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A B S T R A C T

Peroxisome proliferator-activated receptors (PPARs) constitute a small family of three nuclear receptors that act
as lipid sensors, and thereby regulate the transcription of genes having key roles in hepatic and whole-body
energy homeostasis, and in other processes (e.g., inflammation), which have far-reaching health conse-
quences. Peroxisome proliferator-activated receptor isotype α (PPARα) is expressed in oxidative tissues, partic-
ularly in the liver, carrying out critical functions during the adaptive fasting response. Advanced omics
technologies have provided insight into the vast complexity of the regulation of PPAR expression and activity, as
well as their downstream effects on the physiology of the liver and its associated metabolic organs. Here, we
provide an overview of the gene regulatory networks controlled by PPARα in the liver in response to fasting. We
discuss impacts on liver metabolism, the systemic repercussions and benefits of PPARα-regulated ketogenesis and
production of fibroblast growth factor 21 (FGF21), a fasting- and stress-inducible metabolic hormone. We also
highlight current challenges in using novel methods to further improve our knowledge of PPARα in health and
disease.

1. Introduction

In higher organisms, metabolic regulation depends on the allosteric
control of critical enzyme activity and posttranslational protein modi-
fications. These two regulatory functions mainly influence protein-
protein interactions that modulate the activities of enzymatic com-
plexes. A third important mechanism is the control of gene transcription,

which affects the expression of proteins implicated in metabolic path-
ways and their regulation. This third mechanism is usually active at long
intervals and involves thousands of genes [1].

Regulation of gene expression relies on transcription factors that
influence all aspects of the transcription of deoxyribonucleic acid (DNA)
into ribonucleic acid (RNA). The transcriptional control of metabolism
requires that specific signals reach the target cells, thereby impacting
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the activities of several transcription factors that regulate defined sets of
genes. Studies of the molecular mechanism of action of hormones (es-
trogens, glucocorticoids, and thyroid hormones) have supported the
concept of a family of highly related nuclear hormone receptors [2,3].
This family has expanded to comprise structurally related receptors
(including orphan receptors or receptors with non-identified agonists)
and has been termed the nuclear receptor superfamily of ligand-
regulated transcription factors, which includes 48 members in
humans, which play critical roles in physiology, reproduction, and
development [2,4].

A three-member subfamily of the nuclear receptor superfamily is the
peroxisome proliferator-activated receptors (PPARs)—comprising
PPARα, PPARβ/δ, and PPARγ—which have now been attributed many
roles, extending far beyond the proliferation of peroxisomes in the ro-
dent liver fromwhich their name originated [5–7]. PPAR transcriptional
activity depends on ligand-activated PPAR:retinoid X receptor (RXR)
heterodimers that target responsive genes by binding to peroxisome
proliferator response elements (PPRE) in their regulatory region. These
target genes are implicated in lipid and carbohydrate metabolism,
vascular biology, tissue repair, cell proliferation and differentiation, and
sexual dimorphism, among other functions [8]. Identified PPAR ligands
include a variety of natural compounds, including polyunsaturated fatty
acids, eicosanoids, a few endocannabinoids, phospholipids, and bili-
rubin [8–11]. It can be hypothesized that the diversity of PPAR functions
evolved in association with this wide variety of ligands. Moreover, a
broad range of synthetic ligands have been developed to treat dyslipi-
demia and diabetes, and efforts have been made to expand their thera-
peutic applications to other metabolic and inflammatory diseases
[12,13]. Over years of research, PPARs have emerged as strong regu-
latory links between lipids, metabolic health and disease, and immunity
[8].

PPARα is abundantly expressed in cells that exhibit high mitochon-
drial and peroxisomal β-oxidation of non-esterified fatty acid-
s—including the liver, brown adipose tissue (BAT), the heart, proximal
tubules of the kidney, and intestinal mucosa [14]. The roles of PPARα
have been most extensively studied in the liver, where PPARα regulates
hundreds of genes involved in many hepatic functions. The best-known
functions of hepatic PPARα are related to its role as an important
regulator of the adaptive response to fasting [15–20]. This review in-
troduces fasting and then focuses on PPARα as a lipid sensor that con-
trols hepatocyte gene regulatory networks in response to fasting.

2. Fasting

An international consensus on fasting terminology was recently
proposed [21]. This publication defines terms, including fasting, inter-
mittent fasting, time-restricted eating, long-term and short-term fasting,
as well as fasting mimicking diets. Most of the data reviewed herein,
except if mentioned otherwise, concern “fasting” as abstinence from
foods for a period generally ranging from 12 hours up to several weeks in
humans and shorter periods in rodents. Fasting has shaped animal and
human energy adaptive metabolism, allowing survival during prolonged
periods of restricted food availability. Evidence from rodent models and
human studies indicates that various fasting regimens may represent
effective strategies for reducing weight, delaying aging, preventing
diseases, and promoting health [22]. Fasting also improves anti-tumor
responses in mice [23].

The multi-organ response to prolonged fasting was recently investi-
gated by analyzing the plasma proteome in 12 healthy human volun-
teers, demonstrating that up to 1000 proteins significantly changed after
3 days of fasting [24]. The main fasting mechanism is the metabolic fuel
switch from glucose to fatty acid-derived ketone bodies. This adaptive
response is largely driven by changes in circulating levels of hormones,
such as insulin, glucagon, and glucocorticoids, that control energy ho-
meostasis through several changes in gene expression, mainly in the
liver. An essential adaptive response to fasting is the activation of the

hypothalamic-pituitary-adrenal axis, driven by neurons expressing
agouti-related peptide, which induces glucocorticoid release into the
blood [25]. Moreover, the anti-inflammatory effects of fasting could be
explained by the inhibition of NLRP3 (NOD-like receptor family, pyrin
domain containing 3) inflammasome activity due to the high lipid
arachidonic acid levels found in fasted subjects [26]. In the opposite
condition—the fed state—increased blood glucose levels induce insulin
secretion from the pancreas, inhibiting glucagon secretion and sup-
pressing lipolysis. Additionally, insulin activates feeding-related tran-
scription factors to increase hepatic glycogenesis, lipogenesis, and
protein synthesis, and inhibits fasting-related hepatic transcription fac-
tors (Fig. 1A).

Collectively, fasting triggers a tightly regulated and coordinated
adaptive metabolic response in major organs, including the liver, the
adipose tissues, and the brain. Below, we will focus on the impact of
fasting on the liver.

3. Hepatic metabolic responses to fasting

In mammals, the metabolic response to fasting is mainly orchestrated
by the liver that ensures the production of fuels (glucose and ketone
bodies) to supply peripheral tissues—especially the brain, which is a
poor user of fatty acids as an energy source. Both gluconeogenesis and
ketogenesis rely on an extra-hepatic supply of substrates [27]. As
mentioned above, the liver’s adaptive response to fasting is initiated by
hormonal signals that trigger the activation of several transcription
factors, which in turn induce dynamic changes in hepatic gene expres-
sion [28]. Before focusing on hepatic PPARα, we will briefly overview
the two main hepatic transcriptionally controlled processes regulated
during fasting.

3.1. Gluconeogenesis

During the first hours of fasting, glycogen is broken down (glyco-
genolysis), releasing glucose from hepatocytes into the bloodstream. In
skeletal muscle, glycogen is converted to glucose and lactate, which is
converted back to glucose in the liver. If fasting persists after glycogen
stores are depleted, glucose production depends on gluconeogenesis—i.
e., de novo glucose production from non-carbohydrate precursors, such
as amino acids and glycerol [27]. Gluconeogenic amino acids are mainly
sourced from skeletal muscle proteins. Glycerol is produced via tri-
acylglycerol lipolysis from lipid stores, providing the liver with non-
esterified fatty acids.

Glucagon is a peptide hormone secreted from α cells of the pancreas
in response to decreased blood glucose levels. In hepatocytes, glucagon
binds to the glucagon receptor (a G-protein coupled receptor), leading to
adenylate cyclase activation, increased cyclic adenosine mono-
phosphate (cAMP), and protein kinase A activation—which leads to the
phosphorylation and activation of cAMP-responsive element-binding
protein (CREB) (Fig. 1B). CREB is a transcription factor that controls the
expressions of genes that encode key enzymes catalyzing gluconeogen-
esis, such as glucose-6-phosphatase and phosphoenolpyruvate carbox-
ykinase 1. Accordingly, whole-body glucagon receptor knock-out mice
and transgenic mice expressing a dominant negative CREB protein in the
liver exhibit lower blood glucose levels [29,30]. CREB further supports
gluconeogenesis by regulating genes involved in amino acid catabolism
and the urea cycle [31,32]. Furthermore, glucagon stimulates hepatic
gluconeogenesis through a transcription-independent effect, promoting
intrahepatic lipolysis by stimulating the inositol triphosphate receptor-
1. This yields increased hepatic acetyl-Coenzyme A (acetyl-CoA), an
allosteric activator of pyruvate carboxylase, and is involved in oxalo-
acetate production to support citrate, glucose, amino acid, and fatty acid
synthesis [33].

In addition to glucagon, glucocorticoids are secreted from the adre-
nal cortex and bind to the cytoplasmic glucocorticoid receptor (GR) in
hepatocytes, a transcription factor belonging to the nuclear receptor
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superfamily. GRs then dissociate from their chaperone proteins and
translocate to the cell nucleus, where they modulate gene transcription
by binding to glucocorticoid response elements in the regulatory region
of target genes (Fig. 1B). This mechanism stimulates the expression of
gluconeogenic genes that promote gluconeogenesis in the liver [34].
Accordingly, mice deficient in hepatic GR develop severe hypoglycemia
during prolonged fasting [35]. It was recently reported that hepatocyte-
specific GR knockout mice exhibit lower levels of circulating tri-
acylglycerols only during the day and reduced blood glucose levels
specifically at night [36]. As we will see below, one of these GR target
genes is the gene encoding PPARα.

Furthermore, the two fasting hormones—glucagon and glucocorti-
coids—synergistically induce the transcriptional regulation of genes
involved in amino acid catabolism, therebymaximizing gluconeogenesis
[37]. Similarly, these two hormones cooperate to induce gluconeogenic
genes [37–40]. The glucagon–CREB axis mediates enhancer activation
that potentiates GR binding [41] and, reciprocally, GR assists the
loading of CREB on gluconeogenic enhancers [42], thereby increasing
gene expression and hepatic glucose production. Moreover, through
direct activation of CREB and GR, glucagon and glucocorticoids indi-
rectly promote the expression of genes that encode many other fasting-
related transcription factors. Overall, this transcription factor cascade,
initiated by CREB and GR, fine-tunes and potentiates the hepatic
response to fasting [28]. It also instigates a secondary wave of ketogenic
gene transcription [40].

3.2. Fatty acid β-oxidation and ketogenesis

As fasting persists, glycogen stores are depleted, and gluconeogenesis

decreases. This decrease prevents muscle wasting, which provides
amino acids for glucose synthesis. Instead, fatty acid β-oxidation and its
associated ketogenesis become the processes for producing metabolic
fuels for extrahepatic tissues [27] (Fig. 2).

The low insulin levels during fasting suppress plasma triacylglycerol
hydrolysis by inhibiting lipoprotein lipase (LPL) activity but promote
adipose tissue lipolysis by stimulating adipose triglyceride lipase (ATGL)
expression [43], resulting in the release of non-esterified fatty acids and
glycerol from adipose tissue into the circulation [44]. A cell-intrinsic
mechanism that regulates ATGL-dependent lipolysis has been recently
reported. Upon glucose deprivation, phosphatidylinositol-4-phosphate
levels in the Golgi decrease, enhancing adipose tissue lipolysis due to
reduced ATGL ubiquitination and degradation [45]. Long-chain non-
esterified fatty acids released from adipose tissue are efficiently oxidized
in the liver as acyl-CoAs. Since fasting also increases hepatic gluconeo-
genesis, as discussed above, it depletes oxaloacetate from the tricar-
boxylic acid (TCA) cycle and limits citrate synthesis. In the liver, the
activation of ketogenesis consumes acetyl-CoA, recovers free CoA
required for accelerated fatty acid processing, and can support a
β-oxidation rate an order of magnitude higher than the TCA cycle alone
[46]. A recent study identified the principal methyl donor hepatic S-
adenosylmethionine as a novel regulator of β-oxidation and adenosine
triphosphate (ATP) synthesis in hepatocytes, thereby preventing endo-
plasmic reticulum stress and liver damage during fasting [47]. As dis-
cussed below, fasting-induced white adipose tissue lipolysis provides a
pivotal signal to activate the nuclear receptor PPARα in the liver.

The currently available evidence clearly shows that the hepatic
fasting response comprises complex dynamic gene network regulation,
including many layers of control, such as direct activation of multiple
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Fig. 1. Metabolic adaptations to fasting. A) In the fed state, increased blood glucose levels induce insulin secretion from the pancreas, reducing glucagon secretion
and suppressing adipocyte lipolysis and muscle protein degradation. In the liver, insulin activates feeding-related transcription factors to increase hepatic glyco-
genesis, lipogenesis, and protein synthesis and inhibits fasting-related hepatic transcription factors. In the fasted state, decreased blood glucose levels lead to
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β-oxidation and ketogenesis. B) During fasting, upon depletion of glycogen stores, gluconeogenesis provides glucose, and ketogenesis provides ketone bodies as an
alternative energy source for peripheral organs (e.g., the brain). Glucagon binds to the glucagon receptor (GCGR), activating cAMP-responsive element-binding
protein (CREB), which controls the transcription of gluconeogenic genes. Glucocorticoids activate the glucocorticoid receptor (GR) to induce the expression of genes
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transcription factors, recruitment of coregulators and corepressors,
regulation of chromatin accessibility, cross-talk between transcription
factors, and transcription factor cascade, which together enable a co-
ordinated and integrated response to fasting [28,48]. During fasting, the
liver also produces and secretes proteins called hepatokines that signal
and communicate with other tissues to influence whole-body energy
homeostasis [49].

4. PPARα-dependent hepatic responses during fasting

To illustrate the general PPAR context, we first provide a brief
overview of the hepatic functions of PPARβ/δ and PPARγ in the liver. We
will then focus on PPARα. PPARβ/δ is involved in innate immunity and
plays an important anti-inflammatory role; it controls glucose utilization
and glycogen synthesis, and is implicated in lipoprotein metabolism
[50,51]. The contribution of PPARβ/δ to hepatic lipid metabolism re-
mains controversial because it is difficult to reconcile some of the results
from different experimental models, including using different agonists.
Studies have reported that PPARβ/δ improves liver steatosis [52], en-
hances fatty acid oxidation, and inhibits or promotes lipogenesis, con-
current with an augmented hepatic triacylglycerol content [53,54]. In
contrast to PPARα, the specific target genes of PPARβ/δ are not well-
characterized. Analysis of the liver PPARβ/δ cistrome identified 8,194
PPARβ/δ-binding sites collectively in fed and fasted livers. 85% of these
sites overlapped with the much larger PPARα cistrome comprising
33,379 sites [55]. PPARγ expression is low in the healthy liver [14].
However, its expression increases in both mouse and human steatosis
[56], in parallel with higher fatty acid uptake and lipogenic gene
expression [51] (Fig. 3). Studies comparing the effects of the hepatocyte-
specific disruption of the three PPAR isotypes revealed distinct contri-
butions of each of them in the liver [57]. Further research is needed to

refine the separate hepatic functions of the three PPARs [57]. PPAR
isotype-specific agonists may contribute to increased knowledge of the
hepatic functions of these receptors [14,31,35,58].

4.1. PPARα fasting-dependent functions

Compared to PPARβ/δ and PPARγ, PPARα has the highest hepatic
expression. PPARα is a master regulator of energy metabolism and is
activated by endogenous ligands (e.g., non-esterified fatty acids,
oxidized non-esterified fatty acids, eicosanoids, and bilirubin) and a
whole range of synthetic molecules—some of which lead to peroxisome
proliferation in the rodent liver, hence their name PPAR [5,9,10,59,60].
Co-activators can also modulate PPARα activity—for example,
peroxisome proliferator-activated receptor gamma coactivator 1 alpha
(PGC1α), which is itself activated by sirtuin 1 (SIRT1) [61]. Like the two
other PPARs, PPARα is a phosphoprotein with activity affected by
kinases and phosphatases [62]. PPARα activity is also impacted by
SUMOylation (SUMOylation refers to when a small ubiquitin-like
modifier – SUMO - moiety is covalently linked to a lysine residue in
the target protein) [63,64]. The functional regulation of PPARs via
diverse post-translational modifications has previously been
well-discussed [65]. PPARα activity is also influenced by interaction
with other proteins. One example is its interaction with the
yes-associated protein – transcriptional enhancer factor domain family
member complex, which leads to increased activity of PPARα and
significantly enhances hepatocyte enlargement and proliferation and
hepatomegaly [66].

In response to fasting, hepatocyte PPARα controls the expression of
many genes involved in whole-body fatty acid homeostasis. Specifically,
PPARα is essential for fasting-induced hepatic fatty acid catabolism,
which produces the ketone bodies used as energy source by the

Fig. 2. The different stages of metabolic adaptations during fasting. Adapted from [27,211]. In the post-absorptive phase, dietary glucose is absorbed and stored as
glycogen in the liver. During early fasting, glycogen stores rapidly release glucose into circulation through glycogenolysis to maintain blood glucose levels. After a
few hours, when hepatic glycogen stores decrease, glucose is mostly produced through gluconeogenesis from gluconeogenic precursors, i.e., glycerol and amino acids.
Hence, at this stage, the degradation of muscle proteins provides amino acids, and adipose tissue releases glycerol and non-esterified fatty acids. If fasting persists,
gluconeogenesis decreases to prevent muscle proteolysis, and non-esterified fatty acids derived from adipose lipolysis become the main substrate for producing
metabolic fuel for extrahepatic tissues. The liver takes up and oxidizes the elevated circulating non-esterified fatty acids through β-oxidation to produce acetyl-CoA,
which is then converted to ketone bodies through ketogenesis. Several transcription factors cooperate to regulate these metabolic pathways to maintain homeostasis
during fasting. The most important ones are listed in the figure, but their expression patterns are not shown. Gluconeogenesis, fatty acid oxidation, and ketogenesis
depend heavily on transcriptional regulation. Abbreviations: C/EBPβ = CCAAT enhancer-binding protein beta, CREB = cAMP-responsive element-binding protein,
CREBH = cyclic AMP-responsive element-binding protein 3-like 3, FOXA = forkhead box proteins class A, FOXO = forkhead box proteins class O, GR = gluco-
corticoid receptor, PPARα = peroxisome proliferator-activated receptor isotype α, WAT = white adipose tissue.
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peripheral organs. Moreover, PPARα is involved in retinol metabolism
and bile secretion and controls the expression of several hepatic hor-
mones (hepatokines) [33,67–72].

4.2. Regulation of the activity of hepatocyte PPARα during fasting

During fasting, hepatocyte PPARα activity is enhanced because of
hepatic levels of PPARα messenger ribonucleic acid (mRNA) and protein
increase [16] which has been attributed to GR activation by glucocor-
ticoids, leading to a progressive rise in fatty acid oxidation and keto-
genesis [42]. Ppara is a direct GR target gene [73]. In particular, Ppara
gene transcription by the glucocorticoid-GR axis leads to synergistic
induction of ketogenic genes [40]. In addition, mice that lack the
glucagon receptor display decreased PPARα-dependent lipid oxidation
during fasting, suggesting that PPARα is a downstream target of
glucagon signaling [72].

Fasting-induced lipolysis in white adipose tissue releases large
amounts of non-esterified fatty acids, which reach the liver, where they
are oxidized to produce energy substrates, such as ketone bodies, that
are secreted into the bloodstream and then metabolized by peripheral
tissues. Since non-esterified fatty acids are ligands for PPARα, it has been
suggested that non-esterified fatty acids released from white adipocytes
during fasting may influence PPARα activity in the liver [74]. Notably,
PPARα activity is markedly increased during the early night (Zeitgeber
16), correlating with the kinetics of circulating non-esterified fatty acid
increase [19]. In addition, compared to fasting, dietary essential fatty
acids (linoleic acid and alpha-linolenic acid) have little influence on
hepatic PPARα activity [75]. By comparison, dietary unsaturated fatty
acids, when provided acutely, have effects on hepatic gene expression
that are almost exclusively mediated by PPARα, which imitate those of
synthetic PPARα agonists concerning target gene expression and mo-
lecular mechanism of action [76]. Other studies have suggested that
non-esterified fatty acids from plasma do not activate hepatic PPARα,

whereas dietary fatty acids and non-esterified fatty acids produced by
lipogenesis can activate PPARα [60,77–79]. Recently, ATGL-dependent
lipolysis in adipose tissue has been identified as a key process relating to
PPARα activity in hepatocytes. Without ATGL in adipocytes, hepatic
PPARα-dependent responses (including changes in gene expression,
biosynthesis of ketone bodies, and FGF21 production) are impaired
upon fasting [80]. Interestingly, a study using liver-specific deletion of
Atgl in mice has shown that hepatic ATGL is not necessary for the fasting-
induced PPARα-dependent responses in the liver [81]. This observation
suggests that adipocyte lipolysis-derived non-esterified fatty acids are
sufficient to activate PPARα in hepatocytes. ATGL is the rate-limiting
enzyme in triacylglycerol hydrolysis that produces diacylglycerol and
non-esterified fatty acids. Thus, it is likely that such adipose-derived
lipids act as ligands for hepatocyte PPARα and trigger its transcrip-
tional activity. Further studies are needed to examine whether all
released non-esterified fatty acids can similarly directly activate hepatic
PPARα, and whether they are first esterified to triacyglycerols and then
re-hydrolyzed by hepatic lipolysis. Interestingly, PPARα activity can be
sensitized by repeating fasting events [82].

In contrast to fasting, PPARα activity is reduced during feeding,
which has been attributed to an increased mechanistic target of rapa-
mycin kinase (mTORC1) signaling [83,84]. However, other studies have
shown that mTORC1 activation by liver-specific deletion of its negative
regulator tuberous sclerosis complex is insufficient to suppress PPARα-
responsive genes in the fasted state [85]. Hepatocyte B-cell lymphoma 6
protein (BCL6) has also been identified to repress PPARα in the fed state
through competitive binding to shared BCL6-PPARα gene regulatory
sites [55]. SUMO-specific peptidase 2 is downregulated in the liver
during fasting, and was recently identified as a negative regulator of
PPARα through PPARα deSUMOylation, thereby leading to ubiq-
uitylation and subsequent degradation of the receptor in the fed state
[86].

4.3. Hepatocyte PPARα target genes during fasting

As a transcription factor, PPARα controls hepatic metabolism by
modulating gene transcription. Genes targeted by PPARα during fasting
were identified by comparative analyses of gene expression in livers
from PPARα germline knockout mice (PPARα− /− ), hepatocyte-specific
PPARα knockout mice (PPARαhep− /− ) and wild-type mice (Fig. 4). The
mouse lines are both viable and fertile and do not show apparent
phenotypic defects under normal conditions, but both develop a strong
phenotype when fasted [16,17,19,20,87]. Detailed and comprehensive
overviews of the metabolic genes and pathways known to be targeted by
PPARα have already been published [88,89]. Below, we will distinguish
between the regulated genes identified using PPARα− /− mice versus
PPARαhep− /− mice, thereby focusing on PPARα specific target genes in
hepatocytes.

4.3.1. Genes involved in lipid, glucose, and amino acid metabolism
Whole-genome expression analysis by microarray revealed that

nearly 2000 genes exhibited lower expression in fasted PPARα− /− mice
compared to in fasted wild-type mice (FC > 1.5; P < 0.05) [90]. A
similar number of genes was identified using PPARαhep− /− mice [19].
Most of these genes are involved in lipid homeostasis, and are PPARα
target genes. PPARα regulates the gene transcription of fatty acid
transport proteins (fatty acid transport protein-1; FATP1 or Slc27a1),
CD36, fatty acid binding protein-1 (L-FABP), and carnitine palmitoyl-
transferases (CPT1A and CPT2), and thereby facilitates fatty acid uptake
into the liver, and fatty acid import into peroxisomes and mitochondria.
Moreover, hepatic PPARα governs hepatic fatty acid catabolism by
controlling the expression of genes encoding enzymes, which can be
rate-limiting, of β-oxidation in microsomes [cytochrome P450 family 4
subfamily A (CYP4A)], peroxisomes [acyl-CoA oxidase 1 (ACOX), enoyl-
CoA hydratase and 3-hydroxyacylCoA dehydrogenase (EHHADH), and
thioesterases (ACOTs)], and mitochondria [acyl-CoA dehydrogenase

hepatocyte

nucleus

PPARα PPARβ/δ PPARγ

FA
Ecosanoids
Phosholipids

FA
VLDL

components

FA
Arachidonic

acid metabolites

PPARα PPARβ/δ PPARγRXR RXR RXR

FA uptake
β-oxidation

Ketogenesis
Lipoprotein metabolism

FGF21 production
Bile acid metabolism
AA metabolism (   )

β-oxidation
Glucose
utilisation
De novo

lipogenesis

FA uptake
Lipid

droplet
formation

Fig. 3. PPAR functions in hepatocytes. All PPAR isotypes function as hetero-
dimers with RXR. Upon ligand activation, the heterodimers PPAR/RXR bind to
PPAR response elements (i.e., the PPREs) in the promoter of target genes and
stimulate their transcription. Through this mechanism, hepatocyte PPARα
controls fatty acid uptake and catabolism, ketogenesis, FGF21 production, li-
poprotein, amino acid, and bile acid metabolism. PPARβ/δ promotes hepatic
glucose utilization, fatty acid synthesis and β-oxidation. Hepatic PPARγ
expression increases during steatosis, stimulating fatty acid uptake and lipid
droplet formation. Abbreviations: AA = amino acid, FA = fatty acids, FGF21 =

fibroblast growth factor 21, PPAR = peroxisome proliferator-activated receptor,
RXR = retinoid X receptor, VLDL = very low-density lipoprotein.
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medium chain (ACADM), acyl-CoA dehydrogenase long chain (ACADL),
and acyl-CoA dehydrogenase very long chain (ACADVL)]. PPARα also
transcriptionally regulates the expressions of ketogenic enzymes
required to convert acetyl-CoA to ketone bodies (e.g., 3-hydroxy-3-
methylglutaryl-CoA synthase 2; HMGCS2). All of these genes were
found to be upregulated in wild-type mice upon fasting, but not (or to a
lesser extent) in fasted PPARα− /− mice, first based on northern blot
analysis of liver mRNA [15–17,91] and later through microarray anal-
ysis [90]. These genes were also expressed at lower levels in fasted
PPARαhep− /− mice [68,92].

Interestingly, upon fasting, PPARα can interact with SIRT1 and
Jumonji D3 (JMJD3) histone demethylase, leading to the epigenetic
activation of hepatic genes involved in mitochondrial β-oxidation, and
creating a fasting-induced feed-forward positive autoregulatory loop
[93]. Furthermore, hepatocyte PPARα contributes to mitochondrial
biogenesis [94]. During fasting, PPARα also increases the expression of
genes required for liver triglyceride hydrolysis, including ATGL (Pnpla2:
patatin like phospholipase domain containing 2), hormone-sensitive
lipase (HSL, Lipe), monoglyceride lipase (Mgll), and the Pnpla2 inhibi-
tor G0 switch 2 (G0s2) [90,95]. Pnpla2, G0s2, and Plin5 are among the
top differentially expressed genes between fasted wild-type mice and
PPARαhep− /− mice, with markedly reduced expressions in the latter
[20]. Genes involved in unsaturated fatty acid metabolism (enoyl-CoA
isomerases, Eci1, Eci2, and Mfsd2a) and in phospholipid (Mogat1,
Agpat9) and sphingolipid homeostasis are also regulated by fasting and

depend on hepatocyte Ppara expression [20]. In addition to its roles in
whole-body fatty acid homeostasis, PPARα also influences glucose
metabolism by increasing the hepatic expression of genes involved in
glycerol metabolism, such as cytosolic and mitochondrial glycerol-3-
phosphate dehydrogenase and glycerol kinase, which exhibit PPARα-
dependent upregulation during fasting [96]. Moreover, this upregula-
tion correlates with hypoglycemia in fasted PPARα− /− mice. Notably,
these genes are not downregulated in PPARαhep− /− mice, which is in line
with the normal, or only slightly lower glycemia observed in these mice,
and suggests that extrahepatic PPARα influences glucose homeostasis
independently of hepatocyte PPARα during fasting. Interestingly, he-
patocyte PPARα also regulates the hepatic expression of the thioredoxin-
interacting protein, an oxidoreductase that inhibits thioredoxin and
thereby regulates the cellular redox state and glucose homeostasis
[20,90,97,98]. Additionally, fasted PPARα− /− mice exhibit higher
expression of numerous genes involved in amino acid metabolism,
including transamination, deamination, and the urea cycle [99].
Branched-chain amino acid degradation is also among the main path-
ways sensitive to the absence of PPARα, specifically in PPARαhep− /−
mice [20]. Altogether, PPARα acts as a master regulator of energy ho-
meostasis in the liver during fasting, playing amajor role in coordinating
the hepatic metabolism of nutrients, including fatty acids, glucose, and
amino acids.

Fig. 4. Hepatocyte PPARα target genes during fasting. Normalized enrichment score (NES) of significantly enriched GO (Gene Ontology) terms through gene set
expression analysis (GSEA) of hepatic microarray data from fasted wild-type mice (PPARαhep+/+) compared to fasted hepatocyte-specific PPARα knockout mice
(PPARαhep− /− ) [126]. Genes representative of each GO are shown. Biological functions in white (ketogenesis and hepatokines) are custom-made and do not belong to
a standard GO term. Abbreviations: PPARα = peroxisome proliferator-activated receptor isotype alpha, pval = adjusted p values of pathway enrichment from GSEA
analysis, RXR = retinoid X receptor.
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4.3.2. Genes involved in autophagy
Several cellular and metabolic effects of fasting induce autophagy, a

well-conserved recycling program that removes dysfunctional organ-
elles and proteins. However, the timeline of these effects remains largely
unknown [100,101]. In response to fasting, PPARα regulates autophagy
in the liver by directly increasing the expression of several autophagy
genes, including Lc3a and Lc3b [102,103]. Additionally, PPARα stimu-
lates the transcription factor EB expression, thereby indirectly
increasing autophagy and lysosomal gene expression. Reciprocally, the
autophagy–lysosomal pathway downregulates PPARα activity by
increasing the stability of the PPARα corepressor nuclear receptor
corepressor 1 (NCoR1) [94,104], and decreasing the stability of the
PPARα coactivator PGC1α [105]. Moreover, fasting-induced FGF21
phosphorylates JMJD3, thereby increasing its nuclear transport and
interaction with PPARα, which promotes the stimulation of autophagy
target genes [106].

4.3.3. Genes involved in bile acid metabolism
Studies in PPARα− /− mice have shown that PPARα also regulates bile

acid metabolism during fasting, mainly by downregulating several genes
involved in bile acid synthesis (e.g., the cholesterol 7-alpha hydroxylase
Cyp7a1) [107] and bile acid excretion (e.g., the ABC transporters Abcg5
and Abcg8) [108], as well as the gene encoding sulfonating enzyme
SULT2A8 (sulfotransferase family 2A, member 8) [109]. Moreover,
PPARα induces farnesoid X receptor (FXR) mRNA expression in the liver
of fasted mice [108]. Unlike PPARα, hepatic FXR is activated in the fed
state by bile acids that return to the liver. FXR acts in coordination with
PPARα to regulate gluconeogenesis and autophagy in the fed and fasted
state, respectively [110]. Recently, it was shown that the activation of
PPARα upon fasting stimulates the expression of the mitochondrial
protein hydroxysteroid dehydrogenase-like 2 (HDSDL2) that links
nutritional cues to bile acid and cholesterol homeostasis [111].

4.3.4. Genes encoding hepatokines
In addition to playing a central role in hepatic metabolism, PPARα

also exerts extra-hepatic functions during fasting by enhancing the
expression of genes encoding hepatokines, a family of proteins secreted
by hepatocytes, which act like hormones in an autocrine, paracrine, or
endocrine manner. PPARα is essential for hepatic expression of the
starvation hormone FGF21 [112,113], and PPARαhep− /− mice exhibit
defective Fgf21 expression [19]. FGF21-dependent functions during
fasting are detailed below (section 5.2). PPARα is also required for he-
patic expression of angiopoietin-like protein 4 (ANGPTL4) [18], which
fasting increases. In adipose tissue, these enhanced ANGPTL4 levels
downregulate adipose LPL activity, which contributes to shunting tri-
acylglycerols towards the liver and oxidative tissues (BAT and muscle).
However, the physiological consequence of the induction of hepatic
ANGPTL4 during fasting is unclear because fasting-induced ANGPTL4 is
secreted by several cell types, including adipocytes, hepatocytes, (car-
dio)myocytes, and macrophages [114]. Activin E is another PPARα-
sensitive hepatokine during fasting-induced adipose lipolysis [80]
which has been recently identified to act as a feedback loop to suppress
lipolysis in response to increased circulating fatty acid levels [115]. In
contrast, PPARαhep− /− mice exhibit increased fasting-induced expres-
sion of the hepatokine growth differentiation factor 15 (GDF15), insulin-
like growth factor binding protein 1 (IGFBP1), and serpin family B
member 1, indicating PPARα-independent stimulation [67].

4.3.5. Other genes
Several other genes have been described as PPARα-sensitive genes

induced in mouse liver by fasting. Retinoid homeostasis is sensitive to
fasting [116] and Retsat, which encodes a retinol saturase involved in
retinoid homeostasis, is among the genes most highly upregulated upon
fasting through a process involving hepatocyte PPARα [68,117]. Vanin-
1 (Vnn1) is another PPARα-dependent gene highly induced by fasting
[20,118]. In mice, the absence of Vnn1 aggravates fasting-induced

hepatic triglyceride accumulation [119]. Studies in PPARαhep− /− mice
have also identified several other PPARα-sensitive fasting-induced
genes—including keratin 23 (Krt23), a MYC-amplified liver-specific
oncogene [120], and Rab30, which encodes a small GTPase involved in
endocytic trafficking [121,122]. PPARα also regulates the fasting-
induced hepatic expression of genes that encode essential components
of the oxidative phosphorylation pathway, such as electron-transferring-
flavoprotein dehydrogenase (Etfdh) and electron-transferring flavopro-
tein β polypeptide (Etfb). These findings suggest that PPARα also regu-
lates respiratory chain components involved in electron transfer [90].

Altogether, the functional diversity of fasting-induced genes under
the control of PPARα illustrates how a single inducible transcription
factor can occupy a central role in the global response of a major
organ—the liver—to environmental stress triggered by the absence of
food.

4.4. Hepatocyte PPARα-dependent regulation of plasma and hepatic
metabolites during fasting

Fasting induces major changes in the plasma metabolome [88]. In
both fasted PPARα− /− and PPARαhep− /− mice, plasma non-esterified
fatty acids are markedly elevated, while ketone body levels are
dramatically reduced due to impaired β-oxidation [16,19,20]. During
fasting, these mice also exhibit reduced carnitine levels and accumulate
long-chain acylcarnitines in plasma [16,17,19,20,123]. Plasma glucose
levels are decreased in PPARα− /− mice [16,17], while PPARαhep− /−
mice do not exhibit or only have mild hypoglycemia compared to
wildtype mice, suggesting that extra-hepatic PPARα is involved in
glucose level regulation [19,20]. Metabolic profiling of PPARα− /− mice
has revealed that the absence of PPARα leads to decreased plasma levels
of alanine and tyrosine, and increased levels of amino acids linked to the
urea cycle, suggesting that impaired β-oxidation in the absence of
PPARα results in a compensatory increase of amino acid catabolism
[123].

Major changes are also observed in the liver metabolome during
fasting, especially in the lipid profiles [124]. Compared to fasted WT
mice, fasted PPARα− /− and PPARαhep− /− mice exhibit increased levels
of hepatic triglyceride and cholesterol esters, resulting in hepatic stea-
tosis [19,20,91]. Lipid profiling of the livers of PPARαhep− /− mice has
also highlighted the role of hepatocyte PPARα in phospholipid and
sphingolipid homeostasis during fasting since hepatocyte PPARα defi-
ciency results in higher levels of some phospholipids and ceramides
[20]. Defective PPARα activity also results in lower levels of hepatic free
carnitine associated with higher levels of long-chain acylcarnitines
[123]. Liver glycogen is also increased in the absence of PPARα, only in
the fed state [16]. In line with the plasma metabolic profile and the
changes in hepatic gene expression, elevated amino acid levels are
observed in the liver of PPARα− /− mice [123]. However, at this stage, it
is impossible to conclude whether the increase in amino acid catabolism
in PPARα-deficient mice reflects a compensatory increase due to
impaired fatty acid oxidation or a direct suppressive effect of PPARα on
genes involved in amino acid catabolism. These mice also display
elevated hepatic levels of urea cycle intermediates, such as arginine,
aspartate, and citrulline [123].

On the other hand, in the fed state, most plasma parameter-
s—including glucose, non-esterified fatty acids, and ketone bod-
ies—remain unchanged in the absence of PPARα [20].

4.5. Hepatocyte PPARα-dependent sexual dimorphism during fasting

In the context of the liver’s role in coordinating several key physio-
logical processes, hepatic sexual dimorphism has evolved to meet the
different requirements of females versus males, especially regarding
energy metabolism in the context of female reproductive functions
[125]. After 24 h of fasting, female mice exhibit higher plasma levels of
ketone bodies than male mice [126]. Studies in humans also indicate
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that women show greater 3-hydroxybutyrate (3OHB) production in the
fasted state [92] associated with higher plasma levels of non-esterified
fatty acids [127], which can support elevated ketonemia. Hormones
play a critical role in the sex-specific regulation of metabolic pathways
[128,129], and sex-biased gene expression is an important determinant
of phenotypic variation between females and males. However, we do not
yet fully understand this relationship [130].

Interestingly, and perhaps unexpectedly, PPARα has different he-
patic effects on females versus males. Many genes expressed in the liver,
which encode proteins implicated in metabolic pathways, are differen-
tially expressed in females and males. Specifically, in female mice,
PPARα represses the expression of genes involved in steroid metabolism
and immunity, independently of fasting. The mechanism through which
PPARα exerts this repression depends on female-restricted SUMOylation
of its ligand-binding domain. This posttranslational modification en-
ables the formation of a protein complex that eventually results in the
transcriptional repression of some genes. One effect of this PPARα-
mediated repression is that female mice are protected from estrogen-
induced intrahepatic cholestasis of pregnancy [63]. Recent findings
indicate that the mRNA and protein levels of ANGPTL4 in hepatic and
adipose tissue are higher among male mice than in female mice, which
may explain the higher circulating triglyceride and cholesterol levels in
males than females [131]. Below, we discuss how PPARα in hepatocytes
can shape a sex-specific response to fasting [126]. Previous studies have
examined the sex-specificity of hepatocyte PPARα activity in mice fed a
standard diet and in aged mice [132]. However, only one study has
investigated sex-specific and PPARα-dependent responses to fasting.
This study used PPARαhep− /− mice and demonstrated increased hepatic
triacylglycerols in male mice, but not in females. Additionally, hepato-
cyte PPARα determines the broad sex-specific regulation of liver gene
expression. Fasting induces higher gene expression changes in
PPARαhep− /− females, compared to PPARαhep− /− males, with the dif-
ferences mainly concerning the inflammation process. In contrast,
PPARαhep− /− mice of both sexes exhibit similar fasting-induced hypo-
glycemia and decreased ketonemia [126]. Additional studies are needed
to further explore the hepatocyte PPARα-dependent sexual dimorphism
during fasting.

5. PPARα-dependent systemic responses during fasting

During fasting, among other effects, hepatocyte PPARα controls a
vital hepatic function: ketogenesis. Ketone bodies replace glucose and
serve as essential alternative fuel sources for peripheral organs. Several
studies reported that ketone bodies can also act as signaling molecules
that modulate cellular homeostasis in multiple physiological states
through diverse mechanisms [133], although the literature is often
controversial. Hepatocyte PPARα is also required for fasting-induced
FGF21 production. As a circulating hormone, FGF21 can target several
organs from a distance, thereby influencing whole body energy meta-
bolism. Below, we discuss how PPARα is implicated in these two critical
functions.

5.1. Ketone bodies

5.1.1. Hepatic ketogenesis
When non-esterified fatty acids enter hepatocytes, they combine

with coenzyme A to form acyl-CoA molecules that are transferred into
mitochondria, where they are catabolized into acetyl-CoA by β-oxida-
tion. The produced acetyl-CoA molecules enter the citric acid cycle and
are eventually catabolized to CO2 and water. High-energy electrons
enter the electron transport chain during this process, ultimately pro-
ducing ATP. When high acetyl-CoA levels accumulate in the mito-
chondria, a portion is converted to acetoacetate and 3OHB, and their
spontaneous breakdown product, the least abundant acetone, which are
known as ketone bodies. These reactions are catalyzed by acetyl-CoA
acetyltransferase 1 (ACAT1), mitochondrial HMGCS2, HMG-CoA lyase

(HMGCL), and 3OHB dehydrogenase (BDH1) [134]. The newly pro-
duced ketone bodies are released by the liver into the bloodstream, from
which they are taken up by tissues that reconvert them into acetyl-CoA
through ketolysis, thereby fueling the citric acid cycle of their mito-
chondria. 3OHB could contribute to regulating hepatic lipid metabolism
in a manner involving PPARα:RXR isotype α (RXRα) heterodimers and
their target genes pathway [135]. Apart from the liver, no other tissue
can divert its oxaloacetate into the gluconeogenic pathway in this
manner. Importantly, ketone bodies cross the blood-brain barrier and
are thus available as a source of energy for the central nervous system,
complementing or replacing glucose. Although they can also pass the
blood-brain barrier, fatty acids are not used significantly as fuel in
neural cells because of their low fatty acid oxidative capacity. One un-
derlying reason might be neurons’ susceptibility to oxidative stress
generated by superoxide produced during fatty acid β-oxidation [136].
Interestingly, a recent study reported that mice deficient in hepatic
ketogenesis could survive endotoxemia and prolonged fasting, suggest-
ing the existence of extra-hepatic ketogenesis and/or alternative fuels
such as acetate [137].

5.1.2. Hepatocyte PPARα-dependent activation of ketogenesis
PPARα activation in hepatocytes during fasting—which stimulates

fatty acid oxidation and ketogenesis—relies on several diverse but
complementary mechanisms, including the production of ligands for
PPARα, increased PPARα expression, and its interaction with co-
activators. These mechanisms are summarized in Fig. 5.

Glucocorticoids directly enhance Ppara transcription [138]. The
functional interactions of GR and PPARα in stimulating fatty acid
oxidation and ketogenesis have recently been reviewed [139]. They will
not be discussed further here, except for an interesting functional
interaction involving GR between liver macrophages and hepatocytes
during fasting [140]. The macrophage GR downregulates tumor necrosis
factor alpha (TNFα) expression in food restriction. Reduced hepatic
TNFα levels promote the nuclear translocation of GR in hepatocytes,
which stimulates fatty acid oxidation and ketogenesis pathways, in
cooperation with PPARα. This GR-mediated repression of TNFα pro-
duction in macrophages appears to be a novel mechanism that promotes
a metabolic switch during the transition from the fed state to the fasted
state [140].

PPARα protein levels are post-transcriptionally modulated by HECT,
UBA and WWE domain containing E3 ubiquitin protein ligase 1
(HUWE1), an E3 ligase - ubiquitin ligases directly recognize protein
substrates for ubiquitylation - that directly binds PPARα and causes its
degradation via a proteasome-mediated pathway [141]. It has been
recently suggested that during fasting, ubiquitin-mediated PPARα
degradation is repressed by PAQR9, which belongs to the progesterone
and adipoQ receptor (PAQR) family. PAQR9 competes with HUWE1 to
bind with PPARα, attenuating ubiquitin-mediated receptor degradation
[142].

Ketogenesis may also be augmented by a paracrine signaling mech-
anism, through which fasting induces the release of histamine from
extra-hepatic mast cells into the hepatic portal vein, triggering the
activation of hepatocyte G protein-coupled H1 receptors, thereby trig-
gering oleoylethanolamide (OEA) synthesis. OEA is a high-affinity
PPARα agonist and thus may act with lipolysis-derived non-esterified
fatty acids to activate PPARα and upregulate the expression of its
ketogenesis targets [143]. Another significant pathway associated with
ketogenesis and glucose metabolism involves extragonadal steroido-
genesis, which occurs during fast–feed metabolism cycles, and depends
on steroid-17α-hydroxylase (Cyp17a1). Cyp17a1 expression in the liver
is stimulated by fasting, and Cyp17a1 is involved in the production of
steroids, including dehydroepiandrosterone (DHEA), a metabolic inter-
mediate in estrogen and androgen synthesis. DHEA also has other
functions, including binding and activating nuclear and cell surface re-
ceptors [144]. It is also a ligand for PPARα, through which it stimulates
ketogenesis and maintains euglycemia during food deprivation. This
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fasting-induced Cyp17a1–PPARα activity is terminated by postprandial
bile acid signaling during re-feeding, and the restoration of anabolic
liver metabolism involves the receptors liver receptor homolog 1 (LRH-
1), FXR, and small heterodimer partner (SHP) [145]. Ketogenesis is
actively repressed in the fed state by mechanisms depending on p21-
activated kinase 4 (PAK4) and the BCL6 repressor that binds to many
of the same genes as PPARα [146].

As for its other metabolic gene regulatory functions, PPARα also
depends on RXR for its roles in ketogenesis [147]. PPAR:RXR hetero-
dimerization can occur independently of ligand binding and does not
require DNA binding [148]. RXR agonists can enhance the expression of
PPAR target genes in the absence of a PPAR agonist, which suggests a
model of permissive transcriptional activation according to which PPAR:
RXR heterodimers can stimulate transcription in response to PPAR or
RXR activation. Moreover, concomitant activation of both receptors
potentiates the effects observed with each ligand alone. The PPAR:RXR
permissivity is still not well understood in terms of potential cooperative
ligand binding, conformational changes of the ligand binding domains
and cofactor recruitment by each heterodimer partner, and possible
rate-limiting steps in the heterodimer activation process (reviewed in
[149]).

Compared to conventionally housed mice, germ-free mice exhibit
reduced fasting-induced ketogenesis, suggesting that the gut microbiota
may influence the hepatic production of ketone bodies during nutrient
deprivation [150]. In line with this finding, it was also reported that
germ-free mice show impaired expression of many PPARα target genes,
such as Fgf21, in the liver [151]. Conversely, liver PPARα activity in-
fluences gut homeostasis. This involves the synthesis of the liver-derived
soluble factor pigment epithelium-derived factor (PEDF) induced by
intestinal microbial lipopolysaccharides (LPS). Liver-derived PEDF re-
quires PPARα and restrains intestinal stem cell proliferation [152].

5.2. FGF21

FGF21 belongs to the fibroblast growth factor (FGF) family, which
comprises 23 FGF proteins that act as paracrine, autocrine, or endocrine

factors. Overall, FGF21 is considered a stress-inducible metabolic hor-
mone that coordinates the whole-body metabolic response to counter
various stresses and restore homeostasis.

In mice, FGF21 is mostly expressed in the liver and at a lower level in
other metabolic tissues, including white adipose tissue, BAT, and mus-
cles [153]. In mice and humans, the secreted FGF21 circulating in the
bloodstream predominantly originates from the liver [154,155], and
acts in an endocrine or autocrine/paracrine manner, peripherally and
centrally. FGF21 secretion occurs in response to diverse nutritional and
environmental stimuli or stresses (Table 1). Interestingly, hepatic FGF21
expression is induced in situations of energy deficit, e.g., fasting
[112,113] and amino acid deficiency [156–159], as well as in conditions
of calorie excess, as created by the ketogenic diet [112,160], glucose
intake [161–165], alcohol consumption [166–168], and milk intake by
neonates [73,169]. FGF21 expression is also induced during exercise
and cold exposure [170,171].

5.2.1. Signaling pathway of FGF21
FGF21 signals by binding to a tyrosine kinase FGF receptor (FGFR)

[172,173]. Furthermore, FGF21 has acquired an affinity for the trans-
membrane co-receptor β-klotho, through which it activates FGFRs,
mainly FGFR1c [174,175]. Klotho family proteins, α-klotho, β-klotho,
and γ-klotho, are obligate coreceptors for endocrine FGFs. FGF21 binds
to the β-klotho co-receptor and then to its receptor, thereby driving
dimerization and phosphorylation of the receptor. This initiates a
signaling cascade, starting with the binding and phosphorylation of the
docking protein FGFR substrate 2α (FRS2α), followed by the down-
stream activation of several signaling pathways, with the best-described
being the mitogen-activated protein kinase (MAPK), 5’ adenosine
monophosphate-activated protein kinase (AMPK), and PI3K-AKT path-
ways [173,176]. FGF21 signaling also requires heparin, which is
necessary for forming and dimerizing FGF21–βKlotho–FGFR1c com-
plexes on the cell surface via recruitment by FGFR1c [177].

5.2.2. Transcriptional regulation of FGF21 by PPARα
Hepatic FGF21 expression relies on the activation of specific

Fig. 5. Hepatocyte PPARα-dependent regulation of ketogenesis in the fed and fasted states. During fasting, ketogenesis is controlled by hepatocyte PPARα through
several mechanisms: increased PPARα expression by GR ; PPARα activation by non-esterified fatty acids derived from adipose lipolysis, by OEA produced in response
to mastocyte histamine release, by Cyp17a1-dependent production of DHEA ; cooperative GR/PPARα target gene activation due to the suppression of TNF expression
induced by the macrophage glucocorticoid receptor (GR) ; decreased ubiquitin-mediated degradation of PPARα through PAQR9 competitive interaction with the E3
ligase HUWE1. In the fed state, ketogenesis is inhibited through PPARα activity repression by BCL6 and p16, and PAK4-dependent activation of PPARα co-repressor
NCoR1. Abbreviations: AMPK = AMP kinase, BCL6 = B-cell lymphoma 6 protein, DHEA = dehydroepiandrosterone, FA = fatty acids, GR = glucocorticoid receptor,
NCoR1 = nuclear receptor corepressor 1, OEA = oleoylethanolamide , PAK4 = p21-activated kinase 4, PAQR9 = progestin and adipoQ receptor family member 9,
PGC1α = peroxisome proliferator-activated receptor gamma coactivator 1 alpha, PPARα = peroxisome proliferator-activated receptor isotype alpha, SIRT1 = sirtuin-
1, TNF = tumor necrosis factor, ub = ubiquitination.
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transcription factors, depending on the inducing stressor (Table 1).
Fasting strongly induces PPARα-dependent hepatic FGF21 expression in
mice [112,113,178]. PPARα directly regulates FGF21 expression via
binding to PPRE sites in the Fgf21 gene promoter in the liver [113]. It
can also form a transcriptional complex with cyclic AMP-responsive
element-binding protein 3-like 3 (CREBH), which binds to the Fgf21
promoter to synergistically activate Fgf21 gene expression [68]. PPARα
is also involved in the transcriptional and epigenetic control of FGF21
stimulation in the liver of suckling neonate pups [73]. Finally, PPARα is
required for carbohydrate-responsive element-binding protein ChREBP-
induced FGF21 secretion in response to carbohydrate intake. Mecha-
nistically, PPARα binds the Fgf21 promoter in response to glucose,
allowing ChREBP to access and bind the Fgf21 promoter [162].

5.2.3. Role of FGF21 during fasting
It was first proposed that FGF21 is essential for fasting-induced

β-oxidation and ketogenesis [113,179]. Indeed, FGF21 administration
can partially reverse the ketogenesis defect in Pparα− /− mice [113], and
livers from fasted Fgf21− /− mice exhibit reduced ketogenesis [179]. In
contrast, other studies have reported that fasted Fgf21− /− mice with
whole-body deletion of Fgf21 do not exhibit impaired plasma levels of
ketone bodies [179,180] and that fasted transgenic FGF21-
overexpressing mice exhibit ketogenesis similar to fasted WT mice
[113], suggesting that FGF21 is more likely to contribute to (rather than
necessary for) fasting ketogenesis. Fasted Fgf21− /− mice exhibit reduced
hepatic expression of gluconeogenic genes, which results in hypogly-
cemia [154,179], indicating that FGF21 contributes to hepatic gluco-
neogenesis during fasting. Notably, the underlying mechanism remains
unclear since one study suggests that FGF21 acts directly on hepatocytes
[180], while another study reports that FGF21 signals to the hypothal-
amus through the ERK-CREB (extra-cellular signal regulated kinase-
CREB) pathway, triggering corticosterone release, thereby inducing
increased hepatic gluconeogenesis [181]. A recent study demonstrated
that FGF21 promotes hepatic autophagy during fasting by activating the
histone demethylase JMJD3, leading to its nuclear localization and
interaction with PPARα to activate the transcription of autophagy genes
[106]. A contradictory role of FGF21 on white adipose tissue lipolysis
during fasting has been reported. Investigations using Fgf21− /− mice
have suggested that FGF21 activates lipolysis during fasting [179,182],
while other studies have indicated that FGF21 either inhibits [183,184]
or has no effect [185] on lipolysis in this condition. Further studies are
needed to clarify the effects of FGF21 on adipose lipolysis. As part of its
role in the adaptive response to starvation, exogenous FGF21 adminis-
tration in fasted mice promotes torpor—the murine equivalent of
hibernation—by decreasing body temperature and locomotor activity to
conserve energy [113]. Notably, the core body temperature of fasted
Fgf21− /− and Fgf21hep− /− mice does not differ from that of fasted wild-
type mice [183,186]. During fasting, circulating FGF21 and 3OHB act
together on the heart to regulate the fasting-induced oxidative stress
response by activating the PPARα-AMPK signaling pathway in car-
diomyocytes [187].

In healthy humans, circulating FGF21 is only induced by prolonged
fasting (7–10 days) and is not required for fasting-induced ketogenesis
[188–190]. The delayed increase of serum FGF21 levels correlates with
the serum transaminase levels, suggesting that FGF21 contributes to the
late adaptive response to fasting [189]. As in mice, humans show
increased FGF21 in response to pharmacological activation of PPARα
[188,190], as well as in response to a low protein diet [157,158] and
fructose consumption [191,192].

Altogether, the physiology of FGF21 is very complex, as this protein
exerts several metabolic functions by acting on multiple tissues. Despite
extensive research, FGF21 signaling remains incompletely understood,
and the results obtained are often inconsistent, likely due to differences
in experimental design and animal models. For example, most studies
that have examined FGF21 have used transgenic overexpression or re-
combinant FGF21 administration at supraphysiological doses, which
may not reflect natural situations. Additionally, while most FGF21 in
circulation during fasting is liver-derived, most studies have used whole-
body Fgf21 knockout mice, which can complicate the interpretation of
the results because of the interference of other organs in addition to the
liver. Nonetheless, despite its high hepatic expression during fasting (at
least in rodents), the physiological role of hepatic FGF21 in different
tissues during fasting is still not understood (Fig. 6).

6. Conclusion

This review underscores the central regulatory role of PPARα in
hepatic lipid and glucose metabolism. Strikingly, this nuclear receptor
protein impacts virtually every pathway of hepatic energy metabolism.
The liver is the most critical organ for whole-body physiology, sup-
porting many vital functions—including metabolism, immunity,
vitamin storage, digestion, and detoxification. This diversity of functions
correlates with the liver’s dual blood supply from the portal vein and the
hepatic artery, which enables the liver to receive and send biological
materials and signals from and to the whole body.

It is in this context that a fundamental question emerges. How can a
single transcription factor, PPARα, have such prominent and varying
roles as those discussed herein? The observed high plasticity of PPARα is
rooted in several of its characteristics. Notably, PPARα has an obligate
heterodimeric partner (RXR), and several connections between retinoid
metabolism and PPAR responses occur because both heterodimeric
partners can be activated by their respective ligands, which are derived
from dietary nutrients that yield β-carotene metabolites, retinoids, and
non-esterified fatty acids. Thus, these ligand-inducible heterodimers
represent functional links between nutrition, lipid and glucose meta-
bolism, and health conditions, such as obesity and associated diseases
(diabetes and atherosclerosis) [193]. The diverse effects of PPARα are
also based on interactions with various coregulators in the context of
stimulating or repressing physiological situations, which lead to the
modulation of responses in a gene-selective manner. The PPARα co-
repressor network has been well-documented and includes NCoR1, the
silencing mediator of retinoic acid and thyroid hormone receptor (SMRT

Table 1
Nutritional and transcriptional regulation of hepatic FGF21 and associated responses.

Nutritional challenge Low-protein diet AA deficiency Carbohydrate Fasting Ketogenic diet Alcohol Milk

Transcription factor ATF4 ChREBP PPARα PPARα PPARα FXR ? PPARα

DNA response element AARE ChoRE PPRE PPRE PPRE FXRE ? PPRE

FGF21-mediated biological effects ↘ Body weight
↗ Food intake

↗ Energy expenditure
Browning

Lipid metabolism

↘ Sweet preference
↗ β-oxidation?
↗ Ketogenesis?

↗ Water intake
↘ Body weight

↗ Energy expenditure

↗ Water intake
↘ Alcohol preference ↗ BAT thermogenesis

References [156–159] [161–165] [19,67,112,113,178] [112,160,167] [166–168] [73,169]
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or NCoR2), the G-protein suppressor 2 (GPS2), the nuclear factor of
activated T cells 4 (NFATC4), and the catalytic core of histone deace-
tylase 3 (HDAC3). However, it remains a challenge to achieve a more
comprehensive understanding of the physiological impact of these
different co-repressors [194–196]. There is a similar challenge regarding
the PPARα co-activators, such as CREB-binding protein (CBP), p300
proteins, p160 proteins coactivators (SRC-1 and TIF2), and others (e.g.,
PGC1α). Mechanistic investigations have suggested the occurrence of
promoter-specific regulation, involving coordinated differential actions
of coregulators, which integrate extra- and intra-cellular signaling
pathways via post-translational modifications [149]. These include
phosphorylation, SUMOylation, ubiquitination, acetylation, and O-
GlcNAcylation—which can impact the PPAR transactivation function,
protein stability, and co-factor interaction—some of which are deter-
mined by the state of metabolic diseases [65]. Changes in DNA
methylation in the Ppara promoter region have also recently been shown
to alter Ppara expression and activity. It was found that paternal hy-
perglycemia results in increased methylation of specific CpG sites in the
Ppara promoter in the liver of offspring, which downregulates PPARα
levels and impairs lipid metabolism [197]. These intriguing observa-
tions remain to be confirmed in other studies but suggest that PPARα
could play a role in the transgenerational inheritance of susceptibility to
hepatic steatosis. As mentioned, PPARα ligands include various natural
compounds, such as non-esterified fatty acids and eicosanoids [9,10].
Among those, PPARα directly binds to saturated non-esterified fatty
acids (relatively weak agonists), unsaturated non-esterified fatty acids,
leukotriene B4, 8(S)-hydroxyeicosatetraenoic acids, 8,9-epoxyeicosa-
trienoic acids, 11,12-epoxyeicosatrienoic acids, OEA,

palmitoylethanolamide (PEA), 1-palmitoyl-2-oleoyl-sn-glycero-3-phos-
phocholine (16:0/18:1GPC), and bilirubin [8,59]. It remains a signifi-
cant challenge to precisely characterize the in vivo roles of each ligand on
its own because, in a given cell, they occur in combinations that depend
on several parameters—such as the organ (liver, muscle, etc.), nutri-
tional status (fed or starved condition, and food composition), physical
activity level, and health conditions (e.g., chronic inflammation, dia-
betes, hyperlipidemia, cancer, atherosclerosis, etc.)—and will change
according to daily and seasonal rhythms. It can be hypothesized that the
development of the broad range of PPARα functions has been driven, at
least partly, by the rich diversity of ligands whose binding capacities and
receptor gene regulatory powers have co-evolved during the long nat-
ural history of living beings exposed to diverse environmental cues,
including food availability.

Unsurprisingly, PPARα is a drug target. Fibrates that activate PPARα
have successfully treated hypertriglyceridemia and atherogenic dysli-
pidemia and were already used in clinics before they were identified as
PPARα ligands [51,198]. Their effects on MASLD (metabolic
dysfunction-associated steatotic liver disease, formerly known as
NAFLD, is the most common chronic liver disease) [199], primary
biliary cholangitis (PBC), and ocular ischemic diseases have been stud-
ied for years. The benefits seem limited for MASLD, and an improved
long-term prognosis has been noted among PBC patients [200–202].
Other related treatments, especially with experimental PPARα ligands,
have been discussed elsewhere [51]. Several tested compounds have
side effects that have limited their clinical use or halted clinical devel-
opment [203]. Currently, much attention is focused on developing
compounds that simultaneously target multiple PPAR isotypes or a
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PPAR isotype along with a different receptor type [204,205]. For
example, saroglitazar is a dual PPARα/γ agonist that improves liver
histopathology and biochemistry in experimental metabolic
dysfunction-associated steatohepatitis (MASH) models [206], showing
efficacy for treating atherogenic dyslipidemia [207]. It has the potential
to both improve liver disease and lower cardiovascular risk in patients
with MASLD [208,209]. In a phase 2 study, the pan PPAR-agonist
lanifibranor has exhibited safety and efficacy in resolving MASH
without worsening fibrosis in MASH patients [210].

Many diverse pathways converge on the activity of PPARα in the
liver. Over recent years, much progress has been made to decipher the
sophisticated biology of this receptor. However, it remains a challenge
to grasp the extraordinary complexities of PPARα in an organ that fulfills
key metabolic duties and is continuously connected with all parts of the
organism. Elucidating the full potential of PPARα and deciphering the
vast possibilities to modulate its actions—for the maintenance of good
health, prevention of illness, and improvement of metabolic liver-
associated diseases—will require detailed investigations of the signals
that affect ligand production at various locations, the transcriptional
activity associated with posttranslational modifications, co-factor in-
teractions, and alterations of chromosomal chromatin configuration.
The task is enormous, but expanding knowledge will lead to the devel-
opment of novel methods for targeting PPARα in health and disease,
which will provide the means to therapeutically maintain and improve
the intricate metabolic functions of the liver and more.
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Goikoetxea-Usandizaga N, Serrano-Maciá M, et al. Hepatic levels of S-
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[67] Smati S, Régnier M, Fougeray T, Polizzi A, Fougerat A, Lasserre F, et al.
Regulation of hepatokine gene expression in response to fasting and feeding:
Influence of PPAR-α and insulin-dependent signalling in hepatocytes. Diabetes
Metab 2020;46:129–36. https://doi.org/10.1016/j.diabet.2019.05.005.

[68] Kim H, Mendez R, Zheng Z, Chang L, Cai J, Zhang R, et al. Liver-enriched
transcription factor CREBH interacts with peroxisome proliferator-activated
receptor α to regulate metabolic hormone FGF21. Endocrinology 2014;155:
769–82. https://doi.org/10.1210/en.2013-1490.

[69] Kim H, Mendez R, Chen X, Fang D, Zhang K. Lysine Acetylation of CREBH
Regulates Fasting-Induced Hepatic Lipid Metabolism. Mol Cell Biol 2015;35:
4121–34. https://doi.org/10.1128/mcb.00665-15.

[70] Ruppert PMM, Park JG, Xu X, Hur KY, Lee AH, Kersten S. Transcriptional
profiling of PPARα-/- and CREB3L3-/- livers reveals disparate regulation of
hepatoproliferative and metabolic functions of PPARα. BMC Genomics 2019:20.
https://doi.org/10.1186/s12864-019-5563-y.

[71] Kim H, Wei J, Song Z, Mottillo E, Samavati L, Zhang R, et al. Regulation of hepatic
circadian metabolism by the E3 ubiquitin ligase HRD1-controlled CREBH/PPARα
transcriptional program. Mol Metab 2021;49:101192. https://doi.org/10.1016/j.
molmet.2021.101192.

[72] Longuet C, Sinclair EM, Maida A, Baggio LL, Maziarz M, Charron MJ, et al. The
Glucagon Receptor Is Required for the Adaptive Metabolic Response to Fasting.
Cell Metab 2008;8:359–71. https://doi.org/10.1016/j.cmet.2008.09.008.

[73] Rando G, Tan CK, Khaled N, Montagner A, Leuenberger N, Bertrand-Michel J,
et al. Glucocorticoid receptor-PPARα axis in fetal mouse liver prepares neonates
for milk lipid catabolism. Elife 2016:5. https://doi.org/10.7554/eLife.11853.

[74] Jaeger D, Schoiswohl G, Hofer P, Schreiber R, Schweiger M, Eichmann TO, et al.
Fasting-induced G0/G1 switch gene 2 and FGF21 expression in the liver are under
regulation of adipose tissue derived fatty acids. J Hepatol 2015;63:437–45.
https://doi.org/10.1016/j.jhep.2015.02.035.
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[132] Costet P, Legendre C, Moré J, Edgar A, Galtier P, Pineau T. Peroxisome
proliferator-activated receptor α-isoform deficiency leads to progressive
dyslipidemia with sexually dimorphic obesity and steatosis. J Biol Chem 1998;
273:29577–85. https://doi.org/10.1074/jbc.273.45.29577.

[133] Nelson AB, Queathem ED, Puchalska P, Crawford PA. Metabolic Messengers:
ketone bodies. Nat Metab 2023;5:2062–74. https://doi.org/10.1038/s42255-
023-00935-3.

[134] Puchalska P, Crawford PA. Multi-dimensional Roles of Ketone Bodies in Fuel
Metabolism, Signaling, and Therapeutics. Cell Metab 2017;25:262–84. https://
doi.org/10.1016/j.cmet.2016.12.022.

[135] Xue Y, Guo C, Hu F, Zhu W, Mao S. PPARA/RXRA signalling regulates the fate of
hepatic non-esterified fatty acids in a sheep model of maternal undernutrition.
Biochim Biophys Acta Mol Cell Biol. Lipids 2020:1865. https://doi.org/10.1016/
j.bbalip.2019.158548.

[136] Schönfeld P, Reiser G. Why does Brain Metabolism not Favor Burning of Fatty
Acids to Provide Energy? - Reflections on Disadvantages of the Use of Free Fatty
Acids as Fuel for Brain. J Cereb Blood Flow Metab 2013;33:1493–9. https://doi.
org/10.1038/jcbfm.2013.128.

[137] Feola K, Venable AH, Broomfield T, Villegas M, Fu X, Burgess S, et al. Hepatic
ketogenesis is not required for starvation adaptation in mice. Mol Metab 2024:
101967. https://doi.org/10.1016/j.molmet.2024.101967.

[138] Lemberger T, Saladin R, Vázquez M, Assimacopoulos F, Staels B, Desvergne B,
et al. Expression of the peroxisome proliferator-activated receptor α gene is
stimulated by stress and follows a diurnal rhythm. J Biol Chem 1996;271:1764–9.
https://doi.org/10.1074/jbc.271.3.1764.

[139] Ruppert PMM, Kersten S. Mechanisms of hepatic fatty acid oxidation and
ketogenesis during fasting. Trends Endocrinol Metab 2024;35:107–24. https://
doi.org/10.1016/j.tem.2023.10.002.

[140] Loft A, Schmidt SF, Caratti G, Stifel U, Havelund J, Sekar R, et al. A macrophage-
hepatocyte glucocorticoid receptor axis coordinates fasting ketogenesis. Cell
Metab 2022;34:473–486.e9. https://doi.org/10.1016/j.cmet.2022.01.004.

[141] Zhao Z, Xu D, Wang Z, Wang L, Han R, Wang Z, et al. Hepatic PPARa Function Is
Controlled by Polyubiquitination and Proteasome-Mediated Degradation Through
the Coordinated Actions of PAQR3 and HUWE1. Hepatology 2018:68. https://
doi.org/10.1002/hep.29786.

[142] Lin Y, Chen L, You X, Li Z, Li C, Chen Y. PAQR9 regulates hepatic ketogenesis and
fatty acid oxidation during fasting by modulating protein stability of PPARα. Mol
Metab 2021:53. https://doi.org/10.1016/j.molmet.2021.101331.

[143] Misto A, Provensi G, Vozella V, Passani MB, Piomelli D. Mast Cell-Derived
Histamine Regulates Liver Ketogenesis via Oleoylethanolamide Signaling. Cell
Metab 2019;29:91–102.e5. https://doi.org/10.1016/j.cmet.2018.09.014.

[144] Webb SJ, Geoghegan TE, Prough RA, Michael Miller KK. The Biological Actions of
Dehydroepiandrosterone Involves Multiple Receptors. Drug Metab Rev 2006;38:
89–116. https://doi.org/10.1080/03602530600569877.

[145] Milona A, Massafra V, Vos H, Naik J, Artigas N, Paterson HAB, et al. Steroidogenic
control of liver metabolism through a nuclear receptor-network. Mol Metab 2019;
30:221–9. https://doi.org/10.1016/j.molmet.2019.09.007.

[146] Shi MY, Yu HC, Han CY, Bang IH, Park HS, Jang KY, et al. p21-activated kinase 4
suppresses fatty acid β-oxidation and ketogenesis by phosphorylating NCoR1. Nat
Commun 2023:14. https://doi.org/10.1038/s41467-023-40597-z.

[147] Desvergne B. RXR: From Partnership to Leadership in Metabolic Regulations.
Vitam Horm 2007;75:1–32. https://doi.org/10.1016/S0083-6729(06)75001-4.

[148] Feige JN, Gelman L, Tudor C, Engelborghs Y, Wahli W, Desvergne B. Fluorescence
Imaging Reveals the Nuclear Behavior of Peroxisome Proliferator-activated
Receptor/Retinoid X Receptor Heterodimers in the Absence and Presence of
Ligand. J Biol Chem 2005;280:17880–90. https://doi.org/10.1074/jbc.
M500786200.

[149] Feige JN, Gelman L, Michalik L, Desvergne B, Wahli W. From molecular action to
physiological outputs: Peroxisome proliferator-activated receptors are nuclear
receptors at the crossroads of key cellular functions. Prog Lipid Res 2006;45:
120–59. https://doi.org/10.1016/j.plipres.2005.12.002.

[150] Crawford PA, Crowley JR, Sambandam N, Muegge BD, Costello EK, Hamady M,
et al. Regulation of myocardial ketone body metabolism by the gut microbiota
during nutrient deprivation. Proc Natl Acad Sci 2009;106:11276–81. https://doi.
org/10.1073/pnas.0902366106.

[151] Montagner A, Korecka A, Polizzi A, Lippi Y, Blum Y, Canlet C, et al. Hepatic
circadian clock oscillators and nuclear receptors integrate microbiome-derived
signals. Sci Rep 2016;6:20127. https://doi.org/10.1038/srep20127.

[152] Kim G, Chen Z, Li J, Luo J, Castro-Martinez F, Wisniewski J, et al. Gut-liver axis
calibrates intestinal stem cell fitness. Cell 2024;187:914–930.e20. https://doi.
org/10.1016/j.cell.2024.01.001.

[153] Tacer KF, Bookout AL, Ding X, Kurosu H, John GB, Wang L, et al. Research
resource: Comprehensive expression atlas of the fibroblast growth factor system

in adult mouse. Mol Endocrinol 2010;24:2050–64. https://doi.org/10.1210/
me.2010-0142.

[154] Markan KR, Naber MC, Ameka MK, Anderegg MD, Mangelsdorf DJ, Kliewer SA,
et al. Circulating FGF21 is liver derived and enhances glucose uptake during
refeeding and overfeeding. Diabetes 2014;63:4057–63. https://doi.org/10.2337/
db14-0595.

[155] Staiger H, Keuper M, Berti L, de Angelis MH, Häring HU. Fibroblast growth factor
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[198] Okopień B, Bułdak Ł, Bołdys A. Benefits and risks of the treatment with
fibrates––a comprehensive summary. Expert Rev Clin Pharmacol 2018;11:
1099–112. https://doi.org/10.1080/17512433.2018.1537780.

[199] Miao L, Targher G, Byrne CD, Cao Y-Y, Zheng M-H. Current status and future
trends of the global burden of MASLD. Trends Endocrinol Metab 2024. https://
doi.org/10.1016/j.tem.2024.02.007.

[200] Lange NF, Graf V, Caussy C, Dufour JF. PPAR-Targeted Therapies in the
Treatment of Non-Alcoholic Fatty Liver Disease in Diabetic Patients. Int J Mol Sci
2022:23. https://doi.org/10.3390/ijms23084305.

[201] Honda A, Tanaka A, Kaneko T, Komori A, Abe M, Inao M, et al. Bezafibrate
Improves GLOBE and UK-PBC Scores and Long-Term Outcomes in Patients With
Primary Biliary Cholangitis. Hepatology 2019;70:2035–46. https://doi.org/
10.1002/hep.30552.

[202] Lee D, Tomita Y, Negishi K, Kurihara T. Therapeutic roles of PPARα activation in
ocular ischemic diseases. Histol Histopathol 2023;38:391–401. https://doi.org/
10.14670/HH-18-542.
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