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PDK4 (pyruvate dehydrogenase kinase 4) regulates pyruvate
oxidation through the phosphorylation and inhibition of the
pyruvate dehydrogenase complex (PDC). PDC catalyzes the
conversion of pyruvate to acetyl-CoA and is an important con-
trol point in glucose and pyruvate metabolism. PDK4 gene
expression is stimulated by thyroid hormone (T3), glucocorti-
coids, and long chain fatty acids. The effects of T3 on gene
expression in the liver are mediated via the thyroid hormone
receptor. Here, we have identified two binding sites for thyroid
hormone receptor � in the promoter of the rat PDK4 (rPDK4)
gene. In addition, we have investigated the role of transcrip-
tional coactivators and found that the PGC-1� (peroxisome
proliferator-activated receptor � coactivator) enhances the T3
induction of rPDK4. Following T3 administration, there is an
increase in the associationofPGC-1�with the rPDK4promoter.
Interestingly, this increased association is with the proximal
rPDK4 promoter rather than the distal region of the gene that
contains the T3 response elements. Administration of T3 to
hypothyroid rats elevated the abundance of PGC-1�mRNAand
protein in the liver. In addition, we observed greater association
of PGC-1� not only with the rPDK4 gene but also with phos-
phoenolpyruvate carboxykinase and CPT-1a (carnitine palmi-
toyltransferase 1a) genes. Knockdown of PGC-1� in rat hepato-
cytes reduced the T3 induction of PDK4, PEPCK, and CPT-1a
genes.Our results indicate thatT3 regulates PGC-1� abundance
and association with hepatic genes, and in turn PGC-1� is an
important participant in the T3 induction of selected genes.

Thyroid hormone (T3)2 plays an important role in various
aspects of metabolism, development, and differentiation of

cells (1). T3 mediates its effect on gene expression through
binding to the thyroid hormone receptors (TR) (2). TRs belong
to the superfamily of nuclear hormone receptors, which are a
class of ligand-activated transcriptional regulators (3). There
are two major TR isoforms encoded on separate genes, desig-
nated asTR� andTR� (2). TR� is themost abundant isoform in
liver andmediates the hepatic actions of T3 (4, 5). The TR binds
to specific DNA sequences known as T3-response elements
(TRE), which most commonly contain a direct repeat of the
AGGTCA sequence separated by four nucleotides (DR4). TR
can bind to these elements in the presence or absence of ligand
to mediate positive or negative regulation of T3 target genes (2,
6). Generally, TR binds to the TRE as a heterodimer with the
retinoid X receptor (RXR) (7).
Lipid and glucose metabolism are among the many physio-

logical processes that are regulated by thyroid hormone (8, 9).
In hepatocytes, T3 increases the expression of a number of
genes involved in hepatic lipogenesis, including spot 14, fatty
acid transporter protein, and fatty-acid synthase (10, 11). Para-
doxically, T3 simultaneously induces genes involved in fatty
acid oxidation especially CPT-1a (carnitine palmitoyltrans-
ferase-1a) (12). With respect to glucose metabolism, T3 stimu-
lates almost all aspects of carbohydrate metabolism, including
enhancing gluconeogenesis through elevating the transcription
of key gluconeogenic enzymes, such as glucose-6-phosphatase
and phosphoenolpyruvate carboxykinase (PEPCK), as well as
key enzymes of glycolysis and NADH utilization, including
glyceraldehyde-3-phosphate dehydrogenase and mitochon-
drial �-glycerol phosphate dehydrogenase (13, 14).

The pyruvate dehydrogenase complex (PDC) catalyzes the
irreversible oxidative decarboxylation of pyruvate into acetyl-
CoA. Regulating PDC is an important step in fuel selection for
energy utilization in animals during different nutritional and
hormonal states as the modulation of PDC activity impacts
fatty acid as well as pyruvate and glucose metabolism (15).
Phosphorylation of the PDC on three serine residues of its E1
subunit inhibits PDC activity (15, 16). The regulatory enzymes
involved in this covalent modification include the pyruvate
dehydrogenase kinases, which inactivate PDC, and the pyru-
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vate dehydrogenase phosphatases, which activate PDC through
dephosphorylation (17). Four isoenzymes of pyruvate dehydro-
genase kinase have been identified in mammalian tissues
(PDK1, PDK2, PDK3, and PDK4) (16). The abundance of the
PDK4 isoform, which is highly expressed in heart, skeletal mus-
cle, and liver, is transcriptionally controlled (18). Expression of
thePDK4 gene is increased byT3, glucocorticoids, retinoic acid,
and long chain fatty acids (18–21). In this study, we focused on
characterizing the mechanistic regulation of the rat PDK4 gene
by T3.
TR acts in concert with coactivators and other transcrip-

tion factors to mediate the gene-specific actions of T3. Ini-
tially, coactivators, including the cAMP-response element-
binding protein-binding protein (CBP/p300), steroid receptor
coactivator, andmediator complex, were found to contribute to
the regulation of gene expression by T3 (2, 22). These coactiva-
tors upon interacting with the liganded TR promote histone
modification and transcription activation (23). We have been
investigating the role of the PGC-1� (peroxisome proliferator-
activated receptor � coactivator) in hormone responsiveness.
PGC-1� is expressed in brown adipose tissue, heart, skeletal
muscle, brain, kidney, and liver (24). A unique aspect of
PGC-1� is that its abundance is up-regulated by physiological
changes, including exercise, fasting, and cold exposure (25, 26).
PGC-1� promotes mitochondrial biogenesis in brown adipose
tissue and skeletal muscles (27, 28). Moreover, PGC-1� regu-
lates pyruvate oxidation by activating the expression of the
PDK4 gene via interactions with the orphan nuclear receptor-
estrogen-related receptor � (ERR�) (29, 30). In the liver,
PGC-1� promotes increased expression of genes involved in
hepatic fatty acid oxidation (31). In addition, PGC-1�drives the
expression of genes involved in hepatic gluconeogenesis via
interactions with HNF4� (hepatic nuclear factor-4) and FoxO1
(forkhead transcription factor) (32, 33).
Previous studies demonstrated that PGC-1� can coactivate

the TR� (25, 34).Moreover, previous work from our laboratory
found that overexpression of PGC-1� enhanced the induction
of CPT-1a by T3 (35). These studies suggested a link between
the T3 effect on metabolic processes and PGC-1�. Here, we
have addressed the question of whether PGC-1� is a coactiva-
tor in the T3 induction of the rat PDK4 gene.We identified two
TRE sites in the rPDK4 gene promoter. In addition, we found
that PGC-1� is associated with rPDK4 and other metabolic
hepatic genes in response to T3 administration. Our data dem-
onstrate that PGC-1� enhances theT3 induction of select genes
in the liver.

MATERIALS AND METHODS

Transient Transfection of Luciferase Vectors—Rat PDK4-lu-
ciferase constructs (rPDK4-luc) were transiently transfected
into HepG2 cells by the calcium phosphate method as
described previously (35). Transfections included 2 �g of
PDK4-luciferase along with SV40-thyroid hormone receptor �
(SV40-TR�), pSV-PGC-1�, and TK-Renilla. Cells were trans-
fected in Dulbecco’s modified Eagle’s medium containing 5%
calf serum, 5% fetal calf serumand incubated overnight at 37 °C.
Cells were changed into Dulbecco’s modified Eagle’s medium
containing no serum and treated with 100 nM T3 for 24 h. After

T3 treatment, cells were lysed in Passive Lysis Buffer (Promega).
Both luciferase and Renilla activity were measured using the
Dual-Luciferase reporter kit (catalog no. E1980, Promega). Pro-
tein content in each lysate was determined by the BCA protein
assay kit (catalog no. 23225, Pierce). Luciferase activity was cor-
rected for both protein content and Renilla activity to account
for cell density and transfection efficiency, respectively. Serial
deletions of the ratPDK4 promoterwere created by PCR ampli-
fication as described previously (36).
Site-directed Mutagenesis of the rPDK4 Promoter—The

QuikChange-XL site-directedmutagenesis kit (Stratagene) was
used to generate mutations in the TREs in the �1256/�78
rPDK4-luciferase vector. DR4(�1112) was disrupted by chang-
ing the GGT in its second hexamer half-site sequence into
AAC, whereas DR4(�1173) was altered by changing the three
nucleotides GGT in its second repeat into TTC. Site-directed
mutagenesis was used to disrupt the ERR� and FOXO1-bind-
ing sites in the �1256/�78 rPDK4-luciferase vector. Primers
used to introduce these mutations are listed in supplemental
Table S1.
Experimental Animals for in Vivo Electroporation—Eight

male hypophysectomized rats weighing 125–150 g were pur-
chased from Harlan Sprague-Dawley. These rats received Tek-
land iodine-deficient diet and water ad libitum and were
housed in a reverse-cycle light-controlled room with a 12-h
light period followed by a 12-h dark period. The animals were
maintained on the iodine-deficient diet for 21 days prior to
commencing experimentation to achieve sufficient turnover of
thyroxine . Four of the rats were given an initial subcutaneous
injection of 1 mg/kg T3 72 h prior to electroporation and an
additional injection of 0.25 mg/kg T3 24 h prior to electropora-
tion. Both the in vivo electroporation and the harvesting of liver
punches were performed at the mid-dark part of the reverse-
light cycle. The animals were euthanized 24 h after surgery.
Serum T3 levels, determined by a solid-phase competitive
enzyme-linked immunosorbent assay purchased from Calbio-
tech (Spring Valley, CA), were 0.9 � 0.6 pg/ml for the hypoph-
ysectomized rats and 3.7 � 0.6 pg/ml for the T3-treated
hypophysectomized rats (means � S.D.).
In Vivo Electroporation and Luciferase Assays—Electropora-

tion was performed as described previously (37) with some
modifications. The liver was surgically exposed as described
previously. Fifty �l of sterile saline containing 10 �g of wild
type rPDK4 promoter linked to firefly luciferase and 0.01 �g
of phRL-CMV Renilla (to correct for transfection efficiency)
were introduced by subcapsular injection into different
regions of the right lobe in duplicate. A six-needle hexagonal
array electrode (0.5 cm in diameter) was placed over the area,
and six 150-ms pulses of 150 V/cm with 150-ms rests
between pulses were administered with a BTX T830 square-
wave electroporator (Harvard Apparatus). Similarly, 10 �g
of the rPDK4 promoter linked to firefly luciferase with muta-
tions in the TRE-1 site and 0.01 �g of phRL-CMVwere intro-
duced in duplicate in the left lobe. Thus, wild type and
mutant promoters were compared in duplicate in the same
animal. After electroporation, the liver was placed back in
the abdomen, and the wound was closed with surgical sta-
ples. The rats were given a single subcutaneous injection of
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ketoprofen (5 mg/kg) for analgesia. The animals returned to
normal activities in a few minutes. They were maintained on
warm water blankets following surgery.
Twenty-four h after electroporation, the livers were har-

vested, and rPDK4 promoter activity was determined from the
ratio of luminescence from firefly luciferase to Renilla lucifer-
ase (transfection control). Six light needle scars easily defined
the circular areas where the cells were transfected. These areas
were punched out using a 0.5-cmdiameter cork borer. The liver
tissue, �0.1 g, was placed in 600 �l of passive lysis buffer (Pro-
mega, Madison, WI) and homogenized with a Polytron tissue
disruptor. The lysate was then centrifuged at 16,000 � g for 5
min. The supernatant was assayed for luciferase activity using
the Dual-Luciferase assay kit from Promega and a Turner
Designs 20/20 luminometer.
Electrophoretic Mobility Shift—Electrophoretic mobility

shift assays were conducted by labeling double-stranded oligo-
nucleotides with Klenow enzyme and [�-32P]dCTP. Oligonu-
cleotides contained sequences representing the TREs (see Fig.
2B for oligomer sequences). His-tagged TR� and RXR proteins
were used to determine the ability of TR�-RXR to bind to either
the wild type or the mutated oligomers (13). The protein-DNA
bindingmixtures contained labeled probe (30,000 cpm) and the
purified protein in 80mMKCl, 25mMTris-HCl, pH 7.4, 0.1 mM

EDTA, 1mM dithiothreitol, 10% glycerol, and poly(dI-dC). The
binding reactions were resolved on 5%nondenaturing acrylam-
ide gels (80:1, acrylamide/bisacrylamide) in Tris-glycine run-
ning buffer (22 mM Tris and 190 mM glycine). The electro-
phoresis was conducted at 180 V for 80 min at 4 °C.
Animals and Treatments for in Vivo ChIP Assays—Adult

male Sprague-Dawley rats were housed under controlled con-
ditions (22 °C, constant humidity, 12 h/12 h dark/light cycle) in
the animal care facility of the University of Tennessee Health
Science Center. Hypothyroidism was induced by propylthio-
uracil/iodine-free diet (Teklad 95125) for 3 weeks before the
experiments. The rats were given a single intraperitoneal injec-
tion of T3 (0.33 mg/kg of body weight). Twenty-four h after T3
injection, rats were sacrificed, and livers were isolated for RNA
and protein preparation. Thyroid hormone status was verified
by measurements of serum T3 levels (hypothyroid, T3 �0.4
�g/liter; hyperthyroid, T3 �6.5 �g/liter).
ChIP Assay—Rat primary hepatocytes were prepared by

collagenase perfusion as described previously (38). Rat pri-
mary hepatocytes (3 � 106 in 60-mm dishes) were main-
tained for 12 h in RPMI 1640 media and 10% fetal bovine
serum. Following two washes with phosphate-buffered
saline, the medium was replaced by RPMI 1640 media with-
out serum. The cells were treated with 100 nM T3 for 24 h.
Cross-linking was performed with 1% formaldehyde for 15
min at room temperature and stopped by adding 125 mM

glycine to each plate for 5 min. Cross-linked hepatocytes
were scraped from the plate and collected by centrifuging for
5 min at 2,000 rpm. ChIP assays were conducted with slight
modifications of the protocol provided by the Magna ChIP
kit (catalog no. 17-610, Millipore). The cell pellets were
resuspended in 200 �l of cell lysis buffer, containing protease
inhibitor mixtures (P8340, Sigma). Samples were incubated
on ice for 15 min, followed by homogenization using a

Dounce homogenizer. The homogenate was pelleted, resus-
pended in nuclear lysis buffer, and sheared to 400–600 bp
with 9 sonications of 30 s, followed by centrifugation at
14,000 rpm for 10 min. Chromatin preparations were immu-
noprecipitated with the desired antibody or with the control
antibody rabbit IgG (sc-2027, Santa Cruz Biotechnology).
Antibodies used were anti-TR� (sc-67122) and anti-PGC-1�
(sc-13067). Samples were left rotating overnight at 4 °C with
the antibody and the A magnetic beads. The magnetic beads
were pelleted and washed with a low salt immune complex
wash buffer, high salt immune complex wash buffer, lithium-
chloride immune complex wash buffer, and TE buffer. DNA
was eluted using the ChIP elution buffer and treated with
proteinase K for 4 h at 65 °C followed by 10 min at 95 °C.
DNA was purified using the QIAquick PCR purification kit
(catalog no. 28104, Qiagen). A total of 3–6 �l of purified
sample was used in 35 cycles of PCR. Primers for regions of
the target genes are listed in supplemental Table S2. The
PCR products were analyzed on 2% NuSieve� 3:1 agarose
(catalog no. 50094, Cambrex) and visualized with MultiImage
Light Cabinet with Alpha Imager EP software. The relative in-
tensity of the bands was determined using AlphaView ver-
sion 1.2.0.1 (Alpha Innotech Corp.).
Western Analysis—Western analysis was performed on

whole cell extracts from nontreated primary rat hepatocytes
or treated with 100 nM T3 for 24 h. Cells were lysed in RIPA
buffer (20 mM Tris-HCl, pH 7.4, 150 mM NaCl, 0.5% deoxy-
cholate, 5 mM EDTA, pH 8.0, 0.1% SDS, and diluted protease
inhibitor mixture). An equal amount of protein was loaded
onto a 12% SDS-polyacrylamide gel and transferred to a
0.45-�m pure nitrocellulose membrane (Bio-Rad). Blots were
immunoblottedwith primary antibodies, anti-PGC-1� (catalog
no. sc-13067, Santa Cruz Biotechnology), and anti-PDK4 (cat-
alog no. AP7041b, Abgent), in phosphate-buffered saline con-
taining 5% nonfat dry milk powder and were incubated with
horseradish peroxidase-conjugated anti-rabbit secondary anti-
body. Immunoreactive proteins were identified using Super
Signal West Femto chemiluminescence substrate (Pierce). The
ChemiDocTM XRS gel documentation system (Bio-Rad) was
used to quantify the immunoreactive proteins. Actin was used
as the loading control for each lane.
Real Time PCR—Real time PCR was used to quantify

mRNA abundance. The cDNA was prepared using RNA iso-
lated from primary rat hepatocytes. RNA was isolated with
RNA-Stat-60 (Tel-Test) (30). The RNA was then treated
with DNase I (2 units) at 37 °C for 1 h followed by addition of
DNase inactivation reagent (Ambion). The concentration of
each sample containing DNA-free RNA was measured using
a NanoDrop machine (Thermo Scientific). Equal amounts of
DNA-free RNA were used for first-strand cDNA synthesis.
Two �g of DNA-free RNA extracted from different cells was
converted to cDNA using Superscript reverse transcriptase
III and random hexamers (Invitrogen). The parameters for
real time PCR were as follows: 95 °C for 10 min, 40 cycles
of 95 °C for 30 s, and 60 °C for 1min. The final concentration of
primers in each well in the PCR plates was 0.1 �M. Four �l of
1:5 of each cDNA was used as a template to assess target
genes and normalized with the 18 S gene. The forward and
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reverse primers used for real time PCR are provided in sup-
plemental Table S3. The primers for PEPCK, fatty-acid syn-
thase, and TR� were obtained from Qiagen (catalog nos.
QT01619975, QT00371210, and QT00193690, respectively).
Adenoviral Infection—Purified adenoviruses encoding shRNA

specific for the PGC-1� (Ad-siPGC-1�) and control adenovi-
ruses encoding nontemplate shRNA (Ad-NC) were amplified
by ViraQuest Inc. Primary rat hepatocytes were plated at a den-
sity of 3� 106 in a 60-mmdish in RPMI 1640media (3 plates for
each condition). Five hours after plating the cells, media were
aspirated, and 2 ml of purified adenoviruses were added to the
cells in the presence of 8 �g/ml Polybrene. The media were
changed 24 h post-transduction, and the cells were treatedwith
100 nM T3 for another 24 h in serum-free RPMI 1640 medium.
The hepatocytes were harvested, and RNA was isolated using
RNA Stat 60.

RESULTS

Identification of Regions within the Rat PDK4 Promoter
Required for T3 Responsiveness—Previous reports indicated
that hepatic PDK4 gene expression was stimulated by T3, al-
though the mechanisms by which T3 induced the PDK4 gene
were not investigated (20). Our initial experiments were
designed to localize the region in the rat PDK4 promoter

required for T3 responsiveness. We
cotransfected HepG2 hepatoma
cells with rPDK4 luciferase re-
porter genes (rPDK4-luc) contain-
ing serial deletions of the PDK4
promoter and an expression vec-
tor for TR� (Fig. 1A). The cells
were treated with 100 nM T3 for
24 h. The �1256/�78 luciferase
vectorwas induced 5.1� 0.4-fold by
T3. Deletion of the nucleotides
between �1256 and �973 resulted
in complete loss of T3 responsive-
ness (Fig. 1A). The results are
expressed as the relative induction
by T3 � S.E. by comparing the T3
induction of vectors in the
T3-treated cells to the nontreated
ones. These data suggested that
there was a TRE in this region of the
rat PDK4 promoter. We identified
two potential TREs in the �1256 to
�973 region of the rPDK4 pro-
moter. These elements contain direct
repeats separated by four nucleotides
(DR4) as shown in Fig. 1B.
To investigate the importance

of these elements in the induction
of the rPDK4 gene by T3, we dis-
rupted these DR4 sequences by site-
directed mutagenesis (Fig. 2A).
HepG2 cells were transfected with
the DR4(�1112) mutant �1256/�78,
DR4(�1173) mutant �1256/�78,

or the wild type �1256/�78 PDK4-luc and tested for T3
responsiveness. Disruption of theDR4 element (�1112) caused
a significant reduction in the T3 induction (1.7 � 0.2-fold, 77%
less than the wild type 4.0 � 0.3-fold, p � 0.0019). In addition,
mutating theDR4 element (�1173) reduced the T3 response by
93% (1.2 � 0.3-fold). To test the ability of TR� to bind this
element in vitro, gel shift mobility assays were conducted with
the wild type andmutant oligomers representing the DR4 sites.
The results indicated that the TR� can bind as a heterodimer
with RXR to the wild type DR4(�1112) site as well as the
DR4(�1173) site. However, TR� did not bind either mutated
TRE (Fig. 2B).
To characterize the role of the TRE(�1112) in vivo, we con-

ducted transfections of the wild type �1256/�78 PDK4-luc
vector or the TRE mutant (�1112) into the livers of hy-
pothyroid rats. These luciferase reporters were transfected by
electroporation into different lobes in duplicate of the same rat
liver (37). Four hypothyroid rats were treated with T3, and four
additional hypothyroid rats were left untreated prior to intro-
duction of the luciferase vectors. Following T3 treatment, the
expression of the wild type �1256/�78 PDK4 luciferase pro-
moter increased significantly, 3.1� 0.6-fold (p� 0.01), in com-
parison with the TREmutant promoter, and in nontreated rats
the 1.4 � 0.2-fold induction of the wild type promoter was not

FIGURE 1. Thyroid hormone stimulates rPDK4 gene expression. A, HepG2 cells were transiently transfected
with 2 �g of different rPDK4 luciferase reporters, 1 �g of RSV-TR�, and 0.1 �g of TK-Renilla. Transfected cells
were incubated either in serum-free Dulbecco’s modified Eagle’s medium or Dulbecco’s modified Eagle’s
medium containing 100 nM T3 for 24 h. All transfections were performed in duplicate and repeated three to six
times. Luciferase and Renilla assays were performed in the same tube. Luciferase activity was corrected for both
protein content and Renilla activity. Results are expressed as the relative induction by T3 � S.E. by comparing
the T3 induction of vectors in the treated cells to the nontreated ones. The significance is calculated relative to
the shortest construct of the rPDK4-luciferase (�578/�78) (**, p value 0.001 to 0.01; ***, p value �0.001). ns, not
significant. B, sequence for the region between �1256 and �973 in the rPDK4 promoter is shown with the
potential TREs underlined.
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significantly different from that of the mutant one (Fig. 2C).
These data demonstrated that therewas a functional TRE local-
ized within the �1112 to �1096 region of the PDK4 gene pro-
moter and that disruption of this element reduced the ability of
the T3 to induce the PDK4 gene in vivo.
Association of the TR� and PGC-1� with the rPDK4 Gene

Promoter—To investigate the role of coactivators in the T3
induction of rat PDK4 expression, we examined the role of

PGC-1� that had been shown to
stimulate the PDK4 gene (36). To
determinewhetherTR� andPGC-1�
were associated with the rat PDK4
gene in vivo, we conducted ChIP
assays (Fig. 3). Rat primary hepato-
cytes were cultured in serum-free
mediawith orwithout 100 nMT3 for
24 h. We cross-linked the DNA and
proteins in hepatocytes with 1%
formaldehyde prior to conducting
immunoprecipitations with the
TR� or PGC-1� antibodies. As
a control, we immunoprecipitated
with rabbit preimmune serum.
PCR primers sets were designed to
amplify the proximal, the TRE,
and the far upstream promoter
regions of the rat PDK4 gene as
listed in the supplemental material.
The upstream primers served as
negative controls. The data from the
ChIP assays indicated that prior to
T3 treatment, the TR� is associated
with both the proximal promoter and
the TRE region of the PDK4 gene.
However, TR�wasnot observedwith
the upstream region of the PDK4
gene. The addition of T3 to hepato-
cytes did not increase TR� binding to
any region of the PDK4 gene. In addi-
tion, PGC-1�was associatedwith the
proximal promoter and to a lesser
extent with the TRE prior to T3
addition. Following treatment of
hepatocytes with T3, the association
of PGC-1�with the proximal region
of the rPDK4 gene increased by
1.85 � 0.2-fold, but T3 did not
increase its association with the
TRE region (Fig. 3). These data indi-
cated that only PGC-1� association
with the proximal promoter of
PDK4 gene is increased followingT3
administration.
Thyroid Hormone Treatment In-

creases the mRNA of Both the PDK4
and PGC-1� Genes—Our next
experiments examined the effect of
T3 on the abundance of both PDK4

and PGC-1� mRNA and protein in primary rat hepatocytes.
Hepatocytes were treated with T3 for 24 h, and then RNA was
isolated. Both the PDK4 and the PGC-1� mRNA abundance
were increased 2.2 � 0.3- and 2.6 � 0.7-fold, respectively, after
T3 treatment in rat hepatocytes (Fig. 4A). Using Western anal-
yses, we found that the PDK4 and PGC-1� protein abundance
was increased 2 � 0.2- and 2.2 � 0.2-fold, respectively, by T3
(Fig. 4B). In addition, we found that PDK2 protein levels were

FIGURE 2. Identification of a thyroid hormone-response element in the rPDK4 promoter. A, HepG2 cells
were transiently cotransfected with �1256/�78 rPDK4-luciferase, RSV-TR�, and TK-Renilla and treated with T3
as described in Fig. 1. Transfections were conducted with �1256/�78 rPDK4-luc in which the DR4 element sites
were disrupted. All transfections were performed in duplicate and repeated four times. Results are expressed
as the relative induction by T3 � S.E. by comparing the T3 induction of vectors in the treated cells to the
nontreated ones. The significance is calculated relative to the wild type rPDK4 �1256/�78-luciferase (***, p
value 0.001 to 0.01). B, ability of TR�/RXR to bind the two TREs was tested with gel shift mobility assays. Gel shift
mobility assay was conducted as described under “Experimental Procedures.” The sequences for the wild type
(WT) DR4(�1112) and DR4(�1173) oligomer or the mutated version are shown below the gel shift with the
mutated nucleotides shown in boldface, and the sequence for the WT-TRE is underlined. C, hypothyroid rats
were transfected in vivo by electroporation of liver as outlined under “Experimental Procedures.” The transfec-
tion included the �1256/�78 wild type rPDK4-luciferase or the DR4(�1112) mut rPDK4-luciferase plasmids.
CMV-Renilla was included as a control. The values are the average of four hypothyroid untreated rats and four
T3-treated rats, and it is represented as fold induction ratio of the wild type rPDK4 luciferase levels to that for the
DR4(�1112) mut. *, p value 0.01 to 0.05.
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elevated 1.5 � 0.04-fold by T3 (data not shown). These experi-
ments provide further confirmation that the PGC-1� is a T3-re-
sponsive gene and support our hypothesis that PGC-1� is a
coactivator in the T3 regulation of the rat PDK4 gene.
PGC-1� Enhances the T3 Induction of the rPDK4 Gene—

Next, we examined whether PGC-1� could enhance the T3
induction of the PDK4 gene by cotransfecting pSV-PGC-1�

with wild type �1256/�78 rPDK4-
luc. In addition, we tested rPDK4-
luc vectors with mutations in the
FoxO1 site at position �347 or the
ERR� mutants at positions �338
and�370. The ERR proteins recruit
PGC-1� to the PDK4 promoter
(30). Addition of 100 nM T3 for 24 h
stimulated the wild type version
of �1256/�78 rPDK4-luc vector
8.0 � 1.2-fold, and overexpression
of PGC-1� induced it 5.1� 0.6-fold.
When T3 was added in the pres-
ence of PGC-1�, we obtained a
synergistic effect with a 28.3 � 3.5-
fold induction. The �338 ERR�
mutant, �370 ERR� mutant, and
�347 FoxO1mutant versions of the
rPDK4 �1256/�78 all showed sim-
ilar luciferase induction of 7 � 1.2-,
6.1 � 1.3-, and 7.1 � 0.7-fold,
respectively, with T3 treatment.
Overexpression of PGC-1� did not
induce either of the ERR� mutants.
The FoxO1 mutant was only
increased 3.1 � 0.6-fold by T3,
which is lower than the wild type
(Fig. 5). Surprisingly, when T3 was
added in the presence of PGC-1�,
we still observed a significant syner-
gistic effect for all the mutant ver-
sions of the �1256/�78 PDK4-luc,
including a 15.5 � 3.5-fold for the
�338 ERR� mutant, 11.6 � 2-fold
for the �370 ERR� mutant, and
20.1 � 4.4-fold for the �347 FoxO1
mutant (Fig. 5). Therefore, we cre-
ated a double mutation of both ERR
sites. This double mutant was not
induced by PGC-1� but still medi-
ated a reduced synergistic effect
with T3. These results indicate that
PGC-1� stimulates the PDK4 gene
through the�338 to�370 region of
the PDK4 promoter. The data also
suggest that PGC-1� can act as a
coactivator for the T3 induction of
the rPDK4 gene in part though asso-
ciation with other factors on the
promoter.
PGC-1� Association with T3-re-

sponsive Genes Is Elevated in Hyperthyroid Rats—PGC-1� can
stimulate hepatic genes involved in gluconeogenesis and fatty
acid oxidation (26). To investigate the role of the PGC-1� in the
T3 induction of selected genes, we examined whether there was
increased association of PGC-1� with PDK4, CPT-1a, and
PEPCK genes in hypothyroid rats treated with T3. Hypothyroid
rats were given a single dose of T3, and after 24 h pieces of the

FIGURE 3. TR� and PGC-1� are associated with the rPDK4 gene promoter in vivo. ChIP assays were con-
ducted on primary rat hepatocytes. Hepatocytes were treated with 100 nM T3 for 24 h prior to cross-linking as
described under “Experimental Procedures.” A, model of the PDK4 gene and the location of the primers used for
the ChIP assay is shown at the top of the figure. Antibodies to TR� and PGC-1� or immunoglobulin G (IgG) were
used for immunoprecipitation. The amplified PCR products using primers for the proximal, TRE, and upstream
regions of the rPDK4 gene were resolved on an agarose gel. B, association of TR� and PGC-1� with PDK4-TRE
and -proximal were quantified using Quantity One software. These data are the average � S.E. of four inde-
pendent ChIP assays (**, p value 0.001 to 0.01).
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liver were analyzed in ChIP assays.We detected PGC-1� in the
proximal region of the PDK4 gene promoter, and similarly to
the hepatocytes studies in Fig. 3, this association was increased
5.9� 0.5-fold byT3 treatment. In contrastwith ourChIP exper-
iments in primary hepatocytes, we did not observe any associ-
ation of PGC-1� with the TRE region of the PDK4 gene pro-
moter. We speculate that this may reflect differences of factor
association in the whole liver and primary hepatocytes at the
24-h time point. In addition, we found that there was increased
association of PGC-1� with both the first intron and TRE
region of the CPT-1a gene promoter following T3 treatment as
well as increased association of the PGC-1� with the PEPCK
promoter (Fig. 6, A and B). T3 not only promoted the associa-
tion of PGC-1� with these genes but also significantly elevated
the abundance of PGC-1� mRNA (Fig. 6C). In addition,
PGC-1� protein levels were induced in the hyperthyroid rats by

2.8 � 0.3-fold (Fig. 6D). The increased abundance and associa-
tion of the PGC-1� with different metabolic genes after T3
treatment suggest that PGC-1� participates in theT3 activation
of several genes.
Knockdown of PGC-1� Affects the T3 Induction of Specific

Metabolic Genes—To test the role of the PGC-1� in the T3
induction of hepatic metabolic gene expression, we infected rat
primary hepatocytes with adenovirus encoding shRNA to
silence PGC-1� (Ad-siPGC-1�) prior to treatment of cells with
T3. Adenovirus encoding control shRNA, which did not alter
other rat genes, was used as a control (Ad-NC). Ad-siPGC-1�
significantly decreased the expression of PGC-1� by 70% com-
pared with the Ad-NC in hepatocytes not treated with T3. In
addition, the induction of PGC-1� by T3 was reduced in hepa-
tocytes infected with Ad-siPGC-1�. The PGC-1� mRNA in
hepatocytes infected with Ad-NC was increased 5.2 � 2.3-fold
by T3 (Fig. 7A). The knockdown of the PGC-1� in primary
hepatocytes decreased the T3 induction of PDK4, CPT-1a, and
PEPCK, whereas T3 stimulated these genes in hepatocytes
infected with Ad-NC by 3.3 � 0.6-, 4 � 1.3-, 3.3 � 0.6-fold,
respectively (Fig. 7, B–D). This impairment of the T3 induction
for these metabolic genes after PGC-1� silencing indicates that
PGC-1� is an important coactivator in theT3 induction process
of these genes in primary hepatocytes. To determine whether
PGC-1� would increase expression of genes not regulated by
PGC-1�, we measured the induction of fatty-acid synthase and
the thyroid receptor � (TR�) mRNA levels by T3. There was no
significant change in their induction levels by T3 after knocking
down PGC-1� (Fig. 7, E and F). Our data demonstrated that
PGC-1� is an important coactivator for the T3 induction of
specific genes in the liver.

DISCUSSION

Pyruvate dehydrogenase kinases decrease PDC activity by
phosphorylation, thereby inhibiting the conversion of pyruvate
to acetyl-CoA (15). The importance of PDK4 in glucose homeo-
stasis has been demonstrated in PDK4 knock-out (PDK4�/�)
mice (39). With fasting, the blood concentrations of glucose,
lactate, pyruvate, and alanine were lower in PDK4�/� mice
(39). These mice exhibited elevated PDC activity and increased
glucose utilization. Moreover, a recent study with PDK4�/�

mice found that the knock-out mice, when placed on a high fat
diet, had improved glucose tolerance and greater insulin sensi-
tivity (40). Changes in PDK4 abundance in part mediate the
long term changes in PDC activity. PDK4 levels are transcrip-
tionally regulated by a variety of hormones and dietary lipids
(18, 41). In these studies, we have investigated the mechanisms
by which T3 induces PDK4 gene expression in the liver. Our
data demonstrate that T3 stimulates PDK4 gene expression in
vitro in hepatoma cells and in vivo in hyperthyroid rats. This
stimulation is mediated through two TREs in the PDK4 pro-
moter. Previously, we had found that the coactivator PGC-1�
induces PDK4 (30). Here, we report that PGC-1� is recruited to
the rat PDK4 gene following T3 administration through inter-
actionswith ERR� and that PGC-1� is an important participant
in the T3 stimulation of PDK4 expression. However, PGC-1�
likely contributes to the T3 induction of only a limited subset of
T3-responsive genes.

FIGURE 4. Thyroid hormone increases rPDK4 and PGC-1� mRNA and pro-
tein abundance. A, primary rat hepatocytes were plated on collagen-coated
plates, and T3 was added at a concentration of 100 nM for 24 h. RNA was
harvested, and the abundance of rPDK4 and PGC-1� mRNA was determined
by real time PCR. The data are presented as the fold induction of mRNA abun-
dance by T3 (average � S.E.) from four independent hepatocyte preparations.
B, expression of the rPDK4 and PGC-1� proteins was monitored by Western
blot analysis. The data are presented as the fold induction of protein abun-
dance by T3 (average � S.E.) from three independent hepatocyte prepara-
tions. The control samples were assigned a relative value of 1 (*, p value 0.01
to 0.05; **, p value 0.001 to 0.01).
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Previous studies found that overall pyruvate dehydrogenase
kinase activity was elevated in the liver of hyperthyroid rats
(42). Priestman et al. (43) reported that PDK2 protein was
increased 1.5-fold in the liver of hyperthyroid rats. Subse-
quently, Sugden et al. (44) reported that hyperthyroidism
induced the expression of the PDK4 but not PDK2 in hearts of
rats. In the liver, hyperthyroidism increased both hepatic PDK2
and PDK4 protein levels (20). In addition to elevated pyruvate
dehydrogenase kinase activity, there was a suppression of the
pyruvate dehydrogenase activity in hyperthyroid rats (20).
These results are consistent with our observations regarding
the induction of PDK4 protein abundance by T3 and indicate
that T3 enhances PDC activity.

PDK4 is highly regulated at the transcriptional level. In addi-
tion to T3, the abundance of PDK4 is transcriptionally up-reg-
ulated by retinoic acid, glucocorticoids, and long chain fatty
acids (18, 19).Multiple nuclear receptors, including the retinoic
acid receptor, the glucocorticoid receptor, ERR�, and HNF4

bind the PDK4 gene (18, 30, 36). ret-
inoic acid receptor-� binds within
the first 200 bp of the human PDK4
promoter (46). Huang and co-work-
ers (19, 47) reported that in 7800C1
hepatomacells, glucocorticoidspro-
foundly stimulate PDK4 expression,
and a glucocorticoid-response ele-
ment was identified in the human
PDK4 promoter. In addition, high
fat diets induce PDK4 expression,
but no induction of the PDK4 gene
was observed in PPAR� knock-out
mice (48, 49). However, to our
knowledge, a PPAR�-binding site
has not been identified on the PDK4
promoter. By demonstrating the
binding of TR, we have expanded
the repertoire of nuclear receptors
that interact with the PDK4 gene.
In addition to the transcriptional

activation via the binding of li-
ganded nuclear receptors, the actions
of these receptors are modulated in
part through their interactions with
other transcription factors bound
to the promoter. These accessory
factors and nuclear receptors
include hormone-response units.
For example, T3 induces expression
of thePEPCK gene through aTRE in
the proximal promoter, but the
CCAAT enhancer-binding protein
is required for the activation of
PEPCK by T3 (50). With respect to
the PDK4 gene, both Sp1 and CBF
are needed for the retinoic acid
induction of PDK4 as mutation of
the binding sites for these factors
eliminated the retinoic acid stimu-

lation (46). Along with the liganded glucocorticoid receptor,
FoxO1participates in the glucocorticoid induction of thePDK4
and PEPCK genes (47, 51). Having previously identified ERR�
and FoxO1 as regulators of PDK4, we tested whether ERR� and
FoxO1 contributed to the T3 induction of PDK4. Mutation of
both ERR sites reduced the T3 stimulation of PDK4 suggesting
that ERR� participates in T3 action. These observations suggest
that different combinations of transcription factorsmediate the
various hormone responses of the PDK4 gene. We found that
HNF4 stimulated the PDK4 gene although HNF4 did not
appear to recruit PGC-1� to the PDK4 gene (36). Interestingly,
an HNF4 site is located adjacent to the TRE in the PDK4 gene
raising the possibility that HNF4 contributes to the T3
induction.
Previous studies had identified links between T3 and PGC-

1�. First, PGC-1� can physically interactwith and coactivateT3
receptors (25, 34). These interactions occurred via the AF-2
domain of the TR� and the LXXLL motif (L2) in PGC-1� (34).

FIGURE 5. PGC-1� enhances the T3 induction of rPDK4 gene. HepG2 hepatoma cells were transiently trans-
fected with 2 �g of different rPDK4-luc constructs, 1 �g of pSV-PGC-1� or pSV, 1.0 �g of RSV-TR�, and 0.1 �g of
TK-Renilla. T3 was added at a concentration of 100 nM for 24 h. All transfections were performed in duplicate
and repeated three to six times. Luciferase assays were performed as described in the legend to Fig. 1. Results
are expressed as fold induction by PGC-1� or T3 compared with the untreated cells in each data set (*, p value
0.01 to 0.05; **, p value 0.001 to 0.01; ***, p value �0.001; 	, p value 0.01 to 0.05 between �1256/�78 rPDK4
wild type and �1256/�78 rPDK4 �338/�370 ERR� mutant).
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Additional links between T3 and PGC-1� were reported by
Weitzel et al. (52) who showed that the hepatic PGC-1�mRNA
expression was induced by T3 treatment of hypothyroid rats. In
these studies, it was found that both the PGC-1� and PGC-1�
isoforms were rapidly induced within 6 h by T3. Many addi-
tional hepatic genes were stimulated 24 h later leading to the
suggestion that PGC-1� might contribute to their induction.
We also observed that PGC-1� was increased by T3 in primary
rat hepatocytes. However, we did not observe any increase in
PGC-1� in ventricular myocytes following T3 administration
suggesting that the induction of PGC-1� might be limited to
the liver (data not shown). It was found by Irrcher et al. (53) that
PGC-1� was increased by T3 in the liver and soleus muscle but
not the heart. In contrast, it was reported by others that
PGC-1�was elevated in the heart of rats treated with thyroxine
for 15 days but not at earlier time points (54). Finally, Crunk-

horn and Patti (8) examined the potential linkage between
PGC-1� and T3 action on mitochondrial genes. It was noted
that small interfering RNA to PGC-1� decreased the abun-
dance of TR� in C2C12 cells (8). In our studies, we did not
observe any effect of PGC-1� silencing on TR� levels in hepa-
tocytes suggesting that this may be a tissue-specific action.
We found that overexpression of PGC-1� showed a signif-

icant synergistic effect with T3 in inducing PDK4 gene
expression. PGC-1� stimulates PDK4 expression via interac-
tions with ERR� (29). In hepatocytes and rat liver, our ChIP
assays showed an association of PGC-1� with the PDK4 pro-
moter. The key aspect of these assayswas that the association of
PGC-1� with the proximal PDK4 promoter was increased in
both systems following T3 administration. We observed asso-
ciation of PGC-1� with the TRE region in hepatocytes but not
the rat liver possibly reflecting differences in the timing of

FIGURE 6. PGC-1� association with T3-responsive genes is elevated in T3-treated rats. A, ChIP assays were conducted in liver samples from hypothyroid
rats that were untreated or exposed to T3 for 24 h. The ChIP assays were conducted as outlined under “Experimental Procedures.” Various portions of the rPDK4,
CPT-1a, and PEPCK genes were analyzed for the binding of PGC-1�. Representative PCRs are shown. B, binding of PGC-1� to the various genes was quantified
using Quantity One software. The results are the summary of four independent hypothyroid and T3-treated rats. C, RNA was extracted from the livers and the
mRNA abundance of the indicated genes was quantified by real time PCR. D, abundance of PGC-1� protein was quantified using Western blot analysis. The
PGC-1� abundance was assessed using protein extracts from the same rats that were used for the ChIP assays and real time PCR.*, p value 0.01 to 0.05; **, p value
0.001 to 0.01; ***, p value �0.001.
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PGC-1� association with the promoter in primary hepatocytes
as opposed to the liver. In luciferase assays, the T3 and PGC-1�
synergism was reduced by mutating the ERR�-binding sites,
suggesting that PGC-1� participates in T3 action not only via
interactions with ERR� but also by interacting with liganded
TR� or additional factors. Our ChIP assays indicated that T3
increased PGC-1� association with other T3 responsiveness
genes further implicating this coactivator in T3 action.
Adenovirus-mediated silencing of PGC-1� was utilized to

investigate its role in the T3 induction of PDK4 and other met-
abolic genes. Silencing PGC-1� decreased the T3 stimulation of
PDK4, CPT-1a, and PEPCK gene expression, but it did not
affect the induction of fatty-acid synthase and TR� mRNA.
These results suggest that whereas PGC-1� is an important
coactivator for the T3 induction of selected genes in hepato-
cytes, genes and pathways that are not normally affected by
PGC-1� will not utilize this coactivator in the T3 response. We
reported that PGC-1� participated in the T3 induction of the
CPT-1a gene (35). These previous observations, which were
based primarily on overexpression approaches, were confirmed
by the knockdown of PGC-1�. It was reported by other inves-
tigators that the T3 induction of gene expression was indepen-

dent of PGC-1� (45). However, these studieswere conducted in
GC-1 cells, and we speculate that the interrelationship we have
observed with T3 and PGC-1�may occur in the liver and with a
limited group of genes. Interestingly, CPT-1a is induced in the
liver by T3 but not in the heart (12). On the other hand, PDK4 is
increased in both the heart and the liver by T3 suggesting that
PDK4 and CPT-1a use different repertoires of transcription
factors to respond to T3.

Based on our studies, we conclude that T3 increases the
abundance of the PGC-1� and that more PGC-1� will be avail-
able to stimulate expression of PDK4 and other target genes.
PGC-1� can induce the PDK4 gene expression in part through
the interaction with the ERR� at the proximal part of the PDK4
promoter (29, 30). Finally, our data suggest that PGC-1� is an
important coactivator for the T3 activation of some hepatic
genes.
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