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Abstract
We previously demonstrated a cardiac mitochondrial biogenic response in insulin resistant mice
that requires the nuclear receptor transcription factor PPARα. We hypothesized that the PPARα
coactivator peroxisome proliferator-activated receptor gamma coactivator-1 alpha (PGC-1α) is
necessary for mitochondrial biogenesis in insulin resistant hearts and that this response was
adaptive. Mitochondrial phenotype was assessed in insulin resistant mouse models in wild-type
(WT) versus PGC-1α deficient (PGC-1α−/−) backgrounds. Both high fat-fed (HFD) WT and 6
week-old Ob/Ob animals exhibited a significant increase in myocardial mitochondrial volume
density compared to standard chow fed or WT controls. In contrast, HFD PGC-1α−/− and Ob/Ob-
PGC-1α−/− hearts lacked a mitochondrial biogenic response. PGC-1α gene expression was
increased in 6 week-old Ob/Ob animals, followed by a decline in 8 week-old Ob/Ob animals with
more severe glucose intolerance. Mitochondrial respiratory function was increased in 6 week-old
Ob/Ob animals, but not in Ob/Ob-PGC-1α−/− mice and not in 8 week-old Ob/Ob animals,
suggesting a loss of the early adaptive response, consistent with the loss of PGC-1α upregulation.
Animals that were deficient for PGC-1α and heterozygous for the related coactivator PGC-1β
(PGC-1α−/−β+/−) were bred to the Ob/Ob mice. Ob/Ob-PGC-1α−/−β+/− hearts exhibited
dramatically reduced mitochondrial respiratory capacity. Finally, the mitochondrial biogenic
response was triggered in H9C2 myotubes by exposure to oleate, an effect that was blunted with
shRNA-mediated PGC-1 “knockdown”. We conclude that PGC-1 signaling is important for the
adaptive cardiac mitochondrial biogenic response that occurs during the early stages of insulin
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resistance. This response occurs in a cell autonomous manner and likely involves exposure to high
levels of free fatty acids.
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1. INTRODUCTION
Mounting evidence suggests that diabetic cardiac dysfunction is linked to derangements in
myocardial energy metabolism [1, 2]. The high-energy demands of the mammalian heart
necessitate efficient and dynamic fuel utilization to maintain constant ATP production. This
is accomplished by oxidation of fats and glucose in a high capacity mitochondrial system.
Significant progress has been made in delineating the transcriptional regulatory circuitry
involved in the development and maintenance of cardiac myocyte mitochondria [3–6]. The
nuclear receptor transcription factors, peroxisome proliferator-activated receptor alpha
(PPARα) and estrogen-related receptor alpha (ERRα), and their coactivators PPAR gamma
coactivator-1 (PGC-1) α and β, cooperate to maintain high postnatal expression of cardiac
genes involved in multiple mitochondrial energy transduction pathways. In the setting of
insulin resistance, glucose utilization by the cardiomyocyte is constrained, forcing the heart
to rely predominantly on fatty acids as the chief energy substrate. This shift towards
mitochondrial fatty acid oxidation (FAO) as the main source of ATP is mediated, at least in
part, by PPARα, which regulates the transcription of genes involved in fatty acid (FA)
uptake and oxidation [7, 8]. Accordingly, the activity of PPARα is chronically increased in
the heart and skeletal muscle of animal models with insulin resistance and in the early stages
of diabetes [8–10]. However, it is likely that this adaptive metabolic reprogramming
response ultimately fails, giving way to a “lipotoxic” cardiomyopathy characterized by
myocyte lipid accumulation.

Increasing evidence suggests that cardiac mitochondrial dysfunction develops during the
transition from insulin resistance to diabetes, setting the stage for a vicious cycle of
increased FA delivery in the context of reduced mitochondrial fat burning capacity [9, 11–
13]. Studies in animal models and in humans have identified cardiac mitochondrial
dysfunction in the setting of type II diabetes. For example, the hearts of patients with
diabetes exhibit reduced phosphocreatine/ATP ratios [14] and diminished respiratory
function in atrial tissue [15]. Similarly, the hearts of rodent models of type II diabetes
display evidence for reduced mitochondrial respiratory capacity [9, 11, 16]. Interestingly,
mitochondrial functional derangements in the diabetic heart appear to ensue following an
initial adaptive biogenic response. We, and others, have documented a mitochondrial
biogenic response in the hearts of mouse models of insulin resistance and insulin deficiency
[9, 17–19]. We have shown that activation of PPARα is required for this early mitochondrial
biogenic response in mice [9]. This response likely involved upstream master regulatory
factors such as PGC-1α, which boosts the activity of a variety of transcription factors, in
addition to PPARα, to orchestrate a mitochondrial biogenic response [20, 21]. Indeed, the
PGC-1α gene is expressed at higher levels in hearts of obese animals [9, 12], and is
associated with increased mitochondrial number in cardiac myocytes [9]. In later stages of
diabetes, PGC-1α expression is downregulated and mitochondrial architecture is deranged
(Supplemental Figure 1) [12].

The present study was designed to test the hypothesis that PGC-1α is necessary for the
mitochondrial biogenesis response of the insulin resistant mouse heart. Using PGC-1 loss-
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of-function strategies, we show that PGC-1α and PGC-1β serve overlapping functions in the
adaptive mitochondrial biogenesis response in insulin resistant mice.

2. METHODS
2.1 Animal Models and diet studies

PGC-1α−/− animals have been described previously [5, 22]. Two independent lines of either
wild-type (WT) or PGC-1α−/− animals were derived from the original breeding, both in the
C57BL6 background. For high fat (HF) diet studies, 1 month old male and female mice were
fed for 10 weeks a diet composed of 43% calories from fat (TD01381, Harlan Teklad,
Madison WI) containing triglycerides (TAGs) composed of long-chain FA. Ob/Ob
transgenic mice (Jackson laboratories) were crossed with PGC-1α−/− mice, both in the
C57BL6 background, to initially generate Ob/+-PGC-1α+/− mice, which were subsequently
bred to generate PGC-1α−/− and Ob/Ob-PGC-1α−/− mice. These animals were compared to
the WT-Ob/Ob line. PGC-1α−/−β+/− mice have been described [4] and were bred to Ob/Ob-
PGC-1α−/− mice in order to generate pups of four different genotypes: PGC-1α−/−, Ob/Ob-
PGC-1α−/−, PGC-1α−/−β+/−, and Ob/Ob-PGC-1α−/−β+/−. All four genotypes were used for
comparative analyses. All animal experiments were conducted in accordance with NIH
guidelines for humane treatment of animals and reviewed by the Animal Studies Committee
of Washington University School of Medicine (WUSM).

2.2 Glucose Tolerance Testing
Prior to studies animals were fasted overnight and then injected with 1gm/kg of D-glucose
as previously described [23]. The area under the curve (AUC) was defined as the baseline
glucose levels and the deflection caused by glucose challenge. Total AUC was calculated
using the trapezoidal rule.

2.3 Myocardial Triglyceride Quantification and Plasma Chemistries
Total tissue TAG and serum FA, TAG, and cholesterol levels were determined by
enzymatic, colorimetric assays (Thermo Scientific, Waltham, MA and Wako Pure Chemical
Industries, Ltd. Osaka, Japan) in the Nutrition Oriented Research Center (NORC) core at
WUSM. Insulin levels were determined by immunoassay in the WUSM Core Laboratory for
Clinical Studies.

2.4 RNA isolation and rtPCR
Total RNA was isolated from hearts by the RNAzol method (Tel-Test, Friendswood, Tex) as
described previously [24]. First-strand cDNA was generated, and real-time reverse-
transcription polymerase chain reaction (rtPCR) was performed with triplicate reactions as
described previously [22]. Arbitrary units of target mRNA were corrected by measuring the
levels of 36B4 RNA. The mouse-specific primer and probe sets have been described
previously [9].

2.5 Western Blotting
Crude nuclear extracts were prepared as previously described [25]. 50 μg of nuclear extract
was loaded on a 7.5% polyacrylamide gel. Western blot was performed with a PGC-1α
antibody (EMD ST1202) as described.[25]

2.6 mtDNA quantitation
Genomic/mitochondrial DNA was isolated and quantified as previously described [4].
Mitochondrial DNA (mtDNA) content was quantified by real-time rtPCR. In brief, five
nanograms of DNA were assayed in triplicate with Sybrgreen core reagents (Applied
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Biosystems, Foster City, CA) and NADH deyhdrogenase subunit 1 (ND1, mitochondrial) or
lipoprotein lipase (LpL, nuclear) primers and a MX3000P QPCR System (Agilent
Technologies, Santa Clara, CA). mtDNA per nuclear genome was calculated as the ratio of
ND1 DNA to LpL DNA quantity. Primer sequences have been described [4].

2.7 Echocardiographic studies
Transthoracic M-mode and 2-dimensional echocardiography was performed on conscious
mice (n=6–8 males and 3–4 females per group) as described previously [26], using a Vevo
770 Ultrasound System equipped with a 30 MHz transducer (VisualSonics Inc, Toronto,
Ontario, Canada). Echocardiograms were first obtained under baseline conditions in a semi-
conscious state of anesthesia (Avertin 0.05 mg/g body weight IP), which maintains
hemodynamic parameters at a near physiologic level. Under these conditions (HR ~650
bpm), the early and late phases of diastolic LV filling occur near simultaneously, thereby
precluding the use of standard echo parameters to noninvasively evaluate diastolic filling.
To overcome these limitations, after completion of baseline recordings, a selective sinus
node inhibitor (Zatebradine 0.01 mg/g body weight IP) was administered to slow the heart
rate to a point where Doppler parameters of early and late diastolic filling are clearly
discernable (HR ~450 bpm). Within the range of affected heart rate, the overall
hemodynamic affect of Zatabradine is minimal, with no significant direct effect on loading
conditions or myocardial contractility (unpublished validation data).

2.8 Electron microcopy and volume density quantification
Papillary muscle was dissected from the left ventricle of the heart, fixed, and sectioned as
described previously [22]. Cardiac mitochondrial and myofibrillar volume densities were
determined from electron micrographs as described previously [5, 22]. For each animal, 3
different fields were quantified at the magnification 10,000x in a blinded fashion. Data are
expressed as mean volume density (volume of mitochondria or myofibrils [μm3] per
cytoplasmic volume [μm3]) in each field.

2.9 Mitochondrial respiration
Mitochondrial respiration was assessed in saponin-permeabilized cardiac fibers as described
previously [9, 11]. Oxygen consumption (V·O2) was measured at 25°C with an optical probe
(Oxygen FOXY probe, Ocean Optics, Dunedin, FL) in the presence of palmitoyl-L-carnitine
(0.02 mmol/L) and malate (2 mmol/L). After measurement of basal respiration, maximal
(ADP-stimulated) state 3 respiration was determined by exposing the fibers to 1 mmol/L
ADP, and then respiration in the absence of ADP phosphorylation was determined in the
presence of 1 mg/mL oligomycin. Respiration rates are expressed as nanomoles of O2 per
minute per milligram of dry fiber weight.

2.10 Cell Culture Studies
H9c2 cells were maintained at 37°C under 5% CO2 in Dulbecco’s modified Eagle’s medium
(DMEM) supplemented with 10% fetal calf serum (FCS). 48 h post-plating, medium was
changed to DMEM containing 1% fetal calf serum to promote differentiation. Transduction
with adenovirus siRNA was performed 4 days after plating. For oleate treatment, cells were
treated with 100uM oleate-BSA (Sigma) in DMEM containing 1% FCS for 24 hour prior to
assay. RNA was harvested using the RNAqueous 4PCRKit (Ambion) following
manufacture’s recommendations. For OCR studies, myoblasts were seeded at 8000 cells/
well in a Seahorse XF96 culture plate (Seahorse Bioscience). Twenty four hours following
oleate addition, the media was changed to DMEM without serum and incubated for 1hr.
Oxygen consumption rates were measured on the Seahorse XF96 Extracellular Flux
analyzer (Seahorse Bioscience Inc.)
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2.11 GSH Assay
Total reduced glutathione was measured using the Bioxytech GSH/GSSG-412 kit
(OxisResearch), as described. Frozen heart tissue was homogenized in 255 μl of
homogenization buffer (10mmol/L Tris pH 7.4, 3mmol/L EDTA, 0.25mol/L sucrose.) The
homogenate was centrifuged at 600 × g and 50 μl of the supernatant was added to 50 μl of
5% metaphosphoric acid. The sample was again centrifuged at 1000 × g and the supernatant
was diluted 1:25 for the final assay. The final assay was modified based on the
manufacturers instructions for use with a 96 well plate. Absorbance was measured at 412nm.
Total GSH was normalized to protein which was quantified using the BCA method (Thermo
Scientific).

2.12 Statistics
For quantitative data, statistical comparisons were made using analysis of variance coupled
to Neumann-Keul’s test or Student’s t test assuming unequal variances. All data are
presented as means ± standard error (SE), with a statistically significant difference defined
as p < 0.05.

3. RESULTS
3.1 Loss of PGC-1α blunts the cardiac mitochondrial biogenic response in glucose
intolerant mice

We evaluated the effect of PGC-1α deficiency on high fat (HF) diet-induced cardiac
mitochondrial biogenesis. To this end, WT and PGC-1α deficient (PGC-1α−/−) mice were
placed on standard or HF diet for 10 weeks. Glucose tolerance testing (GTT) confirmed
glucose intolerance (Figure 1A) in both WT and PGC-1α deficient (PGC-1α−/−) mice
(Figure 1A). Electron microscopy (EM) studies conducted on left ventricular (LV) papillary
muscle sections revealed an increase in mitochondrial number and volume density in the
WT animals, but not in the PGC-1α−/− hearts after HF-feeding (Figures 1B and 1C).
Interestingly, mitochondrial DNA levels were not significantly different among the groups
(data not shown). The expression of several genes involved in mitochondrial oxidative
phosphorylation (OXPHOS) (ATP synthase beta (ATPsyn), cytochrome oxidase 2 (Cox2),
Cytochrome C (CytoC)) and mitochondrial biogenesis programs (PGC-1α, mitochondrial
transcription factor A (tFAM)) were increased in the HF-fed WT hearts but not in HF-fed
PGC-1α−/− hearts (Figure 1D). These data strongly suggest that the observed increase in
PGC-1α expression in insulin resistant hearts is required for a normal mitochondrial
biogenic response.

To further assess the role of PGC-1α in the mitochondrial response of the insulin resistant
heart, Ob/Ob mice were crossed with PGC-1α−/− animals to obtain four mouse groups: WT,
PGC-1α−/−, Ob/Ob, and Ob/Ob-PGC-1α−/−. Both Ob/Ob and Ob/Ob-PGC-1α−/− animals at
8 weeks of age had similar increases in body weight compared to the WT and PGC-1α−/−

groups (Supplemental Table 1). In addition, Ob/Ob animals had significantly increased
plasma TAG and FFA (Supplemental Table 1) and increased myocardial TAG levels
(Supplemental Table 2). This response was similar in the Ob/Ob-PGC-1α−/− animals,
although the Ob/Ob-PGC-1α−/− plasma TAG level increase did not reach statistical
significance compared to WT or PGC-1α−/− animals. Plasma insulin levels and the HOMA-
IR index were markedly increased in both Ob/Ob and Ob/Ob-PGC-1α−/− animals compared
to WT and PGC-1α−/− animals (Supplemental Table 3). GTTs demonstrated modest glucose
intolerance at 6 weeks (Figure 2A, top) and severe glucose intolerance at 8 weeks (Figure
2A, bottom) in both Ob/Ob and Ob/Ob-PGC-1α−/− animals (Figures 2A and 2B). As in the
HF diet fed animals, the expression of the genes encoding OXPHOS targets (Cox2 and
ATPsyn), PGC-1α, and tFAM were increased in the 6 week-old Ob/Ob hearts compared to
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the WT controls (Figure 2B, top). Protein levels of PGC-1α were also increased in Ob/Ob
animals (Figure 2C). In contrast, Ob/Ob animals in the PGC-1α−/− background did not
exhibit an upregulation of the OXPHOS genes or tFAM. Indeed, ATPsyn and tFAM mRNA
levels were significantly downregulated in Ob/Ob-PGC-1α−/− compared to WT mice
(Figure 2B, top). Interestingly, PGC-1α gene and protein expression were not upregulated in
the 8 week-old Ob/Ob hearts (Figures 2B, bottom, and 2C). Additionally, consistent with a
deficiency of PGC-1α, ATPsyn and tFAM transcripts were not upregulated. We speculate
that this change in gene expression profile in Ob/Ob hearts may be related to the difference
in degree of glucose intolerance. We have previously found that PPAR α was associated
with the mitochondrial biogenesis response in insulin resistant hearts.[9] PPARα expression
was also evaluated and we found an increase in PPARα expression at 6 weeks of age that
was absent in 8 week old hearts (Supplemental Figure 2). Interestingly, PGC-1α deficiency
was associated with PPARα expression levels similar to WT in both age groups. These data
suggest a regulatory loop between PPARα and its co-activator PGC-1α. Evaluation of the
mitochondria in the 8 week-old hearts by EM (Figure 3A) and quantification of mtDNA
revealed a robust increase in both (Figures 3B and 3C) in Ob/Ob hearts. Interestingly, the
volume density and mtDNA increase was not present in the Ob/Ob- PGC-1α−/− hearts
compared to WT. These data indicate that PGC-1α is necessary to maintain a mitochondrial
biogenic response.

3.2 Loss of PGC-1α results in decreased mitochondrial respiratory capacity in glucose
intolerant animals

We next sought to evaluate the impact of PGC-1α deficiency on cardiac mitochondrial
respiratory capacity in the insulin resistant models. Oxygen consumption was measured in
saponin-permeabilized left ventricular muscle strips from WT, PGC-1α−/−, Ob/Ob, and Ob/
Ob-PGC-1α−/− animals at both 6 and 8 weeks of age using palmitoyl-carnitine (PC) with
malate (to assess FA oxidative capacity). At 6 weeks of age, the Ob/Ob mice had normal
basal but significantly increased maximal respiratory capacity (ADP-stimulated oxygen
consumption, Figure 3A) compared to WT animals, consistent with previous results
demonstrating that FAO is increased in insulin resistant hearts [2, 10, 12, 27]. Interestingly,
Ob/Ob-PGC-1α−/− muscle strips demonstrated a maximal respiratory capacity that was
significantly diminished compared to Ob/Ob-WT strips (Figure 4, top), indicating that
PGC-1α is necessary for upregulation of cardiac mitochondrial respiratory function in Ob/
Ob animals at this age. This loss of maximal respiratory capacity compared to WT-Ob/Ob
hearts is consistent with our gene expression data (Figure 2B, top). In striking contrast to the
6 week-old hearts, mitochondrial oxygen consumption was no longer increased in 8-week
old Ob/Ob animals compared to WT mice (Figure 4, bottom). This finding is consistent with
the lack of upregulated gene expression for mitochondrial metabolic targets, suggesting a
loss of adaptive PGC-1α response over time. However, the increase in ADP-stimulated
respiration was also absent in 8 week-old Ob/Ob-PGC-1α−/− hearts, suggesting that loss of
PGC-1α does not further worsen mitochondrial function in this context.

One potential explanation for the changes in mitochondrial function between 6 weeks and 8
weeks of age is increased uncoupled respiration and/or reactive oxygen species production.
To evaluate this possibility we have measured mRNA expression levels of UCP2 and UCP3
and protein expression of UCP3. There was no difference between expression levels in
either group at 6 weeks or 8 weeks of age (data not shown). We have also evaluated GSH
levels as a marker of oxidative stress. Interestingly, GSH levels were not different between
WT and Ob/Ob or Ob/Ob-PGC-1α−/− animals at 6 weeks of age (Supplemental Figure 3A).
However, by 8 weeks of age, when respiratory function declines in Ob/Ob animals, GSH
levels trended lower (p=0.057), suggesting that oxidative stress may play a role in this
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process (Supplemental Figure 3B). However, deficiency of PGC-1α did not further alter the
GSH levels.

We next investigated the cardiac functional impact of the mitochondrial biogenic responses
in the Ob/Ob heart in wild-type and PGC-1α-deficient states. Echocardiograms (ECHOs)
were performed in 8 week-old WT, PGC-1α−/−, Ob/Ob, and Ob/Ob-PGC-1α−/− animals.
Parameters of systolic function such as LV fractional shortening were similar across the
groups. However, mild alterations in diastolic function were noted in the Ob/Ob mice (Table
1). Specifically, the E/E′ velocity ratio was prolonged, and the isovolumic contraction time
(IVCT) was shortened. However, despite the fact that loss of PGC-1α impacted
mitochondrial number, function, and target gene mRNA expression in 8 week-old animals,
we did not note any other differences in ECHO parameters in the Ob/Ob-PGC-1α−/−

animals compared to Ob/Ob mice.

One possible explanation for the similar mitochondrial respiration capacity and our inability
to detect a ventricular functional difference in the 8 week-old Ob/Ob-PGC-1α−/− hearts is
that the other PGC-1 isoform, PGC-1β, compensates. Indeed, we have shown that PGC-1β
and PGC-1α have overlapping roles in cardiac metabolism and transcriptional regulation of
mitochondrial metabolism [4]. Quantification of PGC-1β gene expression in the hearts of the
6 and 8 week-old animals revealed that PGC-1 β mRNA levels were unchanged at the 6
week time point in any of the mouse groups (Figure 5). However, by 8 weeks of age,
PGC-1β was significantly increased in Ob/Ob-PGC-1α−/− hearts compared to WT (Figure
5). These data suggest that PGC-1β is also regulated by worsening glucose tolerance and
that it may compensate for the loss of PGC-1α in the Ob/Ob-PGC-1α−/− animals.

3.3 PGC-1β deficiency worsens mitochondrial deficits in Ob/Ob-PGC-1α−/− Mice
Complete loss of both PGC-1 isoforms is lethal in the neonatal period [4]. Thus, we sought
to assess the role of PGC-1β in maintaining mitochondrial oxygen consumption in Ob/Ob,
PGC-1α deficient animals, by crossing Ob/Ob animals to animals that lacked PGC-1α and
were heterozygous for PGC-1β (PGC-1α−/−β+/−). This mating resulted in 4 animals groups:
PGC-1α−/−, PGC-1α−/−β+/−, Ob/Ob-PGC-1α−/−, and Ob/Ob-PGC-1α−/−β+/−. The
PGC-1α−/−β+/− animals had a 50% decrease in PGC-1β mRNA levels (Supplemental Figure
4) compared to animals with just PGC-1α deficiency. Supplemental Tables 4 and 5
document body weight, plasma parameters, and myocardial TAG for the four mouse groups
at 8 weeks of age. Both Ob/Ob-PGC-1α−/− and Ob/Ob-PGC-1α−/− β+/− mice had increased
body weight, increased plasma TAG and cholesterol, and increased myocardial TAG
compared to controls. GTTs performed in these animals demonstrated that 8 week-old Ob/
Ob-PGC-1α−/−β+/− mice had similar degrees of glucose intolerance compared to Ob/Ob-
PGC-1α−/− animals (Supplemental Figure 2B). Additionally, plasma insulin levels and the
HOMA-IR index were increased in Ob/Ob-PGC-1α−/− and Ob/Ob-PGC-1α−/−β+/− mice to a
similar degree (Supplemental Table 6). Echocardiographs did not reveal significant
differences in cardiac functional parameters in the Ob/Ob-PGC-1α−/−β+/− mice compared to
Ob/Ob-PGC-1α−/− animals. However, when mitochondrial oxygen consumption in 8 week-
old PGC-1α−/−β+/− and Ob/Ob-PGC-1α−/−β+/− hearts was compared to our previous data
we noted that the PGC-1α−/−β+/− and Ob/Ob-PGC-1α−/−β+/− hearts demonstrated a marked
reduction in oxygen consumption compared to all other groups (Figure 6). These data
suggest that PGC-1α and β serve overlapping roles in maintaining mitochondrial FAO
capacity in insulin resistant hearts, such that loss of both isoforms reduces mitochondrial
capacity.
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3.4 PGC-1α/β affect on mitochondrial gene expression and oxygen consumption is
cardiomyocyte-specific

In order to evaluate the role of FFA delivery in the cardiac mitochondrial response and to
assess the impact of greater degrees of loss of PGC-1α and β in myocytes, we employed a
cell-based system. To this end, the impact of FFA delivery on the expression of PGC-1
coactivators and targets involved in mitochondrial respiratory function was assessed in
H9C2 myotubes. Exposure of the cells to 100 μM oleate for 24 hours significantly increased
mRNA expression levels of PGC-1α and β as well as targets involved in respiratory chain
and OXPHOS including genes encoding Cyto C, Cox 4, and ATPsynβ (Figure 7A). ShRNA-
mediated knockdown (KD) of PGC-1α or β or both demonstrated that the effect of oleate on
the induction of expression of OXPHOS target genes was abolished by KD of either PGC-1
isoform. Oleate also increased oxygen consumption rates (OCR) in control cells, but basal
OCR was diminished in the context of PGC-1 KD (Figure 6). However, in contrast to the
gene expression results, oleate still induced OCR in the context of single isoform PGC-1 KD
(albeit blunted and at lower absolute levels), but oleate induction of OCR was abolished
with shRNA directed against both PGC-1 isoforms (Figure 7B). Thus, at least one PGC-1
isoform is needed to mediate the oleate-induced increase in OCR. Taken together, these
results are consistent with the observations of the adaptive mitochondrial biogenic response
in the insulin resistant heart in vivo and suggest that FFAs play an important role in
triggering this effect in a cell autonomous manner.

4. DISCUSSION
Increasing evidence indicates that derangements in lipid metabolism and mitochondrial
dysfunction contribute to diabetic cardiomyopathy [9, 11, 12, 16, 19]. However, several
groups have demonstrated evidence of cardiac mitochondrial proliferation in insulin
resistant and diabetic animal models suggesting that an adaptive metabolic response is
triggered early in this process [9, 17]. The results of our earlier work suggested that the
transcriptional co-activator, PGC-1α is likely involved in the mitochondrial biogenic
response in insulin resistance [9]. In this study, we sought to assess the specific role of
PGC-1α in the mitochondrial biogenic response of the insulin resistant and diabetic heart
and to determine if this response was adaptive in the context of increased lipid delivery and
uptake. Herein, we demonstrate that PGC-1α is necessary for the mitochondrial biogenic
response early in the setting of glucose intolerance, and that a second PGC-1 isoform,
PGC-1β, cooperates in this response. Our results also indicate that FFA likely serve as an
important stimulus for the adaptive mitochondrial response in cardiomyocytes.

We found that hearts of animals with glucose intolerance induced by a HF diet or Ob/Ob
background, exhibit a mitochondrial biogenic response consisting of increased
mitochondrial volume density, mtDNA content, and expression of genes involved in
mitochondrial energy transduction. These data are consistent with our previous findings in
early insulin resistant UCP-DTA mice [9] and the results of studies by others in independent
diabetic animal models [11, 13, 19]. However, animals deficient for PGC-1 α, did not mount
this mitochondrial biogenic response. Furthermore, using Ob/Ob mice, we were able to
demonstrate that this mitochondrial response becomes blunted over time, as glucose
tolerance worsens and full-blown diabetes sets in. Notably, a downward trend in PGC-1α
expression has been demonstrated previously in both Ob/Ob and db/db animals [12].
Deficiency of PGC-1α in Ob/Ob hearts was associated with lower levels of the other target
genes (ATPsyn, tFAM) at 6 weeks of age, and the loss of PGC-1α induction in the 8 week-
old Ob/Ob hearts was associated with a relative loss in expression of other target genes.
Interestingly, despite the loss of PGC-1α induction, the Ob/Ob hearts still demonstrated
increased mitochondrial volume density, suggesting that changes in mitochondrial size are
initiated early on and that reversal of the process is not entirely dependent on PGC-1α
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PGC-1β gene expression is also not increased at this time point, suggesting that other
regulatory factors may be involved.

The specific signals that result in loss of the adaptive increase in PGC-1α are unclear but
may be related to secondary effects of elevated circulating levels of glucose, changes in
insulin signaling, excess FA uptake, prolonged exposure to increased FA, or a chronic
inflammatory state. We did also note an increase in PPARα expression at 6 weeks that was
no longer present at 8 weeks of age. Interestingly, we have found in skeletal muscle cells in
culture that PPARα is capable of activating the PGC-1α promoter (unpublished data),
suggesting a regulatory loop that may contribute to PGC-1α downregulation. Additionally,
there is data linking diabetes with epigenetic modifications (e.g. post-translational histone
modifications) that result in altered gene expression [28]. Such epigenetic changes may be a
result of hyperglycemia, oxidative stress, or potentially other changes in the physiologic
milieu [28]. Recently, evidence has indicated that PGC-1α activity can be altered by post-
translational mechanisms, including phosphorylation, acetylation, and methylation [29–31].
One particularly interesting regulator of PGC-1α is SIRT1, which is known to be altered by
nutritional status.[32] SIRT1 deacetylates PGC-1α, resulting in increased PGC-1α activity
[29, 31, 33]. Interestingly, altered SIRT1 expression has also been shown with impaired
insulin signaling [34, 35]. Indeed, we have evaluated SIRT1 expression in 6 week and 8
week-old WT and Ob/Ob animals and have found that SIRT1 expression is reduced in the
older animals with more severe glucose intolerance (data not shown). It is also possible that
the development of a chronic inflammatory state deactivates PGC-1 signaling. In support of
this notion we have recently shown that LPS-mediated activation of the cardiac myocyte
innate immune response reduces the expression of PGC-1α and PGC-1β [25]. Interestingly,
Schilling et al. found that toll-like receptor 4 (TLR4) and NF-κB were necessary for LPS-
mediated suppression of PGC-1.[25] Intriguingly, previous investigators have linked
saturated fatty acids with activation of the IKK/NF-κB pathway, resulting in activation of an
inflammatory cascade in a TLR4-dependent manner.[36] Together these data suggest that
saturated fatty acids, like those circulating in the insulin resistant state, may contribute to a
chronic inflammatory state that could impact mitochondrial biogenesis and function.

Previous investigators have documented an increase in myocardial oxygen consumption in
insulin resistant animals associated with increased FA uptake and utilization [27]. Our
mitochondrial respiration studies demonstrated that 6 week-old Ob/Ob muscle strips exhibit
increased rates of oxygen consumption and that deficiency of PGC-1α prevents
augmentation of respiration at this age. However, by 8 weeks of age, when PGC-1α is no
longer upregulated in Ob/Ob hearts, there is no longer an increase in mitochondrial oxygen
consumption,. We did note a trend towards increased oxidative stress, and one could
speculate that this could have a detrimental effect on mitochondrial function, resulting in the
decline in respiratory capacity. In the 8 week Ob/Ob-PGC-1α−/− animals, we were surprised
to find that deficiency of PGC-1α did not further worsen mitochondrial respiratory capacity.
Similarly, echocardiograms done at 8 weeks of age did not demonstrate a significant
difference between Ob/Ob and Ob/Ob-PGC-1α−/− animals. We speculated that this may be
due, in part, to compensation by the other PGC-1 isoform, PGC-1β; the role of PGC-1β in
diabetic hearts has not been studied. However, one must note that the ECHO changes
observed in the Ob/Ob and Ob/Ob-PGC-1α−/− animals were mild. It is possible that in the
long-term, more significant functional changes could occur. However we also cannot
exclude the possibility that the mitochondrial biogenesis response is a maladaptive response.
Previous data from our lab has indicated that excessive mitochondrial proliferation results in
cardiomyopathy.[26] In out current study, blunting mitochondrial biogenesis by knocking
out PGC-1α neither improved nor worsened cardiac function. We did, however, note a
decline in mitochondrial function, suggesting that the biogenic response is important for
augmenting energy metabolism.
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Our data indicate that PGC-1β is also responsive to the insulin resistant state, particularly
when PGC-1α is absent. It appears, however, not to compensate for the downregulation in
PGC-1α that occurs with worsening diabetes in Ob/Ob animals. It is possible that PGC-1β is
only upregulated when PGC-1α is completely absent and that this compensatory response
occurs over time but can be accelerated by the insulin resistant state. Our data also
demonstrate that combined deficiency of both PGC-1 isoforms resulted in a dramatic
decrease in mitochondrial oxygen consumption, indicating that the two isoforms cooperate
to maintain mitochondrial respiratory capacity in insulin resistant hearts. Although
echocardiography did not reveal a significant decline in function in the Ob/Ob-PGCα−/−β+/−

mice, it is possible that this reflects a lack of sensitivity of ECHO to detect differences in
diastolic function at this age in mice. However, it is also possible that the single PGC-1β
allele is still playing a role in maintaining cardiac function. The impact of the significant
decline in respiratory function in the face of ongoing excess FA uptake is unclear and will
be an important area for future studies.

Finally, we were particularly interested in whether FA was driving this mitochondrial
response in the cardiomyocyte given that the delivery of lipids to the heart is often increased
in the insulin resistant state. Our cell culture data indicate that FFA are capable of inducing
PGC-1α and other mitochondrial target gene expression changes in a cell autonomous
manner. Interestingly, in cells in culture, loss of either PGC-1 isoform abolishes the impact
of FFA on inducing gene expression. Although this is not fully consistent with our in vivo
data, it is likely related to the fact that cells in culture are a simplified system, lacking other
potentially important signaling molecules that may contribute to a compensatory response in
vivo. Importantly, FFAs induced OCR and for this readout we observed a further diminution
with combined knockdown of both PGC-1 isoforms, confirming that the two coactivators
cooperate together to maintain these higher levels of oxygen consumption when FFA is
present. The observation that FAs induce an upregulation of PGC-1α and oxygen
consumption may relate to recent HF diet studies. It has been reported that increases in FFA
concentration associated with a HF diet may maintain mitochondrial oxidative capacity in
the murine failing heart [37].

In summary, we demonstrate that PGC-1α is necessary for the early mitochondrial biogenic
response of insulin resistant hearts. Furthermore, PGC-1β also plays a role in maintaining
mitochondrial function in the setting of worsening glucose intolerance. However, over time
this response declines in association with a decline in PGC-1α expression. The basis for the
loss of the PGC-1α response is unknown but could be related to a variety of mechanisms
including altered insulin signaling, oxidative stress, inflammation, or hyperglycemia, all of
which might be a result of prolonged FA exposure. Future studies aimed at delineating the
mechanisms involved in the downregulation of PGC-1α in the diabetic heart could unveil
new therapeutic targets aimed at diabetic cardiac dysfunction.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Abbreviations

PPAR peroxisome proliferator-activated receptor

ERR estrogen related receptor

PGC-1 PPAR gamma coactivator-1

FAO fatty acid oxidation

FA fatty acid

WT wild-type

HF high fat

NORC Nutrition Oriented Research Center

WUSM Washington University School of Medicine

AUC area under the curve

TAG triacylglyceride

GTT glucose tolerance test

EM electron microscopy

LV left ventricle

OXPHOS oxidative phosphorylation

PC palmitoyl-L-carnitine

ECHO echocardiogram

IVCT interventricular contraction time

KD knockdown

OCR oxygen consumption rate
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Highlights

• PGC-1α is necessary for the mitochondrial biogenic response in the early insulin
resistant heart

• PGC-1β is responsive to insulin resistance and has an overlapping role with
PGC-1α

• Deficiency of both PGC-1 isoforms impairs mitochondrial function
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Figure 1. PGC-1α deficiency blunts mitochondrial biogenesis response in glucose intolerant mice
A) Mean blood glucose (±SE) levels during GTT after 10 weeks of HF diet, (n=5–8). Total
area under the glucose excursion curve (± SE) is displayed in the inset for the GTT. B)
Representative EMs from papillary muscle from WT and PGC-1α−/− hearts on either high
fat (HF) or standard (STD) diets. Black bars=2 micron length. C) Quantitative measurement
of mitochondrial/myofibril cellular volume density (μm3/μm3) based on analysis of EMs
(n=5 animals/group). D) Quantitative real-time rtPCR analysis of cardiac transcripts
encoding ATP synthase beta (ATPsyn), Cytochrome C (cyto C), Cytochrome C oxidase 2
(Cox2), mitochondrial transcription factor A (tFAM), PGC-1α and PGC-1β in WT and
PGC-1α−/− hearts from HF or STD diet. (n=9) Bars represent mean (± SE) arbitrary unit
(AU) normalized to the WT value (=1.0) in each case. * p < 0.05 vs WT, † p < 0.05 vs
PGC-1α−/−.
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Figure 2. Characterization of glucose tolerance and cardiac mitochondrial target gene expression
in Ob/Ob mice
A) Mean blood glucose (±SE) levels during GTT in 6 week (top) and 8 week-old (bottom)
animals (n=6–10). Total area under the glucose excursion curve (± SE) is displayed in the
inset for the GTT. B) Quantitative real-time rtPCR analysis of cardiac transcripts encoding
genes as noted in Figure 1. Top- 6 week-old, bottom- 8 week-old. (n=9/genotype). Bars
represent mean (± SE) arbitrary unit (AU) normalized to the WT value (=1.0) in each case.
C) Representative Western blot for cardiac PGC-1α at 6 weeks and 8 weeks of age. * p <
0.05 vs WT, † p < 0.05 vs PGC-1α−/−, ¥ p < 0.05 vs Ob/Ob-PGC-1α−/−.
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Figure 3. Mitochondrial biogenesis is blunted in PGC-1α deficient Ob/Ob animals
A) Representative EMs from papillary muscle from WT, PGC-1α−/−, Ob/Ob and Ob/Ob-
PGC-1α−/− hearts at 8 weeks of age. White bars=2 micron length. B) Quantitative
measurement of mitochondrial/myofibril cellular volume density (μm3/μm3) based on
analysis of EMs (n=5 animals/group), displayed on left. Mean cardiac mtDNA levels (right
panel) determined by real-time PCR analysis shown as arbitrary units (AU) (n=5–7 hearts/
group) normalized to the WT value (=1.0). * p < 0.05 vs WT, † p < 0.05 vs PGC-1α−/−.
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Figure 4. Mitochondrial respiration is impaired in PGC-1α deficient Ob/Ob animals
Mitochondrial respiration rates (V·O2) in saponin-permeabilized muscle strips prepared from
WT, PGC-1α−/−, Ob/Ob and Ob/Ob-PGC-1α−/− hearts in the presence of palmitoyl-L-
carnitine/malate at 6 weeks (top) and 8 weeks (bottom) of age. Mean values (± SE) are
shown for basal, state 3 (ADP-stimulated), and oligomycin inhibited (oligo) respiration.
(n=6 animals/group). * p < 0.05 vs WT.
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Figure 5. PGC-1β compensates for loss of PGC-1α in older Ob/Ob-PGC-1α−/− animals
Quantitative real-time rtPCR analysis of cardiac transcript for PGC-1 β in 6 week and 8
week-old animals. (n=9–12/genotype). Bars represent mean (± SE) arbitrary unit (AU)
normalized to the WT value (=1.0) in each case. * p < 0.05 vs WT.
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Figure 6. Mitochondrial respiration is severely impaired with combined deficiency of PGC-1α
and PGC-1β
Mitochondrial respiration rates (V·O2) in saponin-permeabilized muscle strips prepared from
WT, PGC-1α−/−, Ob/Ob, Ob/Ob-PGC-1 α−/−, PGC-1α−/−β+/− and, Ob/Ob-PGCα−/−β+/−

hearts in the presence of palmitoyl-L-carnitine/malate at 6 weeks (top) and 8 weeks (bottom)
of age. Mean values (± SE) are shown for basal, state 3 (ADP-stimulated), and oligomycin
inhibited (oligo) respiration. (n=6 animals/group). * p < 0.05 vs WT, † p < 0.05 vs
PGC-1α−/−, § p < 0.05 vs Ob/Ob, ¥ p < 0.05 vs Ob/Ob-PGC-1α−/−.
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Figure 7. PGC-1α and β deficiency alter cardiomyocyte gene expression and oxygen consumption
in a cell autonomous manner
A) Quantitative real-time rtPCR analysis of transcripts (as described in Figure 1) from H9C2
cells treated with either vehicle or 100μM oleate after transfection with either control
shRNA (Con) or shRNA targeting PGC-1α, PGC-1β or both. * p < 0.05 vs Con-vehicle, # p
< 0.05 vs Con-oleate, † p < 0.05 vs PGC-1α or β-oleate. B) Mean (±SE) oxygen
consumption in H9C2 cells treated in the same manner as in A. * p < 0.05 vs Con-vehicle or
for comparison noted by lines.
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Table 1

Systolic Echocardiogram parameters

WT PGC-1α−/− Ob/Ob Ob/Ob-PGC1α−/−

Body Wt (gms) 22.6 ± 1.1 19.9 ± 0.8 40.7 ± 1.0*† 37.2 ± 0.8*†

HR 637 ± 13 634 ± 7 631 ± 13 623 ± 9

LVPWd 0.669 ± 0.02 0.67 ± 0.015 0.738 ± 0.04 0.621 ± 0.02¥

IVSd 0.688 ± 0.02 0.704 ± 0.017 0.735 ± 0.04 0.638 ± 0.02

LVIDd 3.34 ± 0.07† 3.02 ± 0.11 3.65 ± 0.13† 3.44 ± 0.06†

LVPWs 1.40 ± 0.06 1.42 ± 0.01 1.52 ± 0.05 1.42 ± 0.02

IVSs 1.42 ± 0.05 1.43 ± 0.05 1.51 ± 0.05 1.43 ± 0.02

LVIDs 1.66 ± 0.08 1.43 ± 0.1 1.89 ± 0.13† 1.66 ± 0.06

LVM 69.0 ± 2.9 59.7 ± 2.6 89.6 ± 6.9 65.7 ± 3.1

LVMI 3.09 ± 0.17 3.01 ± 0.1 2.20 ± 0.13*† 1.78 ± 0.1*†

RWT 0.408 ± 0.02 0.461 ± 0.02 0.409 ± 0.03 0.367 ± 0.01†

FS (%) 50.4 ± 1.8 53.0 ± 1.8 48.8 ± 2.0 51.7 ± 1.3

HR = heart rate, LV = left ventricle, LVPWd = LV posterior wall, diastole (mm), IVSd = interventricular septum, diastole (mm), LVIDd = LV
internal dimension, diastole (mm), LVPWs = LV posterior wall, systole (mm), IVSs = interventricular septum, systole (mm), LVIDs = LV internal
dimension, systole (mm), LVM = LV mass (mg), LVMI – LVM indexed to weight, RWT = relative wall thickness (LVPWd+IVSd/LVIDd), FS =
fractional shortening (%), p < 0.05 vs WT,

†
p < 0.05 vs PGC-1α−/−,

¥
p < 0.05 vs Ob/Ob
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Table 2

Diastolic Echocardiogram parameters

WT PGC-1α−/− Ob/Ob Ob/Ob-PGC1α−/−

HR (slow) 426 ± 12 418 ± 7 421 ± 7 407 ± 6

E 0.809 ± 0.02 0.761 ± 0.03 0.959 ± 0.05*† 0.921 ± 0.03*†

A 0.745 ± 0.02 0.745 ± 0.03 0.919 ± 0.04*† 0.894 ± 0.03*†

E/A 1.09 ± 0.04 1.02 ± 0.01 1.04 ± 0.01 1.03 ± 0.01

E′ 0.050 ± 0.002 0.049 ± 0.002 0.046 ± 0.002 0.048 ± 0.001

S′ 0.045 ± 0.002 0.044 ± 0.001 0.041 ± 0.002 0.040 ± 0.001

E/E′ 16.4 ± 0.6 15.5 ± 0.6 21.1 ± 1.0*† 19.2 ± 0.4*†

IVCT 9.0 ± 0.3 9.4 ± 0.5 7.9 ± 0.1*† 8.6 ± 0.3*†

ET 36.1 ± 0.8 34.2 ± 1.3 38.8 ± 1.7 35.8 ± 1.4

IVRT 13.5 ± 0.4 12.5 ± 0.4 12.3 ± 0.5 13.4 ± 0.4

HR (slow) = heart rate after Zatabradine, E = Peak trans-mitral E velocity (mm/sec), A = Peak trans-mitral A velocity (mm/sec), S′ = peak systolic
mitral annular velocity (mm/sec), E′ = peak early diastolic mitral annular velocity (mm/sec), A′ = peak late (atrial) mitral annular velocity (mm/
sec), IVCT = isovolumic contraction time (msec), ET = ejection time (msec), IVRT = isovolumic relaxation time (msec). p < 0.05 vs WT,

†
p < 0.05 vs PGC-1α−/−,

¥
p < 0.05 vs Ob/Ob.
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