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Abstract Feeding Wistar rats a high calorie “Western”
diet (45% fat) for up to 48 weeks induces obesity and
cardiac dysfunction, while a high fat diet (60% fat) induces
obesity only. Here we investigated the molecular “foot-
prints” of the two forms of diet-induced obesity in the
heart. In rats fed Western diet for a long term, cardiac
mRNA transcript levels of malic enzyme were decreased
(=72%, P < 0.05), suggesting impaired anaplerotic flux of
the Krebs cycle (KC) and mitochondrial dysfunction. In
addition, there was a marked decrease in the expression of
the transcription factor MEF2C (myocyte enhancer factor
2C) and its target gene SERCA2a (sarco-endo-plasmic
reticulum Ca®>*-ATPase). Oxidative stress was reflected in
reduced transcript levels of manganese superoxide dismu-
tase, glutathione peroxidase 1, and increased protein levels
of mitochondrial transcription factor A, suggesting com-
pensatory mitochondrial biogenesis in the face of increased
mitochondrial damage. Oxidant injury was accompanied
by increased protein glycosylation, increased transcript
levels of glutamine fructose 6-phosphate amidotransferase
2, and decreased protein levels of acetyl Co-A carboxylase.
Lastly, apoptosis was evident by TUNEL positivity and
elevated mRNA transcript levels and activity of caspase 3.
Consistent with these results, protein levels of Bcl2 were
markedly reduced. We conclude that inadequate supple-
mentation of KC intermediates due to reduced levels of
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malic enzyme, downregulation of MEF2C and its target
gene SERCA2a, oxidative stress, and programmed cell
death are all potential contributors to contractile dysfunc-
tion of the heart.
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Abbreviations

ACC Acetyl-CoA carboxylase

«KGDH a-Ketoglutarate dehydrogenase

AMPK 5" AMP-activated protein kinase

ANOVA Analyses of variance

AT Acute term (1-7 days)

CPT Carnitine palmitoyl transferase

CTE Cytosolic thioesterase

GFAT Glutamine fructose 6-phosphate
amidotransferase

GLUT Glucose transporter

GPAT Glycerol 3-phosphate acyltransferase

GPX1 Glutathione peroxidase 1

HBSP Hexosamine biosynthetic pathway

HO-1 Heme oxygenase 1

IT Intermediate term (16-24 weeks)

KC Krebs cycle

LT Long term (32-48 weeks)

ME Malic enzyme

MERF2c Myocyte enhancer factor 2c

MnSOD Manganese superoxide dismutase

MTE Mitochondrial thioesterase

mtTFA/TFAM  Mitochondrial transcription

factor A
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NAD (H) Nicotinamide  adenine  dinucleotide
(reduced)
OXPAT Lipid droplet proteins of the PAT

(perilipin, adipophilin, and TIP47) family
in highly oxidative tissues
PC Pyruvate carboxylase

PCC Propionyl-CoA carboxylase

PARP Poly (ADP-ribose) polymerase

PPAR Peroxisome proliferator-activated
receptor

ROS Reactive oxygen species

SERCA Sarco-endoplasmatic reticulum calcium
ATPase

ST Short term (4—8 weeks)

TG Triglycerides

uCp Uncoupling protein

Introduction

Obesity is an independent risk factor for the development
of heart failure [1]. In a prior study we investigated the
effects of different obesogenic diets on the heart, and found
that a high caloric Western diet (45% of calories from fat)
is associated with cardiac contractile dysfunction in a rat
model of diet-induced obesity [2]. However, the mecha-
nism underlying this cardiac dysfunction is unclear. This
maladaptation of the heart is especially challenging
because in parallel-fed obese animals on a high fat diet,
contractile function was normal [2].

Diet-induced obesity has been linked to excessive
f-oxidation of long-chain fatty acids without a corre-
sponding increase in Krebs cycle (KC) flux [3]. During
conditions of overnutrition, the transcriptional activation of
the KC enzymes is inadequate to accommodate increased
flux. Furthermore, flux is constrained by increased redox
pressure and depletion of supporting intermediates. We
proposed that this imbalanced environment contributes to
impaired mitochondrial performance and to subsequent
contractile dysfunction. We were influenced by our previ-
ous observations that the depletion of the KC intermediates
in the heart results in decreased contractile function, which
is reversed by provision of anaplerotic substrates [4—6].

This study was primarily undertaken to identify molec-
ular “footprints” of diet-induced obesity in the heart. This
study was based on the following rationale. In diet-induced
obesity, excess availability of fat induces a futile cycle in the
heart [2], while excess fat and carbohydrate is associated
with a loss of synchronization of substrate uptake and oxi-
dation [2]. In the latter we have observed that in animals fed
high fat Western diet, dysregulation of hepatic lipogenesis is
amajor component of heart failure [7]. Furthermore, chronic
exposure of the heart to an excess supply of fuels may have
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deleterious consequences due to the formation of harmful
derivatives of glucose and lipid metabolism such as reactive
oxygen species (ROS), and protein glycosylation. Excessive
generation of ROS affects a number of cellular processes
including mitochondrial structure, function, and metabo-
lism. Furthermore, suppression of glucose oxidation by
increased fatty acid supply shunts glucose 6-phosphate into
nonglycolytic pathways [8]. Lastly, excessive accumulation
of fatty acid derivatives is also associated with insulin
resistance and type 2 diabetes [9].

The consequences of a loss of synchronization between
substrate uptake and oxidation were explored by: (1)
investigating the potential link between contractile dys-
function and impaired KC flux by measuring expression
levels of carboxylating enzymes; (2) examining the effect of
different diets on the induction of cell damage by measuring
the markers of oxidative stress; (3) exploring potential glu-
cose sensing components in the context of adaptation of
myocardium to excess glucose supply in the earlier feeding
phase to subsequent maladaptation in the later phase due to
increased inhibition of glucose oxidation by excessive fatty
acid availability; (4) evaluating the role of PPARa-regulated
genes on glucose and fatty acid metabolism; and (5) mea-
suring the final outcome of imbalance between f-oxidation
and KC flux, increased oxidative stress and glucolipotox-
icity by markers of apoptosis. The results obtained explain
some of our earlier findings on cardiac contractile dys-
function in rats fed Western diet.

Methods
Animal model and feeding protocol

We used the material from a previously published study [2].
Details are given in the supplement. Acute term (AT) refers
to data from animals sacrificed at 1 day or 1 week, short
term (ST) to data at 4—8 weeks, intermediate term (IT) at
16-24 weeks, long term (LT) at 3248 weeks [2]. Using the
isolated working heart preparation [10], we have shown that
in the same animals contractile function declines by 25%
when fed a high fat Western diet [2]. Function was unim-
paired in hearts from animals fed only a high fat diet.

Total protein isolation and immunoblotting

Protein isolation, immunoblotting, antibodies, and all other
analytical methods are described in the supplement.

Statistical analysis

Results are presented as means £ SEM, and statistically
significant differences between groups were calculated by
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analysis of variance (ANOVA). A value of P < 0.05 was
considered significant.

Results

Anaplerosis was decreased with long-term western diet
feeding

To investigate whether the contractile dysfunction in rats fed
Western diet is associated with impaired replenishment of
the KC, mRNA transcripts and protein expression of genes
involved in anaplerosis were measured. Cardiac mRNA
transcript levels of malic enzyme (ME) were reduced with
Western diet (—72%, P < 0.05) compared to low fat or high
fat diet in the long term (Fig. 1a). The mRNA transcript
levels of pyruvate carboxylase (PC) were not changed
between three diets (Fig. 1b). Consistent with a decrease in
mRNA expression, the protein expression levels of ME were
also reduced with Western diet (—40%, P < 0.05) compared
to high fat diet in the long term (Fig. 1c). Western blot
analysis showed no difference in the content of PC and
propionyl-CoA carboxylase (PCC) with three diets (Fig. 1d
and e). These findings suggest inadequate supplementation
of KC intermediates due to downregulation of ME is
responsible for impaired cardiac contractile function.

The majority of research investigating the mechanisms
responsible for mitochondrial dysfunction in heart failure
has focused on electron transport chain components.
Alpha-ketoglutarate dehydrogenase(«-KGDH) catalyzes
the conversion of o-ketoglutarate to succinyl-CoA, pro-
duces NADH, and directly provides electrons to the
respiratory chain. Alterations in the rate of NADH syn-
thesis and delivery to the electron transport chains would,
therefore, likely have profound effects on respiratory
activity. Recently, it was demonstrated that «-KGDH may
be a crucial target of ROS in cells, and inhibition of this
enzyme could be critical in the metabolic deficiency
induced by oxidative stress and a likely mediator of
mitochondrial dysfunction [11]. At the same time, the
enzyme itself may generate ROS and, therefore, could
contribute to the induction of oxidative stress [12]. The
transcript levels of a-kgdh were increased with Western
diet in the intermediate term but declined in the long term
indicating a dual functional role of this enzyme to oxida-
tive stress with high fat Western diet (Supplement Fig. 1).

MEF2C and target gene SERCA2a were downregulated
with Western diet feeding

We have previously shown that in diabetic patients with
nonischemic heart failure, there was a decrease in the expres-
sion of MEF2C and its regulated genes [13]. As MEF2C

binds to the SERCA2a, GLUT4, and MHCo promoter, we
focused our analysis on this transcription factor. MEF2C
protein levels were significantly decreased in rats fed the
Western diet compared to those fed either high fat or low fat
diet (Fig. 2a and b). Studies both in animal models as well as
in human heart failure have found that significant decrease in
SERCA2a expression leads to abnormal Ca** handling and a
deficient contractile state [14]. Serca2a mRNA transcript
levels were mostly unchanged with high fat diet but signif-
icantly decreased (—27%, P < 0.05) in the intermediate term
with Western diet (Fig. 2c). However, SERCA2a protein
levels were markedly reduced with Western diet (—75%,
P < 0.001) and were modestly reduced with high fat diet
(—16%) in the long term (Fig. 2d and e). This result is in
agreement with other studies that had shown deterioration of
contractility and overall cardiac efficiency due to the
decreased level of SERCA2a protein [15].

Oxidative stress was increased with Western diet

To investigate whether oxidative stress is responsible for
western and high fat diet-mediated detrimental effects, we
analyzed the biological pathways that are coordinately
altered in heart tissue of rats fed such diets. The oxidative
stress pathway is composed of genes for ROS production,
stress signaling, and antioxidant enzymes. We measured
the transcript levels of antioxidant genes such as manga-
nese superoxide dismutase (MnSOD) and glutathione per-
oxidase 1 (GPX1), which are known to reduce oxidative
stress caused by ROS and lipid peroxides. The transcript
levels of both mnsod (Fig. 3a) and gpx! (Fig. 3b) were
significantly reduced with long-term Western diet feeding
compared with high fat or low fat diet. Western diet also
resulted in reduced protein expression of hemeoxygenase 1
(HO-1) in the intermediate and long term (Fig. 3c and d).
The mRNA expression of antioxidant enzyme catalase,
however, was not affected with either Western or high fat
diet (data not shown). The downregulation of antioxidant
enzymes with Western diet, thus, may represent an increase
of oxidative stress and subsequent cellular damage.

PPARu regulated genes were differentially affected
by Western and high fat diet

We measured transcript as well as protein levels of genes
involved in putative PPARa-regulatory pathways. Medium-
chain fatty acyl-CoA dehydrogenase (mcad), the enzyme
that catalyzes the first step in the - oxidation of fatty acids
and is regulated transcriptionally by PPARo [16] is used as a
marker to evaluate the in vivo activity of PPAR«. Both
mRNA transcripts as well as protein levels of mcad were
unchanged with Western or high fat diet (data not shown).
This finding is consistent with earlier reports [17]. Among
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Fig. 1 Anaplerosis: anaplerotic enzymes and the rate limiting
enzyme of KC flux were determined by measuring mRNA transcripts
of me (a), pc (b), protein expression levels of ME (c), PC (d), and
PCC (e) as a function of time on the respective diets. Filled squares
represent low fat diet, filled circles represent western diet, and filled

the putative causes of myocardial triacylglycerol accumu-
lation are elevations in long-chain fatty acid (LCFA). In the
heart, approximately 50% of LCFA uptake is mediated by
the fatty acid translocase CD36. Recent studies have shown
that CD36 is not confined to fatty transport in the sarco-
lemma but may be involved in the translocation of fatty acids
across the inner mitochondrial membrane in concert with
mCPTI [18]. Both c¢d 36 mRNA transcript (Supplement
Fig. 2a) and protein levels (Supplement Fig. 2b and c) were
increased with high fat diet in the long term.

The nuclear receptor PPAR« is a transcriptional regulator
of multiple genes involved in fatty acid utilization in the
heart. In “glucolipotoxicity,” glucose appears to down-
regulate the expression of fatty acid metabolizing genes,
through the repression of PPARa. Recently, animal models
of obesity have shown abundant OXPAT protein expression
in highly oxidative tissues including heart and skeletal
muscle that serve as a marker for PPAR« activation and fatty
acid oxidation [19]. In our animal model, we found that
protein expression of OXPAT was unchanged with Western
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triangles represent high fat diet. Values are means £+ SEM.
* P <0.05 **P<0.01 versus low fat diet at the same age.
$P <005, % P <001 compared with Western diet at the same
age. See text and abbreviations for details

diet, but it was increased only in the intermediate term with
high fat diet (Supplement Fig. 2b and c). This long-term
exposure to elevated levels of glucose and fatty acid sup-
presses the expression of several PPARa-regulated genes
involved in fatty acid metabolism.

Fatty acid metabolism was impaired

AMP-activated protein kinase (AMPK) regulates mito-
chondrial fatty acid oxidation, and is a regulator of insulin
sensitivity [20]. When activated, AMPK increases fatty acid
oxidation by inhibiting acetyl-CoA carboxylase (ACC) and
reducing malonyl-CoA (MCD) levels. As a result it relieves
inhibition of CPTI [21]. The activation of AMPK also results
in the phosphorylation and inhibition of glycerol-3-phos-
phate acyltransferase (GPAT), the committed step in de
novo synthesis of triglyceride (TG) [22]. We observed no
significant change in the expression levels of endogenous
and phosphorylated AMPKo (Supplement Fig. 3a). How-
ever, there was markedly increased phosphorylation of ACC
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Fig. 2 MEF2C and its target
gene SERCA2a: expression of
MEF2C was measured by
western blot analysis (a and b).
The expression of SERCA2a
was measured by qRT-PCR (c),
and by western blot analysis

(d and e). MEF2C and
SERCA2a were downregulated
in hearts of rats fed Western
diet. See text for details

Fig. 3 Oxidative stress was
evaluated by measuring mRNA
transcripts of mnsod (a), gpxI
(b), and by protein expression of
HO-1 (c and d). There was an
induction of oxidative stress in
hearts from rats fed Western
diet. See text for details

at Ser-79 with Western diet (and a modest increase with high
fat diet) in the long term (Supplement Fig. 3b). The mRNA
transcripts of mcd did not change with either Western or high
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fat diet (data not shown). The mcpt [ transcripts were
increased in the long term with high fat diet (429%,
P < 0.05) and were not significantly changed with Western
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Fig. 4 Markers of apoptosis:
the markers of apoptosis were
evaluated by TUNEL staining
(a and b), protein expression of
Bcl2 (c), protein expression
ratio of Bcl2 to BAD (d), and
the protein expression ratio of
Bcl2 to BAX (e). Markers of
apoptosis were increased in
hearts from rats fed Western
diet. See text for details
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diet (Supplement Fig. 3c). This may serve as a compensa-
tory mechanism to preserve fat oxidation in the long term
with high fat diet. The increase in the mRNA transcripts of
gpat 1 in Western and high fat diet in the long-term feeding
was not significant (Supplement Fig. 3d). Thus, sustained
levels of GPAT 1 with obesity probably contribute to lipid
disorders by reducing fatty acid oxidation and promoting de
novo glycerolipid synthesis [23].

Glucotoxic pathways and intermediates were activated
with Western diet

Intracellular levels of glucose also activate the hexosamine

biosynthetic pathway (HBSP) and further induce glycosyl-
ation of serine and threonine residues of cytoplasmic and
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nuclear proteins. We investigated the efficacy of glucose
sensing pathways by measuring mRNA transcripts of two
isoforms of glutamine fructose 6-phosphate amidotransfer-
ase (GFAT) such as gfat] and gfat2, which catalyze the flux-
generating step in HBP [24]. Of the two isoforms, gfar2 is
commonly expressed in the heart. Transcript levels of gfat]
were unchanged with three diet groups at all time points
studied (Supplement Fig. 4a). In contrast, gfatz2 mRNA
transcripts were increased (+33%, P < 0.05) only with
Western diet in the long term (Supplement Fig. 4b). Anti-O-
GlcNAc immunoblots from hearts of Western, high fat, and
low fat diet fed rats are shown in Supplement Fig. 4c. Overall
protein glycosylation levels were slightly increased with
Western diet in the intermediate (4+22%) and in the long term
(+34%).
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Fig. 5 Cardiometabolic
changes in hearts of rats fed a
high fat Western diet. Please
refer to the text of further detail
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Markers of apoptosis were increased with Western diet
feeding

TUNEL positive cells were increased with Western diet

TUNEL staining showed low levels of apoptosis in the
hearts of rats fed the high fat and low fat diet. In contrast,
apoptosis markers were increased in hearts of rats fed the
Western diet (Fig. 4a and b). The results suggest that Western
diet is associated with activation of programmed cell death.

Western diet changed the Bcl2 family proteins

Bcl2 and its family members are important modulators of
cardiac apoptosis in humans as well as in animal models.
Bcl2 mRNA is expressed in both developing and adult
hearts [25], and the protein is upregulated after coronary
occlusion in rat hearts [26]. Overexpression of Bcl2 pro-
tects cardiac myocytes from apoptosis [27]. We show that
antiapoptotic Bcl2 protein expression was markedly
reduced with Western diet in the long term (—85%,
P < 0.001) but not with either a low fat or a high fat diet
(Fig. 4c). The ratio of protein expression levels of Bcl2 to
pro-apoptotic protein BAD (Fig. 4d) and Bcl2 to pro-
apoptotic Bax protein (Fig. 4e) was significantly lower
with Western diet, which suggests that the balance between
pro survival and pro death signals was tipped to favor the

latter. Thus, apoptosis is induced in the hearts of rats fed a
Western diet for a prolonged time period.

Caspase-3 mRNA transcript levels and activity were
increased

Caspase-3 is the key executioner of apoptosis, as it is either
partially or totally responsible for the proteolytic cleavage of
many key proteins such as the nuclear enzyme poly (ADP-
ribose) polymerase (PARP) [28]. The mRNA transcript
levels of caspase-3 were markedly increased in rats fed
Western diet, compared with those fed on either low or high
fat diet (Supplement Fig. 5a). To determine whether the
reduced mRNA transcript levels of caspase-3 were consis-
tent with apoptotic activity, heart homogenates from each
experimental group were examined for apoptotic activity by
monitoring the rate of cleavage of a fluorogenic caspase-3-
specific substrate and, thus, apoptotic activity. Animals fed
Western diet exhibited higher caspase-3 activity when
compared with those fed on either low fat or high fat diet
(Supplement Fig. 5b).

Mitochondrial biogenesis was increased with Western diet
Mitochondrial damage is accompanied by markers of

mitochondrial biogenesis including elevation in the level of
mitochondrial regulatory protein such as mitochondrial
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transcription factor A (mtTFA) also known as mtTF1, or
TFAM [29]. mtTFA is required for many aspects of
mitochondrial biogenesis including replication and tran-
scription of mitochondrial DNA (mtDNA). Protein
expression of mtTFA was significantly increased in the
hearts of rats fed Western diet (Supplement Fig. 5¢) in the
long term, which suggests a compensatory mitochondrial
biogenesis in the face of increased mitochondrial damage
due to oxidative stress with Western diet.

Discussion

The five main findings of our study are summarized in
Fig. 5, and these suggest that (1) in rats fed Western diet,
there is decrease in the expression of ME, suggesting
impaired anaplerotic flux of the KC; (2) oxidative injury in
the hearts of rats fed a Western diet is suggested by reduced
mRNA transcript levels of antioxidant enzymes mnsod and
gpx1; (3) exacerbation of oxidant injury due to glucolipo-
toxicity in rats fed Western diet is indicated by increased
protein glycosylation and mRNA transcript levels of gfar2
and inhibition of ACC; (4) induction of apoptosis as a
consequence of oxidant injury in hearts of obese animals
fed on Western diet is demonstrated by increased TUNEL
staining, increased mRNA transcripts and activity of cas-
pase 3, significant decrease in the expression of anti
apoptotic protein Bcl2, and increased expression of
mtTFA; and (5) increased expression of mtTFA further
suggests compensatory mitochondrial biogenesis in the
face of increased mitochondrial damage due to oxidative
stress with Western diet.

The changes in cardiac metabolism with Western diet
over the extended time course of our study largely reflect
adaptations and maladaptations in mitochondria. In a par-
allel study to this study, we have shown that high fat
Western diet decreases the unsaturated-to-saturated fatty
acid ratio and impairs cardiac mitochondrial membrane
fluidity [7]. In addition, the inadequate induction of a
cassette of fatty acid responsive genes (especially CTE],
MTEI, and UCP3) and resultant impaired fatty acid oxi-
dation with Western diet suggest that mitochondrial dys-
function is the most likely candidate for the development of
cardiac dysfunction that occurs with the Western diet and
not with the high fat diet [2]. The majority of investigations
into potential sites responsible for degeneration of mito-
chondrial function during the development of heart failure
have focused on alterations in the activities and composi-
tion of various electron transport chain components.
o-KGDH is the rate-limiting enzyme of the KC [30], and
the inhibition of «-KGDH has been reported to have det-
rimental effects on mitochondrial respiration in various
diseases such as cardiac ischemia—reperfusion injury,
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Alzheimer’s disease, and Parkinson’s disease [11]. In
addition, o-KGDH seems to be highly sensitive to free
radical-mediated inactivation [12]. The findings presented
in this study suggest that «-KGDH is a likely candidate
responsible for mitochondrial dysfunction due to its unique
ability for activation and inhibition in response to oxidative
stress.

We have shown previously that in the heart there is a
greater activation of fatty acid oxidation with high fat diet
as compared to Western diet [2]. According to Randle’s
hypothesis we observed that glucose oxidation rates were
suppressed, especially with high fat diet and in the long
term with Western diet [2]. We also observed that glucose
oxidation decreases not only acutely and chronically with
Western and high fat diet in the earlier feeding phase, but
also in rats fed low fat diet in the long term [2]. This
decrease in glucose oxidation may be associated with the
development of insulin resistance with aging [31].

While fatty acids are able to modulate gene expression
in the heart most likely through activation of nuclear
receptor PPARo [32], information concerning glucose-
regulated gene expression in the context of diet-induced
obesity in the heart is relatively limited. Further studies are
necessary to define the effects of excess glucose avail-
ability on cardiac function and metabolism in the setting of
a rat model of diet-induced obesity. Increased flux through
the protein glycosylation pathway has been implicated in
the pathogenesis of diabetes [33]. The targets of glyco-
sylation that mediate cadiotoxicity are not clearly defined.
There is some evidence that SERCA2a is regulated by
glycosylation and inactivation of Spl [34]. As Spl serves
as a master transcriptional regulator of metabolic processes
in all cells, exploring Spl-mediated signaling may provide
important insights into the effects of aberrant glycosylation
on Spl. Previous studies in our laboratory have shown
downregulation of MEF2C and its regulated genes (SER-
CA2a and GLUT4) in the failing hearts of patients with
diabetes, which further suggests a transcriptional mecha-
nism that might contribute to the pathogenesis and con-
tractile dysfunction of heart failure [13]. Decrease in
SERCAZ2a expression with a concomitant decrease in the
expression of MEF2C in response to Western diet feeding
is consistent with previous studies showing a decrease in
MEF2C and SERCAZ2a expression with diabetes [35].

A study of this magnitude has also many limitations. For
example, we have not assessed anaplerotic substrate fluxes
or the possible reversibility of the remodeling of genes
involved in glucose and fatty acid metabolism; especially
whether the cardiac dysfunction in Western diet is revers-
ible. Our own clinical observations suggest that weight loss
in patients after bariatric surgery is accompanied by
favorable changes in cardiac function as well as gene
expression and triglyceride levels in muscle [36].
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In conclusion, hearts from rats fed Western diet dem-
onstrate a decline in the expression of ME, suggesting
impaired anaplerotic flux of the KC. Oxidant injury is
exacerbated by decreased antioxidant gene expression.
Downregulation of Bcl2, increased mitochondrial biogen-
esis, and caspase-3 activation suggest oxidative stress-
induced apoptosis underlying impaired contractile function
of the heart. The results provide a new aspect for the
physiological importance of anaplerosis in maintaining
metabolic homeostasis and contractile function in the heart.
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