucine deficiency
induced the expression of FGF21 in mouse liver through the binding of ATF4 factor to the AARE
sites present in the promoter of FGF21 gene. Laeger et al. [34] also revealed that a low-protein diet
stimulated the expression of FGF21 via the GCN2-activated ISR pathway in rat liver although no
increase was detected in skeletal muscle or white adipose tissue. There is compelling evidence that a
methionine restriction (MR) diet can induce a robust increase in the hepatic expression and secretion
of FGF21 in an ATF4-dependent manner [48]. An MR diet exerts several beneficial effects in hepatic
glucose and lipid metabolism which can improve healthspan and even extend lifespan [49]. Liver ER
stress linked to the PERK and XBP1-activated FGF21 expression is involved in many energy
metabolic disturbances, e.g. hepatosteatosis associated with obesity, as well as oxidative stress and
toxic insults [10,50]. Impaired autophagy and mitochondrial disturbances also trigger ER stress and
stimulate the expression of hepatic FGF21 [36,51]. Subsequently, an increased expression of FGF21
attenuates many energy metabolic disorders in the body (Section 4.2.). Interestingly, ER stress also
stimulated the expression of -klotho via the ATF4 signaling in mouse liver [52]. This might improve
the auto/paracrine signaling of secreted FGF21 and thus provide a positive feedback mechanism to

alleviate stress-induced hepatic disturbances.

2.3.2. Adipose tissues

Adipose tissues contain three different types of adipose cells, i.e. white, brown, and beige/brite
adipocytes [53]. White and brown adipocytes differentiate through separate pathways from

mesenchymal cells. White adipose tissues (WAT) accumulate fat and they have a role in energy
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storage, whereas brown adipose tissues (BAT) are rich in mitochondria and they are specialized in
thermogenesis. White adipocytes can be transdifferentiated to beige/brite or brown adipocytes in a
process called the browning of WAT which increases the amount of mitochondria and subsequently
augments the metabolism of fat deposits to be combusted in thermogenesis. Given that the browning
of WAT increases energy expenditure, this type of activation of WAT as well as the control of BAT
functions have a significant therapeutic potential in obesity and other metabolic diseases [54,55].
There are many studies which have revealed that both cold-exposure and B-adrenergic stimulation can
induce the expression of FGF21 in BAT [56,57]. Hondares et al. [56] demonstrated that the cold-
exposure increased the FGF21 expression in BAT and elevated the level of FGF21 in mouse
circulation (Fig. 2). They also reported that norepinephrine increased the expression and secretion of
FGF21 by brown adipocytes in culture. Furthermore, Fisher et al. [57] reported that both the cold-
induced and pharmacologically supplemented FGF21 was able to provoke the browning of WAT by
increasing the expression of PGC-1a and UCPI1. The thermogenic adaptation was impaired in the
FGF21-knockout mice indicating that FGF21 has a crucial role in the browning of WAT and adaptive
thermogenesis. Chronic adrenergic stress can also induce the browning of subcutaneous WAT in
humans [58]. In addition to thermogenesis, BAT also is an important endocrine organ secreting
important adipokines, e.g. adiponectin and neuregulin 4, which control systemic metabolism [59].
Thus, FGF21 can enhance stress resistance by inducing thermogenesis and promoting the secretion of

adipokines from BAT.

Currently, the signaling pathways of WAT browning and adaptive thermogenesis still need to
be clarified, although several hormonal and environmental agents can trigger thermogenic activation
[54,55]. B-Adrenergic stimulation is known to activate the cCAMP/PKA/p38MAPK signaling pathway
which triggers a downstream activation of the ATF2 transcription factor [56]. ATF2 is a crucial stress-
related transcription factor e.g. inducing adaptive responses to amino acid deficiency in collaboration
with the GCN2/ATF4 axis [60]. ATF2, activated by JNK and p38MAPK signaling, binds to the
AARE site where it promotes histone acetylation thus enhancing the subsequent transcription by

ATF4, e.g. in the promoter of the CHOP gene [61]. Interestingly, there are studies indicating that
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ATF2 can induce stress-related epigenetic changes in the heterochromatin structure which are
heritable to the next generation [62]. It is known that mitochondrial stress can also induce the
expression of FGF21 in adipose tissue and subsequently increase the browning of WAT in an ATF4-
dependent manner [36]. Keipert et al. [37] reported that an increased secretion of FGF21 from the
skeletal muscles of tg-UCP1 mice (Section 2.3.3) induced the browning of subcutaneous WAT. This
indicates that circulating FGF21, either from stressed liver or skeletal muscles, is able to induce the
browning process and subsequent thermogenesis in adipose tissues. On the other hand, it is known that
ER stress, as induced by the accumulation of fat into adipose tissues, is associated with increased
inflammation. BAT is remarkably susceptible to pro-inflammatory cytokines, e.g. IL-1p and TNF-o,
which down-regulated the expression of BAT-specific markers and B-klotho protein, a co-receptor of
FGFR1 [63]. TNF-a administration also markedly inhibited the expression of B-klotho protein in
adipocytes [64]. It seems that inflammation is a potent repressor of the browning process of WAT and

thermogenesis since it can generate FGF21 resistance by inhibiting FGF21 signaling (Section 4.4.).

2.3.3. Skeletal and cardiac muscles

There is abundant evidence indicating that FGF21 is a myokine which can be induced by
several stresses and subsequently secreted into the circulation [37,65,66] (Fig. 2). In skeletal muscles,
especially mitochondrial disorders stimulate the expression of FGF21 and increase its secretion. There
are several experimental models of muscle mitochondrial disturbances that are characterized by a
significant increase in the expression of FGF21, such as transgenic mice with overexpression of
uncoupling protein 1 (UCP1) [37], a mutation in the mitochondrial replicative helicase Twinkle [67],
and a depletion of iron-sulfur clusters [68]. Kim et al. [36] demonstrated that a skeletal muscle-
specific deletion of Atg7 gene which induced disturbances in autophagy and mitochondrial functions,
stimulated the ATF4-dependent expression of FGF21 in mouse skeletal muscles. The expression of
FGF21 was also induced through the activation of ISR pathway in the transgenic UCP1 mice [37].
Moreover, the ER stress of skeletal muscles stimulated FGF21 expression through the activation of the
elF2a/ATF4 pathway [69,70]. Miyake et al. [70] demonstrated that the overactivation of PERK

induced the ATF4-dependent expression and secretion of FGF21 from mouse skeletal muscles. It
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seems that physical exercise clearly stimulated [71] or at least stimulated to some extent [72] the
expression of FGF21 in mouse skeletal muscles, whereas surprisingly the exercise-induced expression
of FGF21 was more robust in liver [71,72]. FGF21 has a specific role in the differentiation of skeletal
muscle fibers since MYOD, a myogenic transcription factor, can bind to the promoter of FGF21 gene
and increase its expression during myogenic differentiation [65,73]. Recently, Liu et al. [73]
demonstrated that an increased expression of FGF21 in muscle cells promoted the formation of
oxidative muscle fibers via the activation of the FGF21/SIRT1/AMPK/PGCla pathway. This
observation is in contrast with many studies indicating that the skeletal muscles of adult animals do
not express B-klotho protein and thus they should not be able to respond to the secreted FGF21 [37,74]
(Fig. 2). Ost et al. [75] also revealed that the loss of FGF21 in muscles did not affect their ability to
mount a metabolic rescue from mitochondrial stress and thus it seems that there is no auto/paracrine
regulation of FGF21 in skeletal muscles. However, it is not known whether B-klotho is expressed in
muscles during development or regeneration of muscle injuries. For instance, transgenic UCP1 mice

displayed an increase in the expression of B-klotho in skeletal muscles [37].

In cardiac muscle, FGF21 is expressed normally at a low level but this becomes increased by
many stresses and diseases, e.g. ischemic insults [76], mitochondrial stress [77], ER stress [78], fasting
[78], and obesity [76]. Several studies have also reported that during stress heart muscle secreted
FGF21 and thus controlled its own rescue process via auto/paracrine mechanisms [76,79] (Fig. 2).
Interestingly, myocardial ischemia also stimulated the expression of FGF21 in mouse liver and
adipose tissue [80]. Subsequently, an increased serum/extracellular level of FGF21 enhanced the
cardiac protection and augmented remodelling by inhibiting oxidative stress and inflammatory

response [79] as well as improving energy metabolic homeostasis [78].

2.3.4. Brain

The administration of FGF21 has significant neuroprotective responses in the brain [81-83] and
moreover, it can stimulate the HPA axis to combat organismal stress (Sections 2.2. and 3.2.). Although
FGF21 is expressed in distinct loci in the brain, rather little is known about its induction by stress and

involvement in brain disorders. It is known that mood stabilizers, e.g. lithium and valproate [81, 84],
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as well as some histone deacetylase (HDAC) inhibitors [83,84] can upregulate FGF21 expression in
brain. Wang et al. [83] demonstrated that stroke significantly reduced the expression level of FGF21 in
ischemic rat cortex and striatum. Treatment with tubastatin A, an HDACSG inhibitor, could reverse the
stroke-induced downregulation of FGF21 and concomitantly alleviated functional deficits. Hayashi et
al. [85] reported that a transient ischemia in brain triggered ER stress and activated the ISR pathway
which subsequently stimulated the expression of CHOP, a down-stream target of ISR, and provoked
neuronal apoptosis. It seems that the activation of the ISR pathway can either induce stress resistance
or trigger apoptosis in a context- and tissue-specific manner which means that FGF21 might be an

important modifier of the outcome of ISR activation (Fig. 1).

3. Cell non-autonomous communication regulates stress responses between tissues

One fundamental question on the aging process is whether it is regulated in a cell-autonomous
and/or cell non-autonomous manner. Cellular senescence and senescence-associated secretion of
inflammatory mediators represent a cell or tissue autonomous mechanism, whereas systemic stress
signaling represents a cell non-autonomous process [86-88]. The endocrine function of FGF21 is not a
typical hormonal response since it can be induced in several tissues, probably in every tissue, in
association with stress and it can target many tissues directly, through a specific receptor complex, or
indirectly e.g. by inducing the secretion of adipokines. In this respect, the function of FGF21
resembles cell non-autonomous stress signalling, a process known to have an impact on the aging

process in lower species [87,89-91].

3.1. Experiments with model organisms

Cell non-autonomous interorgan communication is an evolutionarily conserved mechanism
through which distal tissues can exchange stress-related information to maintain homeostasis
throughout the whole organism [88,92]. In 2011, Durieux et al. [89] demonstrated in Caenorhabditis
elegans that the mitochondrial stress-induced mtUPR in the nervous system generated a similar
mtUPR in intestine, indicating that the stimulation of mtUPR could be transferred between tissues.

Subsequently, Taylor and Dillin [93] reported that the expression of constitutively active neuronal



14

XBP-1, a marker of ER stress, induced an increase in the erUPR of distal non-neuronal tissues in C.
elegans. Interestingly, the cell non-autonomous interorgan transmission of erUPR did not trigger the
MtUPR, revealing the specificity of interorgan communication. It is not only UPR signaling that can
be transferred between tissues, since Ulgherait et al. [90] observed that the induction of brain
autophagy through the AMPK/Atgl activation also stimulated autophagy in intestinal epithelium in
Drosophila. Moreover, the intestine-specific AMPK activation promoted autophagy in brain and
skeletal muscles. They reported that the tissue-specific activation of AMPK repressed the expression
of Drosophila insulin-like peptide 2 (DILP2) in both brain and in the circulation. Simultaneously with
the repression of DILP2, the expression of 4E-BP increased in brain and peripheral tissues [90].
Interestingly, in the transgenic mice with overexpression of 4E-BP1 in their skeletal muscles, there
was a reduction of WAT deposition as well as the protection of mice against hepatic steatosis [94].
The phenotype of the tg-4E-BP1 mice was associated with a substantial increase in the level of FGF21
in both muscles and circulation. Currently, it is known that systemic stress can induce the expression
and secretion of several bioactive molecules which mediate the signaling circuits between tissues. Two
peptides are especially interesting; mitochondrial DNA coded peptides humanin [95,96] and MOTS-c
[97] which exerts several cell non-autonomous metabolic and survival effects in mammals.
Furthermore, catecholamines [91] and neuropeptide FLP-2 [98] have been identified as cell non-
autonomous messengers in C. elegans. It is not surprising that the induction of both erUPR and
mtUPR triggers the cell non-autonomous defence, since the maintenance of organismal proteostasis

has a fundamental role in the regulation of healthspan and lifespan.

A phenomenon called transcellular chaperone signaling is an interesting example of cell non-
autonomous regulation [99,100]. van Oosten-Hawle et al. [99] demonstrated that the muscle-specific
induction of HSP90 expression repressed the activation of heat-shock factor-1 (HSF-1) in other tissues
of C. elegans. This inhibition of transcriptional activity of HSF-1 reduced the global induction of the
heat-shock response (HSR), as evaluated by an increased HSP70 expression. It was observed that an
increased expression of HSP90 in one individual tissue could induce a cell non-autonomous induction

of HSP90 in many other tissues. Moreover, the knockdown of HSP90 gene in muscle cells evoked a
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global induction of the HSR. Currently, the mechanism of transcellular chaperone signaling is
unresolved although it seems to involve the activation of PHA-4, an ortholog of FOXA [99]. The
studies on the cell non-autonomous regulation of proteostasis are important since a loss of the global

maintenance of proteostasis is a common feature of the aging process [101].

There is compelling evidence that the cell non-autonomous signaling induced by cell organelle
stress, i.e. mitochondrial or ER stress, can enhance cellular survival and longevity [89,91,93,102].
Moreover, the AMPK-induced autophagy can be transmitted in a cell non-autonomous manner which
will directly improve the maintenance of whole-body proteostasis and extend the lifespan of
Drosophila [90]. The transcellular chaperone signaling observed in C. elegans intended to maintain
organismal proteostasis, might have a crucial role in the aging process and age-related diseases, if also
present in mammals. Interestingly, mitochondrial and ER stresses are the major inducers of the ISR
(Section 2.1) although currently it is not known whether the activation of eIF20/ATF4 pathway could
be linked to the cell non-autonomous stress regulation. Nevertheless, FGF21 does possess several of
the properties required of a cell non-autonomous messenger; (i) its expression is induced by organelle
stresses, (ii) it is secreted from stressed tissues, and (iii) it can improve the metabolic homeostasis and

survival of target tissues through either direct or indirect signaling mechanisms.

3.2. FGF21 is an interorgan regulator

The metabolic activity of FGF21 signaling in target tissues is dependent on the presence of functional
FGFR1/B-klotho complexes. FGFR1 is expressed at medium or high level in human tissues except in
liver where it is not present (Human Protein Atlas). Given that liver is the major producer of
circulating FGF21, the lack of FGFR1 expression is a rational mechanism preventing the
auto/paracrine metabolic responses of FGF21 in liver. The expression of $-klotho is also absent in
some tissue, e.g. in skeletal muscles. However, the expression of B-klotho can be induced or repressed
in tissues and this can modify the capacity of FGF21 to evoke metabolic and survival responses. For
instance, ER stress can stimulate the expression of hepatic B-klotho protein by activating ATF4-

dependent signaling [52]. In contrast, inflammatory cytokines and nuclear protein Rev-erba, a
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circadian regulator, are important repressors of g-klotho gene expression [64,103,104]. There is
compelling evidence indicating that the liver coordinates global metabolism, both at rest and in times
of stress, through multiorgan crosstalk by secreting FGF21 as well as some other hepatokines [105].
Adipose tissue is a crucial target of secreted hepatic FGF21 generating both energy metabolic and
hormonal responses [3,106]. In addition to the browning of WAT and thermogenesis in BAT (Section
2.3.2), FGF21 stimulates the expression and secretion of adiponectin from adipose tissues,
consequently affecting tissues throughout the body [8,106,107]. Adiponectin has a key role in the
regulation of global energy metabolism elicited by FGF21, e.g. in the control of glucose and lipid
metabolism and insulin sensitivity. However, BonDurant et al. [108] demonstrated that during chronic
FGF21 exposures, FGF21 can control energy homeostasis, e.g. insulin sensitivity and glucose
metabolism, in an adiponectin-independent manner. There is a mutual FGF21-adiponectin feedback
mechanism between liver and adipose tissues since for instance, adiponectin can suppress hepatic
inflammation and fibrosis as well as augment hepatic regeneration [109,110]. Moreover, adipose
tissues can secrete exosomes containing microRNAS, e.g. miR-99b, which inhibit the expression of
hepatic FGF21 gene [111]. It seems that exosomes can also be involved in the interorgan regulation of
FGF21 signaling.

Interestingly, in mice, a jeopardized tissue, e.g. ischemic myocardium, can stimulate the
expression of FGF21 in liver and adipose tissue and consequently the FGF21 secreted by liver can
alleviate myocardial injuries and enhance myocardial recovery [80]. FGF21, either acting in an
auto/paracrine or an endocrine manner, has a key role in cardioprotection not only against ischemic
injuries but also to combat other pathological processes, e.g. cardiac hypertrophy, atherosclerosis, and
diabetic cardiomyopathy [112] (Section 4.2.). Mounting evidence indicates that FGF21 is an important
myokine and there is a coordinated regulation between skeletal muscles and adipose tissues
[36,37,70,113]. Kim et al. [36] demonstrated that an autophagy deficiency in skeletal muscle increased
FGF21 secretion and consequently it stimulated the lipid oxidation and browning of WAT. Keipert et
al. [37] also reported that the elevated FGF21 secretion from the skeletal muscles of tg-UCP1 mice

(Section 2.3.3.) induced the browning of WAT and also enhanced gluconeogenesis in liver. It is
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recognized that there is a close crosstalk between muscles and adipose tissues in the regulation of

whole-body energy metabolism [114].

Circulating FGF21 can also target hypothalamus in brain and thus regulate systemic energy
metabolism, circadian rhythm, and stress responses [82]. There are two nuclei in hypothalamus, i.e.
paraventricular nucleus (PVN) and suprachiasmatic nucleus (SCN), which translate the FGF21
message through complex neurocircuitry into hormonal responses. Moreover, FGF21 can stimulate in
hypothalamus the neurons producing neuropeptide Y which consequently triggers a torpor-like
hypothermia [115] (Section 3.3.). Liang et al. [116] revealed that FGF21 administration induced the
synthesis of corticotropin-releasing hormone (CRH) in PVN locus which consequently activated the
HPA axis and increased the release of corticosteroids to the circulation. Corticosteroids/
glucocorticoids have a fundamental role in acute adaptation to stress, whereas chronic or aberrant
signaling is associated with many metabolic disorders and pathological conditions [117]. Interestingly,
the promoter of the FGF21 gene contains the functional non-canonical response element for the
glucocorticoid receptor (GRE) [118], thus corticosteroids themselves can directly activate the
transcription of FGF21 gene. It seems that there is a feed-forward loop between FGF21 and
corticosteroids to facilitate the adaptation of the organism to stress. In addition, it is known that the
FGF21-induced CRH stimulates sympathetic nerve activity which for instance, promoted
thermogenesis in BAT thus increasing energy expenditure in mouse [119]. These studies indicate that
the peripheral induction of FGF21 expression as a result of the activation of ISR can provoke a

systemic stress response through the HPA axis.

3.3. FGF21 is involved in circadian and torpor regulation

The circadian rhythm involves a 24-hour daily oscillation of metabolic processes across the
species [120]. The mammalian circadian system contains a central pacemaker, i.e. the SCN locus in
hypothalamus, and peripheral circadian clocks almost in every cell. The SCN controls peripheral
cellular clocks through neuronal and humoral signals in order to synchronize the body’s metabolic

functions and behavioral activities. Liver has a fundamental role in the coordination of circadian
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timing of energy metabolism between tissues [121,122]. There is mounting evidence that the level of
serum FGF21 oscillates in a day/night rhythm [123-125]. Currently, it is not clear whether FGF21
might mediate the circadian regulation of energy metabolism. Given that FGF21 has many crucial
functions in the control of energy metabolism, one could speculate that FGF21 may be involved in the
coordination of circadian metabolism in target tissues. For instance, hepatic PPARa, a transactivator
of FGF21 expression, is a target of CLOCK protein, a protein which controls the circadian rhythm in
liver [126]. It is also known that FGF21 has signaling connections to some important regulators of
circadian metabolism, e.g. AMPK [127] and REV-ERBa [128]. Adiponectin, a target gene of FGF21
signaling, is under the circadian regulation [129]. FGF21 might also participate in the circadian
feedback responses since Bookout et al. [7] demonstrated that circulating FGF21 could control the
function of SCN loci, e.g. it increased the level of serum corticosteroids. There is abundant evidence
that during the aging process, circadian regulation is impaired and thus the maintenance and resetting
the timing of circadian clocks, e.g. by feeding regiments, could be an innovative way to improve

healthspan and longevity [130].

Torpor is a short-term hibernation-like condition in which an animal’s metabolic rate, body
temperature, and physical activity can be reduced for weeks or for shorter periods, e.g. as in daily
torpor [131,132]. Inagaki et al. [45] observed that the body temperature of transgenic mice
overexpressing FGF21 was lower than that of wild-type mice. Interestingly, fasting promoted the
induction of torpor in FGF21 transgenic mice but not in their wild-type counterparts. Chu and Swoap
[133] demonstrated that wild-type mice fed a bezafibrate diet for two weeks experienced spontaneous
episodes of torpor. Given that bezafibrate is an agonist of PPARa and it has been shown to elevate the
level of FGF21 in both liver and serum, it could be argued that FGF21 is playing a fundamental role in
torpor production. Currently, the mechanisms of torpor induction are unclear although contributions
from FGF21, AMPK, and SIRT1 signaling [131] as well as hormonal changes [132] have been
proposed. Ishida [115] discussed the evidence indicating that PPARa has an essential role in torpor

initiation since it stimulated the expression of FGF21 which consequently induced the expression of
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neuropeptide Y (NPY). This signaling pathway was mediated through the hypothalamic SCN locus. It

seems that FGF21 is a versatile messenger in the regulation of diverse cell non-autonomous functions.

4. FGF21 is cell non-autonomous regulator of longevity in mammals

4.1. FGF21 signaling is involved in regulation of longevity

The signaling mechanisms utilized by FGF21 are poorly understood but it does seem that
FGF21 activates downstream signaling pathways in a tissue-specific and context-dependent manner.
Moreover, FGF21 can stimulate the secretion of adiponectin and corticosteroids (Section 3.2.) which
have their own signaling mechanisms and stress-related responses. Currently, it is known that the
major signaling pathways of the FGFR1/B-klotho complex are mediated through the AMPK, PI-
3K/AKT/mTORC1, and RAS/RAF/ERK1/2 cascades [5,6,80]. Chau et al. [5] revealed that FGF21
controlled energy metabolism in adipocytes and mouse WAT through the activation of the
AMPK/SIRT1/PGC-1a. pathway. AMPK s a crucial energy sensor which modulates energy
expenditure by regulating glucose and lipid metabolism, e.g. by activating SIRT1 [5]. The metabolic
profiles induced by FGF21 and AMPK activation are rather similar which indicates that AMPK
signaling has a key role in the metabolic control induced by FGF21 [134]. The downstream targets of
AMPK signaling involve PGC-1a [5], a key regulator of mitochondrial metabolism, ULK1 [135], an
inducer of autophagy, and NRF2/HO-1 [136], the main sensor of redox balance. Furthermore, AMPK
signaling inhibits  mTORC1 signaling and NF-kB-induced inflammatory responses [137].
Interestingly, all these signaling cascades have recognized importance as enhancers of longevity [138-

140].

The mTORC1 complex has a fundamental role in the regulation of the aging process and age-
related diseases [139,141]. There are many genetic, pharmacological, and metabolic studies
demonstrating that the reduction of mTORCL activity increases the lifespan of model organisms and
alleviates age-related pathological processes. Gong et al. [142] reported that virally delivered FGF21
inhibited the activity of mTORC1 in mouse liver and consequently improved hepatic insulin

sensitivity and glucose homeostasis in mice fed with a high-fat, high-sucrose diet. The FGF21-induced
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inhibition of mMTORC1 was dependent on hepatic expression of -klotho as well as the activity of
TSC1 complex which indicates that AMPK activation might have been involved [134,143]. On the
other hand, a constitutive, tissue-specific activation of mMTORCL1, by knocking out the Tscl gene,
revealed that mTORC1 activation stimulated the expression and secretion of FGF21 both in mouse
liver [144] and skeletal muscle [69]. Cornu et al. [144] demonstrated that a liver-specific activation of
MTORCL induced FGF21 expression by promoting the expression of PGC-1a. They observed that the
activity of mTORCL1 oscillated daily (Section 3.3.) affecting FGF21 secretion and thus body
temperature, lipid metabolism, and locomotor activity of mice. A prolonged activation of mMTORC1 in
skeletal muscle triggered ER stress and the expression of FGF21 was induced through the
PERK/elF20/ATF4 pathway [69] (Section 2.2.). Moreover, Minard et al. [145] demonstrated that
circulating FGF21 activated mTORC1 through the MAPK pathway in mouse adipose tissue.
Consequently, mTORC1 stimulated adiponectin secretion and increased the expression of UCP1.
There is convincing evidence that mitochondria have a crucial role in the control of mTORC1-
regulated longevity [146]. For instance, it is known that in mice, mitochondrial uncoupling, as can be
achieved by an increased expression of UCP proteins, can extend lifespan and alleviate age-related

diseases [147].

Endocrine FGF21 cooperates with other hormones and growth factors to generate adaptive
responses to stress and metabolic disturbances and in that way, it can also promote healthy aging. For
instance, there is a mutual crosstalk between FGF21 and the hormones of the somatotropic axis, i.e.
growth hormone (GH) and insulin-like growth factor-1 (IGF-1). The somatotropic pathway has a
fundamental role in growth and development, but its excessive activity accelerates the aging process
[148]. Interestingly, Inagaki et al. [149] demonstrated that transgenic mice overexpressing FGF21
displayed a hepatic GH resistance which decreased the secretion of IGF-1 from liver. Although the
reduced level of serum IGF-1 impaired the growth of transgenic mice, these animals lived
significantly longer than their normal counterparts (Section 4.3.). However, an acute treatment of mice
with GH stimulated the expression of FGF21 in liver and increased the level of serum FGF21 [150].

The GH exposure activated the STATS signaling pathway in mouse liver which induced the
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transcription of the FGF21 gene [150]. It seems that there is a regulatory feedback mechanism
between FGF21 and GH which might control longevity by inhibiting an overactive somatotropic axis.
We have recently clarified the different molecular mechanisms which could be involved in the FGF21-

mediated healthspan and lifespan regulation [151].

4.2. FGF21 attenuates age-related metabolic and stress disorders

There is an extensive literature indicating that the pharmacological administration of FGF21 can
alleviate many age-related metabolic and stress disorders. Since FGF21 increases energy expenditure,
it is able to ameliorate obesity-associated disorders, e.g. fatty liver diseases and type 2 diabetes
[152,153]. FGF21 has also therapeutic potential in cardiovascular diseases, e.g. its administration
inhibited atherosclerosis [154] and protected against cardiac ischemia-reperfusion injuries [76].
FGF21 treatment also ameliorated inflammatory disorders in collagen-induced arthritis [155].
Moreover, Fu et al. [156] demonstrated that FGF21 exposure inhibited retinal and choroidal
neovascularization in experimental mouse models of age-related macular degeneration. The
suppression of angiogenesis was mediated by adiponectin and it was not dependent on VEGFA.
Currently, there are several drug development programs striving to acquire therapeutic FGF21

mimetics which could activate the FGFR 1/B-klotho complex [157].

FGF21 is a stress hormone which aims to combat many pathological conditions in a cell non-
autonomous manner. Kim et al. [36] demonstrated in mice that an impaired autophagy in skeletal
muscles stimulated FGF21 expression and consequently increased the level of serum FGF21.
Surprisingly, these mice displayed a decreased level of body fat which could be attributable to
enhanced energy expenditure through increased fatty acid oxidation and browning of WAT. Moreover,
these animals were protected against diet-induced obesity and insulin resistance and their phenotype
resembled that of transgenic mice with overexpression of FGF21 (Section 4.3.). Wang et al. [51]
revealed that the liver-specific lack of mitochondrial DRP1 protein triggered ER stress and stimulated

the expression and secretion of FGF21. These mice also were lean and protected from high-fat diet
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induced obesity. There is mounting evidence indicating that the circulating FGF21 can ameliorate ER

stress in jeopardized target tissues and thus alleviate metabolic and stress disorders [12,158].

Since FGF21 is a fasting hormone, it might affect age-related diseases and be involved in the
lifespan expansion encountered with caloric restriction (CR). In rodents, as well as in primates and
humans, a moderate CR not only ameliorates age-related chronic diseases but it can also extend
healthspan and lifespan [159,160]. Kuhla et al. [161] demonstrated that a lifelong CR of mice
increased gradually the expression of FGF21 in liver and especially elevated the level of serum
FGF21. CR also dramatically changed the hepatic lipid metabolism reducing lipogenesis and
increasing lipolysis and ketogenesis. Recent studies have revealed that a low-protein nutrition and
distinct amino acids restricted diets rather than CR are responsible for the increase in healthspan and
might extend lifespan in mammals [33,34,162,163]. A low-protein chow and a methionine-restricted
diet increased the level of serum FGF21 and improved the health of mice [34,48]. In addition, Fontana
et al. [164] observed that serum IGF-1 concentrations were reduced in moderately protein-restricted
humans. As discussed earlier (Section 2.3.1), amino acid shortage stimulates the GCN2-activated ISR
which consequently can induce FGF21 expression in tissues. Given that plant-based diets contain a
modest level of proteins, it has been speculated that these diets might increase the serum level of

FGF21 and thus mediate multiple health benefits [165,166].

4.3. FGF21 extends lifespan

Inagaki et al. [45] established a transgenic mouse line which expressed the mouse FGF21 gene
under the control of an ApoE promoter (tg-FGF21). The hepatic mRNA expression of tg-FGF21 mice
was about 50-fold higher than that of fasted wild-type mice [45], whereas the level of serum FGF21
was 5-fold elevated in tg-FGF21 mice in comparison with fasted control mice [149]. The transgenic
mice were clearly smaller than their wild-type counterparts and they also lived significantly longer, i.e.
their median survival time was extended by about 40% [167]. Screening of serum factors revealed that
the concentrations of IGF-1 and insulin were substantially lower in tg-FGF21 mice than in wild-type
mice. This indicates that the somatotropic axis had become down-regulated in these transgenic mice

which might explain their extended lifespan (Section 4.1.). The level of serum adiponectin was higher
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in tg-FGF21 mice which might improve their healthspan. The concentrations of serum glucose and
triglycerides were rather low in transgenic mice which implies that these animals enjoyed enhanced
energy expenditure [167]. In addition to the beneficial effects on energy metabolism, an elevated level
of FGF21 can also protect against immune senescence [168]. Youm et al. [168] observed that the
involution of thymus, a common hallmark of aging, was significantly delayed in tg-FGF21 mice. The
degeneration of thymus provokes functional decline in adaptive immunity, e.g. deficiencies in T cell
functions. In addition, they reported that the knockout of the FGF21 gene considerably enhanced the
aging process of thymus. It is known that a low-grade inflammation can accelerate the aging process

in mammalian tissues [169].

4.4. FGF21 resistance disturbs the healthy aging process

Interestingly, the serum level of FGF21 is significantly elevated in metabolic disorders, e.g.
obesity, type 2 diabetes, and fatty liver disease [170,171]. Atherosclerosis and muscle mitochondrial
myopathies also increase the serum concentration of FGF21 [67,172]. However, the situation is
confusing since an increased level of serum FGF21 should prevent the appearance of metabolic
disorders and furthermore, the administration of FGF21 at high pharmacological levels can alleviate
these disorders. There is compelling evidence that chronic metabolic diseases are associated with
FGF21 resistance, i.e. the downstream signaling from the FGFR1/B-klotho complex becomes
significantly depressed. Fisher et al. [173] demonstrated that obesity is a FGF21-resistant state in
mouse liver and adipose tissues. They reported that in obese mice, the capacity of FGF21 to activate
ERK1/2 was substantially diminished, reflecting FGF21 resistance. Currently, FGF21 resistance has
been confirmed in many metabolic diseases, e.g. in type 2 diabetes [171]. There are observations
indicating that the expression of B-klotho is reduced in metabolic diseases which impairs signaling
through the FGFR1/B-klotho complex [76,174]. Chronic inflammation, a phenomenon associated with
metabolic and stress-related disorders, is a potent inhibitor of B-klotho expression [64,104]. The
crucial role of B-klotho deficiency in FGF21 resistance was highlighted in an experiment which

revealed that the overexpression of B-klotho increased the sensitivity of mouse adipose tissue to
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FGF21 exposure and subsequently prevented the high-fat diet induced obesity [175]. Interestingly,
Dong et al. [52] demonstrated that ER stress stimulated the expression of B-klotho in mouse liver
through the ATF4-dependent (ISR) pathway. Keipert et al. [37] reported that the expression of f3-
klotho was increased through the ISR pathway in the liver, muscle, and WAT of tg-UCP1 mice
(Section 2.3.3.). It seems that the expression of B-klotho protein has a crucial role in determining the
sensitivity of tissues to FGF21 signaling, i.e. in the prevention of FGF21 resistance. However, Markan
et al. [176] recently revealed that there are also distinct signaling mechanisms other than the down-

regulation of B-klotho which contribute to FGF21 resistance in mouse WAT.

One interesting question is whether the aging process enhances the generation of FGF21
resistance which might expose tissues to metabolic diseases. Hanks et al. [177] revealed that the serum
level of FGF21 increased linearly with aging in a healthy adult population. They studied several
groups aged between 20-30 yrs to 65-80 yrs. The increase in the circulating level of FGF21 with aging
was not dependent on changes in body composition, e.g. body mass index or total fat percent. The age-
related increase in tissue stresses, e.g. decline in autophagy, mitochondrial disturbances, or ER stress,
might stimulate the expression and secretion of FGF21 with aging. For instance, liver is prone to age-
related degeneration [178]. Considering the role of FGFR1/B-klotho receptor in FGF21 resistance, it is
known that microRNA-34a (miR-34a) can inhibit the expression of B-klotho and FGFR1 [179,180].
The expression of miR-34a is significantly elevated in obesity [180] and coronary artery disease [181].
The expression of miR-34a also displayed a robust increase with aging in several rodent tissues
[182,183] which might suppress the signaling of FGFR1/p-klotho receptor and thus provoke aging-
linked FGF21 resistance. Moreover, the aging process clearly reduces the responsiveness of AMPK
activation [184], a downstream target of FGF21 signaling, and thus it could inhibit the expression of
several metabolic genes with aging induced by the FGF21/AMPK pathway. Currently, the
mechanisms of FGF21 resistance are very poorly understood at least in comparison to that of insulin

resistance.
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5. Conclusions

FGF21 is a multifunctional stress-inducible metabolic regulator which can promote tissue
survival during stress conditions. The stress kinases of ISR pathway activate transcription factor ATF4
which subsequently induces the expression of FGF21. In contrast, the energy metabolic regulation of
FGF21 transcription is mediated through the PPARa signaling and some other metabolically regulated
transcription factors. It seems that the metabolic and stress-related transactivation mechanisms of the
FGF21 gene are separated although the downstream signaling from the FGFR1/B-klotho receptor, e.g.
via AMPK activation, can control both metabolic and stress-related functions. There is convincing
evidence that FGF21 is an interorgan regulator which can attenuate tissue stresses and induce
adaptations against stress via systemic regulation. For instance, organelle stress, e.g. mitochondrial or
ER stress, can stimulate the expression of FGF21 in several tissues, not only in liver, and consequently
alleviate mitochondrial and ER stresses elsewhere in the body. Moreover, the stress-induced FGF21
secretion, e.g. from liver and skeletal muscle, can stimulate the secretion of adiponectin and
corticosterone and thus enhance tissue survival in stresses. This resembles a cell non-autonomous
regulation of stress resistance and longevity observed in some model organisms. Interestingly, the
overexpression of FGF21 is a potent enhancer of longevity in mice, probably by improving
healthspan. Given that FGF21 can enhance autophagy and increase mitochondrial respiratory capacity,
it facilitates cellular housekeeping and thus increases stress resistance. It is generally recognized that
stress resistance enhances lifespan across species. We conclude that FGF21 is a cell non-autonomous

enhancer of longevity in mammals.

Acknowledgements

This study was financially supported by the grants from the Academy of Finland (AK297267,
AK307341, and KK296840), the Kuopio University Hospital VTR grant (KK5503743), the Emil
Aaltonen Foundation, the Finnish Cultural Foundation, and the Finnish Eye Foundation. The authors

thank Dr. Ewen MacDonald for checking the language of the manuscript.



26

References

(1]

(2]

(3]

[4]

(5]

(6]

[7]

(8]

[0l

[10]

[11]

[12]

[13]

[14]

[15]

N. Turner, R. Grose, Fibroblast growth factor signalling: from development to cancer, Nat. Rev. Cancer
10 (2010) 116-129.

A. Kharitonenkov, R. DiMarchi, FGF21 revolutions: recent advances illuminating FGF21 biology and
medicinal properties, Trends Endocrinol. Metab. 26 (2015) 608-617.

F.M. Fisher, E. Maratos-Flier, Understanding the physiology of FGF21, Annu. Rev. Physiol. 78 (2016)
223-241.

J.P. Camporez, F.R. Jornayvaz, M.C. Petersen, D. Pesta, B.A. Guigni, J. Serr, D. Zhang, M. Kahn, V.T.
Samuel, M.J. Jurczak, G.I. Shulman, Cellular mechanisms by which FGF21 improves insulin sensitivity
in male mice, Endocrinology 154 (2013) 3099-31009.

M.D. Chau, J. Gao, Q. Yang, Z. Wu, J. Gromada, Fibroblast growth factor 21 regulates energy
metabolism by activating the AMPK-SIRT1-PGC-1a pathway, Proc. Natl. Acad. Sci. U S A 107 (2010)
12553-12558.

C. Zhang, Z. Huang, J. Gu, X. Yan, X. Lu, S. Zhou, S. Wang, M. Shao, F. Zhang, P. Cheng, W. Feng, Y.
Tan, X. Li, Fibroblast growth factor 21 protects the heart from apoptosis in a diabetic mouse model via
extracellular signal-regulated kinase 1/2-dependent signalling pathway, Diabetologia 58 (2015) 1937-
1948.

A.L. Bookout, M.H. de Groot, B.M. Owen, S. Lee, L. Gautron, H.L. Lawrence, X. Ding, J.K. EImquist,
J.S. Takahashi, D.J. Mangelsdorf, S.A. Kliewer, FGF21 regulates metabolism and circadian behavior by
acting on the nervous system, Nat. Med. 19 (2013) 1147-1152

Z. Lin, H. Tian, K.S. Lam, S. Lin, R.C. Hoo, M. Konishi, N. Itoh, Y. Wang, S.R. Bornstein, A. Xu, X. Li,
Adiponectin mediates the metabolic effects of FGF21 on glucose homeostasis and insulin sensitivity in
mice, Cell Metab. 17 (2013) 779-789.

T. Uebanso, Y. Taketani, H. Yamamoto, K. Amo, H. Ominami, H. Arai, Y. Takei, M. Masuda, A.
Tanimura, N. Harada, H. Yamanaka-Okumura, E. Takeda, Paradoxical regulation of human FGF21 by
both fasting and feeding signals: is FGF21 a nutritional adaptation factor? PLoS One 6 (2011) e22976.
F.G. Schaap, A.E. Kremer, W.H. Lamers, P.L. Jansen, I.C. Gaemers, Fibroblast growth factor 21 is
induced by endoplasmic reticulum stress, Biochimie 95 (2013) 692-699.

K.H. Kim, M.S. Lee, FGF21 as a mediator of adaptive responses to stress and metabolic benefits of anti-
diabetic drugs, J. Endocrinol. 226 (2015) R1-R16.

S.H. Kim, K.H. Kim, H.K. Kim, M.J. Kim, S.H. Back, M. Konishi, N. Itoh, M.S. Lee, Fibroblast growth
factor 21 participates in adaptation to endoplasmic reticulum stress and attenuates obesity-induced hepatic
metabolic stress, Diabetologia 58 (2015) 809-818.

K. Pakos-Zebrucka, 1. Koryga, K. Mnich, M. Ljujic, A. Samali, A.M. Gorman, The integrated stress
response, EMBO Rep. 17 (2016) 1374-1395.

T.D. Baird, R.C. Wek, Eukaryotic initiation factor 2 phosphorylation and translational control in
metabolism, Adv. Nutr. 3 (2012) 307-321.

N. Donnelly, A.M. Gorman, S. Gupta, A. Samali, The elF2a kinases: their structures and functions, Cell.
Mol. Life Sci. 70 (2013) 3493-3511.



[16]

[17]

(18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

(28]

[29]

(30]

[31]

(32]

27

L. Liu, D.R. Wise, J.A. Diehl, M.C. Simon, Hypoxic reactive oxygen species regulate the integrated
stress response and cell survival, J. Biol. Chem. 283 (2008) 31153-31162.

G. Kroemer, G. Marino, B. Levine, Autophagy and the integrated stress response, Mol. Cell 40 (2010)
280-293.

G. Hueso, R. Aparicio-Sanchis, C. Montesinos, S. Lorenz, J.R. Murguia, R. Serrano, A novel role for
protein kinase Gen2 in yeast tolerance to intracellular acid stress, Biochem. J. 441 (2012) 255-264.

W. B'chir, A.C. Maurin, V. Carraro, J. Averous, C. Jousse, Y. Muranishi, L. Parry, G. Stepien, P.
Fafournoux, A. Bruhat, The elF20/ATF4 pathway is essential for stress-induced autophagy gene
expression, Nucleic Acids Res. 41 (2013) 7683-7699.

R. Kang, D. Tang, PKR-dependent inflammatory signals, Sci. Signal. 5 (2012) pe47.

X. Wang, L. Wang, S. Liu, Heme-regulated elF2a kinase plays a crucial role in protecting erythroid cells
against Pb-induced hemolytic stress, Chem. Res. Toxicol. 28 (2015) 460-469.

R.J. Jackson, C.U. Hellen, T.V. Pestova, The mechanism of eukaryotic translation initiation and
principles of its regulation, Nat. Rev. Mol. Cell. Biol. 11 (2010) 113-127.

M.S. Kilberg, J. Shan, N. Su, ATF4-dependent transcription mediates signaling of amino acid limitation,
Trends Endocrinol. Metab. 20 (2009) 436-443.

S.S. Palii, C.E. Kays, C. Deval, A. Bruhat, P. Fafournoux, M.S. Kilberg, Specificity of amino acid
regulated gene expression: analysis of genes subjected to either complete or single amino acid
deprivation, Amino Acids 37 (2009) 79-88.

H.P. Harding, Y. Zhang, H. Zeng, I. Novoa, P.D. Lu, M. Calfon, N. Sadri, C. Yun, B. Popko, R. Paules,
D.F. Stojdl, J.C. Bell, T. Hettmann, J.M. Leiden, D. Ron, An integrated stress response regulates amino
acid metabolism and resistance to oxidative stress, Mol. Cell 11 (2003) 619-633.

D. Ron, H.P. Harding, Protein-folding homeostasis in the endoplasmic reticulum and nutritional
regulation, Cold Spring Harb. Perspect. Biol. 4 (2012) a013177.

I. Novoa, H. Zeng, H.P. Harding, D. Ron, Feedback inhibition of the unfolded protein response by
GADD34-mediated dephosphorylation of elF2a, J. Cell Biol. 153 (2001) 1011-1022.

M. Rojas, G. Vasconcelos, T.E. Dever, An elF2a-binding motif in protein phosphatase 1 subunit
GADD34 and its viral orthologs is required to promote dephosphorylation of elF2a, Proc. Natl. Acad.
Sci. U S A 112 (2015) E3466-E3475.

H.S. Ghosh, B. Reizis, P.D. Robbins, SIRT1 associates with elF2-o and regulates the cellular stress
response, Sci. Rep. 1 (2011) 150.

S.R. Woo, J.E. Park, Y.H. Kim, Y.J. Ju, H.J. Shin, H.Y. Joo, E.R. Park, S.H. Hong, G.H. Park, K.H. Lee,
SIRT1 suppresses activating transcription factor 4 (ATF4) expression in response to proteasome
inhibition, J. Microbiol. Biotechnol. 23 (2013) 1785-1790.

A. Prola, J.P. Silva, A. Guilbert, L. Lecru, J. Piquereau, M. Ribeiro, P. Mateo, M. Gressette, D. Fortin, C.
Boursier, C. Gallerne, A. Caillard, J.L. Samuel, H. Francois, D.A. Sinclair, P. Eid, R. Ventura-Clapier, A.
Garnier, C. Lemaire, SIRT1 protects the heart from ER stress-induced cell death through elF2a
deacetylation, Cell Death Differ. 24 (2017) 343-356.

N. Nishio, K. Isobe K, GADD34-deficient mice develop obesity, nonalcoholic fatty liver disease, hepatic

carcinoma and insulin resistance, Sci. Rep. 5 (2015) 13519.



[33]

[34]

(35]

[36]

[37]

(38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

28

A.L. De Sousa-Coelho, P.F. Marrero, D. Haro, Activating transcription factor 4-dependent induction of
FGF21 during amino acid deprivation, Biochem. J. 443 (2012) 165-171.

T. Laeger, T.M. Henagan, D.C. Albarado, L.M. Redman, G.A. Bray, R.C. Noland, H. Minzberg, S.M.
Hutson, T.W. Gettys, M.W. Schwartz, C.D. Moarrison, FGF21 is an endocrine signal of protein restriction,
J. Clin. Invest. 124 (2014) 3913-3922.

K.H. Kim, Y.T. Jeong, S.H. Kim, H.S. Jung, K.S. Park, H.Y. Lee, M.S. Lee, Metformin-induced
inhibition of the mitochondrial respiratory chain increases FGF21 expression via ATF4 activation,
Biochem. Biophys. Res. Commun. 440 (2013) 76-81.

K.H. Kim, Y.T. Jeong, H. Oh, S.H. Kim, J.M. Cho, Y.N. Kim, S.S. Kim, D.H. Kim, K.Y. Hur, H.K. Kim,
T. Ko, J. Han, H.L. Kim, J. Kim, S.H. Back, M. Komatsu, H. Chen, D.C. Chan, M. Konishi, N. Itoh, C.S.
Choi, M.S. Lee, Autophagy deficiency leads to protection from obesity and insulin resistance by inducing
Fgf21 as a mitokine, Nat. Med. 19 (2013) 83-92.

S. Keipert, M. Ost, K. Johann, F. Imber, M. Jastroch, E.M. van Schothorst, J. Keijer, S. Klaus, Skeletal
muscle mitochondrial uncoupling drives endocrine cross-talk through the induction of FGF21 as a
myokine, Am. J. Physiol. Endocrinol. Metab. 306 (2014) E469-E482.

T. Touvier, C. De Palma, E. Rigamonti, A. Scagliola, E. Incerti, L. Mazelin, J.L. Thomas, M. D'Antonio,
L. Politi, L. Schaeffer, E. Clementi, S. Brunelli, Muscle-specific Drpl overexpression impairs skeletal
muscle growth via translational attenuation, Cell Death Dis. 6 (2015) e1663.

M. Zarei, E. Barroso, R. Leiva, M. Barniol-Xicota, E. Pujol, C. Escolano, S. Vazquez, X. Palomer, V.
Pardo, A. Gonzalez-Rodriguez, A.M. Valverde, T. Quesada-Lopez, F. Villarroya, W. Wahli, M. Vazquez-
Carrera, Heme-regulated elF2a kinase modulates hepatic FGF21 and is activated by PPARp/3 deficiency,
Diabetes 65 (2016) 3185-3199.

M. Schrdder, R.J. Kaufman, The mammalian unfolded protein response, Annu. Rev. Biochem. 74 (2005)
739-789.

S. Jiang, C. Yan, Q.C. Fang, M.L. Shao, Y.L. Zhang, Y. Liu, Y.P. Deng, B. Shan, J.Q. Liu, H.T. Li, L.
Yang, J. Zhou, Z. Dai, Y. Liu, W.P. Jia, Fibroblast growth factor 21 is regulated by the IREla-XBP1
branch of the unfolded protein response and counteracts endoplasmic reticulum stress-induced hepatic
steatosis, J. Biol. Chem. 289 (2014) 29751-29765.

H. Sha, Y. He, L. Yang, L. Qi, Stressed out about obesity: IRE1a-XBP1 in metabolic disorders, Trends
Endocrinol. Metab. 22 (2011) 374-381.

K.R. Markan, M.C. Naber, M.K. Ameka, M.D. Anderegg, D.J. Mangelsdorf, S.A. Kliewer, M.
Mohammadi, M.J. Potthoff, Circulating FGF21 is liver derived and enhances glucose uptake during
refeeding and overfeeding, Diabetes 63 (2014) 4057-4063.

M.K. Badman, P. Pissios, A.R. Kennedy, G. Koukos, J.S. Flier, E. Maratos-Flier, Hepatic fibroblast
growth factor 21 is regulated by PPARa and is a key mediator of hepatic lipid metabolism in ketotic
states, Cell Metab. 5 (2007) 426-437.

T. Inagaki, P. Dutchak, G. Zhao, X. Ding, L. Gautron, V. Parameswara, Y. Li, R. Goetz, M. Mohammadi,
V. Esser, J.K. EImquist, R.D. Gerard, S.C. Burgess, R.E. Hammer, D.J. Mangelsdorf, S.A. Kliewer,
Endocrine regulation of the fasting response by PPARo-mediated induction of fibroblast growth factor
21, Cell Metab. 5 (2007) 415-425.



[46]

[47]

(48]

[49]

[50]
[51]

[52]

(53]

[54]

[58]

[56]

[57]

(58]

[59]

[60]

29

F.M. Fisher, M. Kim, L. Doridot, J.C. Cunniff, T.S. Parker, D.M. Levine, M.K. Hellerstein, L.C.
Hudgins, E. Maratos-Flier, M.A. Herman, A critical role for ChREBP-mediated FGF21 secretion in
hepatic fructose metabolism, Mol. Metab. 6 (2016) 14-21.

B.A. Castilho, R. Shanmugam, R.C. Silva, R. Ramesh, B.M. Himme, E. Sattlegger, Keeping the elF2c.
kinase Gcn2 in check, Biochim. Biophys. Acta 1843 (2014) 1948-1968.

E.K. Lees, E. Krol, L. Grant, K. Shearer, C. Wyse, E. Moncur, A.S. Bykowska, N. Mody, T.W. Gettys,
M. Delibegovic, Methionine restriction restores a younger metabolic phenotype in adult mice with
alterations in fibroblast growth factor 21, Aging Cell 13 (2014) 817-827.

R.A. Miller, G. Buehner, Y. Chang, J.M. Harper, R. Sigler, M. Smith-Wheelock, Methionine-deficient
diet extends mouse lifespan, slows immune and lens aging, alters glucose, T4, IGF-1 and insulin levels,
and increases hepatocyte MIF levels and stress resistance, Aging Cell 4 (2005) 119-125.

H. Malhi, R.J. Kaufman, Endoplasmic reticulum stress in liver disease, J. Hepatol. 54 (2011) 795-809.

L. Wang, T. Ishihara, Y. Ibayashi, K. Tatsushima, D. Setoyama, Y. Hanada, Y. Takeichi, S. Sakamoto, S.
Yokota, K. Mihara, D. Kang, N. Ishihara, R. Takayanagi, M. Nomura, Disruption of mitochondrial fission
in the liver protects mice from diet-induced obesity and metabolic deterioration, Diabetologia 58 (2015)
2371-2380.

K. Dong, H. Li, M. Zhang, S. Jiang, S. Chen, J. Zhou, Z. Dai, Q. Fang, W. Jia, Endoplasmic reticulum
stress induces up-regulation of hepatic p-Klotho expression through ATF4 signaling pathway, Biochem.
Biophys. Res. Commun. 459 (2015) 300-305.

M. Giralt, F. Villarroya, White, brown, beige/brite: different adipose cells for different functions?
Endocrinology 154 (2013) 2992-3000.

M. Harms, P. Seale, Brown and beige fat: development, function and therapeutic potential, Nat. Med. 19
(2013) 1252-1263.

A. Bartelt, J. Heeren, Adipose tissue browning and metabolic health, Nat. Rev. Endocrinol. 10 (2014) 24-
36.

E. Hondares, R. Iglesias, A. Giralt, F.J. Gonzalez, M. Giralt, T. Mampel, F. Villarroya, Thermogenic
activation induces FGF21 expression and release in brown adipose tissue, J. Biol. Chem. 286 (2011)
12983-12990.

F.M. Fisher, S. Kleiner, N. Douris, E.C. Fox, R.J. Mepani, F. Verdeguer, J. Wu, A. Kharitonenkov, J.S.
Flier, E. Maratos-Flier, B.M. Spiegelman, FGF21 regulates PGC-1lo and browning of white adipose
tissues in adaptive thermogenesis, Genes Dev. 26 (2012) 271-281.

L.S. Sidossis, C. Porter, M.K. Saraf, E. Borsheim, R.S. Radhakrishnan, T. Chao, A. Ali, M.
Chondronikola, R. Micak, C.C. Finnerty, H.K. Hawkins, T. Toliver-Kinsky, D.N. Herndon, Browning of
subcutaneous white adipose tissue in humans after severe adrenergic stress, Cell Metab. 22 (2015) 219-
227.

F. Villarroya, R. Cereijo, J. Villarroya, M. Giralt, Brown adipose tissue as a secretory organ, Nat. Rev.
Endocrinol. 13 (2017) 26-35.

A. Bruhat, Y. Cherasse, C. Chaveroux, A.C. Maurin, C. Jousse, P. Fafournoux, Amino acids as regulators

of gene expression in mammals: molecular mechanisms, Biofactors 35 (2009) 249-257.



[61]

[62]

[63]

[64]

[65]

[66]

[67]

[68]

[69]

[70]

[71]

[72]

(73]

[74]

30

A. Bruhat, Y. Cherasse, A.C. Maurin, W. Breitwieser, L. Parry, C. Deval, N. Jones, C. Jousse, P.
Fafournoux, ATF2 is required for amino acid-regulated transcription by orchestrating specific histone
acetylation, Nucleic Acids Res. 35 (2007) 1312-1321.

K.H. Seong, D. Li, H. Shimizu, R. Nakamura, S. Ishii, Inheritance of stress-induced, ATF-2-dependent
epigenetic change, Cell 145 (2011) 1049-1061.

L. Rebiger, S. Lenzen, I. Mehmeti, Susceptibility of brown adipocytes to pro-inflammatory cytokine
toxicity and reactive oxygen species, Biosci. Rep. 36 (2016) e00306.

J. Diaz-Delfin, E. Hondares, R. Iglesias, M. Giralt, C. Caelles, F. Villarroya, TNF-a represses p-Klotho
expression and impairs FGF21 action in adipose cells: involvement of JNK1 in the FGF21 pathway,
Endocrinology 153 (2012) 4238-4245.

F. Ribas, J. Villarroya, E. Hondares, M. Giralt, F. Villarroya, FGF21 expression and release in muscle
cells: involvement of MyoD and regulation by mitochondria-driven signalling, Biochem. J. 463 (2014)
191-199.

M. Ost, V. Coleman, J. Kasch, S. Klaus, Regulation of myokine expression: Role of exercise and cellular
stress, Free Radic. Biol. Med. 98 (2016) 78-89.

H. Tyynismaa, C.J. Carroll, N. Raimundo, S. Ahola-Erkkild, T. Wenz, H. Ruhanen, K. Guse, A.
Hemminki, K.E. Peltola-Mjosund, V. Tulkki, M. Oresic, C.T. Moraes, K. Pietildinen, I. Hovatta, A.
Suomalainen, Mitochondrial myopathy induces a starvation-like response, Hum. Mol. Genet. 19 (2010)
3948-3958.

D.R. Crooks, T.G. Natarajan, S.Y. Jeong, C. Chen, S.Y. Park, H. Huang, M.C. Ghosh, W.H. Tong, R.G.
Haller, C. Wu, T.A. Rouault, Elevated FGF21 secretion, PGC-1a and ketogenic enzyme expression are
hallmarks of iron-sulfur cluster depletion in human skeletal muscle, Hum. Mol. Genet. 23 (2014) 24-39.
M. Guridi, L.A. Tintignac, S. Lin, B. Kupr, P. Castets, M.A. Riegg, Activation of mTORCL1 in skeletal
muscle regulates whole-body metabolism through FGF21, Sci. Signal. 8 (2015) ral13.

M. Miyake, A. Nomura, A. Ogura, K. Takehana, Y. Kitahara, K. Takahara, K. Tsugawa, C. Miyamoto, N.
Miura, R. Sato, K. Kurahashi, H.P. Harding, M. Oyadomari, D. Ron, S. Oyadomari, Skeletal muscle-
specific eukaryotic translation initiation factor 2a phosphorylation controls amino acid metabolism and
fibroblast growth factor 21-mediated non-cell-autonomous energy metabolism, FASEB J. 30 (2016) 798-
812.

K.H. Kim, S.H. Kim, Y.K. Min, H.M. Yang, J.B. Lee, M.S. Lee, Acute exercise induces FGF21
expression in mice and in healthy humans, PLoS One 8 (2013) e63517.

Y. Tanimura, W. Aoi, Y. Takanami, Y. Kawai, K. Mizushima, Y. Naito, T. Yoshikawa, Acute exercise
increases fibroblast growth factor 21 in metabolic organs and circulation, Physiol. Rep. 4 (2016) €12828.
X. Liu, Y. Wang, L. Hou, Y. Xiong, S. Zhao, Fibroblast growth factor 21 (FGF21) promotes formation of
aerobic myofibers via the FGF21-SIRT1-AMPK-PGCla pathway, J. Cell. Physiol. 232 (2017) 1893-
1906.

Y. Ogawa, H. Kurosu, M. Yamamoto, A. Nandi, K.P. Rosenblatt, R. Goetz, A.V. Eliseenkova, M.
Mohammadi, M. Kuro-o, BKlotho is required for metabolic activity of fibroblast growth factor 21, Proc.
Natl. Acad. Sci. U S A 104 (2007) 7432-7437.



[78]

[76]

[77]

(78]

[79]

(80]

(81]

(82]

(83]

(84]

(85]

(86]

(87]

(88]

(89]

31

M. Ost, V. Coleman, A. Voigt, E.M. van Schothorst, S. Keipert, I. van der Stelt, S. Ringel, A. Graja, T.
Ambrosi, A.P. Kipp, M. Jastroch, T.J. Schulz, J. Keijer, S. Klaus, Muscle mitochondrial stress adaptation
operates independently of endogenous FGF21 action, Mol. Metab. 5 (2015) 79-90.

V. Patel, R. Adya, J. Chen, M. Ramanjaneya, M.F. Bari, S.K. Bhudia, E.W. Hillhouse, B.K. Tan, H.S.
Randeva, Novel insights into the cardio-protective effects of FGF21 in lean and obese rat hearts, PL0S
One 9 (2014) e87102.

S.A. Dogan, C. Pujol, P. Maiti, A. Kukat, S. Wang, S. Hermans, K. Senft, R. Wibom, E.I. Rugarli, A.
Trifunovic, Tissue-specific loss of DARS?2 activates stress responses independently of respiratory chain
deficiency in the heart, Cell Metab. 19 (2014) 458-469.

M.K. Brahma, R.C. Adam, N.M. Pollak, D. Jaeger, K.A. Zierler, N. Pdcher, R. Schreiber, M. Romauch,
T. Moustafa, S. Eder, T. Ruelicke, K. Preiss-Landl, A. Lass, R. Zechner, G. Haemmerle, Fibroblast
growth factor 21 is induced upon cardiac stress and alters cardiac lipid homeostasis, J. Lipid Res. 55
(2014) 2229-2241.

A. Planavila, 1. Redondo-Angulo, F. Ribas, G. Garrabou, J. Casademont, M. Giralt, F. Villarroya,
Fibroblast growth factor 21 protects the heart from oxidative stress, Cardiovasc. Res. 106 (2015) 19-31.
S.Q. Liu, D. Roberts, A. Kharitonenkov, B. Zhang, S.M. Hanson, Y.C. Li, L.Q. Zhang, Y.H. Wu,
Endocrine protection of ischemic myocardium by FGF21 from the liver and adipose tissue, Sci. Rep. 3
(2013) 2767.

Y. Leng, Z. Wang, L.K. Tsai, P. Leeds, E.B. Fessler, J. Wang, D.M. Chuang, FGF-21, a novel metabolic
regulator, has a robust neuroprotective role and is markedly elevated in neurons by mood stabilizers, Mol.
Psychiatry 20 (2015) 215-223.

P. Sa-Nguanmoo, N. Chattipakorn, S.C. Chattipakorn, Potential roles of fibroblast growth factor 21 in the
brain, Metab. Brain Dis. 31 (2016) 239-248.

Z. Wang, Y. Leng, J. Wang, H.M. Liao, J. Bergman, P. Leeds, A. Kozikowski, D.M. Chuang, Tubastatin
A, an HDACSG inhibitor, alleviates stroke-induced brain infarction and functional deficits: potential roles
of a-tubulin acetylation and FGF-21 up-regulation, Sci. Rep. 21 (2016) 19626.

Y. Leng, J. Wang, Z. Wang, H.M. Liao, M. Wei, P. Leeds, D.M. Chuang, Valproic acid and other HDAC
inhibitors upregulate FGF21 gene expression and promote process elongation in glia by inhibiting
HDAC?2 and 3, Int. J. Neuropsychopharmacol. 19 (2016) 1-13.

T. Hayashi, A. Saito, S. Okuno, M. Ferrand-Drake, R.L. Dodd, P.H. Chan, Damage to the endoplasmic
reticulum and activation of apoptotic machinery by oxidative stress in ischemic neurons, J. Cereb. Blood
Flow Metab. 25 (2005) 41-53.

J. Campisi, Senescent cells, tumor suppression, and organismal aging: good citizens, bad neighbors, Cell
120 (2005) 513-522.

R.C. Taylor, K.M. Berendzen, A. Dillin, Systemic stress signalling: understanding the cell non-
autonomous control of proteostasis, Nat. Rev. Mol. Cell Biol. 15 (2014) 211-217.

E. Owusu-Ansah, N. Perrimon, Stress signaling between organs in metazoa, Annu. Rev. Cell Dev. Biol.
31 (2015) 497-522.

J. Durieux, S. Wolff, A. Dillin, The cell-non-autonomous nature of electron transport chain-mediated
longevity, Cell 144 (2011) 79-91.



[90]

[91]

[92]

[93]

[94]

(98]

[96]

[97]

(98]

[99]

[100]

[101]

[102]

[103]

[104]

[105]

[106]

[107]

32

M. Ulgherait, A. Rana, M. Rera, J. Graniel, D.W. Walker, AMPK modulates tissue and organismal aging
in a non-cell-autonomous manner, Cell Rep. 8 (2014) 1767-1780.

K. Burkewitz, I. Morantte, H.J. Weir, R. Yeo, Y. Zhang, F.K. Huynh, O.R. llkayeva, M.D. Hirschey,
A.R. Grant, W.B. Mair, Neuronal CRTC-1 governs systemic mitochondrial metabolism and lifespan via a
catecholamine signal, Cell 160 (2015) 842-855.

ILA. Droujinine, N. Perrimon, Interorgan communication pathways in physiology: focus on Drosophila,
Annu. Rev. Genet. 50 (2016) 539-570.

R.C. Taylor, A. Dillin, XBP-1 is a cell-nonautonomous regulator of stress resistance and longevity, Cell
153 (2013) 1435-1447.

S. Tsai, J.M. Sitzmann, S.G. Dastidar, A.A. Rodriguez, S.L. Vu, C.E. McDonald, E.C. Academia, M.N.
O'Leary, T.D. Ashe, A.R. La Spada, B.K. Kennedy, Muscle-specific 4E-BP1 signaling activation
improves metabolic parameters during aging and obesity, J. Clin. Invest. 125 (2015) 2952-2964.

K. Yen, C. Lee, H. Mehta, P. Cohen, The emerging role of the mitochondrial-derived peptide humanin in
stress resistance, J. Mol. Endocrinol. 50 (2013) R11-R19.

P.G. Sreekumar, D.R. Hinton, R. Kannan, Endoplasmic reticulum-mitochondrial crosstalk: a novel role
for the mitochondrial peptide humanin, Neural Regen. Res. 12 (2017) 35-38.

C. Lee, J. Zeng, B.G. Drew, T. Sallam, A. Martin-Montalvo, J. Wan, S.J. Kim, H. Mehta, A.L. Hevener,
R. de Cabo, P. Cohen, The mitochondrial-derived peptide MOTS-c promotes metabolic homeostasis and
reduces obesity and insulin resistance, Cell Metab. 21 (2015) 443-454.

L.W. Shao, R. Niu, Y. Liu, Neuropeptide signals cell non-autonomous mitochondrial unfolded protein
response, Cell Res. 26 (2016) 1182-1196.

P. van Oosten-Hawle, R.S. Porter, R.l. Morimoto, Regulation of organismal proteostasis by transcellular
chaperone signaling, Cell 153 (2013) 1366-1378.

P. van Oosten-Hawle, R.l. Morimoto, Transcellular chaperone signaling: an organismal strategy for
integrated cell stress responses, J. Exp. Biol. 217 (2014) 129-136.

J. Labbadia, R.I. Morimoto, The biology of proteostasis in aging and disease, Annu. Rev. Biochem. 84
(2015) 435-464.

E. Owusu-Ansah, W. Song, N. Perrimon, Muscle mitohormesis promotes longevity via systemic
repression of insulin signaling, Cell 155 (2013) 699-712.

J. Jager, F. Wang, B. Fang, H.W. Lim, L.C. Peed, D.J. Steger, K.J. Won, A. Kharitonenkov, A.C. Adams,
M.A. Lazar, The nuclear receptor Rev-erbo regulates adipose tissue-specific FGF21 signaling, J. Biol.
Chem. 291 (2016) 10867-10875.

Y. Zhao, C. Meng, Y. Wang, H. Huang, W. Liu, J.F. Zhang, H. Zhao, B. Feng, P.S. Leung, Y. Xia, IL-1p
inhibits B-Klotho expression and FGF19 signaling in hepatocytes, Am. J. Physiol. Endocrinol. Metab. 310
(2016) E289-E300.

N. Stefan, H.U. Héring, The role of hepatokines in metabolism, Nat. Rev. Endocrinol. 9 (2013) 144-152.
X. Hui, T. Feng, Q. Liu, Y. Gao, A. Xu, The FGF21-adiponectin axis in controlling energy and vascular
homeostasis, J. Mol. Cell. Biol. 8 (2016) 110-119.

T. Fiaschi, F. Magherini, T. Gamberi, P.A. Modesti, A. Modesti, Adiponectin as a tissue regenerating
hormone: more than a metabolic function, Cell. Mol. Life Sci. 71 (2014) 1917-1925.



[108]

[109]

[110]

[111]

[112]

[113]

[114]

[115]

[116]

[117]

[118]

[119]

[120]

[121]

[122]

[123]

33

L.D. BonDurant, M. Ameka, M.C. Naber, K.R. Markan, S.O. Idiga, M.R. Acevedo, S.A. Walsh, D.M.
Ornitz, M.J. Potthoff, FGF21 regulates metabolism through adipose-dependent and -independent
mechanisms, Cell Metab. 25 (2017) 935-944.

T.E. Silva, G. Colombo, L.L. Schiavon, Adiponectin: A multitasking player in the field of liver diseases,
Diabetes Metab. 40 (2014) 95-107.

P.H. Park, C. Sanz-Garcia, L.E. Nagy, Adiponectin as an anti-fibrotic and anti-inflammatory adipokine in
the liver, Curr. Pathobiol. Rep. 3 (2015) 243-252.

T. Thomou, M.A. Mori, J.M. Dreyfuss, M. Konishi, M. Sakaguchi, C. Wolfrum, T.N. Rao, J.N. Winnay,
R. Garcia-Martin, S.K. Grinspoon, P. Gorden, C.R. Kahn, Adipose-derived circulating miRNAs regulate
gene expression in other tissues, Nature 542 (2017) 450-455.

P. Tanajak, S.C. Chattipakorn, N. Chattipakorn, Effects of fibroblast growth factor 21 on the heart, J.
Endocrinol. 227 (2015) R13-R30.

N. Shimizu, T. Maruyama, N. Yoshikawa, R. Matsumiya, Y. Ma, N. Ito, Y. Tasaka, A. Kuribara-Souta,
K. Miyata, Y. Oike, S. Berger, G. Schiitz, S. Takeda, H. Tanaka, A muscle-liver-fat signalling axis is
essential for central control of adaptive adipose remodelling, Nat. Commun. 6 (2015) 6693.

F. Li, Y. Li, Y. Duan, C.A. Hu, Y. Tang, Y. Yin, Myokines and adipokines: Involvement in the crosstalk
between skeletal muscle and adipose tissue, Cytokine Growth Factor Rev. 33 (2017) 73-82.

N. Ishida, Role of PPARa in the control of torpor through FGF21-NPY pathway: From circadian clock to
seasonal change in mammals, PPAR Res. 2009 (2009) 412949,

Q. Liang, L. Zhong, J. Zhang, Y. Wang, S.R. Bornstein, C.R. Triggle, H. Ding, K.S. Lam, A. Xu, FGF21
maintains glucose homeostasis by mediating the cross talk between liver and brain during prolonged
fasting, Diabetes 63 (2014) 4064-4075.

AJ. Rose, S. Herzig, Metabolic control through glucocorticoid hormones: an update, Mol. Cell.
Endocrinol. 380 (2013) 65-78.

R. Patel, A.L. Bookout, L. Magomedova, B.M. Owen, G.P. Consiglio, M. Shimizu, Y. Zhang, D.J.
Mangelsdorf, S.A. Kliewer, C.L. Cummins, Glucocorticoids regulate the metabolic hormone FGF21 in a
feed-forward loop, Mol. Endocrinol. 29 (2015) 213-223.

B.M. Owen, X. Ding, D.A. Morgan, K.C. Coate, A.L. Bookout, K. Rahmouni, S.A. Kliewer, D.J.
Mangelsdorf, FGF21 acts centrally to induce sympathetic nerve activity, energy expenditure, and weight
loss, Cell Metab. 20 (2014) 670-677.

C. Dibner, U. Schibler, U. Albrecht, The mammalian circadian timing system: organization and
coordination of central and peripheral clocks, Annu. Rev. Physiol. 72 (2010) 517-549.

K. Eckel-Mahan, P. Sassone-Corsi, Metabolism and the circadian clock converge, Physiol. Rev. 93
(2013) 107-135.

J.S. Takahashi, Transcriptional architecture of the mammalian circadian clock, Nat. Rev. Genet. 18
(2017) 164-179.

B. Andersen, H. Beck-Nielsen, K. Hojlund, Plasma FGF21 displays a circadian rhythm during a 72-h fast
in healthy female volunteers, Clin. Endocrinol. (Oxf) 75 (2011) 514-519.



[124]

[125]

[126]

[127]

[128]

[129]

[130]

[131]

[132]

[133]

[134]

[135]

[136]

[137]

[138]

[139]

[140]

[141]

34

H. Yu, F. Xia, K.S. Lam, Y. Wang, Y. Bao, J. Zhang, Y. Gu, P. Zhou, J. Lu, W. Jia, A. Xu, Circadian
rhythm of circulating fibroblast growth factor 21 is related to diurnal changes in fatty acids in humans,
Clin. Chem. 57 (2011) 691-700.

S.A. Lee, E. Jeong, E.H. Kim, M.S. Shin, J.Y. Hwang, E.H. Koh, W.J. Lee, J.Y. Park, M.S. Kim, Various
oscillation patterns of serum fibroblast growth factor 21 concentrations in healthy volunteers, Diabetes
Metab. J. 36 (2012) 29-36.

K. Oishi, H. Shirai, N. Ishida, CLOCK is involved in the circadian transactivation of peroxisome-
proliferator-activated receptor alpha (PPARa) in mice, Biochem. J. 386 (2005) 575-581.

Y. Lee, E.K. Kim, AMP-activated protein kinase as a key molecular link between metabolism and
clockwork, Exp. Mol. Med. 45 (2013) e33.

R. Chavan, N. Preitner, T. Okabe, L.M. Strittmatter, C. Xu, J.A. Ripperger, N. Pitteloud, U. Albrecht,
REV-ERBua regulates Fgf21 expression in the liver via hepatic nuclear factor 6, Biol. Open 6 (2017) 1-7.
P. Gomez-Abellan, C. Gomez-Santos, J.A. Madrid, F.I. Milagro, J. Campion, J.A. Martinez, J.M.
Ordovas, M. Garaulet, Circadian expression of adiponectin and its receptors in human adipose tissue,
Endocrinology 151 (2010) 115-122.

O. Froy, Circadian aspects of energy metabolism and aging, Ageing Res. Rev. 12 (2013) 931-940.

R.G. Melvin, M.T. Andrews, Torpor induction in‘-mammals: recent discoveries fueling new ideas, Trends
Endocrinol. Metab. 20 (2009) 490-498.

C. Cubuk, J.H. Bank, A. Herwig, The chemistry of cold: mechanisms of torpor regulation in the Siberian
hamster. Physiology (Bethesda) 31 (2016) 51-59.

L.P. Chu, S.J. Swoap, Oral bezafibrate induces daily torpor and FGF21 in mice in a PPARa dependent
manner, J. Therm. Biol. 37 (2012) 291-296.

A. Salminen, A. Kauppinen, K. Kaarniranta, FGF21 activates AMPK signaling: impact on metabolic
regulation and the aging process, J. Mol. Med. (Berl) 95 (2017) 123-131.

J. Kim, M. Kundu, B. Viollet, K.L. Guan, AMPK and mTOR regulate autophagy through direct
phosphorylation of Ulk1, Nat. Cell Biol. 13 (2011) 132-141.

K. Zimmermann, J. Baldinger, B. Mayerhofer, A.G. Atanasov, V.M. Dirsch, E.H. Heiss, Activated
AMPK boosts the Nrf2/HO-1 signaling axis - A role for the unfolded protein response, Free Radic. Biol.
Med. 88 (2015) 417-426.

A. Salminen, J.M. Hyttinen, K. Kaarniranta, AMP-activated protein kinase inhibits NF-xB signaling and
inflammation: impact on healthspan and lifespan, J. Mol. Med. (Berl) 89 (2011) 667-676.

A. Salminen, K. Kaarniranta, AMP-activated protein kinase (AMPK) controls the aging process via an
integrated signaling network, Ageing Res. Rev. 11 (2012) 230-241.

S.C. Johnson, P.S. Rabinovitch, M. Kaeberlein, mTOR is a key modulator of ageing and age-related
disease, Nature 493 (2013) 338-345.

H. Pan, T. Finkel, Key proteins and pathways that regulate lifespan, J. Biol. Chem. 292 (2017) 6452-
6460.

J.J. Wu, J. Liu, E.B. Chen, J.J. Wang, L. Cao, N. Narayan, M.M. Fergusson, I.I. Rovira, M. Allen, D.A.
Springer, C.U. Lago, S. Zhang, W. DuBois, T. Ward, R. de Cabo, O. Gavrilova, B. Mock, T. Finkel,



[142]

[143]

[144]

[145]

[146]

[147]

[148]

[149]

[150]

[151]

[152]

[153]

[154]

35

Increased mammalian lifespan and a segmental and tissue-specific slowing of aging after genetic
reduction of mTOR expression, Cell Rep. 4 (2013) 913-920.

Q. Gong, Z. Hu, F. Zhang, A. Cui, X. Chen, H. Jiang, J. Gao, X. Chen, Y. Han, Q. Liang, D. Ye, L. Shi,
Y.E. Chin, Y. Wang, H. Xiao, F. Guo, Y. Liu, M. Zang, A. Xu, Y. Li, Fibroblast growth factor 21
improves hepatic insulin sensitivity by inhibiting mammalian target of rapamycin complex 1 in mice,
Hepatology 64 (2016) 425-438.

J.J. Howell, B.D. Manning, mTOR couples cellular nutrient sensing to organismal metabolic homeostasis,
Trends Endocrinol. Metab. 22 (2011) 94-102.

M. Cornu, W. Oppliger, V. Albert, A.M. Robitaille, F. Trapani, L. Quagliata, T. Fuhrer, U. Sauer, L.
Terracciano, M.N. Hall, Hepatic mTORCL1 controls locomotor activity, body temperature, and lipid
metabolism through FGF21, Proc. Natl. Acad. Sci. U S A 111 (2014) 11592-11599.

A.Y. Minard, S.X. Tan, P. Yang, D.J. Fazakerley, W. Domanova, B.L. Parker, S.J. Humphrey, R. Jothi, J.
Stockli, D.E. James, mTORCL is a major regulatory node in the FGF21 signaling network in adipocytes,
Cell Rep. 17 (2016) 29-36.

Y. Wei, Y.J. Zhang, Y. Cai, M.H. Xu, The role of mitochondria in mTOR-regulated longevity, Biol. Rev.
Camb. Philos. Soc. 90 (2015) 167-181.

A.C. Gates, C. Bernal-Mizrachi, S.L. Chinault, C. Feng, J.G. Schneider, T. Coleman, J.P. Malone, R.R.
Townsend, M.V. Chakravarthy, C.F. Semenkovich, Respiratory uncoupling in skeletal muscle delays
death and diminishes age-related disease, Cell Metab. 6 (2007) 497-505.

A. Bartke, L.Y. Sun, V. Longo, Somatotropic signaling: trade-offs between growth, reproductive
development, and longevity, Physiol. Rev. 93 (2013) 571-598.

T. Inagaki, V.Y. Lin, R. Goetz, M. Mohammadi, D.J. Mangelsdorf, S.A. Kliewer, Inhibition of growth
hormone signaling by the fasting-induced hormone FGF21, Cell Metab. 8 (2008) 77-83.

J. Yu, L. Zhao, A. Wang, S. Eleswarapu, X. Ge, D. Chen, H. Jiang, Growth hormone stimulates
transcription of the fibroblast growth factor 21 gene in the liver through the signal transducer and
activator of transcription 5, Endocrinology 153 (2012) 750-758.

A. Salminen, K. Kaarniranta, A. Kauppinen, Regulation of longevity by FGF21: interaction between
energy metabolism and stress responses, Ageing Res. Rev. 37 (2017) 79-93.

J. Xu, DJ. Lloyd, C. Hale, S. Stanislaus, M. Chen, G. Sivits, S. Vonderfecht, R. Hecht, Y.S. Li, R.A.
Lindberg, J.L. Chen, D.Y. Jung, Z. Zhang, H.J. Ko, J.K. Kim, M.M. Veniant, Fibroblast growth factor 21
reverses hepatic steatosis, increases energy expenditure, and improves insulin sensitivity in diet-induced
obese mice, Diabetes 58 (2009) 250-259.

W.Y. So, P.S. Leung, Fibroblast growth factor 21 as an emerging therapeutic target for type 2 diabetes
mellitus, Med. Res. Rev. 36 (2016) 672-704.

Z. Lin, X. Pan, F. Wu, D. Ye, Y. Zhang, Y. Wang, L. Jin, Q. Lian, Y. Huang, H. Ding, C. Triggle, K.
Wang, X. Li, A. Xu, Fibroblast growth factor 21 prevents atherosclerosis by suppression of hepatic sterol
regulatory element-binding protein-2 and induction of adiponectin in mice, Circulation 131 (2015) 1861-
1871.



[155]

[156]

[157]

[158]

[159]

[160]

[161]

[162]

[163]

[164]

[165]

[166]

[167]

[168]

[169]

36

Y. Yu, S. Li, Y. Liu, G. Tian, Q. Yuan, F. Bai, W. Wang, Z. Zhang, G. Ren, Y. Zhang, D. Li, Fibroblast
growth factor 21 (FGF21) ameliorates collagen-induced arthritis through modulating oxidative stress and
suppressing nuclear factor-xB pathway, Int. Immunopharmacol. 25 (2015) 74-82.

Z. Fu, Y. Gong, R. Liegl, Z. Wang, C.H. Liu, S.S. Meng, S.B. Burnim, N.J. Saba, T.W. Fredrick, P.C.
Morss, A. Hellstrom, S. Talukdar, L.E. Smith, FGF21 administration suppresses retinal and choroidal
neovascularization in mice, Cell Rep. 18 (2017) 1606-1613.

J. Zhang, Y. Li, Fibroblast growth factor 21, the endocrine FGF pathway and novel treatments for
metabolic syndrome, Drug Discov. Today 19 (2014) 579-589.

Q. Guo, L. Xu, J. Liu, H. Li, H. Sun, S. Wu, B. Zhou, Fibroblast growth factor 21 reverses suppression of
adiponectin expression via inhibiting endoplasmic reticulum stress in adipose tissue of obese mice, Exp.
Biol. Med. (Maywood) 242 (2017) 441-447.

R.J. Colman, R.M. Anderson, S.C. Johnson, E.K. Kastman, K.J. Kosmatka, T.M. Beasley, D.B. Allison,
C. Cruzen, H.A. Simmons, J.W. Kemnitz, R. Weindruch, Caloric restriction delays disease onset and
mortality in rhesus monkeys, Science 325 (2009) 201-204.

J. Most, V. Tosti, L.M. Redman, L. Fontana, Calorie restriction in humans: an update, Ageing Res. Rev.
doi:10.1016/j.arr.2016.08.005.

A. Kuhla, S. Hahn, A. Butschkau, S. Lange, A. Wree, B. Vollmar, Lifelong caloric restriction reprograms
hepatic fat metabolism in mice, J. Gerontol. A. Biol. Sci. Med. Sci. 69 (2014) 915-922.

H. Mirzaei, J.A. Suarez, V.D. Longo, Protein and amino acid restriction, aging and disease: from yeast to
humans, Trends Endocrinol. Metab. 25 (2014) 558-566.

S.M. Solon-Biet, S.J. Mitchell, S.C. Coogan, V.C. Cogger, R. Gokarn, A.C. McMahon, D.
Raubenheimer, R. de Cabo, S.J. Simpson, D.G. Le Couteur, Dietary protein to carbohydrate ratio and
caloric restriction: comparing metabolic outcomes in mice. Cell Rep. 11 (2015) 1529-1534.

L. Fontana, E.P. Weiss, D.T. Villareal, S. Klein, J.O. Holloszy, Long-term effects of calorie or protein
restriction on serum IGF-1 and IGFBP-3 concentration in humans, Aging Cell 7 (2008) 681-687.

M.F. McCarty, GCN2 and FGF21 are likely mediators of the protection from cancer, autoimmunity,
obesity, and diabetes afforded by vegan diets, Med. Hypotheses 83 (2014) 365-371.

M.F. McCarty, The moderate essential amino acid restriction entailed by low-protein vegan diets may
promote vascular health by stimulating FGF21 secretion, Horm. Mol. Biol. Clin. Investig. 30 (2016) 1.

Y. Zhang, Y. Xie, E.D. Berglund, K.C. Coate, T.T. He, T. Katafuchi, G. Xiao, M.J. Potthoff, W. Wei, Y.
Wan, R.T. Yu, R.M. Evans, S.A. Kliewer, D.J. Mangelsdorf, The starvation hormone, fibroblast growth
factor-21, extends lifespan in mice, Elife 1 (2012) e00065.

Y.H. Youm, T.L. Horvath, D.J. Mangelsdorf, S.A. Kliewer, V.D. Dixit, Prolongevity hormone FGF21
protects against immune senescence by delaying age-related thymic involution, Proc. Natl. Acad. Sci. U S
A 113 (2016) 1026-1031.

A. Salminen, J. Huuskonen, J. Ojala, A. Kauppinen, K. Kaarniranta, T. Suuronen, Activation of innate
immunity system during aging: NF-kB signaling is the molecular culprit of inflamm-aging, Ageing Res.
Rev. 7 (2008) 83-105.



[170]

[171]

[172]

[173]

[174]

[175]

[176]

[177]

[178]
[179]

[180]

[181]

[182]

[183]

37

X. Zhang, D.C. Yeung, M. Karpisek, D. Stejskal, Z.G. Zhou, F. Liu, R.L. Wong, W.S. Chow, A.W. Tso,
K.S. Lam, A. Xu, Serum FGF21 levels are increased in obesity and are independently associated with the
metabolic syndrome in humans, Diabetes 57 (2008) 1246-1253.

J.J. Liu, JP. Foo, S. Liu, S.C. Lim, The role of fibroblast growth factor 21 in diabetes and its
complications: A review from clinical perspective, Diabetes Res. Clin. Pract. 108 (2015) 382-389.

W.S. Chow, A. Xu, Y.C. Woo, AW. Tso, S.C. Cheung, C.H. Fong, H.F. Tse, M.T. Chau, B.M. Cheung,
K.S. Lam, Serum fibroblast growth factor-21 levels are associated with carotid atherosclerosis
independent of established cardiovascular risk factors, Arterioscler. Thromb. Vasc. Biol. 33 (2013) 2454-
2459.

F.M. Fisher, P.C. Chui, P.J. Antonellis, H.A. Bina, A. Kharitonenkov, J.S. Flier, E. Maratos-Flier,
Obesity is a fibroblast growth factor 21 (FGF21)-resistant state, Diabetes 59 (2010) 2781-2789.

W.Y. So, Q. Cheng, L. Chen, C. Evans-Molina, A. Xu, K.S. Lam, P.S. Leung, High glucose represses j3-
klotho expression and impairs fibroblast growth factor 21 action in mouse pancreatic islets: involvement
of peroxisome proliferator-activated receptor y signaling, Diabetes 62 (2013) 3751-3759.

R.J. Samms, C.C. Cheng, A. Kharitonenkov, R.E. Gimeno, A.C. Adams, Overexpression of f-klotho in
adipose tissue sensitizes male mice to endogenous FGF21 and provides protection from diet-induced
obesity, Endocrinology 157 (2016) 1467-1480.

K.R. Markan, M.C. Naber, S.M. Small, L. Peltekian, R.L. Kessler, M.J. Potthoff, FGF21 resistance is not
mediated by downregulation of B-klotho expression in white adipose tissue, Mol. Metab. 6 (2017) 602-
610.

L.J. Hanks, O.M. Gutierrez, M.M. Bamman, A. Ashraf, K.L. McCormick, K. Casazza, Circulating levels
of fibroblast growth factor-21 increase with age independently of body composition indices among
healthy individuals, J. Clin. Transl. Endocrinol. 2 (2015) 77-82.

A. Anantharaju, A. Feller, A. Chedid, Aging Liver. A review, Gerontology 48 (2002) 343-353.

T. Fu, S.E. Choi, D.H. Kim, S. Seok, K.M. Suino-Powell, H.E. Xu, J.K. Kemper, Aberrantly elevated
microRNA-34a in obesity attenuates hepatic responses to FGF19 by targeting a membrane coreceptor f3-
Klotho. Proc. Natl. Acad. Sci. U S A 109 (2012) 16137-16142.

T. Fu, S. Seok, S. Choi, Z. Huang, K. Suino-Powell, H.E. Xu, B. Kemper, J.K. Kemper, MicroRNA 34a
inhibits beige and brown fat formation in obesity in part by suppressing adipocyte fibroblast growth factor
21 signaling and SIRT1 function, Mol. Cell Biol. 34 (2014) 4130-4142.

T. Tabuchi, M. Satoh, T. Itoh, M. Nakamura, MicroRNA-34a regulates the longevity-associated protein
SIRT1 in coronary artery disease: effect of statins on SIRT1 and microRNA-34a expression, Clin. Sci.
(Lond) 123 (2012) 161-171.

T. Ito, S. Yagi, M. Yamakuchi, MicroRNA-34a regulation of endothelial senescence, Biochem. Biophys.
Res. Commun. 398 (2010) 735-740.

N. Li, S. Muthusamy, R. Liang, H. Sarojini, E. Wang, Increased expression of miR-34a and miR-93 in rat
liver during aging, and their impact on the expression of Mgstl and Sirtl. Mech. Ageing Dev. 132 (2011)
75-85.



38

[184] A. Salminen, K. Kaarniranta, A. Kauppinen, Age-related changes in AMPK activation: Role for AMPK
phosphatases and inhibitory phosphorylation by upstream signaling pathways, Ageing Res. Rev. 28
(2016) 15-26.

FIGURE LEGENDS

Fig. 1. A schematic representation of the signaling pathways which stimulate the expression of FGF21
induced by the integrated stress response (ISR). Stress kinases activate the elF2a/ATF4 axis which
consequently induces the transcription of the FGF21 gene through the AARE site. ER stress can also
induce the transcription of the FGF21 gene through the XBP1/ATF6 pathway which targets the ERSE
site. The stress kinase-activated ATF4 factor can generate either stress resistance via a number of ISR
target genes or cellular apoptosis via CHOP signaling. The activity of e[F2a can be inhibited by either
SIRT1 in energy stresses or negative feedback from ATF4 mediated through GADD34-directed PP1
activation. The activation of elF2a is a potent inhibitor of protein synthesis. Abbreviations: AARE,
amino acid response element; ATF, activating transcription factor; CHOP, transcription factor C/EBP
homologous protein; dsRNA, double-stranded RNA; elF2a, eukaryotic translation initiation factor 2a; ERSE,
ER stress response element; FGF21, fibroblast growth factor 21; GADD34, growth arrest and DNA damage-
inducible 34; GCN2, general control non-depressible 2; HRI, heme-regulated elF2a kinase; ISR, integrated
stress response; PERK, PKR-like endoplasmic reticulum kinase; PKR, protein kinase R; PP1, protein

phosphatase 1, SIRT1, sirtuin 1, XBP1, X box-binding protein 1

Fig. 2. FGF21 maintains interorgan homeostasis via systemic regulation in a cell non-autonomous
manner. Arrows indicate whether tissue secretes FGF21 into the circulation or it is the direct target of

FGF21 signaling. Figure does not show the indirect secondary effects of FGF21 to different tissues.
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Highlights

FGF21 is a multifunctional metabolic and stress hormone

Stress can induce the expression and secretion of FGF21 from several tissues
FGF21 is an interorgan regulator which attenuates mitochondrial and ER stresses
Function of FGF21 resembles a cell non-autonomous regulation in lower animals

FGF21 is a cell non-autonomous enhancer of longevity in mammals
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