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Coordinate expression of the PDK4 gene: a means of
regulating fuel selection in a hibernating mammal
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Buck, Michael J., Teresa L. Squire, and Matthew T.
Andrews. Coordinate expression of the PDK4 gene: a means
of regulating fuel selection in a hibernating mammal. Physiol
Genomics 8: 5–13, 2002. First published November 27, 2001;
10.1152/physiolgenomics.00076.2001.—Hibernation in mam-
mals requires a metabolic shift away from the oxidation of
carbohydrates and toward the combustion of stored fatty
acids as the primary source of energy during torpor. A key
element involved in this fuel selection is pyruvate dehydro-
genase kinase isoenzyme 4 (PDK4). PDK4 inhibits pyruvate
dehydrogenase and thus minimizes carbohydrate oxidation
by preventing the flow of glycolytic products into the tricar-
boxylic acid cycle. This paper examines expression of the
PDK4 gene during hibernation in heart, skeletal muscle, and
white adipose tissue (WAT) of the 13-lined ground squirrel,
Spermophilus tridecemlineatus. During hibernation PDK4
mRNA levels increase 5-fold in skeletal muscle and 15-fold in
WAT compared with summer-active levels. Similarly, PDK4
protein is increased threefold in heart, fivefold in skeletal
muscle, and eightfold in WAT. High levels of serum insulin,
likely to have an inhibitory effect on PDK4 gene expression,
are seen during fall when PDK4 mRNA levels are low. Coor-
dinate upregulation of PDK4 in three distinct tissues sug-
gests a common signal that regulates PDK4 expression and
fuel selection during hibernation.

hibernation; pyruvate dehydrogenase kinase isoenzyme 4;
insulin; peroxisome proliferator-activated receptor-�; Sper-
mophilus tridecemlineatus

PROFOUND CHANGES in body temperature, metabolism
and heart rate allow hibernating mammals to survive
seasonally cold environments for periods of several
months with little or no food. To accomplish this feat,
individual organ systems undergo metabolic rate de-
pression, minimize the use of carbohydrates, and
switch to stored triacylglycerols as their primary
source of fuel (reviewed in Ref. 20). In the absence of
feeding, conservation of glucose for utilization by the
brain becomes essential for survival and is controlled
by inhibition of the mitochondrial pyruvate dehydroge-
nase complex (23). In hibernating golden-mantled
ground squirrels, Brooks and Storey (6) observed a 96%

reduction in cardiac pyruvate dehydrogenase activity
during hibernation. In the hearts of Djungarian ham-
sters, Heldmaier et al. (16) showed that inactivation of
pyruvate dehydrogenase closely correlates with meta-
bolic rate reduction seen during daily torpor. Regu-
lated long-term inhibition of pyruvate dehydrogenase
activity is the result of phosphorylation of the pyruvate
dehydrogenase complex by the activity of various
isoenzymes of the pyruvate dehydrogenase kinase fam-
ily (4).

In this paper we address the regulation of the gene
encoding pyruvate dehydrogenase kinase isoenzyme 4
(PDK4) in the hibernating 13-lined ground squirrel,
Spermophilus tridecemlineatus. We previously identi-
fied PDK4 as an upregulated gene in the ground squir-
rel heart during hibernation (1). Inhibition of pyruvate
dehydrogenase by PDK4-mediated phosphorylation re-
duces glucose oxidation by preventing the conversion of
pyruvate to acetyl-CoA and CO2, thus stopping the flow
of glycolytic intermediates into the tricarboxylic acid
(TCA) cycle (24). PDK4 mRNA exhibits its highest
levels of expression in heart and skeletal muscle in
both humans (24) and rats (4). More moderate levels
are also seen in brain, placenta, lung, liver, kidney, and
pancreas in humans (24) and in lung, liver, and kidney
in rats (4). Among the PDK isoenzymes, expression of
PDK4 appears to be the most responsive to physiolog-
ical change (reviewed in Ref. 15). Starvation (30–33)
and diabetes (31, 33) are two conditions that stimulate
PDK4 expression and show physiological characteris-
tics related to the hibernating state.

Here we report on PDK4 gene expression in 10 dif-
ferent ground squirrel tissues and quantify mRNA and
protein levels in those tissues showing the highest
levels of expression: heart, white adipose tissue (WAT),
and skeletal muscle from the thigh (quadriceps femo-
ris). Our analysis begins in late summer and continues
through the hibernation season to spring arousal when
the animal resumes its activities. We also explore the
regulation of PDK4 by examining the seasonal expres-
sion of insulin. Insulin is a key metabolic hormone that
stimulates glucose uptake from the blood, activates
glycogen synthase, inactivates glycogen breakdown,
and stimulates the storage of excess fuel as fat. In
diabetic rats an increase in insulin concentration has
been shown to reduce the levels of both PDK4 protein
and mRNA in heart and skeletal muscle (31, 33). We
have measured insulin levels during hibernation,
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cloned the ground squirrel insulin cDNA, and mea-
sured insulin gene expression in the pancreas through-
out the hibernation season. These determinations have
allowed us to contrast levels of PDK4 mRNA and
protein with insulin mRNA and protein at various
times of the year such as summer when the heartbeat
is rapid (200–300 beats/min) and legs are flexing, vs.
deep hibernation when the heart rate slows (2–10
beats/min) and the legs are inactive. Based on the
results described in this paper and on other recent
studies on PDK4 regulation, we propose a regulatory
mechanism that accounts for the switch from carbohy-
drate to fatty acids as the primary source of fuel during
hibernation.

MATERIALS AND METHODS

Animals. Animal care and use was in accordance with
Institutional Animal Care and Use Committee guidelines.
Thirteen-lined ground squirrels (S. tridecemlineatus) were
received from TLS Research (Bartlett, IL) within 3–4 days of
wild capture during the first week of August. Active August
animals were maintained with water and killed within 24 h
of arrival from the supplier. All other animals were main-
tained in captivity on a diet of standard rodent chow supple-
mented with sunflower seeds and water ad libitum. All squir-
rels were maintained at 23°C in August, 17°C in September,
11°C in October, and 5°C from November through mid-
March. Animals were housed with a 12:12-h light/dark cycle
from August through the end of October. From November to
mid-March the animals were housed in total darkness with
only water ad libitum. Squirrels were observed daily during
these months and hibernation patterns were determined
using the sawdust technique (22). Hibernating animals were
at least in day 2 of a torpor bout when killed, and animals in
interbout arousal (IBA) were collected after at least three
previous hibernation bouts of 8 days or more. IBAs are
naturally occurring interruptions of the dormant state when
hibernating animals raise their body temperatures and show
brief periods of activity (29). The time of death within an IBA
was not determined. Hibernating animals killed in October
were often in their first torpor bout of the season, whereas
hibernating animals collected from December through early
March had experienced at least three previous torpor bouts of
8 days or more. The hibernation phase of the study was
concluded in mid-March by increasing room temperature to
23°C, re-establishing 12:12-h dark/light cycle, and providing
a diet of standard rodent chow and sunflower seeds ad libi-
tum. Rectal temperatures were measured at the time of
death. Ground squirrel tissue was promptly removed and
frozen immediately in liquid nitrogen. Pancreatic tissue was
immersed directly in ice-cold guanidinium isothiocyanate,
and RNA was prepared immediately because of high levels of
RNase activity in the pancreas. Whole blood was stored on
ice, serum was prepared promptly, distributed into aliquots,
frozen in liquid nitrogen, and stored at �80°C until time of
assay.

RNA isolation. Total RNA was prepared from ground
squirrel tissues using the method described by Andrews et al.
(1) or by a modification of the protocol provided with the
Totally RNA kit from Ambion. For the latter method, all
solutions were from the Totally RNA kit. The tissue was
homogenized with a rotary-blade homogenizer in guani-
dinium isothiocyanate. The WAT homogenate was subjected
to an initial centrifugation for 10 min at 3,000 g, after which
the glycerol and lipid layer was removed. The homogenate for

all tissues was extracted with phenol:chloroform:isoamyl al-
cohol (25:24:1) followed by addition of sodium acetate to a
final concentration of 0.2 M. This mixture was extracted once
more with acid-phenol:chloroform (1:1). All extractions were
performed using phase-lock tubes (Eppendorf) at 4,500 g in a
swinging bucket rotor. The aqueous layer was divided into
aliquots and stored as isopropanol precipitates. Individual
aliquots were centrifuged, rinsed with 70% ethanol, dissolved
in water, and quantified by absorption spectrophotometry.

Northern blots. Total RNAs from designated tissues of
active and hibernating 13-lined ground squirrels were sepa-
rated on agarose gels containing formaldehyde followed by
transfer onto MagnaCharge nylon membranes (Osmonics)
using 10� SSPE according to Sambrook et al. (25). The
multi-tissue blot used to examine PDK4 mRNA levels in 10
different hibernating tissues utilized 15 �g total RNA per
lane. Individual heart, WAT, and skeletal muscle blots, used
to examine PDK4 mRNA levels at various time points
throughout the hibernation season, utilized 8 �g total RNA
per lane. These Northern blots were hybridized with a ran-
dom-primed (8, 9) 32P-labeled PDK4 cDNA (accession no.
AF020845). Pancreas Northern blots used for detecting insu-
lin mRNA contained 10 �g of total RNA per lane. These blots
were hybridized with a 32P-end-labeled (25) insulin oligonu-
cleotide (5� TTGCAGTAGTTCTCCAGCTGGTAGAGGGAG-
CAGATG 3�).

RNA integrity was examined using a 1% agarose, 1� TAE
non-denaturing gel stained with ethidium bromide. Loading
and integrity of RNA on Northern blots were examined by
hybridization with a 32P-end-labeled (25) 18S rRNA oligo-
nucleotide (5� CGACTTTTACTTCCTCTAGATAGTCAAGTT-
CGAC 3�). Oligonucleotide sequences for insulin and 18S
rRNA were constructed from conserved domains for each
gene product as determined by multi-sequence alignment
with several mammalian homologs. PDK4 and insulin
mRNA levels were determined by a STORM phosphorimager
using ImageQuant software (Molecular Dynamics).

Library construction. A pancreas cDNA library was con-
structed from pancreatic poly(A)� mRNA isolated from both
a hibernating and an active 13-lined ground squirrel. A
directional cDNA library was created using the Superscript
Plasmid System for cDNA Synthesis and Plasmid Cloning
(GIBCO-BRL, Life Technologies) according to the manufac-
turer’s protocol. The library was screened for the insulin
cDNA using the 32P-end-labeled insulin oligonucleotide de-
scribed in the Northern blots, above.

Serum insulin assay. Whole blood collected at death was
spun at 3,500 g for 10 min, and partially purified serum was
transferred to 1.5-ml tubes and spun at 3,500 g for 15 min at
4°C. Serum was divided into aliquots, frozen in liquid nitro-
gen, and stored at �80°C until time of assay. Serum was
thawed on ice, and the insulin concentration was determined
by radioimmunoassay (rat insulin RIA kit, Linco). The min-
imal detection limit of the serum insulin assay is 0.1 ng/ml.
Two different concentrations of purified rat insulin provided
by the manufacturer served as quality controls. We mea-
sured the concentration and standard deviation of the control
samples by replication before beginning the assays. Experi-
mental assays contained ground squirrel serum samples and
the quality controls. In this manner we assured ourselves
that any assay is repeatable, because both of the quality
control values were within two standard deviations. Samples
from the same animals were performed in duplicate, and the
difference between the duplicates was less than 10%.

Western blots. Protein from WAT, heart, and skeletal mus-
cle (quadriceps femoris) was prepared as acetone powder
(14). Powders were solubilized in 0.2 M Tris �HCl (pH 9.2) and
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1 M ethylene glycol and reconstituted by gentle agitation for
2–3 h at 4°C. The total solubilized protein concentration was
determined by Bradford assay using dye reagents from Bio-
Rad laboratories. Ten micrograms of solubilized protein was
boiled in loading buffer (1.5 M Tris �HCl pH 8.9, 1.2% SDS,
1% DTT) and separated on the basis of size on a 10% poly-
acrylamide gel by discontinuous SDS-PAGE. The separated
proteins were subsequently transferred electrophoretically to
NitroBind nitrocellulose membrane (Osmonics). Membranes
were then blocked overnight at room temperature with TBST
(75 mM NaCl, 10 mM Tris �HCl, 0.5% Tween 20, pH 9.2)
augmented with 3% (wt/vol) bovine serum albumin. For de-
tection, membranes were incubated for 2 h with a 1:10,000
dilution of polyclonal antisera against rat PDK4 (a gift from
R. A. Harris). After three 10-min washes with TBST, mem-
branes were incubated with anti-rabbit IgG secondary anti-
body linked with horseradish peroxidase (1:5,000, in TBST)
for 1 h. The blots were given four 10-min washes in TBST,
and bound antibody was visualized using the ECL detection
system (Amersham). The blots were exposed to film, quanti-
fied by scanning densitometry, and analyzed with Image-
Quant software (Molecular Dynamics). Films used for scan-
ning densitometry were not overexposed to assure that all
densitometric quantifications were within the linear range of
the film. Exposures used for densitometry involved 56 differ-
ent tissue samples (heart, 19 animals; skeletal muscle, 18
animals; WAT, 19 animals) quantified on films different from
those shown for demonstration purposes in Fig. 3.

Statistical analysis. For Northern blots, loading was nor-
malized by 18S rRNA, and relative values were determined
by comparison to the average August value. For Western
blots, an equal amount of soluble protein was loaded for each
sample, and relative PDK4 protein levels were then deter-
mined by comparison to the average August amount. For
serum insulin levels, absolute concentrations were used for
statistical comparisons. One-way ANOVAs were used to de-
termine significant differences in levels when compared with
August active values. The ANOVA calculations were pre-
formed using version 7.1 of the SAS system (SAS Institute,
Cary, NC).

RESULTS

During hibernation in the 13-lined ground squirrel
(S. tridecemlineatus) PDK4 mRNA was seen at rela-
tively low levels in the adrenals, brain stem, cerebrum,
kidney, liver, pancreas, and testes; and at much higher
levels in heart (1), skeletal muscle, and WAT (Fig. 1A).
PDK4 mRNA was also detected during hibernation in
the heart of the golden-mantled ground squirrel (S.
lateralis) and in arctic ground squirrel (S. parryii)
heart and WAT (data not shown). Our investigation of
PDK4 expression in 13-lined ground squirrels was con-
ducted throughout the hibernation season to deter-
mine whether there was evidence for common regula-
tion among the three tissues showing the highest
mRNA levels. Total RNA from heart, skeletal muscle
from the thigh (quadriceps femoris), and abdominal
WAT were prepared from individual animals at vari-
ous states of activity from August through March.

Expression of the PDK4 gene was similar in heart,
skeletal muscle and WAT throughout the year (Fig.
1B). PDK4 mRNA levels were relatively unchanged
until the animal entered hibernation in October. Hi-
bernating animals in October showed a slight nonsig-

nificant increase in expression in all three tissues rel-
ative to August values as shown graphically for
skeletal muscle (Fig. 2A) and WAT (Fig. 2B). Later in
the hibernation season (beginning in December) there
was a further increase in mRNA levels, with the great-
est increase relative to August values seen during
IBAs. After hibernation ceased in the spring, PDK4
message dropped back to near August levels. In skele-
tal muscle, PDK4 message was increased 5-fold during
hibernation and 7-fold during IBAs, compared with
August active values (P � 0.01; Fig. 2A). In WAT, there

Fig. 1. Pyruvate dehydrogenase kinase isoenzyme 4 (PDK4) gene
expression in 13-lined ground squirrels. A: Northern blot containing
total RNA (15 �g/lane) isolated from multiple ground squirrel tissues
during hibernation. Tissues were taken from multiple animals killed
in December and January with body temperatures ranging from 6 to
10°C. Tissues are indicated above each lane, and the �-actin mRNA
(“actin”) and 18S rRNA (“18S”) profiles are shown directly below. B:
Northern blot of total RNA (8 �g/lane) from heart (Hrt), skeletal
muscle (Skl), and white adipose tissue (WAT) of the same animal for
each time point. Ambient temperature (Ta), body temperature (Tb),
and month of death are indicated above each lane. The state of each
animal is indicated as active (A), hibernating (H), or in interbout
arousal (I). RNA integrity and gel loading was controlled by hybrid-
ization with 18S rRNA (not shown).

7PDK4 AND FUEL SELECTION IN A HIBERNATING MAMMAL

Physiol Genomics • VOL 8 • www.physiolgenomics.org

«    E    g 
O      C      "3     ^ 

^     ■§      «=      - Sj      K     .^     .£ 
u 

<<CQUXi£:-JQ.MH 

PDK4 
. 4.0 kb 

actin 

18S 

a A H I A 
T l"C) a 23 17 11 11        5 5 17 

r,rc) 38 38 35 13       6 28 32 
CO 
3 
< in O 

u       aj 
O      Q 

u 
Q 

WAT 



was a 15-fold increase in PDK4 mRNA during hiber-
nation and a 20-fold increase during IBAs (P � 0.05;
Fig. 2B). Relative levels of PDK4 mRNA in heart were
quantified previously (1) and closely resemble those
seen in WAT.

Western blot analysis using antiserum against rat
PDK4 (a gift from R. A. Harris) was employed to
measure 13-lined ground squirrel PDK4 protein levels
in heart, skeletal muscle, and WAT (Fig. 3). PDK4
protein levels in these three tissues were consistent
with their mRNA profiles. In active August animals,

Fig. 2. Summaries of PDK4 mRNA levels in skeletal muscle (A) and
WAT (B). Similar measurements of PDK4 mRNA levels in heart are
published (1). Ambient temperature (Ta), body temperature (Tb), and
month(s) of death are indicated below each bar. The state of each
animal is indicated above as active (A), hibernating (H), or in inter-
bout arousal (I). The PDK4 level was normalized to the average
August level. The number of animals (n) for each time point is
indicated. Statistically significant comparisons to August mRNA
levels were determined by one-way ANOVA: *0.01 � P � 0.05 and
**P � 0.01.

Fig. 3. Western blots of total protein (10 �g/lane) isolated from heart
(A), skeletal muscle (B), and WAT (C). The blots were probed with
anti-rat PDK4 antiserum. Ambient temperature (Ta), body temper-
ature (Tb), and month of death are indicated above each lane. The
state of each animal is indicated as active (A), hibernating (H), or in
interbout arousal (I). The size of PDK4 in kilodaltons (kDa) is
indicated on the left of each blot.
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PDK4 protein was found at low levels within heart and
skeletal muscle but was barely detectable in WAT.
Compared with August squirrels, PDK4 protein de-
clined significantly in hearts from active September-
October animals (P � 0.01) and then increased three-
fold in hibernating hearts (P � 0.01; Fig. 4A). In
skeletal muscle, PDK4 protein remained relatively un-
changed from August until entrance into hibernation,
when its level increased fivefold (P � 0.05) and reached
its maximum during IBAs (P � 0.01; Fig. 4B). In WAT,
PDK4 protein increased twofold (P � 0.05) in Septem-
ber-October animals and eightfold (nonsignificant) in
hibernating animals (Fig. 4C). When comparing hiber-
nating and nonhibernating animals killed on the same
day in October, the hibernating animal has an elevated

level of PDK4 protein in all three tissues (Fig. 3). This
difference was most evident in WAT in which the
PDK4 protein, barely detectable during summer and
fall, was seen at high levels after animals entered
hibernation in October and then remained high during
hibernation (Fig. 3C). After hibernation concluded in
spring, the relative concentration of PDK4 protein
dropped to summer levels in all three tissues examined
(Figs. 3 and 4).

The coordinate expression of PDK4 in different tis-
sues during hibernation prompted us to measure cir-
culating insulin levels because of the long-standing
observation that insulin has a controlling influence on
pyruvate dehydrogenase kinase activity (17). More re-
cent experiments with rat hearts (33) and skeletal

Fig. 4. Summaries of PDK4 protein levels in heart (A), skeletal muscle (B), and WAT (C). Ambient temperature
(Ta), body temperature (Tb), and month(s) of death are indicated below each bar. The activity state is indicated
above as active (A), hibernating (H), or in interbout arousal (I). The number of animals (n) for each time point is
indicated. The PDK4 level was normalized to the average August value. Statistically significant comparisons to
August protein levels were determined by one-way ANOVA: *0.01 � P � 0.05 and **P � 0.01.
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muscle (31) have shown high levels of PDK4 mRNA
were induced in animals rendered diabetic by treat-
ment with an antibiotic that destroys the insulin-pro-
ducing capacity of the pancreas. Administration of in-
sulin to these diabetic rats lowered PDK4 mRNA back

to control levels. In ground squirrels, we found the
serum insulin concentration below 1 ng/ml for most of
the year except during September and October, when
the insulin concentration was increased fourfold (P �
0.01) compared with August active animals (Fig. 5A).

Fig. 5. Seasonal expression of insulin. A: serum insulin levels at various times of the year. Insulin concentration
was determined by radioimmunoassay. Ambient temperature (Ta), body temperature (Tb), and month(s) of death
are indicated below each bar. The activity state is indicated above as active (A), hibernating (H), or in interbout
arousal (I). The number of animals (n) for each time point is indicated. Statistically significant comparisons to
August serum insulin levels were determined by one-way ANOVA: **P � 0.01. B: insulin gene expression in
pancreas. Northern blot of total RNA (10 �g per lane) isolated from pancreas and probed with an insulin-specific
oligonucleotide. Ambient temperature (Ta), body temperature (Tb), and month of death are indicated above each
lane. The state of each animal is indicated as active (A), hibernating (H), or in interbout arousal (I). The 18S rRNA
(18S) profile in the pancreas is shown directly below. The size of the insulin message is indicated in kilobases (kb).
C: summary of relative insulin mRNA level in the pancreas. The insulin mRNA level was normalized to the average
August level. The number of animals (n) for each time point is indicated. Statistically significant comparisons to
August mRNA levels were determined by one-way ANOVA: *0.01 � P �0.05.
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When serum insulin is high in September-October,
active animals show significantly lower PDK4 protein
levels in heart compared with August animals, and all
three tissues show lower PDK4 levels than hibernating
animals (Fig. 4).

A full-length insulin cDNA (accession no. AY038604)
was isolated from a 13-lined ground squirrel pancreatic
cDNA library derived from hibernating and nonhiber-
nating animals. Ground squirrel preproinsulin is 110
amino acids long and 89% identical to the unprocessed
human protein (accession no. P01308). To investigate
insulin gene expression, total RNA from pancreas was
prepared from individual animals at various states of
activity from August through June, immobilized on
Northern blots, and probed with an end-labeled oligo-
nucleotide complementary to mammalian insulin
mRNA (Fig. 5B). Examination of insulin expression in
the pancreas across the hibernation season revealed
that mRNA levels within the pancreas did not correlate
with serum insulin concentrations. When serum insu-
lin levels were near their lowest point in December-
January hibernating animals (Fig. 5A), insulin mRNA
was upregulated fourfold (P � 0.05) compared with
summer active animals (Fig. 5C). Elevated levels of
insulin mRNA in the pancreas during hibernation may
be held in reserve so that insulin protein can be re-
leased when needed such as resumption of feeding and
subsequent glucose utilization at spring arousal.

DISCUSSION

During hibernation, carbohydrates are spared and
fatty acids become the primary source of fuel as ob-
served by a respiratory quotient (RQ) of 0.7 (reviewed
in Ref. 20). RQ is a unitless value representing the
moles of CO2 respired per moles of O2 consumed. A
value of 1.0 indicates combustion of carbohydrates;
however, an RQ of 0.7 indicates that fat is the major
substrate for energy production. The enzyme PDK4

inhibits carbohydrate oxidation by phosphorylating
the pyruvate dehydrogenase complex, thus impairing
the flow of glycolytic intermediates into the TCA cycle.
We found that the gene encoding PDK4 is upregulated
during hibernation in heart, WAT, and skeletal muscle
of the 13-lined ground squirrel, S. tridecemlineatus.
Hibernation-associated expression of the PDK4 gene
results in increased mRNA and protein levels in all
three tissues.

Identification of specific genes associated with the
hibernating state allows researchers to identify and
test endogenous and exogenous factors that control
differential gene expression during hibernation. Fac-
tors important in hibernation-related gene activity
may be environmental such as cooler ambient temper-
atures and fewer daylight hours; and/or internal fac-
tors such as circannual rhythms and changes in me-
tabolites and hormone levels. Coordinate activation of
the gene encoding PDK4 in different tissues through-
out the body points to circulating effector molecules
that regulate its expression during hibernation. We
propose a model (Fig. 6) showing how changes in serum
insulin and fatty acid levels regulate PDK4 expression
and ultimately the switch from carbohydrate- to fat-
based catabolism during hibernation. Figure 6 extends
our previous model (27) on the regulation of genes
controlling metabolism during hibernation and is
based on results reported in this paper and recent
experimental findings described in the following para-
graphs.

Injection of insulin into diabetic rats has been shown
to reduce the levels of both PDK4 protein and mRNA in
heart and skeletal muscle (31, 33). In 13-lined ground
squirrels we found high levels of serum insulin in fall
active animals coincide with low levels of PDK4 expres-
sion in heart, skeletal muscle, and WAT. An exception
is seen in hibernating October animals when the level
of PDK4 mRNA increases while the concentration of

Fig. 6. Model showing regulation of
PDK4 gene expression and the switch
from carbohydrate to fatty acids as the
primary source of fuel during hiberna-
tion: effects of serum levels of insulin
and free fatty acids (ffa) on PDK4 ex-
pression, carbohydrate oxidation, and
fatty acid oxidation in heart and skel-
etal muscle of active (PRE-HIB; Sep-
tember-October) and hibernating (HIB;
December-January) animals. Long lines
with arrowheads indicate upregulation
or activation, and lines with blunt ends
indicate downregulation or inhibition.
Long solid lines show the predominant
mode of regulation, and dashed lines
show potential secondary regulation.
Short vertical arrows pointing up indi-
cate an increase in concentration or ac-
tivity. Short vertical arrows pointing
down indicate a decrease in concentra-
tion or activity. HSL, hormone-sensitive
lipase; PPAR�, peroxisome proliferator
activated receptor-�; TG, triacylglycer-
ols.
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serum insulin remains high. Despite the lack of feed-
ing, high serum insulin levels in October persist for the
first few days after hibernation begins and may be the
result of reduced insulin turnover due to low body
temperatures (12–13°C). The increase in PDK4 mRNA
is probably due to a competing PDK4-activation path-
way (Fig. 6; described below) and/or by the onset of
insulin resistance like that observed in another hiber-
nator, the yellow-bellied marmot (Marmota flaviven-
tris; Ref. 10). Insulin resistance is a reduction in the
ability of insulin to regulate glucose homeostasis, caus-
ing an increase in serum insulin or hyperinsulinemia.
Florant and colleagues (10) suggest that hyperinsulin-
emia and peripheral insulin resistance are maximal as
the animal ceases to feed and enters hibernation.

Our observation that levels of serum insulin increase
in active fall animals (September-October) and then
decline to less than 1 ng/ml in hibernating December-
January animals is also seen in the yellow-bellied
marmot (28). Seasonal insulin concentrations in the
marmot are similar to those shown in Fig. 5A for
13-lined ground squirrels. Despite the depressed se-
rum insulin levels in December-January, we found
that insulin mRNA levels in the pancreas are the
highest in hibernating animals collected December
through March (Fig. 5C). This observation is analogous
to high insulin protein levels retained in the pancreas
of the hibernating little brown bat (Myotis lucifugus;
3). During hibernation the level of bat insulin protein
steadily increases in the pancreas, reaching its maxi-
mal level just prior to spring arousal. Bauman (3) notes
that the increase in pancreatic insulin concentration,
from early to late hibernation, may provide a rapidly
releasable storage pool required for immediate secre-
tion during spring arousal. This suggestion could ex-
plain the increase in insulin mRNA that we report in
hibernating 13-lined ground squirrels (Fig. 5, B and C).

While insulin acts as an inhibitor of PDK4 expres-
sion, a member of the peroxisome proliferator-acti-
vated receptor (PPAR) family is known to activate the
PDK4 gene. PPARs are ligand-dependent nuclear re-
ceptors that heterodimerize with the retinoid X recep-
tor (19, 21) and thereby act as transcription factors.
PDK4 expression is induced in skeletal muscle of rats
and the hearts of mice by a hypolipidemic drug and
known peroxisome proliferator, WY-14,643 (31, 32).
This finding indicates a role for PPAR� in controlling
PDK4 gene expression due to the fact that WY-14,643
is a selective PPAR�-activating ligand (12). This role of
PPAR� in activating the PDK4 gene has also recently
been confirmed using PPAR�-null mice (32).

Natural PPAR-activating ligands include long-chain
free fatty acids, such as linoleic acid, linolenic acid, and
arachidonic acid (18). Elevated levels of fatty acids are
observed in serum both before and during hibernation
(11, 13). This elevation is likely a consequence of in-
creased food intake in the months leading up to hiber-
nation when the animal is fattening and preparing for
dormancy. In 13-lined ground squirrels, elevated se-
rum fatty acid levels can also result from pancreatic
triacylglycerol lipase-mediated lipolysis of triacylglyc-

erols stored in WAT (2). Unlike hormone-sensitive
lipase, which is the primary lipolytic enzyme in WAT,
pancreatic triacylglycerol lipase is not inhibited by
insulin and can therefore provide a steady supply of
free fatty acids before and during hibernation. The
suggestion that free fatty acids can activate PDK4
expression in the presence of insulin is strengthened by
a recent line of evidence showing that insulin is not
effective in opposing or reversing WY-14,643 activation
of the PDK4 gene in Morris 7800C1 hepatoma cells
(15). This result, combined with potential insulin re-
sistance (10), suggests that free fatty acid activation of
PPAR� can initiate PDK4 gene expression near the
onset of hibernation despite relatively high serum in-
sulin levels.

Another activity of PPAR� can be seen in the acti-
vation of genes involved in lipid metabolism (26). Of
key importance to hibernation is the potential role of
PPAR� in coordinating PDK4 gene expression with the
expression of genes responsible for extracellular and
intracellular lipid transport and mitochondrial �-oxi-
dation of fatty acids (reviewed in Ref. 27). As shown in
Fig. 6, activation of PPAR� provides a mechanism
linking the inhibition of carbohydrate oxidation with
increased fatty acid oxidation, thus accounting for the
switch in fuel selection during hibernation. PPAR�
activity has also been associated with expression of
uncoupling protein-3 (UCP3; Ref. 7). This finding con-
necting PPAR� to UCP gene expression is especially
relevant with respect to hibernation and nonshivering
thermogenesis (5). In consideration of its role in the
activation of genes associated with carbohydrate utili-
zation, lipid catabolism, and nonshivering thermogen-
esis, PPAR� is likely to act as a common regulator of
the metabolic response during hibernation.
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