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Introduction
Aside from improvement in hyperglycemia, various new therapies for treatment of  type 2 diabetes focus on 
the effect of  the new drugs on cardiovascular disease. Agonists of  PPARα and PPARγ have been developed 
for the treatment of  hyperlipidemia and hyperglycemia, respectively, based on their effects in reducing cir-
culating triglyceride levels and promoting insulin sensitization.

PPARs belong to the nuclear receptors superfamily and promote fatty acid (FA) metabolism. PPARα 
ligands, such as fibrates, lower plasma triglyceride levels and increase high-density lipoprotein–cholesterol 
levels (1). Thiazolidinediones (TZDs) are PPARγ ligands and act as insulin sensitizers that lower plasma 
glucose (2). However, PPARγ agonists have toxicity and can produce heart failure either due to direct 
actions on the heart or due to increased salt and water retention (3). Dual PPARα/γ agonists (glitazars) were 
developed to combine the beneficial effects of  PPARα and PPARγ agonism. Although these dual agonists 
improve metabolic parameters (4), some of  them, such as tesaglitazar (5) and muraglitazar (6) were aban-
doned when clinical trials showed either increased risk for cardiovascular events or other adverse effects, 
such as increased peripheral edema and creatine phosphokinase via mechanisms that remain unknown.

Dual PPARα/γ agonists that were developed to target hyperlipidemia and hyperglycemia in 
patients with type 2 diabetes caused cardiac dysfunction or other adverse effects. We studied 
the mechanisms that underlie the cardiotoxic effects of a dual PPARα/γ agonist, tesaglitazar, in 
wild-type and diabetic (leptin receptor–deficient, db/db) mice. Mice treated with tesaglitazar-
containing chow or high-fat diet developed cardiac dysfunction despite lower plasma triglycerides 
and glucose levels. Expression of cardiac PPARγ coactivator 1-α (PGC1α), which promotes 
mitochondrial biogenesis, had the most profound reduction among various fatty acid metabolism 
genes. Furthermore, we observed increased acetylation of PGC1α, which suggests PGC1α inhibition 
and lowered sirtuin 1 (SIRT1) expression. This change was associated with lower mitochondrial 
abundance. Combined pharmacological activation of PPARα and PPARγ in C57BL/6 mice 
reproduced the reduction of PGC1α expression and mitochondrial abundance. Resveratrol-mediated 
SIRT1 activation attenuated tesaglitazar-induced cardiac dysfunction and corrected myocardial 
mitochondrial respiration in C57BL/6 and diabetic mice but not in cardiomyocyte-specific Sirt1–/– 
mice. Our data show that drugs that activate both PPARα and PPARγ lead to cardiac dysfunction 
associated with PGC1α suppression and lower mitochondrial abundance, likely due to competition 
between these 2 transcription factors.
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PPARs are central regulators of  cardiac FA metabolism (7). Cardiac PPARα induces the expression 
of  genes that orchestrate FA oxidation (FAO) and uptake (8). Greater FAO leads indirectly to lower car-
diac glucose utilization (9). PPARγ can also promote cardiac FAO (10, 11) when PPARα expression is 
reduced (12) or ablated (11). Thus, both PPARα and PPARγ can orchestrate the cardiac FAO–related gene 
expression program. Because different PPAR isoforms can activate the same FA metabolism-related genes, 
dominance of  one PPAR isoform over the other in controlling FA metabolism in a tissue depends on the 
abundance of  the respective isoform as well as on the availability of  endogenous isoform-specific ligands. 
FAO accounts for 70% of  the ATP that is produced in the heart (13). Thus, it is surprising that combined 
activation of  2 positive regulators of  cardiac FAO, PPARα and PPARγ, causes cardiac dysfunction.

PPARγ coactivator 1-α (PGC1α) is encoded by the Ppargc1a gene. It is the common transcriptional 
coactivator of  PPARα and PPARγ and regulates cardiac FAO, mitochondrial biogenesis, and respiration 
(14). PGC1α activation is controlled through reversible lysine side chain hyperacetylation that is attenuated 
by the enzymatic activity of  the deacetylase sirtuin 1 (SIRT1) (15). SIRTs are class III histone deacetylases 
activated by NAD+. Thus, they act as metabolic sensors of  fluctuations in the NAD+/NADH ratio (16).

In this study, we investigated the effect of  combined PPARα/γ activation on PGC1α expression and 
activation. Subsequently, we assessed whether the inhibitory effect of  dual PPARα/γ activation on PGC1α 
activity is driven by downregulation of  SIRT1. Our data show that cardiac dysfunction caused by an anti-
diabetic dual PPARα/γ agonist, tesaglitazar, is associated with reduced PGC1α expression and activation 
(17–19). These effects are associated with competition between PPARα and PPARγ for regulation of  Pparg-
c1a gene expression as well as by decreased cardiac SIRT1 expression. Activation of  SIRT1 with resveratrol 
attenuated tesaglitazar-mediated cardiac dysfunction in C57BL/6 wild-type mice and in diabetic db/db 
(leptin receptor–deficient) mice but not in mice with cardiomyocyte-specific ablation of  SIRT1. Our data 
elucidate the mechanism that underlies dual PPARα/γ activation cardiotoxicity and identify a potentially 
new pharmacologic approach to prevent these side effects.

Results
Tesaglitazar causes cardiac dysfunction. Six-week-old C57BL/6 male mice were fed standard diet (chow) supple-
mented with tesaglitazar for 6 weeks. Tesaglitazar feeding did not alter plasma triglycerides or glucose levels 
(Figure 1, A and B) and neither did it affect weight gain rate and food consumption compared with respective 
controls (Supplemental Figure 1, A and B; supplemental material available online with this article; https://
doi.org/10.1172/jci.insight.129556DS1). On the other hand, 2D echocardiography revealed that mice fed 
with tesaglitazar developed cardiac dysfunction (Figure 1, C and D). Specifically, tesaglitazar reduced left 
ventricular fractional shortening (FS%) by approximately 20% and increased left ventricular internal diame-
ter during systole by 30% compared with chow-fed mice (Figure 1D and Supplemental Table 1).

Tesaglitazar-mediated cardiac dysfunction is associated with lower PGC1α protein levels. Because tesaglitazar is 
a dual agonist for both PPARα and PPARγ, we examined expression of cardiac FAO–genes in mice treated 
with tesaglitazar. The expression of Ppargc1a, which encodes for the common transcriptional coactivator of  
PPARs (20) and promotes mitochondrial biogenesis, showed a strong trend (P = 0.104) for reduction (20%) at 
the mRNA level (Figure 1E) and clear reduction (~45%) at the protein level (Figure 1F). Among several FA 
metabolism–related genes, Ppard expression was increased by 2.6-fold and uncoupling protein 3 (Ucp3) expres-
sion had a strong trend of increase (87%; Figure 1G). In contrast to these changes, cardiac PPARα and PPARγ 
protein levels were not significantly altered in tesaglitazar-treated mice (Supplemental Figure 1, C and D).

PPARα activation compromised PPARγ-mediated induction of  PGC1α. To test whether the effect of  tesagl-
itazar on PGC1α levels relies on combined activation of  PPARα and PPARγ, we tested whether indi-
vidual PPARα and PPARγ activation by their respective ligands has a similar effect. First, we performed 
dose-titration experiments to identify the minimum dose of  rosiglitazone (PPARγ agonist) that increases 
cardiac Ppargc1a expression levels and the maximum dose of  WY-14643 (PPARα agonist) that does not 
affect it. Specifically, we administered a series of  doses of  rosiglitazone or WY-14643 (25 mg/kg body 
weight, 12.5 mg/kg body weight, 6.25 mg/kg body weight, 3.125 mg/kg body weight) via i.p. injections 
in C57BL/6 mice. This experiment showed that 25 mg/kg body weight was the lowest dose of  rosiglita-
zone that induced cardiac Ppargc1a expression (Figure 2A) and 12.5 mg/kg body weight was the highest 
dose of  WY-14643 that did not (Figure 2A). C57BL/6 mice were then injected with a combination of  25 
mg/kg body weight rosiglitazone and 12.5 mg/kg body weight WY-14643. The combined treatment pre-
vented rosiglitazone-mediated upregulation of  cardiac Ppargc1a gene expression (Figure 2A). Accordingly, 
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combined administration of  rosiglitazone and WY-14643 prevented PPARγ-mediated upregulation of  the 
expression of  lipid uptake–related genes, such as cluster of  differentiation 36 (Cd36) and Lpl (Figure 2B). 
Rosiglitazone also increased CPT1B (2.3-fold) and ACOX1 (2.5-fold) mRNA levels, but combined injec-
tion of  both PPARα and PPARγ agonists in C57BL/6 mice blocked the effects of  rosiglitazone (Figure 
2C). Conversely, PPARα and PPARγ did not seem to compete for regulation of  other genes. Specifically, 
treatment of  C57BL/6 mice with WY-14643 did not prevent a rosiglitazone-mediated trend of  increase 
of  Acadl (~25-fold) gene expression (Figure 2C). Cardiac Ucp3 gene expression was increased (3.2-fold) by 
WY-14643 and retained the same levels in mice treated with the combination (Figure 2C). On the other 
hand, both individual agonist treatments, as well as combined administration, increased the expression 
of  Angptl4 with rosiglitazone being the major inducer (single treatment: 35-fold and combined treatment: 
strong trend of  25-fold increase) compared with WY-14643 single treatment (2.5-fold) (Figure 2B). Thus, 
although combined PPARα/γ activation led to greater expression of  some FAO-related genes, the expres-
sion of  Ppargc1a and some other downstream PPAR targets was not increased.

Combined PPARα/γ activation decreased cardiac mitochondrial abundance and respiration. PGC1α pro-
motes mitochondrial biogenesis (14) by controlling the expression of  mitochondrial transcription factor A 
(mtTFA, encoded by Tfam gene) (21). Given that combined administration of  single PPARα and PPARγ 
agonists prevented rosiglitazone-mediated upregulation of  PGC1α, and treatment with the dual PPARα/γ 
agonist, tesaglitazar, had an inhibitory effect on cardiac PGC1α levels, we tested whether combined PPARα 
and PPARγ activation affects mitochondrial abundance and function. Cardiac TFAM mRNA levels were 
increased (2-fold) in rosiglitazone-treated C57BL/6 mice, but combined treatment with rosiglitazone and 
WY-14643 prevented this increase (Figure 3A). Conversely, hearts from mice treated with the combina-
tion of  rosiglitazone and WY-14643 exhibited a reduced mitochondrial DNA (mtDNA) to nuclear DNA 
(nuDNA) ratio (–31%; Figure 3B), demonstrating that combined activation of  PPARα and PPARγ prevents 
rosiglitazone-mediated increased expression of  PGC1α and reduces mitochondrial abundance.

Figure 1. Tesaglitazar causes cardiac dysfunction. C57BL/6 mice were treated with control chow or tesaglitazar-containing (TESA-containing) chow (0.5 
μmol/kg bw) for 6 weeks (all mice were treated in 1 experiment). After termination of treatment, plasma triglycerides (TG, A; n = 5) and plasma glucose (B; 
n = 5) were assessed. Cardiac function was determined and is represented here with short-axis M-mode echocardiography images (C) and calculation of 
left ventricular fractional shortening (D; n = 5). After the treatment period, cardiac PPAR γ coactivator 1 α (Ppargc1a) mRNA levels (E; n = 4) and the respec-
tive protein levels (PGC1α) were assessed (F; representative immunoblot and densitometric analysis normalized to β-ACTIN; n = 5). (G) Cardiac carnitine 
palmitoyltransferase 1-β (Cpt1b), acyl-CoA oxidase 1 (Acox1), medium-chain acyl-CoA dehydrogenase (Acadm), long-chain acyl-CoA dehydrogenase (Acadl), 
very-long-chain acyl-CoA dehydrogenase (Acadvl), uncoupling protein 2 (Ucp2), Ucp3, Ppargc1b, Ppara, Pparg, Ppard, estrogen-related receptor α (Erra), 
angiopoietin-like-4 (Angptl4), lipoprotein lipase (Lpl), and cluster of differentiation 36 (Cd36) mRNA levels were assessed (G; n = 5). Statistical analysis 
was performed using unpaired 2-tailed Student’s t test. **P < 0.01. Error bars represent SEM.
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In accordance with the previous finding, mitochondrial MitoTracker Red staining (Figure 3, C and D) 
of  primary adult cardiomyocytes (ACMs) isolated from mice subjected to daily i.p. injections with tesaglita-
zar (2 mg/kg body weight) for 7 days showed lower mitochondrial abundance (–67%; Figure 3D) compared 
with the ACMs derived from control mice (DMSO injected). Accordingly, a human cardiomyocyte cell line 
(AC16) (22) that was treated with tesaglitazar (50 μM and 100 μM) for 24 hours showed decreased mito-
chondrial abundance (–42% for cells treated with 100 μM tesaglitazar) (Supplemental Figure 2, A and B).

In order to assess whether the reduction in mitochondrial number affected respiratory capacity of  car-
diomyocytes, we measured oxygen consumption rate (OCR) using the Seahorse Bioscience XF96 Analyzer 
in primary ACMs derived from mice that were treated with tesaglitazar. This analysis showed impaired 
mitochondrial respiration, as shown by lower basal respiration, maximal respiration, and spare respiratory 
capacity (Figure 3, E and F).

PPARα and PPARγ compete for the regulation of  the Ppargc1a promoter. In order to confirm that the lack of  
induction of  Ppargc1a gene expression upon combined pharmacologic PPARα and PPARγ activation of  is 
not accounted for by off-target effects of  rosiglitazone and WY-14643, we infected AC16 cells with recom-
binant adenoviruses expressing human PPARα (Ad-PPARα) and PPARγ (Ad-PPARγ). Similar to that seen 
with pharmacologic activation of  PPARα and PPARγ, PPARGC1A mRNA levels were increased (2.6-fold) 
in cells treated with Ad-PPARγ (Figure 4A). The positive effect of  PPARγ on PPARGC1A gene expression 
was blocked in cells infected with a combination of  Ad-PPARα and Ad-PPARγ (Figure 4A).

Next, we treated AC16 cells with increasing doses of rosiglitazone (25, 50, and 100 μM) and WY-14643 
(25, 50, and 100 μM) to identify the minimum dose of rosiglitazone that increases PPARGC1A expression (Sup-
plemental Figure 3, A–C) and the maximum dose of WY-14643 that does not (Supplemental Figure 3, D–F). 

Figure 2. PPARα interferes with PPARγ-mediated induction of tesaglitazar on Ppargc1a expression. (A) C57BL/6 mice injected i.p. with 25, 12.5, 6.25, 
and 3.125 mg/kg of body weight (bw) rosiglitazone (PPARγ agonist) and 3.125 mg/kg bw WY-14643 (PPARα agonist) or a combination of rosiglitazone (25 
mg/kg bw) and WY-14643 (12.5 mg/kg bw) to assess the cardiac PPARγ coactivator 1-α (Ppargc1a) mRNA levels (n = 6–16). Control (CTRL) mice (n = 26) 
received DMSO. (B and C) C57BL/6 mice were treated i.p. with rosiglitazone (25 mg/kg bw), WY-14643 (12.5 mg/kg bw), or a combination of rosiglitazone 
(25 mg/kg body weight) and WY-14643 (12.5 mg/kg bw) and cardiac cluster of differentiation (Cd36), lipoprotein lipase (Lpl), and angiopoietin like-4 
(Angptl4) (B; n = 4–8) and carnitine palmitoyltransferase 1-β (Cpt1b), acyl-CoA oxidase 1 (Acox1), medium-chain acyl-CoA dehydrogenase (Acadm), long-
chain acyl-CoA dehydrogenase (Acadl), very-long-chain acyl-CoA dehydrogenase (Acadvl), uncoupling protein 2 (Ucp2), and Ucp3 (C; n = 4–10) mRNA levels 
were assessed. Control mice were treated with DMSO. Statistical analyses were performed with 1-way ANOVA followed by Tukey’s correction. Error bars 
represent SEM. *P < 0.05 vs. CTRL; **P < 0.01 vs CTRL. #P < 0.05 vs. rosiglitasone (25 mg/kg bw); ##P < 0.01 vs. rosiglitasone (25 mg/kg bw). $P < 0.05 vs. 
WY-14643 (25 mg/kg bw); $$P < 0.05 vs. WY-14643 (25 mg/kg bw). The data presented here were collected from 2–3 independent experiments.
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This analysis prompted us to select 50 μM rosiglitazone and 50 μM WY-14643 for further in vitro experiments. 
Treatment of AC16 cells with 50 μM rosiglitazone increased PPARGC1Α mRNA levels (3.34-fold) (Figure 4B). 
The same dose, however, did not increase PPARGC1Α mRNA levels after combination with 50 μM WY-14643 
(Figure 4B). The inhibitory effect of WY-14643 on the rosiglitazone-mediated increase of PPARGC1Α mRNA 
levels was partially abolished upon coadministration of 10 μM MK886, a PPARα antagonist (Figure 4B).

As both adenovirus-mediated and combined pharmacological PPARα and PPARγ agonists suppressed 
PPARγ-mediated upregulation of  PPARGC1A expression, we tested whether this effect was driven by altered 
PPARGC1A promoter activity. We first tested whether human PPARGC1A promoter (obtained from UCSC 
Genome Browser) contains PPAR response elements (PPREs). Analysis of  the PPARGC1A promoter sequence 
up to 2,000 bp before the transcription initiation site (Genomatix) and sequence comparison between the 
human and murine PPARGC1A promoter sequence (CLUSTAL O 1.2.0 sequence alignment software) (Sup-
plemental Figure 4A) identified 5 conserved PPREs that span regions –1631/–1609 bp, –1386/–1362 bp, 
–1012/–991 bp, –634/–612 bp, and –210/–189 bp (Supplemental Figure 4B). To map the region of  the human 
PPARGC1A promoter that is responsible for the inhibitory effect of  PPARα on PPARγ-mediated upregulation 
of  PPARGC1A expression, we generated a panel of  PPARGC1A promoter deletion mutants (Supplemental 
Figure 4C) and cloned this panel into the pGL3-BV luciferase reporter plasmid. We transfected AC16 cells 
with reporter plasmids containing PPARGC1A promoter deletion mutants, pGL3BV-PPARGC1A-1631, pGL-
3BV-PPARGC1A-1386, pGL3BV-PPARGC1A-1012, and pGL3BV-PPARGC1A-210, and treated them with 50 
μM rosiglitazone, 50 μM WY-14643, or a combination of  both. Rosiglitazone increased luciferase activity of  

Figure 3. Tesaglitazar reduces mitochondrial abundance in cardiomyocytes. (A and B) C57BL/6 mice were injected i.p. with rosiglitazone (PPARγ ago-
nist; 25 mg/kg bw), WY-14643 (PPARα agonist; 12.5 mg/kg bw), or a combination of rosiglitazone (25 mg/kg bw) and WY-14643 (12.5 mg/kg bw). Cardiac 
mitochondrial transcription factor A (TFAM) mRNA levels (A; n = 4) and mitochondrial abundance were determined by measuring the mitochondrial DNA 
(mtDNA) to nuclear DNA (nuDNA) ratio (fold change) (B; n = 9–10). Control (CTRL) mice were treated with DMSO. (C and D) C57BL/6 mice were subject-
ed to daily i.p. injections with tesaglitazar (TESA) (2 mg/kg bw) for 7 days, and primary adult cardiomyocytes (ACMs) were isolated. Representative 
images (C, original magnification, ×20; scale bar: 100 μm) obtained from fluorescence microscopy of isolated ACMs stained with MitoTracker Red and 
mitochondrial number/total area were quantified (D) (n = 6, number of analyzed cells: control, 127; tesaglitazar, 125; data derived from 3 independent 
experiments). (E and F) ACMs were isolated from C57BL/6 mice upon completion of 6 weeks feeding on regular chow, chow diet containing tesaglitazar 
(0.5 μmol/kg body weight), or chow with combination of tesaglitazar (0.5 μmol/kg body weight) and resveratrol (RSV; 100 mg/kg body weight/day). 
Oxygen consumption rate (OCR; E) and basal respiration, maximal respiration, and spare respiratory capacity (F) measured with XF96 Seahorse Analyzer. 
Oligo, oligomycin (3 μM); FCCP, carbonyl cyanide-p-trifluoromethoxyphenylhydrazone (2 μM); AA/Rot, antimycin a/rotenone (0.5 μM) (n = 8–13 wells 
with ACMs isolated from 3 individual mice per experimental group). Statistical analyses for all graphs were performed with 1-way ANOVA followed by 
Tukey’s correction except D, which was analyzed with an unpaired 2-tailed Student’s t test. *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001 vs. CTRL 
or chow. #P < 0.05; ##P < 0.01 vs. rosiglitazar 25 or tesaglitazar. Error bars represent SEM. * indicates statistical difference with control chow, # indicates 
difference with rosiglitazone- or tesaglitazar-treated mice.
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pGL3BV-PPARGC1A-1631 (Figure 4C), while it did not have any effect on pGL3BV-PPARGC1A-1386 (Figure 
4D), pGL3BV-PPARGC1A-1012 (Figure 4E), and pGL3BV-PPARGC1A-210 (Figure 4F). On the other hand, 
WY-14643 did not increase luciferase activity in any of  the groups (Figure 4, C–F). However, the combined 
treatment with rosiglitazone and WY-14643 prevented a rosiglitazone-mediated increase in the activity of  
the PPARGC1A-1631 promoter fragment (Figure 4C). Thus, PPARα and PPARγ compete for regulation of  
PPARGC1A gene expression and activation of  PPARα prevents PPARγ-mediated induction of  PPARGC1A 
promoter activity when the PPRE of the –1631/–1609 bp region is present.

Our in silico analysis predicted a flanking region of –1631/–1609 bp in the PPARGC1A gene promoter 
(Supplemental Figure 4A). In order to assess binding capacity of PPARα and PPRAγ on this region, we per-
formed chromatin immunoprecipitation assays using homogenates of hearts from C57BL/6 mice. Significant 
enrichment of both PPARα and PPRAγ was observed in the Ppargc1a gene promoter (Figure 4G). These results 
suggest that PPARα and PPRAγ can bind to the identical PPRE and, therefore, may compete for binding.

Tesaglitazar-decreased cardiac SIRT1 expression and increased PGC1α acetylation. PGC1α activation is con-
trolled via deacetylation of  lysine residues by the deacetylase SIRT1 (15). Thus, we determined whether 
tesaglitazar-mediated cardiac dysfunction is also associated with altered acetylation of  PGC1α. Acetylated 
PGC1α (Ac-PGC1α) that was normalized to heavy IgG and PGC1α input was increased in hearts of  mice 
fed with tesaglitazar-containing chow (2.5-fold; Figure 5A and Supplemental Figure 5A). In accordance 
with the increased Ac-PGC1α levels, SIRT1 protein levels were decreased in tesaglitazar-treated mice 
(–30%; Figure 5B and Supplemental Figure 5B).

To verify that the cardiac SIRT1 decrease was cardiomyocyte-specific, we isolated ACMs from mice 
that had undergone daily i.p. injections with tesaglitazar (2 mg/kg body weight) for 7 days. SIRT1 protein 
levels were decreased by 58% in ACMs derived from tesaglitazar-injected mice (Figure 5, C and D).

Figure 4. PPARα impairs PPARγ-mediated activation of PPARGC1A promoter activity. (A) PPARA, PPARG, and PPARGC1A mRNA levels were assessed in 
AC16 cells infected with recombinant adenoviruses (Ad) expressing PPARα or PPARγ (n = 6–12; data were collected from 2 independent experiments). *P 
< 0.05; ****P < 0.0001 vs. Ad-GFP; #P < 0.05; ####P < 0.0001 vs. Ad-PPARα; $$$$P < 0.0001 vs. Ad-PPARγ. (B) Ppargc1a mRNA levels in AC16 cells treated 
with 50 μM rosiglitazone (PPARγ agonist), 50 μM WY-14643 (PPARα agonist), a combination of rosiglitazone and WY-14643, or a combination of rosigl-
itazone, WY-14643, and 10 μM MK886 (PPARα antagonist) (B; n = 10–22; data were collected from 2 independent experiments). (C–F) Luciferase activity 
(fold change) in AC16 cells transfected with reporter plasmids containing the following human PPARγ coactivator 1-α (PPARGC1A) promoter fragments: 
pGL3-basic vector(BV)-PPARGC1A-1631 (C), pGL3BV-a-PPARGC1A-1386 (D), pGL3BV-a-PPARGC1A-1012 (E), pGL3BV-a-PPARGC1A-210 (F), followed by 
treatment with 50 μM rosiglitazone, 50 μM WY-14643, or a combination of both (n = 4–12). (B–F) Data were collected from 1 experiment. *P < 0.05; **P < 
0.01; ***P < 0.001 vs. ctrl; #P < 0.05; ##P < 0.01 vs. rosiglitazone; $$P < 0.01 vs. WY-14642. (G) PPARα and PPARγ enrichment of the Ppargc1a gene promoter 
following chromatin immunoprecipitation from cardiac tissue obtained from C57BL/6 mice (n = 4). **P < 0.01. Statistical analyses were performed with 
1-way ANOVA followed by Tukey’s post hoc correction. Error bars represent SEM.
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Tesaglitazar treatment did not change Ppargc1a and SIRT1 expression in Ppara–/– mice. In order to further test 
whether combined PPARα and PPARγ activation accounts for the cardiotoxic effects of  tesaglitazar, we 
treated Ppara–/– mice with chow diet enriched with tesaglitazar for 6 weeks. The effect of  tesaglitazar on 
cardiac function was less substantially in mice with PPARα ablation (Figure 5, E and F) compared with 
C57BL/6 mice (Figure 1, C and D). In addition, tesaglitazar treatment of  Ppara–/– mice did not suppress 
cardiac PGC1α (Figure 5, G and H) and SIRT1 protein (Figure 5, G and I). The mild decrease in cardi-
ac function of  the tesaglitazar-treated Ppara–/– mice was associated with increased cardiac expression of  
Nppb (encodes brain natriuretic peptide 4.2-fold) and Col1a1 (encodes collagen, type I, α 1; 37-fold) gene 
expression (Figure 5J). Tesaglitazar-treated Ppara–/– mice had increased Pparg expression (13-fold) as well 
as increased Angptl4, Lpl, Acox1, and Cpt1b expression (Figure 5J). Cardiac expression of  Ucp2, Ucp3, LpL, 
Acta1 (encodes skeletal α-actin), and Nppa (encodes atrial natriuretic peptide) were not significantly affected 
(Figure 5J). In addition, Ppara ablation was associated with a 5-fold increase in the cardiac mtDNA/nuD-
NA ratio in tesaglitazar-treated mice (Figure 5K).

Resveratrol ameliorated cardiotoxicity of  tesaglitazar and maintained its beneficial effects. As tesaglitazar 
decreased SIRT1 expression and increased Ac-PGC1α levels, we assessed whether pharmacological acti-
vation of  SIRT1 by resveratrol and eventually PGC1α would alleviate cardiac toxicity driven by dual 
PPARα/γ activation. Thus, we treated C57BL/6 mice with chow diet containing tesaglitazar (0.5 μmol/kg 
body weight) or a combination of  tesaglitazar (0.5 μmol/kg body weight) and resveratrol (100 mg/kg body 
weight/day; refs. 23, 24) for 6 weeks. We did not observe any effect of  tesaglitazar alone or in combination 
with resveratrol in the weight gain rate (Supplemental Figure 6), plasma glucose (Figure 6A), or triglyceride 
(Figure 6B) levels. Analysis with 2D echocardiography confirmed a significant cardiac dysfunction in mice 
treated with tesaglitazar for 6 weeks (Figure 6, C and D, and Supplemental Table 2). However, mice treated 
with a combination of  tesaglitazar and resveratrol showed significant improvement in cardiac function 
(FS%) compared with mice treated with tesaglitazar alone (Figure 6, C and D, and Supplemental Table 
2). These findings showed that resveratrol attenuated the tesaglitazar-mediated cardiac dysfunction in 
C57BL/6 wild-type mice. No significant difference was observed in gene expression of  markers for cardiac 
dysfunction or hypertrophy, such as Nppb and Acta1 among all treatment groups (Supplemental Figure 7).

We then tested whether resveratrol-mediated improvement of  cardiac function was accompanied by 
altered cardiac PGC1α activation. Combined treatment of  tesaglitazar with resveratrol decreased Ac-PG-
C1α levels that were elevated in tesaglitazar-fed mice (Figure 6E and Supplemental Figure 5A). Combined 
tesaglitazar and resveratrol treatment increased SIRT1 protein levels (58%) compared with tesaglitazar-fed 
mice (Figure 6F and Supplemental Figure 5B). Moreover, mice fed on chow diet enriched with tesaglitazar 
and resveratrol exhibited increased cardiac SIRT3 protein levels (2.3-fold; Supplemental Figure 8, A and B) 
but not SIRT6 protein levels (Supplemental Figure 8, A and C).

Combined tesaglitazar and resveratrol treatment improved mitochondrial respiration. Analysis of mitochondrial res-
piration in isolated primary ACMs from C57BL/6 mice treated with chow diet enriched with tesaglitazar and 
resveratrol showed restoration of mitochondrial respiration compared with mice treated with tesaglitazar alone, 
as shown by improved maximal respiration and spare respiratory capacity (Figure 3, E and F). As alterations 
in OCR may correlate with differences in mitochondrial abundance, we performed MitoTracker staining in pri-
mary ACMs obtained from mice that received daily i.p. injections with tesaglitazar (2 mg/kg body weight/day) 
or a combination of tesaglitazar and resveratrol (100 mg/kg body weight/day) for 7 days (Figure 7A). ACMs 
obtained from mice treated with tesaglitazar alone showed a reduction (–67%) in mitochondrial abundance 
(Figure 7B). This effect did not occur in ACMs from mice treated with tesaglitazar and resveratrol (Figure 7B). 
Similarly, AC16 cells that were treated with tesaglitazar for 24 hours showed lower (–46%) mitochondrial abun-
dance that did not occur following combined tesaglitazar and resveratrol treatment (Supplemental Figure 9, A 
and B). The mtDNA/nuDNA ratio exhibited a trend of reduction in hearts of tesaglitazar-treated mice (–20%), 
which did not occur in mice that were treated with combined tesaglitazar and resveratrol treatment (Figure 7C).

Mice treated with combination of  resveratrol and tesaglitazar had a distinct cardiac lipidomic signature. As treat-
ment with tesaglitazar reduced mitochondrial abundance and respiratory capacity, we tested whether it also 
affects cardiac lipid content. Lipidomic analysis revealed significant differences in most of  the lipid classes 
we assessed. Heatmap analysis for the lipid species that we tested followed by hierarchical clustering of  those 
that changed significantly indicated distinct cardiac lipidomic signatures among the 3 groups of  mice (chow-
fed control vs. tesaglitazar vs. tesaglitazar + resveratrol) (Figure 7D and Supplemental Table 3). Specifical-
ly, this analysis showed that tesaglitazar increased cardiac triglycerides (6.8-fold), acyl-carnitines (2.3-fold), 
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diacylglycerols (3.1-fold), and phosphatidic acid (30%). Tesaglitazar treatment reduced phosphatidylcholine 
(–37%), while there was a strong trend for reduction of  monoacylglycerols (–40%) and ceramides (–27%). 
Combined treatment with tesaglitazar and resveratrol restored normal levels of  acyl-carnitines, phosphatidic 
acid, phosphatidylcholine, monoacylglycerols, and ceramides (Supplemental Table 3).

Figure 5. Tesaglitazar suppresses SIRT1 expression and promotes acetylation of PGC1α. (A and B) Immunoblot of 
anti–PPARγ coactivator 1-α (anti-PGC1α) following immunoprecipitation with anti-Ac-lysine antibody of acetylat-
ed-PGC1α (Ac-PGC1α) and of the heavy IgG chain (A) and sirtuin 1 (SIRT1) and β-ΑCTIN protein levels (B) in hearts 
obtained from C57BL/6 mice fed on regular or tesaglitazar-containing chow (0.5 μmol/kg bw) diet for 6 weeks 
(densitometric analysis is shown in Supplemental Figure 5, A and B; statistical analysis was performed for data 
collected from 2 independent experiments; n = 8). (C and D) Representative immunoblot and densitometric anal-
ysis of SIRT1 and β-ACTIN protein levels in ACMs isolated from C57BL/6 mice treated i.p. with tesaglitazar (2 mg/
kg bw) for 7 days (n = 3; all data were collected from 1 experiment). (E and F) PPARα-knockout mice (Ppara–/–) were 
fed with regular or tesaglitazar-containing chow (0.5 μmol/kg bw) diet for 6 weeks (n = 4; all data were collected 
from 1 experiment). Representative short-axis M-mode echocardiography images (E) and left ventricular fractional 
shortening (F) of Ppara–/– mice treated with regular or tesaglitazar-containing chow for 6 weeks. (G–L) Represen-
tative immunoblots (F) and densitometric analysis of PGC1α (G and H), SIRT1 (G and I), and β-ACTIN protein levels, 
cardiac Ppargc1a, Pparg, Sirt1, carnitine palmitoyltransferase 1-β (Cpt1b), acyl-CoA oxidase 1 (Acox1), uncoupling 
protein 2 (Ucp2), Ucp3, angiopoietin-like-4 (Angptl4), lipoprotein lipase (Lpl), natriuretic peptide B (Nppb), actin α 1 
(Acta1), natriuretic peptide type A (Nppa), and collagen type I α 1 chain (Col1a1) mRNA levels (J). Mitochondrial DNA 
(mtDNA) to nuclear DNA (nuDNA) ratio (K) in hearts obtained from Ppara–/– mice fed on regular or tesaglitazar-con-
taining chow (0.5 μmol/kg bw) for 6 weeks (n = 4). Statistical analyses were performed with unpaired 2-tailed 
Student’s t tests. *P < 0.05; **P < 0.01; ***P < 0.001 vs. chow. Error bars represent SEM.
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Combined tesaglitazar and resveratrol treatment lowers plasma lipids and glucose without cardiotoxicity in 
diabetic and high-fat diet–fed mice. We next examined whether the combined treatment with tesaglitazar 
and resveratrol would exert its beneficial effect in a model of  type 2 diabetes. Therefore, db/db mice 
were given chow diet containing no drugs, tesaglitazar, or a combination of  tesaglitazar and resver-
atrol for 6 weeks. No significant effect was observed on weight gain rate between mice treated with 
tesaglitazar or tesaglitazar and resveratrol (Supplemental Figure 10A). Combined tesaglitazar and res-
veratrol treatment corrected hyperlipidemia (Figure 8A) and hyperglycemia (Figure 8B) to a similar 
extent to that of  tesaglitazar alone. Despite the similar effect of  tesaglitazar alone and tesaglitazar and 
resveratrol in combination in lowering plasma lipids and glucose, only the single tesaglitazar treatment 
caused cardiac dysfunction (Figure 8, C and D, and Supplemental Table 4). On the other hand, com-
bined tesaglitazar and resveratrol treatment did not affect cardiac function (Figure 8, C and D) and 
neither did it modulate cardiac mitochondrial abundance (Figure 8E).

As in C57BL/6 mice, db/db mice that were fed on chow diet or diet containing a combination of  
tesaglitazar and resveratrol did not have the increase in PGC1α acetylation that was observed in db/
db mice treated with tesaglitazar alone (Figure 8, F and G). Changes in cardiac Ac-PGC1α levels were 
accompanied by concomitant changes in cardiac SIRT1 protein levels, which were decreased (–39%) 
with tesaglitazar and restored to normal levels with tesaglitazar and resveratrol (Figure 8H). Moreover, 
cardiac SIRT6 protein levels were significantly increased in db/db mice treated with tesaglitazar and 
resveratrol as compared with control db/db mice but not to those treated with tesaglitazar alone (Sup-
plemental Figure 10, B and C). On the other hand, SIRT3 protein levels were decreased in db/db mice 

Figure 6. Resveratrol negates the cardiotoxic effect of tesaglitazar. (A–D) C57BL/6 mice were fed on chow containing 
tesaglitazar (0.5 μmol/kg bw), combination of tesaglitazar (0.5 μmol/kg bw) and resveratrol (RSV; 100 mg/kg bw/day), 
or regular chow for 6 weeks. Plasma glucose (A) and plasma triglycerides (TG) (B) were determined upon completion 
of the treatment. Representative short-axis M-mode echocardiography images (C; after treatment termination) and 
left ventricular fractional shortening (D) of C57BL/6 mice fed on chow containing tesaglitazar (0.5 μmol/kg bw) or a 
combination of tesaglitazar (0.5 μmol/kg bw) and RSV (100 mg/kg bw/day) for 6 weeks (n = 5; data were collected from 
1 experiment). (E and F) Immunoblots of cardiac acetylated–PPARγ coactivator 1-α (ac-PGC1α) (E), IgG heavy chain, 
total PGC1α, sirtuin 1 (SIRT1), and β-ACTIN (F) of C57BL/6 mice fed on regular chow or chow containing tesaglitazar (0.5 
μmol/kg bw) or a combination of tesaglitazar (0.5 μmol/kg bw) and RSV (100 mg/kg bw/day) for 6 weeks (densitomet-
ric analysis is shown in Supplemental Figure 5, A and B; statistical analysis was performed for data collected from 2 
independent experiments; n = 5–8). Statistical analyses were performed with 1-way ANOVA followed by Tukey’s post 
hoc correction among groups. **P < 0.01 vs. chow; ##P < 0.01 vs. tesaglitazar. Error bars represent SEM.
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treated with tesaglitazar compared with chow-fed db/db mice, but resveratrol supplementation did not 
correct SIRT3 levels in cardiac tissue of  db/db mice (Supplemental Figure 10, B and D).

We also treated C57BL/6 mice with high-fat diet (HFD) alone or HFD containing tesaglitazar (0.5 μmol/
kg body weight) for 6 weeks. Both mouse groups had similar weight gain rates (Supplemental Figure 10, E and 
F). Plasma glucose and TGs were significantly lower in mice that were fed with HFD and tesaglitazar compared 
with control HFD-fed mice (Figure 9, A and B). Tesaglitazar treatment compromised systolic cardiac func-
tion (Figure 9, C and D, and Supplemental Table 5). Tesaglitazar treatment also decreased cardiac PPARGC1a 
mRNA (–63%) (Figure 9E) and protein levels (–31%) (Figure 9, F and G) as well as increased Ac-PGC1α (4.3-
fold; Figure 9, F and H). In accordance with the increased Ac-PGC1α levels, cardiac SIRT1 protein levels were 
decreased in mice treated with HFD supplemented with tesaglitazar (–61%; Figure 9, F and I).

Figure 7. Resveratrol restores mitochondrial function, abundance, and lipid homeostasis in mice treated with 
tesaglitazar. (A and B) Adult cardiomyocytes (ACMs) were obtained from C57BL/6 mice that were subjected to i.p. daily 
injections of tesaglitazar (TESA; 2 mg/kg bw) or a combination of tesaglitazar (2 mg/kg bw) and resveratrol (RSV) (100 
mg/kg bw) for 7 days. Representative fluorescence microscopy images (A; original magnification, ×20; scale bar: 100 
μm) of isolated ACMs stained with MitoTracker Red and quantitation (B) of mitochondrial number/total area (number 
of analyzed cells, 158 cells from 6 control [CTRL] mice; 157 cells from 6 tesaglitazar-fed mice; 157 cells from 3 mice 
treated with tesaglitazar and resveratrol [TESA+RSV]). All treatments were performed in 1 experiment. (C) Cardiac 
mitochondrial DNA (mtDNA) to nuclear DNA (nuDNA) ratio (fold change) in C57BL/6 mice fed with chow diet containing 
tesaglitazar (0.5 μmol/kg bw) or a combination of tesaglitazar (0.5 μmol/kg bw) and resveratrol (100 mg/kg bw/day) 
for 6 weeks, (n = 4–5). (D) Heatmap and correlation clustering following lipidomic analysis of hearts obtained from 
C57BL/6 mice fed with chow diet containing tesaglitazar or a combination of tesaglitazar and resveratrol for 6 weeks 
(n = 4). Statistical analyses were performed with 1-way ANOVA followed by Tukey’s post hoc correction among groups. 
***P < 0.001 vs. chow. Error bars represent SEM.
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Resveratrol abolished its cardioprotective effect in tesaglitazar-treated aMHC-Sirt1–/– mice. We sought to confirm 
involvement of  SIRT1 in mediating the cardioprotective effect of  resveratrol in mice treated with tesagli-
tazar. Therefore, we treated C57BL/6 and aMHC-Sirt1–/– mice with chow diet containing a combination 
of  tesaglitazar and resveratrol. Unlike the negation of  the toxic effects of  tesaglitazar by resveratrol in 
C57BL/6 mice, the same treatment did not rescue cardiac function in aMHC-Sirt1–/– mice (Figure 9, J and K). 
Thus, cardiomyocyte SIRT1 is crucial in mediating the protective effect of  resveratrol.

Discussion
Agonists for PPARs are used to treat hyperglycemia and hypertriglyceridemia in patients with type 2 diabe-
tes. Despite these benefits, some PPARγ agonists, such as rosiglitazone and pioglitazone, have been associ-
ated with increased heart failure due to direct or indirect cardiac effects, such as fluid retention (3). In the 
last 15 years, potential cardiovascular effects of  rosiglitazone have become controversial despite its insu-
lin-sensitizing benefits. Various studies had concluded that TZDs increase risk for heart failure due to direct 
cardiovascular effects or other indirect effects (5, 6). However, another study acknowledged only a small 
increase in heart failure incidents in patients on rosiglitazone and simply advised patients and health care 
providers to be aware of  the risks (25). A meta-analysis of  randomized trials associated rosiglitazone with 
increased risk for myocardial infarctions (26). The PROactive study and a meta-analysis of  randomized tri-
als showed that although pioglitazone treatment of  patients with diabetes increases heart failure incidence, 
subsequent all-cause mortality is decreased (27, 28). Compared with pioglitazone, rosiglitazone appeared 
to be associated with a higher risk of  heart failure and other cardiovascular events (29). However, the 
RECORD trial showed that rosiglitazone treatment is associated with an increased risk for heart failure but 
not for myocardial infarctions, stroke, or cardiovascular mortality (30, 31). A 2010 AHA/ACCF Science 
Advisory reevaluated the cardiovascular risks of  TZDs and concluded that a link between rosiglitazone and 
heart failure could not be established (32). Thus, in 2013 the FDA removed restrictions on rosiglitazone.

Efforts to discover new PPAR agonists without adverse effects led to the development of  dual agonists 
(glitazars) that activate both PPARα and PPARγ, thus combining successfully (4) the lipid-lowering effects of  

Figure 8. Resveratrol blocks the cardiotoxic effect of tesaglitazar in diabetic mice. Leptin receptor–deficient (db/db) mice were treated with 
regular chow or chow containing either tesaglitazar (TESA; 0.5 μmol/kg bw) or a combination of tesaglitazar (0.5 μmol/kg bw) and resveratrol (RSV) 
(100 mg/kg bw/day) for 6 weeks. Plasma triglycerides (TG) (A) and plasma glucose (B) were determined throughout the treatment. Representative 
short-axis M-mode images (C), left ventricular fractional shortening (D), and mitochondrial DNA (mtDNA) to nuclear DNA (nuDNA) ratio (fold change) 
(E) were determined upon termination of the treatment (n = 4; data were collected from 1 experiment). Cardiac acetylated–PPARγ coactivator 1-α 
(Ac-PGC1α) normalized to IgG heavy chain, and total PGC1α, sirtuin 1 (SIRT1), and β-ACTIN immunoblots (F) and densitometric analysis (G and H) of 
db/db mice fed on regular chow, tesaglitazar-containing chow, or chow that contains tesaglitazar and resveratrol diet for 6 weeks (n = 4; data were 
collected from 1 experiment). Statistical analysis was performed with 1-way ANOVA followed by Tukey’s post hoc correction. *P < 0.05; **P < 0.01 vs. 
chow; #P < 0.05 vs. tesaglitazar. Error bars represent SEM.
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PPARα with the insulin-sensitizing effects of  PPARγ. Dual PPARα/γ agonists have various actions, which in 
several cases deviate between mice and humans. Aleglitazar was protective in mouse cardiomyocytes exposed 
to high glucose levels in vitro (33) in a PPARα- and PPARγ-dependent manner. Another PPARα/γ agonist, 
CG301269, also showed beneficial metabolic effects in rodents (34). In the same study, administration of  
CG301269 in a mouse model of  myocardial ischemia/reperfusion did not aggravate further heart failure. In 
contrast, another dual PPARα/γ agonist, LY510929, which exerted antihyperlipidemic and antihyperglyce-
mic effects in mice and rats (35), caused left ventricular hypertrophy in rats when was given for 2 weeks (36).

Human studies showed that dual agonists have limited therapeutic benefits. Patients with type 2 diabe-
tes and recent acute coronary syndrome did not show improvement in cardiovascular outcomes when treat-
ed with aleglitazar (37). Another dual agonist, saroglitazar, has been approved for clinical use, but there is 
a precautionary statement for patients with diabetes and congestive heart failure (38). Other glitazars, such 
as tesaglitazar (5) and muraglitazar (6), were abandoned when clinical trials showed either increased risk 
for cardiovascular events or other adverse effects. However, the mechanisms that mediate these adverse 

Figure 9. Cardiac SIRT1 ablation abrogates resveratrol beneficial effects in tesaglitazar-mediated cardiac dysfunction. (A–H) C57BL/6 mice fed high-fat 
diet (HFD) or HFD containing tesaglitazar (0.5 μmol/kg bw) for 6 weeks (data were collected from 1 experiment). Upon completion of the treatment, plas-
ma triglycerides (TG; A) and glucose levels (B) were determined. Representative short-axis M-mode images (C) and left ventricular fractional shortening 
(D) of C57BL/6 mice fed regular or tesaglitazar-containing HFD for 6 weeks (n = 5–6). Cardiac PPARγ coactivator 1-α (Ppargc1a) (E; n = 4–5) gene expression, 
acetylated PPARγ coactivator 1-α (Ac-PGC1α; n = 6) normalized to IgG heavy chain, and total PGC1α (n = 8), sirtuin 1 (SIRT1; n = 8), and β-ACTIN immu-
noblots (F) and their densitometric analysis (G–I) from C57BL/6 mice treated with regular or tesaglitazar-containing HFD (0.5 μmol/kg bw). (J and K) 
Representative short-axis M-mode images (J) and left ventricular fractional shortening (%) (K) of C57BL/6 mice and α myosin heavy chain–Sirt1

–/–
 (aMHC-

Sirt1
–/–

) mice fed regular chow or chow containing a combination of tesaglitazar (0.5 μmol/kg bw) and resveratrol (RSV; 100 mg/kg bw/d) (n = 5–8; data 
were collected from 2 independent experiments). Statistical analysis for A–I was performed with unpaired 2-tailed Student’s t tests. Statistical analysis 
for K was performed with 1-way ANOVA followed by Tukey’s post hoc correction. *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001 vs. HFD (A–I) or chow 
C57BL6 (K). ###P < 0.001 vs. tesaglitazar plus RSV C57BL/6. $$P < 0.01 vs. chow aMHC-Sirt1–/–. Error bars represent SEM. (L) Schematic representation of 
the proposed model. Tesaglitazar treats hyperlipidemia and hyperglycemia but suppresses SIRT1 and PGC1α, which reduces mitochondrial abundance and 
causes cardiac dysfunction. The aggravating effect of tesaglitazar on cardiac function is alleviated by coadministration of RSV.
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outcomes remain unclear. Our study shows that the toxic effect of  tesaglitazar, a dual PPARα/γ agonist, 
in both healthy C57BL/6 and diabetic db/db mice is accounted for by inhibition of  both expression and 
acetylation/deactivation of  cardiac PGC1α. PGC1α is the transcriptional coactivator of  PPARs and con-
trols FAO-related gene expression (39) and mitochondrial biogenesis (14).

PPARs respond to various endogenous ligands, such as steroids, retinoids, cholesterol metabolites, and 
dietary lipids (10). Upon binding of  the ligand, PPARs heterodimerize with retinoid X receptors and bind to 
cis-acting DNA elements (PPREs) to increase gene transcription. PPARs have broad tissue distribution and 
promote lipid metabolism in several organs, including the heart (40). FAO is the primary source of  cardiac 
ATP, and its inhibition is associated with cardiac dysfunction (13, 41). While PPARα promotes FA uptake 
and FAO (8), PPARγ increases cardiac lipid accumulation (42). PPARγ can also induce cardiac FAO–relat-
ed gene expression (42) when PPARα is inhibited (11, 13). However, how PPARα prevents PAPRγ-medi-
ated induction of  cardiac FAO, and why combined activation of  both PPARα and PPARγ causes cardiac 
dysfunction remained elusive. One given explanation is that combined increase in PPARγ-driven insulin 
sensitization and glucose uptake in the setting of  higher PPARα-induced FA metabolism causes combined 
glucolipotoxicity (43). In the present study, we portray a different explanation, that toxicity by combined 
PPARα/γ activation leads to inhibition of  SIRT1 and PGC1α and reduces mitochondrial abundance.

Our previous studies have indicated that combined PPARα and PPARγ activation might compromise 
cardiac function. In those studies, we investigated the cardiac effects of  PPARγ activation (11, 13, 42) and 
showed that cardiomyocyte-specific overexpression of  PPARγ causes intramyocardial lipid accumulation 
and cardiac dysfunction (42). We had shown that the observed excessive lipid accumulation may account 
for some components of  cardiac dysfunction, such as β-adrenergic desensitization (13) and arrhythmia 
(44). Other studies had shown that pharmacologic activation or constitutive cardiomyocyte expression of  
PPARα causes cardiac dysfunction (8, 45). However, constitutive PPARγ expression in cardiomyocytes 
of  Ppara–/– mice did not cause cardiac dysfunction, despite increased myocardial lipid content (11), indi-
cating a toxic role for cardiac PPARα when PPARγ is activated as well. Moreover, rosiglitazone-mediated 
PPARγ activation promotes cardiomyocyte hypertrophy in vitro (46), while fenofibrate-mediated PPARα 
activation has the opposite effect in isolated cardiomyocytes and rescues mitochondrial function (47). 
Activation of  PPARs relies on availability of  FAs that are released either via LpL-mediated hydrolysis of  
lipoprotein triglycerides (48) or from intracellular triglycerides via ATGL-mediated lipolysis (49). Thus, 
cardiac dysfunction in mice that overexpress cardiomyocyte PPARγ may be partially due to FA-mediated 
PPARα activation, which does not occur in aMHC-Pparg;Ppara–/– mice (11). Tesaglitazar-induced cardiac 
dysfunction was associated with accumulation of  cardiac lipids, including lipids that have been linked 
with cardiac lipotoxicity, such as acyl-carnitines and diacylglycerols (11, 50). Thus, combined activation 
of  PPARα and PPARγ may cause cardiac toxicity due to elevated toxic lipid species. Future studies 
comparing the cardiovascular effects of  treatment with rosiglitazone alone and combined treatment with 
rosiglitazone and PPARα antagonists are warranted to elucidate further the mechanism that underlies 
toxicity by dual activation of  PPARα and PPARγ. Nevertheless, the controversial findings of  clinical 
studies of  TZDs may be due to differential levels of  PPARα activation.

Besides lipotoxicity, our study identified reduced mitochondrial function as another component of  
cardiac toxicity with tesaglitazar. Activation of  PPARα in mice that were also treated with the PPARγ ago-
nist, rosiglitazone, prevented rosiglitazone-mediated increase of  Ppargc1a and FAO-related gene expression 
and decreased mitochondrial number. Accordingly, we show that pharmacologic or genetic activation of  
PPARγ induces Ppargc1a expression, which does not occur when both PPARα and PPARγ are activated. 
Moreover, we revealed that both PPARα and PPARγ can bind on the –1631/–1609-bp flanking region of  the 
Ppargc1a gene promoter and compete for regulating promoter’s activity. All the above, are consistent with 
our previous findings showing that pharmacologic activation of  PPARα in aMHC-Pparg–/– mice reduced 
cardiac expression of  Ppargc1a and FA metabolism-related genes (11). Similarly, PPARγ activation in Ldlr–/– 
mice fed with HFD, which increases cardiac PPARα levels (51, 52), reduces Ppargc1a expression and causes 
cardiac hypertrophy (53). Conversely, we have shown that activation of  cardiac PPARγ in mice with low 
levels of  cardiac PPARα expression increases Ppargc1a expression profoundly (13). Similarly, treatment 
of  Ppara–/– mice with tesaglitazar had a milder effect in cardiac function and did not inhibit PGC1α and 
SIRT1. Moreover, cardiac dysfunction due to tesaglitazar treatment did not increase expression of  genes 
for cardiac hypertrophy. This suggests that cardiac dysfunction at the early stage of  tesaglitazar treatment 
is an acute effect of  the drug that can still be reversed. Tesaglitazar increased Ppard, which has also been 
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involved in the regulation of  cardiac FAO (54). Upregulation of  cardiac PPARδ expression correlates with 
increased expression of  UCP3, which is a PPARδ target gene in cardiac (54) and skeletal muscle (55, 56). 
Additional studies are needed in order to evaluate potential compensatory activation of  PPARδ upon inhi-
bition of  PGC1α as well as to elucidate whether long-term tesaglitazar treatment causes irreversible cardiac 
dysfunction and remodeling, accompanied by increased expression of  heart failure markers.

Activation of PGC1α within a critical threshold is crucial for healthy cardiac function. Nevertheless, both 
reduced and highly increased PGC1α levels have been associated with cardiac toxicity. More specifically, cardiac 
PGC1α expression is decreased in rodents and humans with heart failure (57). Accordingly, Ppargc1a–/– mice 
develop moderate cardiac dysfunction (39), which is aggravated with pressure overload (58). The milder cardiac 
phenotype at baseline may be accounted for by compensatory function of PGC1β, which shares functional 
redundancy with PGC1α. Indeed, combined knockout of both Ppargc1a and Ppargc1b inhibits perinatal cardiac 
mitochondrial biogenesis and causes cardiomyopathy and postpartum death (59). On the other hand, overex-
pression of cardiomyocyte PGC1α also causes cardiac dysfunction (14). The cardiotoxic effect of the long-term 
increase of PGC1α is associated with impaired mitochondrial biogenesis and function (14). Nevertheless, the 
same study reported that cardiac function is normal in transgenic lines with lower PGC1α constitutive expres-
sion. Accordingly, short-term PGC1α overexpression in cultured cardiomyocytes improved mitochondrial bio-
genesis and oxidative respiration, which has been associated with better cardiac function. Thus, the level of  
cardiomyocyte PGC1α activation seems to be critical for determining its protective or aggravating role.

The role of PGC1α inhibition as a key event that mediates the cardiotoxic effect of dual PPARα/γ activa-
tion is a potentially novel finding. Our data show that dual PPARα/γ activation reduces both expression and 
activation of cardiac PGC1α by enhancing acetylation. In addition, it lowers mitochondrial abundance, which 
is accompanied by lower OCR in cardiomyocytes. It has been suggested that lower acetylation of cardiac 
PGC1α may account for the shift from glycolysis to FAO that occurs during maturation (60). PGC1α acetyl-
ation is controlled by the deacetylase SIRT1 (15), which was reduced in the hearts of mice treated with the 
dual PPARα/γ agonist. SIRT1 inhibition has been associated with cardiac dysfunction in various forms of car-
diac stress, such as ischemia/reperfusion and cardiac aging (61), whereas young cardiac-specific Sirt1–/– mice 
exhibit normal cardiac function (62). SIRT1 and PGC1α are activated by resveratrol, which is a polyphenolic 
compound with antioxidant and antiinflammatory properties (63). The beneficial cardiac effects of resveratrol 
have been attributed, at least in part, to the activation of SIRT1 (64). Both resveratrol and SIRT1 have been 
associated with mitochondrial biogenesis (65). Inhibition of SIRT1 has been correlated with diabetes-related 
cardiometabolic abnormalities, while a protective role has been suggested for activated SIRT1 (66). Resveratrol 
prevents mitochondrial dysfunction in rats with type 2 diabetes (67, 68). In addition, resveratrol attenuates 
cardiac injury in rats with type 1 diabetes through SIRT1-mediated regulation of mitochondrial function and 
PGC1α deacetylation (69). The mitochondrial SIRT3 is also increased in mice treated with tesaglitazar and 
resveratrol, although it was not decreased in tesaglitazar-treated mice. The expression of SIRT6 was not altered 
in any of the groups we tested, except the db/db mice that had increased levels upon combined treatment with 
tesaglitazar and resveratrol. However, as SIRT6 increases PGC1α acetylation indirectly (70), this change in 
db/db mice cannot explain lower acetylation levels. Thus, SIRT1 seems to be the main isoform with altered 
expression that may explain increased acetylation of PGC1α in tesaglitazar-treated mice, which is reversed 
with combined tesaglitazar and resveratrol treatment. Future studies that will use more SIRT1 activators, such 
as metformin (71, 72) and SRT1720 (73), are warranted in order to elucidate further the interplay among FAO, 
altered NAD+/NADH ratio, SIRT1, SIRT3, and acetyltransferases, such as GCN5 (74), in regulating acetyla-
tion and activation of PGC1α along with acetylation of mitochondrial proteins.

In summary, our previous (11, 13) and present findings suggest that dual PPARα/γ-mediated inactivation of  
the “metabolic network,” which involves SIRT1 and PGC1α, may account for cardiac toxicity by compromising 
cardiac mitochondrial biology and energy homeostasis (Figure 9L). Our observations can explain the mecha-
nism that underlies the cardiotoxic effects of one of the dual PPARα/γ agonists, tesaglitazar. We show for the 
first time to our knowledge that the negative effects of tesaglitazar can be effectively reversed upon combined 
administration with resveratrol. Combined treatment with resveratrol and tesaglitazar maintained the beneficial 
antihyperlipidemic and antihyperglycemic effects of tesaglitazar that were independent from resveratrol, which 
cannot reduce plasma triglyceride levels (75). Thus, combination of dual PPARα/γ agonists and activation of  
the SIRT1-PGC1α axis holds promise for future therapeutic applications in type 2 diabetes if  the same observa-
tions are reproduced with other dual PPARα/γ dual agonists. Moreover, our study provides a guide for design of  
future PPAR agonists that should be screened for lack of inhibition of PGC1α activity.
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Methods
Chemical reagents. All chemical reagents were obtained from MilliporeSigma unless otherwise noted. Rosigl-
itazone and WY-14643 were purchased from Enzo Life Sciences.

Animals. Male C57BL/6 (6 weeks old), db/db (6 weeks old), and Ppara–/– (8 weeks old) mice were 
obtained from The Jackson Laboratory and fed with chow diet supplemented with tesaglitazar or a com-
bination of  tesaglitazar and resveratrol. The aMHC-Sirt1–/– (6 weeks old; male) mice have been previously 
described (76). More information is provided in the Supplemental Methods.

Cells. The human ventricular cardiomyocyte cell line (AC16) (22) was maintained in complete 
DMEM/F-12 medium at 37°C and 5%CO2.

Echocardiography analysis. Cardiac function of  anesthetized mice was assessed by 2D echocardiography 
(VisualSonics-Vevo2100) as previously described (12, 77).

Adenoviruses. Recombinant adenoviruses expressing human PPARγ (Ad-PPARγ) and control GFP 
(Ad-GFP) were generated as described previously (78). Adenovirus expressing human PPARα (Ad-PPARα) 
was purchased from Vector Biolabs. Infections of  AC16 cells were performed as described previously (78).

Transfection and luciferase assay. FuGENE 6 Transfection Reagent (Promega) was used to transfect 
AC16 cells, which were seeded in 96-well plates (50,000 cells), with human PPARGC1A promoter 
containing pGL3-BV plasmids according to manufacturer’s protocols. More detailed information is 
included in the Supplemental Methods. Luciferase activity was quantified with the Infinite M1000 
PRO plate reader.

Chromatin immunoprecipitation. Heart tissue was cross-linked with formaldehyde. The nuclear fraction 
was isolated and sonicated to generate a chromatin solution that was then used for immunoprecipitation 
with anti-PPARα antibody (Cayman, 101710), anti-PPARγ (Cell Signaling, 2443), and control IgG (Cell 
Signaling, 2729). The corrected genomic fragments were validated with quantitative PCR with primers 
described in Supplemental Table 7.

MitoTracker Red staining. Cells were plated on sterile glass chamber slides and were exposed to 
MitoTracker Red (Molecular Probes) as we have described previously (79). Description of  the proce-
dure and analysis is included in the Supplemental Methods.

Mitochondrial abundance. Mitochondrial abundance was determined by the ratio of  mitochondrial 
copy number (mtDNA) to nuDNA. Both mtDNA and nuDNA were measured by quantitative real-
time PCR. For mtDNA we used primers for detecting CoxII gene expression and for nuDNA we used 
primers for b-globin (Supplemental Table 7).

RNA purification and gene expression analysis. Total RNA was purified from cells or hearts using the 
TRIzol reagent (Invitrogen). cDNA synthesis and analysis with SYBR Green Reagent and quantitative 
real-time PCR were performed as described previously (12). More detailed information is included in the 
Supplemental Methods.

Protein purification and analysis. Freshly isolated hearts and cells were homogenized in RIPA buffer con-
taining protease/phosphatase inhibitors (Pierce-Biotechnology). Total protein extracts (30–40 μg) were 
analyzed with SDS-PAGE and Western Blotting. More detailed information is included in the Supplemen-
tal Methods. A complete list of  antibodies used can be found in Supplemental Table 6.

Immunoprecipitation. Purified protein lysates (100 μg) were precleared with protein A/G-agarose beads. 
The lysates were incubated with antibodies (2 μg/100 μg lysate) overnight at 4°C under gentle rotation. 
More detailed information is included in the Supplemental Methods.

OCR analysis. OCR was determined using a Seahorse Bioscience XF96 Extracellular Flux Analyzer. 
Primary ACMs isolated from 6-week-old mice were plated (3000 cells/well) in XF96 Seahorse plates. Intact 
cellular respiration was assayed before and after administration of  the mitochondrial inhibitors oligomycin, 
carbonyl cyanide-p-trifluoromethoxyphenylhydrazone (FCCP), and antimycin A/rotenone. Calculations 
were made with Wave 2.3 software. More detailed information is included in the Supplemental Methods.

Lipidomic analysis. Lipids were extracted via chloroform-methanol extraction, spiked with appropriate 
internal standards, and analyzed using a 6490 Triple Quadrupole LC/MS system (Columbia University). 
A more detailed description is included in the Supplemental Methods.

Statistics. All group comparisons were performed by 1-way ANOVA analysis or by nonpaired 2-tailed 
Student’s t test. Multiple comparisons in 1-way ANOVA were assessed using Tukey’s post hoc test. Values 
represent mean ± SEM. Sample size and P values are provided in the figure legends. A P value of  less than 
0.05 was considered significant.
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