
Introduction
Mammals have evolved a metabolic response system that
allows them to survive long periods of energy depriva-
tion. The overall metabolic response to fasting operates
at numerous levels and has been relatively well charac-
terized (1). One prominent feature is the gradual shift in
whole-body fuel utilization from carbohydrates and fat
in the fed state to almost exclusively fat after a day of
fasting. This adaptation is particularly striking in the
brain, an obligate glucose utilizer in the fed state, which
is able to acquire energy predominantly from ketone
bodies after prolonged fasting. Most of the actual inter-
conversions in energy substrates occur in the liver, which
plays a central role in the adaptive response to fasting.

Prolonged fasting is characterized by low insulin con-
centrations and high glucagon, glucocorticoids, and
(nor)epinephrine concentrations in plasma. This hor-
monal profile promotes the hydrolysis of triacylglyc-
erols in adipose tissue, thereby increasing the concen-
tration of free fatty acids (FFAs) in plasma. The fatty
acids are taken up by the liver, where they are either re-
esterified to triacylglycerol and secreted as VLDL or oxi-
dized in the mitochondria via β-oxidation. The majori-
ty of fatty acids are only partially oxidized to
acetyl-coenzyme A (acetyl-CoA), which then condenses
with itself to form ketone bodies, an important fuel for
the brain. The energy released in the process of β-oxida-
tion is used by the liver to carry out gluconeogenesis
from substrates such as glycerol, lactate, and amino

acids. Thus, efficient hepatic fatty acid oxidation is
obligatory to the metabolic response to fasting.

Studies over the past few years have shown that a
group of nuclear hormone receptors, the peroxisome
proliferator–activated receptors (PPARs), have an impor-
tant role in fatty acid metabolism (2). Nuclear hormone
receptors are ligand-activated transcription factors that
control gene transcription in response to small lipophilic
compounds such as retinoic acid, thyroid hormone, vita-
min D, and fatty acids (3). They activate transcription by
binding to the promoter region of target genes, where
they recognize a specific sequence of nucleotides called
hormone response elements. Two lines of evidence have
linked PPARs to lipid metabolism. First, all genes whose
transcription is controlled by PPAR are in one way or
another involved in lipid metabolism and energy home-
ostasis. These include lipoprotein lipase, fatty acid bind-
ing protein (FABP), carnitine palmitoyltransferase
(CPT), acyl-CoA oxidase, and many others (4). Second,
PPARs bind and are activated by unsaturated long-chain
fatty acids, as well as by their eicosanoid derivatives (5–9).

The PPAR family contains 3 distinct isotypes: α, β, and γ
(2). The γisotype is mainly expressed in adipose tissue (10),
where it has been shown to be an essential component of
the adipocyte differentiation program (11); and in
macrophages, where it modulates differentiation and
cytokine production (12–15). PPARβ is expressed in all tis-
sues examined (10), but its function remains an enigma.
The third isotype, PPARα, is primarily expressed in brown
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adipose tissue (BAT) and the liver, and to a lesser extent in
the kidneys, skeletal muscle, and heart (10). Of the 3 iso-
types, PPARα has been the best characterized, a fortunate
consequence of the availability of PPARα-null mice (16).
Studies with these mice have demonstrated that PPARα
controls the expression of numerous genes related to lipid
metabolism in the liver, including genes involved in mito-
chondrial β-oxidation, peroxisomal β-oxidation, fatty acid
uptake and/or binding, and lipoprotein assembly and
transport (17–19). Several functional consequences of low-
ered gene expression levels were observed: PPARα-null
mice are refractory to peroxisome proliferators, and male
mice appeared to be overly sensitive to etomoxir, an
inhibitor of carnitine palmitoyltransferase I (CPTI) (16,
20). A striking metabolic defect was observed in aged (8-
month-old) PPARα-null mice, characterized by a sexually
dimorphic dyslipidemia with pronounced adiposity in
females and steatosis in males (21). Despite this great
expansion of our understanding of the function of PPARα,
what remains unclear is when and how, in an intact organ-
ism, the PPARα signaling pathways are triggered, and how
this specifically affects lipid and carbohydrate metabolism.

One physiological condition during which PPARα-
dependent signaling should become challenged is fast-
ing, because (a) huge amounts of fatty acids are delivered
to the liver to be oxidized; (b) once taken up, fatty acids
have to be delivered to the mitochondria for oxidation;
and (c) β-oxidation is accelerated in conjunction with
increased synthesis of ketone bodies.

A second physiological stimulus that may challenge
the PPARα-dependent signaling system is a high fat diet.
With a high-fat diet, the rate of delivery of fatty acids to
the liver is lower than in the fasting state, and the
requirement for fatty acid oxidation is concomitantly
less. However, in contrast to fasting, a high-fat diet rep-
resents a chronic stimulus.

In this study, PPARα-null mice were either fasted or fed
a high fat diet to investigate the role of PPARα under each
physiological condition. Fasted PPARα-null mice show
enhanced accumulation of lipid in the liver, suffer from
severe hypoglycemia and hypothermia, and reveal a plas-
ma metabolite profile that suggests a dramatic impair-
ment of fatty acid uptake and oxidation. Furthermore, it
is demonstrated that to accommodate the increased
requirement for hepatic fatty acid oxidation during fast-
ing, PPARα mRNA is induced in wild-type mice. The data
indicate that PPARα is a key part of a complex network
of signaling pathways in the liver that operate during
fasting and stimulate fatty acid oxidation to form sub-
strates that can be metabolized by other tissues.

Methods
Animals. Mice were housed in a temperature-controlled room
(23°C) on a 10-hour dark/14-hour light cycle. Unless otherwise
indicated in the figure legends, male mice were used and were
provided unrestricted amounts of food and water. Purebred
wild-type or PPARα-null mice on an SV129 background were
used (16). All experiments were performed with mice 8–12
weeks of age (except for the high fat diet, for which the mice
were 6–10 weeks older at the time of sacrifice). Animal experi-
ments were approved by the animal authorization commission
of the canton of Vaud (Switzerland).

Diet. Under normal conditions, mice were fed a standard lab
chow containing about 12 energy percent (en%) fat. Two types
of high fat diets (39 en% fat) were used: a high saturated fat diet
(coconut oil based) and a high unsaturated fat diet (safflower
oil based) (ICN Research Diets, Costa Mesa, California, USA).

RNA preparation and Northern blots. Total RNA was prepared
from frozen livers, BAT, and gastrocnemius by RNeasy Midi Kit
(QIAGEN , Basel, Switzerland) or Trizol reagent (GIBCO BRL,
Basel, Switzerland). Twenty micrograms of total RNA (10 µg for
BAT, 15 µg for gastrocnemius) was loaded per lane. Elec-
trophoresis, blotting, and hybridization were according to stan-
dard protocols. Radioactive DNA probes were prepared by High
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Figure 1
PPARα-null mice fed a high fat diet or subjected to fasting develop a fatty liver. Wild-type SV129 and PPARα-null mice were fed a high saturated fat
diet for 10 weeks or a high unsaturated fat diet for 7 weeks. Fasted mice were deprived of food for 24 hours. (a) Gross morphology and color of liv-
ers of mice fed the high saturated fat diet or the normal diet. (b) Oil red O staining of liver sections of mice fed the normal diet, a high unsaturated
fat diet, a high saturated fat diet (sections taken during the light cycle), or fasted for 24 hours.



Prime Kit (Boehringer Mannheim Biochemicals, Rotkreuz,
Switzerland). Probes were obtained from various sources: the rat
liver fatty acid binding protein (L-FABP) was  from J.I. Gordon
(Washington University School of Medicine, St. Louis, Missouri,
USA), rL-CPTI from J.O. McGarry (University of Texas South-
western Medical Center, Dallas, Texas, USA), and mPEPCK from
E.G. Beale (Texas Technological University Health Sciences Cen-
ter, Lubbock, Texas, USA). Mouse apo E, apo B, and microsomal
triglyceride transfer protein (MTP) were obtained by PCR ampli-
fication of a mouse cDNA library (either self-made or purchased
from CLONTECH Laboratories Inc., Palo Alto, California, USA).
Probes were cloned into Bluescript plasmid, and the sequence was
verified by DNA sequencing. mSCAD (SCAD=short chain acyl-
COA dehydrogenase) was obtained by subtractive hybridization
of mRNA of livers from wild-type and PPARα-null mice (22).
Uncoupling protein (UCP) probes were obtained by RT-PCR of
total RNA from BAT (UCP1) or skeletal muscle (UCP2 and
UCP3), using gene-specific primers. The cDNA of the ribosomal
protein L27 was used as a control probe.

Intraperitoneal glucose tolerance test. Wild-type and PPARα-null
mice were fasted for 6 hours, starting at the beginning of the
light cycle. No anesthesia was performed. At time 0, blood glu-
cose was measured, and immediately thereafter, 2 g glucose/kg
body weight was injected intraperitoneally by means of a 20%
sterile glucose solution. Blood glucose was subsequently meas-
ured at several time points.

Metabolite assays. Blood for glucose measurements was taken
from the tail vein. Otherwise, blood was drawn by retro-orbital
puncture. Blood was collected into heparinized tubes, kept on
ice, and spun for 10 minutes to collect plasma. Plasma was kept
at –70°C. Blood glucose was measured using an Accutrend DM
glucose analyzer (Boehringer Mannheim Biochemicals). Plasma
FFAs and β-hydroxybutyrate were determined using kits from
Boehringer Mannheim. Liver glycogen was determined by the
amyloglucosidase method using Trinder reagent (Sigma Chem-
ical Co., St. Louis, Missouri, USA) to measure released glucose.
Plasma lactate was measured with a kit from Sigma Chemical Co.

Rectal temperature. Rectal temperature was recorded with a
thermoprobe (Ellab, Copenhagen, Denmark) inserted 3 cm
into the colon.

Metabolic rate. Metabolic rate was measured by indirect
calorimetry during a 24-hour period beginning at the start of
the light cycle. An open-circuit calorimeter, equipped with a
sensitive mass flowmeter (model 5875; Brooks Instruments,
Veenendaal, the Netherlands), was used. The mice were placed
individually in a 3.5-L Plexiglas chamber through which air
was flowing at 0.6 L/min. Except when fasting, food and water
were freely available. When fasted for 24 hours, the mice had
free access to water containing 4.5 g/L of NaCl. Changes in
oxygen and carbon dioxide content of the air passed through
the chamber were measured with oxygen and carbon dioxide

analyzers (Magnos 4G and Uras4; Hartmann and Braun,
Frankfurt am Main, Germany). The ambient temperature was
set at 22°C. The data were recorded every 5 seconds by an on-
line computerized data acquisition system (Service Instru-
mental of the Centre Médicale Universitaire, Geneva, Switzer-
land). The metabolic rate was calculated using Weir’s equation
(23) and expressed in terms of watts per kilogram of body
weight to 0.75 power.

Statistical analysis. The effects of fasting/feeding and genotype
on plasma metabolite levels, rectal temperature, and metabol-
ic rate were tested by two-way ANOVA. If F was found to be sig-
nificant, the Student’s t test was used to test individual differ-
ences (protected least significant difference; one-sided).

Results
A high fat diet induces a fatty liver in PPARα-null mice. The
high fat diet used in the experiments was based on
either coconut oil (saturated fat diet) or safflower oil
(unsaturated fat diet), and contained about 40 en% fat,
which is more than 3-fold higher than the normal diet.
In our studies, feeding mice a high fat diet visually
increased fat deposition in the adipose tissue of both
wild-type and PPARα-null mice. Elevated adipose tissue
stores promote the development of a fatty liver, as has
been observed in obese human patients (24). Feeding a
high fat (saturated or unsaturated) diet for several weeks
resulted in an accumulation of triacylglycerols in the liv-
ers of wild-type mice, as indicated by a slight discol-
oration of the liver (Figure 1a). This was confirmed by
oil red O staining of liver sections, which revealed
numerous little lipid droplets that were not observed in
mice fed the normal diet (Figure 1b). Strikingly, the
appearance of lipid droplets was much more pro-
nounced in PPARα-null mice fed the high fat diet; as a
result, the liver had a pale appearance (Figure 1a). Oil
red O staining also revealed large empty white spaces,
which were probably large fat droplets that had their
contents washed away during the staining procedure.
Liver weights of PPARα-null mice fed the high saturat-
ed fat diet were 22% higher than the liver weights of
wild-type mice fed the same diet (6.0% of total body
weight for PPARα-null mice vs. 4.9% for wild-type mice;
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Figure 2
Fasting-induced gross disturbances in the levels of several plasma
metabolite levels in PPARα-null mice. SV129 wild-type or PPARα-null
mice were sacrificed at the end of the dark cycle (fed state) or after a
24-hour fast that was started at the beginning of the light cycle (fast-
ed state). (a) Plasma FFA concentrations. (b) Plasma β-hydroxybu-
tyrate concentrations. (c) Plasma lactate concentrations. (d) Glyco-
gen concentrations in liver. Error bars represent SEM. For the data in
a–c, ANOVA yielded a significant effect for fasting vs. feeding (P <
0.01). For the data in a and b, the same was true for genotype and for
the interaction between fasting/feeding and genotype (P < 0.01). §Sig-
nificantly different from fed wild-type mice (P < 0.05). *Significantly
different from all other values (P < 0.01). †Significantly different from
fed mice (P < 0.01). All analyses by post hoc t test.



P < 0.01). These differences were not observed in
PPARα-null and wild-type mice fed a normal diet.

Combined, these results show that PPARα-null mice
are particularly sensitive to a high fat diet and develop a
fatty liver in response. However, because the metabolic
responses to a high fat diet are relatively ill-defined, and
because different mouse strains display a marked dis-
parity in their reactions to a high fat diet (25, 26), we
decided to focus our efforts on better characterizing the
response to fasting.

Fasting induces a fatty liver in PPARα-null mice. Paradoxi-
cally, not only obesity but also chronic undernutrition is
associated with a fatty liver (27). In mice and other ani-
mals, an overnight fast leads to significant lipid accu-
mulation in the liver (28, 29, and see below). This can be
explained by the high rate of fatty acid uptake by the
liver, which under fasting conditions can exceed the
capacity of the liver to secrete triacylglycerols (29). To
test the effect of deletion of PPARα on lipid accumula-
tion, PPARα-null and wild-type mice were subjected to
24 hours of fasting. Visual inspection of livers of fasting
PPARα-null mice showed that they were distinctly paler
than the livers of fasting wild-type mice. Staining for
lipids with oil red O demonstrated that the pale color is
due to the presence of numerous lipid droplets (Figure
1b), which were observed only to a small extent in fasted
wild-type mice. Control staining by hematoxylin and
eosin revealed these lipid droplets as small unstained
vacuoles in liver sections of fasted PPARα-null mice but
not wild-type mice (data not shown). These findings
show that deletion of PPARα leads to a marked increase
in lipid accumulation in the liver during fasting.

Diminished hepatic uptake of fatty acids in fasted PPARα-
null mice. Once inside the liver cell, fatty acids can enter
the mitochondria for subsequent oxidation, or they can
be re-esterified to triacylglycerols, followed by secretion
of the triacylglycerols in the form of VLDL. The capaci-
ty for secretion of VLDL is limited, which may lead to
accumulation of triacylglycerols under conditions of an
enlarged intracellular pool of fatty acids. Theoretically,
the greater increase in lipid accumulation in fasted

PPARα-null mice compared with fasted wild-type mice
may be due to 3 potential, nonexclusive mechanisms:
increased uptake of fatty acids, decreased secretion of
VLDL, and/or decreased oxidation of fatty acids. To
determine whether fatty acid uptake is increased in fast-
ed PPARα-null mice, the concentration of circulating
FFAs was measured. Plasma FFAs were significantly ele-
vated in fasted mice compared with fed mice (Figure 2a),
consistent with the increased rate of lipolysis occurring
in the adipose tissue. Interestingly, plasma FFAs were
more than 2-fold higher in the fasted PPARα-null mice
compared with fasted wild-type mice. Because the liver
represents the major sink of fatty acids under fasting
conditions, this result suggests that uptake of fatty
acids into the liver is decreased rather than increased.
This is in agreement with the known stimulatory effect
of PPARα on transcription of fatty acid transporter
genes (19, 30).

Expression of genes involved in VLDL secretion is not altered
in PPARα-null mice. Another possible explanation for the
increased triacylglycerol accumulation in livers of fasted
PPARα-null mice is that VLDL secretion is defective. To
test whether some of the genes involved in VLDL secre-
tion or that encode constituents of VLDL are controlled
by PPARα, the expression of 3 genes coding for apo E,
apo B, and MTP were determined in PPARα-null and
wild-type mice. The expression of all 3 genes was identi-
cal between the 2 sets of mice, in both the fed and fasted
states (Figure 3, left). Expression of apo C-III, another
constituent of VLDL, has been reported to be identical
between PPARα-null and wild-type mice (18). Although
this does not completely rule out the possibility that
secretion of triacylglycerols is altered in PPARα-null
mice, these results indicate that VLDL secretion is
unlikely to be a PPARα target.

Hepatic fatty acid oxidation is dramatically impaired in fasted
PPARα-null mice. The third possibility that may explain
the accumulation of lipid in the livers of fasted PPARα-
null mice is impairment of fatty acid oxidation. To exam-
ine whether fatty acid oxidation is affected in PPARα-null
mice, the concentration of plasma β-hydroxybutyrate, a
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Figure 3
Fasting/feeding has dramatic effects on the
expression of several PPAR target genes in
a PPARα-dependent manner. Northern
blot analysis of RNA from livers of fed and
fasted SV129 wild-type or PPARα-null
mice. Total RNA was isolated from livers of
SV129 wild-type or PPARα-null mice sacri-
ficed at the end of the dark cycle (fed state)
or after a 24-hour fast started at the begin-
ning of the light cycle (fasted state). Probes
used were as indicated.



ketone body that represents an important intermediate
in the fatty acid oxidation pathway, was assessed. As
expected, β-hydroxybutyrate levels were greatly increased
in fasted wild-type mice (Figure 2b) but only slightly
increased in fasted PPARα-null mice, resulting in a con-
centration that was about 7-fold less than in fasted wild-
type mice. This low β-hydroxybutyrate level most likely
reflects a markedly reduced rate of fatty acid oxidation,
as well as a potential diminution in the rate of the reac-
tion catalyzed by HMG-CoA synthase, a PPARα target
gene in the liver (4).

An increased rate of hepatic fatty acid oxidation during
fasting is not only responsible for the enhanced produc-
tion of ketone bodies; it also assures efficient operation
of gluconeogenesis. Indeed, gluconeogenesis is driven by
fatty acid oxidation, which supplies ATP and reducing
equivalents and directs pyruvate and lactate away from
oxidation toward glucose synthesis. To examine whether
deletion of PPARα may have an effect on gluconeogene-
sis, we measured the concentration of glucose in the
blood during fasting. Remarkably, it was observed that
PPARα-null mice suffer from hypoglycemia just several
hours after food has been withdrawn (Figure 4a). Because
blood glucose at this time is mostly maintained by
glycogenolysis, the steeper drop in blood glucose in
PPARα-null mice probably reflects the reduced concen-
tration of glycogen in the livers of fed PPARα-null mice
(Figure 2d). After prolonged fasting, when blood glucose
is exclusively maintained by gluconeogenesis, the glucose
concentration continued to drop more sharply in
PPARα-null mice, being less than half the value of that in
the wild-type animals. These data suggest that gluconeo-
genesis is impaired in PPARα-null mice.

Intraperitoneal injection of glucose into PPARα-null
mice fasted for 6 hours resulted in rapid normalization of
their blood glucose concentration (Figure 4b). This
intraperitoneal glucose tolerance test also showed that
PPARα-null mice do not suffer from oversensitivity (or
insensitivity) to insulin, because the glucose response
curves were similar in PPARα-null and wild-type mice. This
important result indicates that deletion of PPARα has no
effect on the sensitivity of peripheral tissues to insulin.

Finally, plasma lactate, which reflects the rate of glycol-
ysis in muscle, decreased during fasting, but no differences
in plasma lactate levels were observed between wild-type
and PPARα-null mice (Figure 2c). Taken together, these
data demonstrate that hepatic fatty acid oxidation
becomes severely impaired during fasting in the absence
of PPARα, resulting in hypoglycemia, hypoketonemia, ele-
vated plasma levels of FFAs, and a fatty liver.

Fasted PPARα-null mice are hypothermic and have a lower
metabolic rate. When PPARα-null mice were subjected to
fasting, we noticed that they appeared to be very cold. Rec-
tal temperature measurements revealed that the mice suf-
fered from severe hypothermia (Figure 5a). In wild-type
SV129 mice, a 24-hour fast caused a drop in rectal tem-
perature of 1.6°C, whereas in the PPARα-null mice, mean
rectal temperature fell by 9.1°C, indicating that PPARα
plays a major role in temperature homeostasis during fast-
ing. This was also evident by measurement of the whole-
body metabolic rate by indirect calorimetry. The data
show that in fed mice of both genotypes, the metabolic
rate was similar and fasting caused a significant rate
decrease (Figure 5b). However, consistent with the lowered
body temperature, the metabolic rate in fasted PPARα-
null mice was significantly (about 30%) lower than in fast-
ed wild-type mice.

The lowered body temperature and associated lowered
metabolic rate in fasted PPARα-null mice indicate that
their temperature regulation was adjusted so that their
metabolic needs would match the low, fasting-induced
energy supply. In fact, when mice were exposed to the cold
(5°C), no differences in rectal temperature were observed
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Figure 4
PPARα-null mice subjected to fasting become severely hypoglycemic. (a)
Time course of blood glucose after removal of food. Blood glucose was
measured at the end of the dark cycle when the animals were in the fully
fed state. Food was subsequently withdrawn and blood glucose meas-
ured at several time points. Values at different time points are not neces-
sarily from the same group of animals. Open squares, SV129 wild-type
mice; open circles, PPARα-null mice. Error bars represent SEM. ANOVA
showed a significant effect for genotype (P < 0.01), for time after removal
of food (P < 0.01), and for interaction between these 2 parameters (P <
0.01). *Significantly different from wild-type mice (P < 0.01 by post hoc
t test). (b) Intraperitoneal glucose tolerance test. Food was withdrawn
for 6 hours starting at the beginning of the light cycle. At time 0, blood
glucose was measured. Immediately thereafter, 2 g glucose/kg body
weight was injected intraperitoneally by means of a sterile 20% glucose
solution. Blood glucose was subsequently measured at several time
points. Open squares, SV129 wild-type mice; open circles, PPARα-null
mice. Error bars represent SEM. *Significantly different from wild-type
mice (P < 0.01 by t test).



between PPARα-null and wild-type mice after 3 hours
(Figure 6a), suggesting that cold-induced thermogenesis
is not affected in PPARα-null mice. Similarly, expression
levels of UCPs, which are postulated to be involved in ther-
mogenesis and are probable target genes of PPAR, were
similar in PPARα-null and wild-type mice in several tissues
(Figure 6b). This was true despite a fasting-induced
increase in expression levels of UCP2 in liver, gastrocne-
mius, and BAT, and of UCP3 in gastrocnemius. These
data indicate that the hypothermia in fasted PPARα-null
mice is not due to a defect in overall thermogenic capaci-
ty caused by reduced expression levels of UCPs.

A more likely explanation for the hypothermia in fast-
ed PPARα-null mice is the lack of fuel available for ener-
gy generation, forcing the animals into a state of torpor
to reduce energy expenditure (31). Both plasma ketone
bodies and glucose levels are dramatically reduced in fast-
ed PPARα-null mice, as a result of inhibition of fatty acid
oxidation in the liver. The data thus lead to the argument
that the severe hypothermia in fasted PPARα-null mice is
essentially caused by a defect in hepatic metabolism.

Lack of obvious phenotype in fed PPARα-null mice is partially
due to the low rate of hepatic fatty acid oxidation. An important
question is why PPARα-null mice need to be subjected to
fasting to elicit a strong phenotype. One possible expla-
nation is that the process regulated by PPARα only
becomes important during fasting. Hepatic fatty acid oxi-
dation operates at a relatively modest level in fed mice,
whereas it is strongly stimulated during long periods of
food deprivation. Hence, it is possible that deletion of
PPARα affects gene expression levels in fed mice, but
because of the low rate of fatty acid oxidation, the effects
do not clearly manifest themselves. Northern blot analy-
sis of liver mRNA revealed that under fed conditions, dele-
tion of PPARα did in fact decrease expression of both
CPTI, which catalyzes the rate-limiting step in fatty acid
oxidation (32), and SCAD (Figure 3, center, first 4 lanes),
both of which are PPARα target genes. This effect was not
observed for all PPARα targets, e.g., L-FABP. The expres-
sion of L-FABP is dependent upon PPARα during fasting,
but not in the fed state. The data indicate that, in the fed
state, the marked differences in expression levels of impor-
tant PPARα target genes between wild-type and PPARα-
null mice have little apparent effect at the metabolic level.
Thus, the lack of a strong phenotype in fed PPARα-null
mice must be partially due to the relatively low rate of
hepatic fatty acid oxidation under those conditions.

PPARα mRNA is induced during fasting. Another possible
explanation of why PPARα-null mice need to be subject-
ed to fasting to elicit a recognizable phenotype is that
PPARα is suppressed under normal conditions and
becomes activated during fasting. Accordingly, deletion
of the PPARα gene will have a more pronounced effect
under fasting conditions. Activation of PPARα during
fasting can be effected by induction of PPARα mRNA
and a resulting increase in PPARα protein, and/or by an
increase in PPARα ligand activation. With respect to the
first mechanism, fasting did induce PPARα mRNA
expression (Figure 3, right), an effect probably mediated
by glucocorticoids (33). Because PPARα protein level is
strongly correlated with the expression of its mRNA (33),
it can be expected that PPARα protein is similarly

induced under fasting conditions. Regarding the second
mechanism, it is important to note that fasting is asso-
ciated with a marked increase in the plasma concentra-
tion of FFAs (Figure 2a). Since fatty acids are bona fide
ligands for the PPAR receptors, it is conceivable that the
elevated levels of FFAs activate PPARα.

Both in vitro and in vivo studies have demonstrated
that PPARα preferentially binds polyunsaturated fatty
acids (PUFAs) (7–9, 34). Fat tissue rich in PUFAs thus
constitutes a source of higher-affinity ligands than does
normal fat tissue, possibly resulting in stronger ligand
activation of PPARα during fasting. Because the fatty
acid composition of adipose tissue directly reflects the
long-term diet (35), to enrich fat tissue with PUFAs,
wild-type mice were fed a diet high in polyunsaturated
fat. L-FABP gene was selected as a marker to assess the
effect of PPARα activation, because during fasting, the
expression of L-FABP is highly dependent upon PPARα
(Figure 3, right) and is increased by fatty acids that act
via PPARα (36, 37).
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Figure 5
Fasted PPARα-null mice suffer from hypothermia and have a lower meta-
bolic rate than fasted wild-type mice. Only female mice were used for
these measurements. (a) Rectal temperature. Measurements were taken
at the beginning of the light cycle (fed state) or after a 24-hour fast that
was started at the beginning of the light cycle (fasted state). Note that
the y axis starts at 20°C. Error bars represent SEM. ANOVA showed a sig-
nificant difference between fasting and feeding (P < 0.05), genotype 
(P < 0.01), and interaction between fasting/feeding and genotype (P <
0.01). *Significantly different from fasted wild-type mice (P < 0.01). †Sig-
nificantly different from fed mice (P < 0.05 [+/+] or P < 0.01 [–/–]). All
analyses by post hoc t test. (b) Metabolic rate. For each mouse, mean
metabolic rate was calculated for a 23-hour period with free access to
food and water (fed state), or during the last 3 hours of a 24-hour fast
(fasted state). Error bars represent SEM. ANOVA yielded significant
effects for fasting vs. feeding (P < 0.01) and genotype (P < 0.05). *Sig-
nificantly different from fasted wild-type mice (P < 0.05). †Significantly
different from fed mice (P < 0.01). All analyses by post hoc t test.



In fasted wild-type mice that were fed a diet high in
linoleic acid for 7 weeks, the expression of L-FABP was
about 4-fold higher than in fasted mice fed the normal
diet (Figure 7). Surprisingly, the increase in L-FABP
mRNA was accompanied by a similar increase in PPARα
mRNA (about 3-fold). Thus, although PUFAs were able
to increase expression of the PPARα target gene L-FABP,
this effect could be almost entirely accounted for by an
induction of PPARα mRNA itself. PUFAs seemed to have
little or no additional effect on L-FABP mRNA beyond
that mediated by increased PPARα expression, indicat-
ing that no increased ligand activation of PPARα took
place. It cannot be completely ruled out that PUFAs
increased L-FABP mRNA via a mechanism not involving
PPARα. However, because PPARα has an exclusive role
in maintaining L-FABP expression during fasting (Fig-
ure 3), we consider this explanation unlikely. Unfortu-
nately, these data do not tell us whether PPARα is satu-
rated with ligand in the fed state, and thus whether the
elevation in plasma FFA concentration during the initial
stage of fasting might contribute to PPARα activation.

Transcriptional regulation of PPARα target genes during fast-
ing is complicated by other hormonal signaling pathways.
Because PPARα activity is enhanced by increased expres-
sion, and perhaps by increased ligand activation, it can
be expected that some PPARα target genes are upregu-
lated during fasting in a PPARα-dependent manner.
Northern blot analysis showed, however, that the situa-
tion is considerably more complex. It was found that, in
the fasted state, despite a strong increase in expression
of CPTI and SCAD, the PPARα dependence was lost,
suggesting that other signaling pathways activated dur-
ing fasting override the effect of PPARα.

The expression of L-FABP displayed a completely dif-
ferent pattern. In the fed state, the expression of L-
FABP was identical between wild-type and PPARα-null
mice (Figure 3). In sharp contrast to CPTI and SCAD,
in the fasted state, the expression of L-FABP was not
upregulated in wild-type mice but was reduced more
than 30-fold in PPARα-null mice. Although it may be
tempting to correlate the emergence of a strong phe-
notype during fasting with this markedly reduced
expression of L-FABP, it should be noted that L-FABP
is only one of many genes whose expression is likely to
be decreased in fasted PPARα-null mice. These data
indicate that although PPARα mRNA is induced dur-
ing fasting, the effects on PPARα target genes are com-
plicated by the additional influence of other hormon-
al signaling pathways.

PEPCK is not a PPARα target gene in liver. Lastly, the
expression of PEPCK, a PPARγtarget gene in adipose tis-
sue that catalyzes the rate-limiting step in gluconeogen-
esis (38), was unchanged in wild-type and PPARα-null
mice in both the fed and fasted states (Figure 3), sug-
gesting that PEPCK is not a PPARα target gene in liver.

Discussion
In this paper, we show that fasted PPARα mice suffer
from a severe impairment in hepatic oxidation, resulting
in a phenotype characterized by hypoglycemia, hypother-
mia, hypoketonemia, elevated plasma levels of FFAs, and
a fatty liver. Gene expression levels reveal a striking pat-
tern in which some PPARα target genes are affected by
PPARα deletion only in the fed state, whereas others are
affected only in the fasted state, indicating the conver-
gence of different regulatory pathways toward the
expression of a single PPARα target gene. The data clear-
ly demonstrate that PPARα plays a crucial role in the
adaptive response to fasting by modulating expression
levels of target genes. In addition, the data firmly estab-
lish the pivotal role of PPARα in hepatic fatty acid oxi-
dation in vivo. By affecting hepatic fatty acid oxidation,
PPARα has a profound effect on other metabolic path-
ways and overall energy homeostasis.

Over the past 5 years, numerous genes have been iden-
tified whose expression is controlled by PPARα in the
liver, and most of them are involved in liver fatty acid
metabolism. The reduced expression of these genes in
PPARα-null mice has been correlated with a decreased
capacity for β-oxidation in hepatocytes in culture (17).
Despite this wealth of evidence linking PPARα to hepat-
ic lipid oxidation, the phenotype of PPARα-null mice ini-
tially appeared to be relatively mild (16, 18). Although
this may sound surprising, it should be kept in mind
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Figure 6
PPARα-null mice can activate cold-induced thermogenesis. (a) Rectal
temperature of wild-type and PPARα-null mice exposed to the cold.
Mice were placed in individual precooled cages in a cold room main-
tained at 5°C. Rectal temperature was subsequently measured at var-
ious intervals. Open squares, SV129 wild-type mice; open circles,
PPARα-null mice. (b) Analysis of UCP expression in various tissues by
Northern blot. Total RNA was isolated from tissues of SV129 wild-type
or PPARα-null mice sacrificed at the end of the dark cycle (fed state)
or after a 24-hour fast started at the beginning of the light cycle (fast-
ed state). Probes used were as indicated.



that hepatic fatty acid oxidation is suppressed in mice
that are fed freely. This situation changes dramatically
during fasting, when a complex metabolic response is
elicited, aimed at minimizing the use of protein and car-
bohydrates as fuel and instead relying on the abundant
adipose tissue stores (Figure 8). It is under these condi-
tions that a strong upregulation of various fatty
acid–metabolizing enzymes is needed, and accordingly,
a major role for PPARα can be expected. Indeed, the
emergence of a strong phenotype in PPARα-null mice
during fasting underscores the pivotal role of PPARα in
this process. Our data also indicate that in order to
accommodate the increased requirement for hepatic
fatty acid oxidation, PPARα is activated during fasting.
This is achieved by an increase in expression, and per-
haps by an increase in ligand activation, although our
data are not conclusive in this respect.

As alluded to above, PPARα can be activated by at least
2 different mechanisms. First, during fasting, the expres-
sion of PPARα in liver increases, an effect that is medi-
ated by glucocorticoids (33) and results in an increased
amount of PPARα protein. Second, the fatty acids that
are liberated from the adipose tissue and travel to the
liver may serve as ligands for PPARα. By means of such a

mechanism, the organism assures that the enzymatic
system of the liver responds appropriately to the
increased demands for fatty acid oxidation; the energy
substrate itself may directly activate the expression of
enzymes that participate in its metabolism. Unfortu-
nately, this mechanism is extremely difficult to prove in
vivo. Our data show that entry of high-affinity ligands
(as opposed to low-/moderate-affinity ligands) into the
liver has no further effect on the expression of PPARα
target genes beyond that already mediated by an increase
in expression of PPARα itself. This suggests that PPARα
is fully saturated with ligand in the 24-hour fasted state.
However, our results can neither confirm nor disprove
the idea that an increase in the amount of fatty acids
released from adipose tissue contributes to stimulation
of PPARα target gene expression during fasting.

It is quite surprising that expression of CPTI and
SCAD is similar in fasted PPARα-null and wild-type
mice, despite the fact that expression of PPARα is
increased during fasting, and thus, a more pronounced
PPARα-dependent effect may be expected. This is prob-
ably due to modification of PPARα effects by other hor-
mone signaling pathways, such as those activated by glu-
cocorticoids, glucagon, insulin, and by adrenergic
hormones. Additional information concerning the reg-
ulation of these genes by various hormones may shed
some light on this apparent paradox. Although the activ-
ity of CPTI is mostly controlled by allosteric inhibition
by malonyl-CoA (32), significant regulation also takes
place at the gene expression level. A glucocorticoid-
dependent upregulation, combined with negation of the
insulin-dependent downregulation, will cause a major
increase in CPTI expression during fasting (39, 40). This
effect may be so strong as to blunt any further increase
mediated by PPARα.

In the case of L-FABP, where a strong PPARα effect is
observed only in the fasted state, glucocorticoids
decrease expression, while insulin increases expression
(41, 42). In the absence of any PPARα signaling, one
would thus expect a dramatic reduction in L-FABP
expression during fasting. This is indeed what is hap-
pening in the PPARα-null mice. In normal mice, howev-
er, PPARα is activated and thus able to compensate for
the negative signals originating from glucocorticoid and
insulin signaling pathways.

Somewhat unexpectedly, the expression of PEPCK was
found to be identical between wild-type and PPARα-null
mice, in both the fed and fasted states. This is surprising
considering that the PEPCK promoter contains an inter-
mediate-affinity PPAR response element (43), which is
responsible for the upregulation of PEPCK by PPARγ in
adipose tissue (38). The lack of PPARα-dependent regula-
tion in the liver in vivo is probably due to the competition
for this site from other nuclear receptors such as HNF4,
COUP-TFI, and RXR/RAR (44).

Our data show that expression of UCPs in skeletal
muscle and BAT is not regulated by PPARα . These
results fit with the lack of effect of the high-affinity
PPARα ligand WY14643 on UCP expression in these
tissues (45), and with the observed lack of effect of
PPARα deletion on thermoregulation during cold
exposure. In contrast to a previous report (45), our
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Figure 7
Prolonged feeding of a high unsaturated fat diet more strongly induces
expression of PPARα and L-FABP genes after a 24-hour fast than does
feeding of a normal diet. (a) Northern blot analysis of RNA from livers of
fasted SV129 wild-type mice that had been fed a normal diet or a diet
high in unsaturated fat (>70% linoleic acid) for 7 weeks. Total RNA was
isolated from livers of SV129 wild-type mice sacrificed after a 24-hour
fast, started at the beginning of the light cycle. (b) Quantitation of the
intensity of the autoradiography signal corrected for control probe L27 .
Means of 2 identical experiments are shown. Error bars have no statisti-
cal meaning but connect the 2 individual values.



data do not confirm the role of PPARα in regulating
UCP2 expression in the liver. In this context it is
important to note that Kupffer cells, and not hepato-
cytes, are responsible for a high level of expression of
UCP2 in the liver (46).

The observation that PPARα does not regulate UCP
expression in BAT, and does not influence cold-induced
thermogenesis, raises the interesting question of why
PPARα is so highly expressed in BAT (expression levels
are about 4-fold higher than in the liver; P. Escher and W.
Wahli, unpublished observations). Future studies will
have to clarify this issue.

In this study, feeding PPARα-null mice a high fat diet
for several weeks led to a huge accumulation of lipid in
the liver. Since fatty acid uptake and triacylglycerol secre-
tion are not altered in a way that would explain the phe-
notype, the lipid accumulation must be due to a defect
in fatty acid oxidation. Thus, even in the fed state, hepat-
ic fatty acid oxidation is impaired in PPARα-null mice,
but the liver needs to be overloaded with fatty acids to
elicit a strong phenotype.

Finally, it is remarkable how much the phenotype of
PPARα-null mice resembles the phenotype of humans
who suffer from a genetic defect of one of the enzymes
involved in fatty acid oxidation. These patients suffer
from severe fasting-induced hypoglycemia, often have a
fatty liver, and show a plasma metabolite profile that is
similar to the profile observed for the PPARα-null mice
(47). Additionally, inhibition of hepatic fatty acid oxida-
tion by etomoxir, an inhibitor of CPTI, induces a highly
similar phenotype, characterized by elevated FFAs,
reduced β-hydroxybutyrate levels, and fasting hypo-
glycemia (48–50). Genetic defects in mitochondrial fatty
acid oxidation are also associated with severe metabolic
disturbances of the heart and skeletal muscle, tissues
where PPARα is also expressed. Thus, it will be of great
interest to study further the effects of PPARα deletion on
heart and muscle lipid metabolism.
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