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Abstract
Obesity is associated with elevated risk of heart disease. A solid understanding of the safety and
potential adverse effects of high fat, low carbohydrate diet (HFLCD) similar to that used by
humans for weight loss on the heart is crucial. High fat intake is known to promote increases in
ROS and mitochondrial damage. We hypothesized that there would be adverse effects of HFLCD
on myocardial ischemia-reperfusion injury through enhancing oxidative stress injury and
impairing mitochondrial biogenesis in a non-genetic, diet-induced rat model of obesity. To test the
hypothesis, 250g male Sprague-Dawley rats were fed an obesity-promoting diet for 7 weeks to
induce obesity, then switched to HFLCD or a low fat control diet for 2 weeks. Isolated hearts
underwent global low flow ischemia for 60 min and reperfusion for 60 min. HFLCD resulted in
greater weight gain and lower myocardial glycogen, plasma adiponectin and insulin. Myocardial
antioxidant genes transcript and protein expression of superoxide dismutase and catalase were
reduced in HFLCD, along with increased oxidative gene NADPH oxidase-4 transcript and
xanthine oxidase activity, and a 37% increase in nitrated protein (nitrotyrosine) in HFLCD hearts.
The cardiac expression of key mitochondrial regulatory factors such as nuclear respiratory factor-1
and transcription factor A-mitochondrial were inhibited and myocardial mitochondrial DNA copy
number decreased. The cardiac expression of adiponectin and its receptors were downregulated in
HFLCD. HFLCD impaired recovery of left ventricular rate-pressure product after ischemia-
reperfusion, and led to 3.5-fold increased injury as measured by LDH release. In conclusion,
HFLCD leads to increased ischemic myocardial injury and impaired recovery of function
following reperfusion and was associated with attenuation of mitochondrial biogenesis and
enhanced oxidative stress in obese rats. These findings may have important implications for diet
selection in obese patients with ischemic heart disease.
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1. Introduction
Obesity is a major public health problem in the developing world, and it is clear that obesity
is associated with elevated risk of diabetes, hypertension, stroke, and ischemic heart disease,
making dietary interventions to lose weight of paramount importance. There is great interest
in specialty diets for weight loss, with manipulation of the macronutrient composition
between fat, protein, and carbohydrate (CHO). Some specialists have advanced the concept
that restriction of CHO with more allowance for protein and fat (a high-fat, low-
carbohydrate diet, or HFLCD) is effective for weight loss. Consequently, a solid
understanding of the safety and potential adverse effects of HFLCD is crucial. Almost a
decade ago, a comprehensive review of the efficacy and safety of low-carbohydrate diets
found inconclusive evidence to recommend either for or against HFLCD. Clinical outcomes
studies examining the long term safety of these diets have yielded conflicting results, with
some studies reporting an increase in adverse cardiovascular events in those on such diets,
and others study finding no strong link between diet and cardiovascular events or mortality.

While effects of these diets on cardiovascular risk factors such as lipoprotein-associated
cholesterol levels and diabetes or glucose tolerance are important, there are potentially other
adverse consequences of these diets, including possible direct effects on the heart. Indeed as
we have previously shown, rats undergoing short-term HFLCD feeding exhibited
significantly increased ischemia-reperfusion injury, which was due to direct diet effects on
the myocardium including impairment of insulin signaling and, possibly, derangements in
glycogen stores. A limitation of this prior work in applying its results to the study of
HFLCD in humans was that we used relatively young, normal weight rats, rather than an
older, more obese animal, the typical human choosing such diets is typically older and
overweight. Several models of obesity are commercially available and include the db/db
mouse and Zucker diabetic fatty (ZDF; fa/fa), however, the obesity, insulin resistance, and
diabetes seen in these inbred models are typically the result of gene mutations: the systemic
leptin receptor defect seen in db/db mice and fa/fa rats is not considered to be a typical
characteristic of human obesity and type 2 diabetes. For these reasons, a diet-induced, non-
genetic model of obesity, due to its similarity with human obesity, is more clinically relevant
to investigate the effects of HFLCD in obesity.

Reactive oxygen species (ROS) are implicated in a wide range of pathological conditions
including ischemia-reperfusion injury, heart failure progression and aging. High fat diets
increase fat-mediated oxidative stress and decrease antioxidative enzyme gene expression.
Mitochondria (mt) are both major producers of ROS, as well as vulnerable targets of
oxidative damage. Alterations of mitochondrial structure and function as a result of
increased oxidative stress have been identified as an important contributor to the
pathogenesis of heart disease. Typically, homeostasis is maintained by a balance between
ROS formation and endogenous antioxidant defenses. ROS can be produced by several
mechanisms including mitochondrial electron transport, NADPH oxidase, and xanthine
dehydrogenase/xanthine oxidase. It has been well established that multiple endogenous
antioxidant mechanisms such as the superoxide dismutases (SOD1, SOD2), glutathione
peroxidase (GPX) and catalase are all crucial in maintaining cellular redox balance.
However, if this balance is disturbed, oxidative stress increases, leading to damage of
essential cellular components, including the mitochondria. On the other hand, mitochondrial
biogenesis is a continuous renewal process marked by regular mitochondrial turnover. The
control mechanisms involved include nuclear regulatory factor (NRF1), and mitochondrial
transcription factor A (TFAM). They function as transcription factors which not only
regulate mitochondrial DNA transcription and replication, but also maintain cellular
mitochondrial density, and activate the expression of some key metabolic genes such as
cytochrome c oxidase (COX).
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Given these considerations, the present study investigated the hypothesis that HFLCD
increases oxidative stress and impairs mitochondrial biogenesis, associated with an increase
in myocardial ischemia-reperfusion (I/R) injury. A non-genetic, diet-induced model of
obesity in the rat was studied to provide additional relevance to the use of HFLCD in obese
humans for weight loss. An isolated heart ischemia-reperfusion procedure was used for
determining the diets effect on cardiac function and ischemic injury, which may provide
important implications for diet selection in obese patients with ischemic heart disease.

2. Methods and materials
2.1. Ethics Statement

Animal experiments were approved by the Institutional Animal Care and Use Committee of
the University of Alabama at Birmingham and followed the Guide for the Care and Use of
Laboratory Animals (National Academy of Sciences, 1996).

2.2. Animal and diets
Eight-week-old 250 gram male Sprague-Dawley rats (Taconic Farms) were fed standard
chow diet and an obesity-promoting Western Diet (WD; 40% kcal from fat, 15% protein,
45% carbohydrate; TestDiet 5TTC, Richmond, IN) for 7 weeks to induce obesity. The diets
were then switched to an alternate diet similar to certain types used by humans for weight
loss: HFLCD (60%/30%/10%; TestDiet 5TSY) or a low fat control diet (CONT; 16%/19%/
65%; TestDiet 5TJM) for 2 weeks (Table 1). The rats were housed three per cage at 22 °C
on a 12-hour light–dark cycle. Animals were allowed ad libitum access to food. Water was
available to the animals at all times. Weight gain and food intake were monitored once a
week. To summarize, the overall experimental diet and measurement scheme is shown in
Figure 1.

To provide an estimate of the number of animal experiments needed to demonstrate proof of
the hypothesis, a power calculation was performed. As we did not have preliminary data to
estimate the effect size and variance of many of the parameters tested in this work, we had
to rely on available data regarding the cardiac effects of these diets from previous work [7].
This prior work demonstrated that, using these same diets in a non-obese rat model, HFLCD
led to worsening of the left ventricular rate-pressure product (RPP) in the isolated heart
during recovery following ischemia-reperfusion. In the prior work, we found that for
HFLCD, RPP recovered to 18% of the initial pre-ischemic value, with standard deviation of
8.5%; for the CONT diet, RPP recovered to 43% of the pre-ischemic value with standard
deviation of 14%. Using these values, and setting alpha value of 0.05 and power of 0.8, we
find that a sample size of 4 animals in each group is sufficient to demonstrate a difference.
Using a similar approach, we determined that a sample size of 5 to 6 animals was sufficient
to demonstrate expected magnitudes of differences in ±dp/dt. Therefore, we used 5 to 6
animals per group for each of our assessed parameters.

2.3. Metabolic and hormonal level assay
Standard heparinized micro-hematocrit capillary tubes were used for blood collection. The
blood was withdrawn through tail vein bleeding under fed condition, and the amount of
blood withdrawn was no more than 1 % of the animal’s body weight (e.g., 1 ml from a 250g
adult rat). Blood serum from tail vein bleeding was separated by centrifugation at 5000 rpm
for 20 min and was stored at −80 °C. Whole left ventricle samples were taken immediately
after the hearts were excised, under normoxic conditions, after two weeks of the study diet
(HFLCD or CONT), then stored at −80 °C.
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Rat serum insulin, leptin and adiponectin assays were done using Millipore
radioimmunoassay kit (Billerica, MA). Myocardium glycogen content was measured by an
enzymatic digestion method. Triglycerides LiquiColor® Test using glycerylphosphate
oxidase (GPO) method (Stanbio Laboratory, Boerne, TX); Free fatty acids run on Stanbio
Sirrus using WAKO NEFA-C reagent (Stanbio Laboratory, Boerne, TX). Glucose assay
using sigma glucose assay kit.

2.4. Isolated heart perfusions
To determine the diets effect on LV function and ischemic injury, isolated heart experiments
were performed according to the previous method. Animals were anesthetized with
inhalational isoflurane (4%) and killed by decapitation between 2 and 4 hours after turning
on lights. As rats are nocturnal feeders, this was considered the fed state. Hearts were
quickly excised and were Langendorff-perfused with a modified Krebs-Henseleit buffer
with perfusion pressure 75 mmHg. The buffer contained 3% bovine serum albumin
(essentially fatty acid free; US Biological, Swampscott, MA) and the following (in mM).
NaCl 118, KCl 4.8, MgSO4 1.2, CaCl2 1.4, KH2PO4 1.2, Na2HCO3 25, pyruvate 0.1,
palmitate 0.3, glucose 5.0, lactate 1.0, 3-hydroxybutyrate 0.6, Insulin 30 μU/ml. The
concentrations of free fatty acid (palmitate), insulin, and 3-hydroxybutyrate were chosen
based on the previously measured in vivo, circulating concentration found in rats in the fed
state, fed these same diets and all concentrations are in well accepted physiologic ranges; we
used the same concentrations in both experimental groups to eliminate any effect of
perfusate composition on the differences in cardiac function between groups. Baseline
function under the standard flow, normal perfusion conditions was monitored and recorded
(DASYLab, Measurement Computing Corp., Norton, MA). Heart rate (HR), systolic
pressure (SP), end diastolic pressure (EDP), and peak positive and negative rates of change
of pressure (+ dP/dt and − dP/dt) were used to compute indices of ventricular function. From
these values, the left ventricular developed pressure (LVDP = SP − EDP), and the rate-
pressure product (RPP = LVDP × HR) were used as the primary indices of cardiac systolic
function or power. Perfusion was then decreased to 0.3 ml/min (approximately 97%
reduction from baseline flow) for 60 min and then resumed at 75 mmHg perfusion pressure
(“reperfusion”) for 60 minutes, with continuous recording of pressure-related parameters
throughout the experiment. At the end of reperfusion, the percent recovery of the baseline
values of RPP and ± dP/dt were computed as indices of the recovery of contractile and
relaxation function.

2.5. Protein analysis
Cytoplasmic protein samples were extracted from heart tissue. Western blots were
conducted using commercially available antibodies to the following proteins or chemical
groups. NRF1, dilution 1.100; SOD2, dilution 1.200; and GAPDH, dilution 1.10000 (all
from Santa Cruz Biotechnology); Catalase, dilution 1.1000 (Abcam); TFAM, dilution 1.100
(Acris); Nitrotyrosine, dilution 1.100 (Cayman); Secondary antibody, dilution 1.5000 (Santa
Cruz Biotechnology). The Immunoblotting images were captured using KODAK image
Station 4000R (Carestream Health Inc.) by developing the membranes in Supersignal West
substrates (Thermo Scientific, 34080 or 34076), and analyzed with KODAK IM software
(Ver 4.5.1).

2.6. Transcript analyses
Total RNA samples were extracted from 50 mg samples of left ventricles using a RNA
extraction kit (Qiagen) and complementary DNA synthesized cDNA using cDNA synthesis
kit (Clontech) according to the manufacturer’s instructions. Quantitative real-time RT-PCR
analyses were carried out using the Roche SYBR green LightCycler 480 system (Roche) to
determine transcript levels of target genes. Real time PCR results from each gene/primer
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pair were normalized to GAPDH, and the normalized value was compared across
conditions. The primers used are listed in Table 2.

2.7. Analysis of mitochondrial DNA copies
The mitochondrial DNA copy number was evaluated by the methods described previously.
Total genomic DNA was isolated from left ventricles and processed by standard procedures
using a DNA extracting kit (Qiagen) and was digested with NcoI and subjected to real-time
qPCR analysis. Cytochrome b (cyto b) was employed as a mitochondrial DNA (mtDNA)
marker, and the regulator of calcineurin 1 (rcan1) as a nuclear DNA (nDNA) marker to
quantify the amount of mtDNA.

2.8. Xanthine oxidase (XO) assay
0.1g heart tissue was homogenized in 0.5ml of cold buffer (100mM Tris-HCl containing
protease inhibitors, pH 7.5), and centrifuged at 10,000 g for 15 minutes at 4 degrees C. The
xanthine oxidase activity of the supernatant was determined using the xanthine oxidase
assay kit (Cayman Chemical, Item No. 10010895) according to the protocols provided. The
fluorescence of the sample was measured using a spectrofluorescent multiwell plate reader
(TECAN infinite M200 model) with 520–550 nm (excitation), 585–595 nm (emission). The
XO activity (mU/g wet weight) was calculated using xanthine oxidase standard curve.

2.9. Statistical analyses
Data for comparison of two groups were analyzed using Student’s t-test using GraphPad
Prism software (GraphPad Software Inc.). Values of quantitative results were expressed as
means±SEM. Differences between groups and treatments were regarded as significant at the
P<0.05 probability level.

3. Results
3.1. Whole body metabolism following seven-week obesity-promoting diet and two-week
HFLCD feeding

A simplified outline of the experimental plan to determine the cardiac effects of HFLCD is
summarized in Fig. 1. In order to create a group of obese animals, 250g male Sprague-
Dawley rats were fed an obesity-promoting WD diet for 7 weeks. When compared to a
group of rats of similar age and body size fed standard chow diet (N = 12), body weight
increased by 15% in the WD group (N = 36) confirming the ability of the WD diet to cause
obesity. Following the 7 weeks of WD, all WD rats were eventually distributed to the
HFLCD and the CONT diets, HFLCD rats total energy intake was about 20% higher, and
resulted in greater body weight gain than CONT (P < 0.05; Fig. 2A, 2B).

The whole body metabolic states following feeding with either CONT or HFLCD, are
summarized in Table 3. There was no difference in heart weight between groups. HFLCD
led to a 37.6% decrease in the fed-state insulin level compared with CONT. Change to
HFLCD for 2 weeks also led to lower myocardial glycogen and a 28.5% decrease of plasma
adiponectin with no difference in plasma triglycerides, free fatty acids, glucose, and leptin.

3.2. Hearts from obese rats fed HFLCD demonstrated impaired the I/R recovery of cardiac
function

Baseline cardiac function was similar between groups (Table 4). HFLCD impaired the
recovery of left ventricular function (RPP and ±dP/dt expressed as percent of baseline value
recovered at the end of reperfusion; P < 0.05), decreasing RPP percent of baseline value by
about 80%, ±dP/dt % baseline by about 60% each compared to CONT after ischemia-
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reperfusion (Fig. 3A,B). Total LDH release during reperfusion was an overall 3.5-fold
greater compared to CONT (Fig. 3C), indicating greater ischemic injury in HFLCD.

3.3. HFLCD diet leads to depressed endogenous anti-oxidants and increased oxidative
stress in obese rats

We next examined whether HFLCD diet is involved in the regulation of important
endogenous anti-oxidants and oxidative stress in the heart. The transcript expression of
SOD2, catalase and GPX1 (antioxidant pathways) were decreased in HFLCD hearts relative
to control hearts (CONT), while that of NADPH oxidase 4 (NOX4, ROS-generating)
increased (Fig. 4A). Protein expression of both catalase and SOD2 were decreased in
HFLCD hearts (Fig. 4B). HFLCD hearts exhibited augmented oxidative stress, illustrated by
upregulated NOX4 gene transcription, increased nitrotyrosine protein modification by 37%
(P < 0.05 compared to CONT), and stimulated xanthine oxidase activity (mU/g wet weight)
(P = 0.01 compared to CONT) (Fig. 4A, C and D), along with decreased expression and
activity of ROS-removal pathways (Fig. 4A, 4B). There was no change of SOD1 and
xanthine dehydrogenase (xdh) transcript levels in myocardium from HFLCD hearts (Fig.
4A).

3.4. HFLCD diet leads to depressed mitochondrial biogenesis in obese rats
Oxidative stress plays an essential role in regulating the transcriptional expression of key
determinants of mitochondrial biogenesis and function, and high fat diets are known to
augment oxidative stress. Therefore we hypothesized that HFLCD would result in low
mitochondrial copy number. Realtime PCR revealed that TFAM, NRF1, and NRF1 target
genes COX4i2, 5b and 6c were all downregulated in HFLCD hearts, although COX4i1 was
upregulated significantly. There was no change of cytochrome c and cytochrome b transcript
levels in myocardium from HFLCD hearts (Fig. 5A). PPARα, PGC1α and PGC1b transcript
level in myocardium did not differ between these diet groups (data not shown). Protein
expression of key mitochondrial determinants, such as NRF1 and TFAM were decreased by
about 31% and 21%, respectively (Fig. 5B). Consequently, associated with these changes in
mitochondrial-biogenetic proteins, HFLCD hearts exhibited an attenuation of the relative
mitochondrial DNA copy number (Fig. 5C).

3.5. HFLCD diet leads to depressed local cardiac-specific adiponectin system in obese rat
heart

Adiponectin is a protein hormone involved in maintaining energy homeostasis in
metabolically active tissues. Adiponectin and its receptors are expressed in adult ventricular
cardiomyocytes. Real-time PCR revealed that adiponectin and adiponectin receptor1,2 were
all downregulated in the HFLCD heart (Fig. 6).

4. Discussion
High fat intake, in the range of 45–60% of total kcals, is known to promote increases in ROS
and mitochondrial damage and obesity is associated with oxidative stress and mitochondrial
and myocardial dysfunction; therefore we hypothesized that HFLCD may lead to enhanced
oxidative injury in the heart, providing a potential mechanism of our previous observation of
increased ischemic injury in HFLCD. To add relevance to studies of human obesity and
dietary intervention, we chose to work with obese rats in the current study. Therefore, the
goal of this study was to demonstrate the effect of HFLCD on oxidative stress, and
determine the effect on myocardial ischemia-reperfusion injury in a non-genetic, diet-
induced model of obesity in the rat. Our findings demonstrate that HFLCD suppresses
cardiac expression of essential endogenous antioxidants and transcriptional regulators of
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mitochondrial biogenesis, resulting in mitochondrial depletion, along with cardiac
dysfunction following myocardial ischemia-reperfusion. Thus, the hypothesis is accepted.

We found that HFLCD did not affect the baseline heart function under non-stress conditions.
An important finding in the present study is that in the isolated heart following ischemia-
reperfusion, HFLCD resulted in lower recovery of cardiac function and greater total LDH
release, indicating greater ischemic injury. These differences reflect an adverse response to
physiologic stress, which was not apparent under non-stress conditions. Similar work by
others has shown left ventricular failure was exacerbated after myocardial infarction in high-
fat diet (HFD)-induced obese type 2 diabetic mice, and was associated with increased
oxidative stress. A high-fat diet increases risk of ventricular arrhythmia in female rats during
ischemia reperfusion injury. Following myocardial infarction, tertiary prevention to maintain
left ventricular systolic function and avoiding progression to heart failure is of great
importance. Thus, our preliminary work here using animal models may have important
implications for diet selection in obese patients with ischemic heart disease.

It is well known that metabolic and hormonal factors play an important role in determining
the severity and extent of ischemic myocardial injury. We previously demonstrated that
short-term HFLCD feeding in the young, normal weight rat resulted in a number of
metabolic and hormonal abnormalities, including lower circulating insulin levels and higher
ketone bodies. Our present study, using an older, obese rat model, shows that HFLCD
lowered plasma and cardiac adiponectin levels, and reduced adiponectin receptor-1 and
receptor-2 transcription in the heart, accompanied by increasing body weight and impairing
the recovery of cardiac contractile function. This may suggest that lower plasma adiponectin
and local cardiac-specific adiponectin system depression play a role in the myocardial
ischemia-reperfusion injury. Though adiponectin is mainly produced by adipocytes, its
serum levels are significantly lower in obese patients compared with nonobese controls and
are inversely correlated with body mass index; this appears to be due to the fact that visceral
fat secretes lower amounts of adiponectin. Clinical work shows that ROS is produced in
greater amounts and adiponectin in lower amounts in human obese subjects with visceral fat
accumulation. The heart expresses adiponectin and adiponectin receptors suggesting there is
a direct effect of adiponectin in the heart. Adiponectin also plays a role in protection from
ischemia/reperfusion injury, involving the reduction of oxidative/nitrative stress. Lower
circulating levels of adiponectin results in insulin resistance and greater ROS production.
Using an obese mouse model, Furukawa et al. demonstrated that production of ROS
increased through augmented expression of NADPH oxidase and decreased expression of
antioxidative enzymes SOD2 and catalase in adipose tissue which was associated with
dysregulation of various adipocytokines, including decreased production of adiponectin.
However, any consideration of the role of adiponectin in as an explanation of our findings
remains speculative, since the isolated heart perfusion experiments that were performed did
not directly address this possibility.

It is well-known that ROS exert deleterious effects on myocardium. We found evidence of a
potential role for increased oxidative stress in HFLCD as a cause of the increased ischemic
injury. In the present study, we demonstrate that HFLCD upregulated myocardial NADPH
oxidase-4 (NOX4) gene transcription and stimulated xanthine oxidase activity, suggesting
increased activity of pathways leading to ROS formation. The potential defense mechanisms
against ROS-mediated cardiac injury including several antioxidant enzymes such as SOD,
catalase, and glutathione peroxidase were significantly downregulated in the heart of obese
rats fed HFLCD, further suggesting that augmented oxidative stress may be playing a
detrimental role in cardiac physiology. Furthermore, as a direct measure of ROS-mediated
damage to the cardiomyocytes, we found that nitrate-modified protein content (tyrosine
residue nitration) was increased. Because such protein nitration occurs through reaction with

Liu and Lloyd Page 7

Nutr Res. Author manuscript; available in PMC 2014 April 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



peroxynitrite, produced by reaction of O with nitric oxide, our data indicate that HFLCD
might induce an increase in superoxide anion production.

Mitochondrial biogenesis (the growth and division of existing mitochondria) is essential for
the cell to cope with changes in energy demand. The link between mitochondrial biogenesis
and cardiac pathologies such as the hypertrophied or failing heart is a rapidly emerging field.
In heart, a prior study showed that high fat diet reduced levels of nuclear respiratory factors
1 and 2, mitochondrial transcription factor A, and mitochondrial DNA copy number in FVB
mice. In the present study, we found that HFLCD led to a decreased transcript and protein
expression of both nuclear respiratory factor-1 (NRF1) and transcription factor A-
mitochondrial (TFAM), well-documented transcriptional determinants of mitochondrial
biogenesis. Furthermore, it is plausible that the reduced NRF1 and TFAM expression is
directly related to decreased expression of cytochrome c oxidase subunit 4i2 (COX4i2), 5b
and 6c in the heart of obese rats fed HFLCD. With increased oxidative stress attributable to
diminished expression of key antioxidant pathway proteins and increased superoxide
production, the data suggest that depressed mitochondrial biogenesis in the heart may be a
secondary response to oxidative stress. Mitochondria are highly susceptible to ROS, since
they affect mitochondrial function by damaging mtDNA and impairing the electron transport
chain. Consistent with this, we found that the mitochondrial DNA copy number was
reduced. This lower mitochondrial number may play a role in our observed impaired
recovery of function following ischemia-reperfusion. The additional effects of impaired
mitochondrial DNA copy number and deranged mitochondrial antioxidant defense system in
the heart of rats fed HFLCD similar to the carbohydrate-restricted diets favored by humans
likely further contribute to our finding of impaired recovery following ischemia and
reperfusion.

A limitation of our work is that contrary to the effect of HFLCD in humans, in whom this
diet has been shown to lead to weight loss, our rats fed HFLCD actually gained more weight
than rats fed the CONT diet. One of the key concepts underpinning the theoretical adoption
of HFLCD as a weight loss mechanism is that restriction of CHO with more allowance for
protein and fat results in greater satiety, leading to less overall food intake, and is therefore
effective for weight loss. However, we observed THAT obese rats on HFLCD actually
gained more weight, with higher total energy consumption compared to the CONT diet. A
similar observation was made by Focardi et al. using a form of HFLCD in the Obese Zucker
rat model; their rats fed HFLCD gained more weight than counterparts fed a control diet. It
is possible that regulation of feeding behavior differs between humans and rats, potentially
explaining this relative hyperphagia and weight gain. Others have shown that HFLCD
increases rat total fat mass; the response of mice to a carbohydrate-free diet also was greater
weight gain. Though the precise mechanisms leading to this greater observed weight gain
are not clear, our study clearly demonstrates that a final result of HFLCD in the rat is that it
leads to metabolic and hormonal dysregulation and worsened response to myocardial
ischemiareperfusion. Therefore, these rodent models to study HFLCD effect on the heart
may be more useful to examine direct physiologic diet-induced changes in the response to
myocardial ischemia, rather than to study the effect of these diets on weight and eating
behavior. Another limitation is that we only relied on measurements of enzymes involved in
the production or removal of ROS or measurements of the direct downstream effect of ROS,
including nitrated proteins used frozen tissue. We did not directly measure the mitochondrial
electron transport chain function or endogenous reactive oxygen species content in this
study. We used frozen tissue and hence were unable to directly measure the short-lived,
unstable ROS. This will be the subject of future work. Furthermore, future experiments will
examine the effect of systemic antioxidants and anti-inflammatory mediators, which would
provide additional mechanistic data to support the hypothesis.
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In conclusion, the results of the present study confirm our hypothesis that feeding obese rats
with HFLCD results in derangements of mitochondrial biogenesis, enhanced myocardial
ROS and ROS-induced damage, and impaired recovery of cardiac contractile function
following myocardial ischemia-reperfusion. These findings may have important
consequences for humans in choosing appropriate lifestyle modification for weight loss.
Further experiments will be aimed at determining mechanisms of myocardial damage
associated with these diets in the presence of myocardial ischemia and reperfusion,
including apoptosis and inflammation.
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Abbreviations

Gpx1 Glutathione peroxidase 1

SOD1 Cu/Zn-Superoxide dismutase

SOD2 Manganese superoxide dismutases

NOX4 NADPH oxidase 4

XDH Xanthine dehydrogenase

TFAM Transcription factor A, mitochondrial

NRF Nuclear respiratory factor

Cox4i1 Cytochrome c oxidase subunit IV isoform 1

Cox4i2 Cytochrome c oxidase subunit IV isoform 2

Cox5b Cytochrome c oxidase subunit Vb

Cox6c Cytochrome c oxidase subunit VIc

Cyto c Cytochrome c, mitochondrion, complete genome

Cyto b Cytochrome b, mitochondrion, complete genome

Rcan1 Regulator of calcineurin 1

PPAR Peroxisome proliferator-activated receptor

PGC1 PPARgamma coactivator-1

AdipoR Adiponectin receptor

XO Xanthine oxidase

HFLCD High fat, low carbohydrate diet

ROS Reactive oxygen species

I/R Ischemia reperfusion
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Figure 1.
Simplified outline of cardiac effects of HFLCD
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Figure 2. Body weight on the indicated diet
A) Body weight of WD seven-week-fed (obesity-promoting) then changing to CONT and
HFLCD for two weeks of feeding. B) Calorie intake of CONT and HFLCD group. Values
are expressed as means±SEM, n=12–36 each group.
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Figure 3. High fat low-carbohydrate diet increases susceptibility to myocardial ischemic injury
Percent recovery of baseline A) RPP, B) ±dP/dt at the end of 60 min LFI and 60 min
reperfusion. C) Total LDH release during the 60 min of reperfusion. Values are expressed as
means±SEM, n=6, * P < 0.05 compared with CONT.
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Figure 4. Endogenous anti-oxidants and oxidative stress
A) Real-time PCR analysis of transcript expression of SOD1, SOD2, catalase, GPX, XDH
and NOX4 in samples from CONT and HFLCD hearts. B) and C) Western blot analysis of
protein levels of SOD2, catalase and nitrotyrosine in samples from CONT and HFLCD
hearts. D) Xanthine oxidase activity of samples from CONT and HFLCD hearts. Values are
expressed as means±SEM, n=5–6 each, * P < 0.05 compared with CONT.
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Figure 5. Expression of key determinants of mitochondrial biogenesis and mitochondrial
proteins
A) Real-time PCR measurement of transcript levels of mitochondrial protein NRF-1,
TFAM, and COX in samples from CONT and HFLCD hearts. B) Western blot analyses of
levels of NRF1 and TFAM in samples of CONT and HFLCD hearts. C) Relative
Mitochondrial DNA copy number in samples from CONT and HFLCD hearts. Values are
expressed as means±SEM, n=5–6 each, * P < 0.05 compared with CONT.
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Figure 6. Detection of adiponectin and its receptors expressed in the heart
Real-time PCR measurement of transcript levels of adiponectin and adiponectin receptor1,2
in samples from CONT and HFLCD hearts. Values are expressed as means±SEM, n=5–6
each, * P < 0.05 compared with CONT.
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Table 1

Compositions of diets (WD, CONT and HFLCD).

Component WD CONT HFLCD HFLCD/CONT Ratio

Overview and macronutrients

Total fat (% kcal) 40 16 60 3.75

Saturated fat (% kcal) 11 8 30 3.75

Protein (% kcal) 15 19 30 1.58

Carbohydrate (% kcal) 45 65 10 0.15

Energy density (kcal/g) 4.62 3.87 5.01 1.29

Individual components

Fat (%total weight)

 Milkfat 0 2.1 10.3 4.9

 Lard 10 2.1 10.3 4.9

 Soybean oil 0 0.4 2.0 5

 Corn oil 10.2 0.2 0.8 4

 Vegetable oil 0 2.1 10.3 4.9

Protein (%total weight)

 Casein 19.4 20 41.2 2

 Cystine 0.06 0.3 0.6 2

Carbohydrate (%total weight)

 Corn starch 0 39.7 8.0 0.2

 Dextrin 20 13.2 2.7 0.2

 Sucrose 30.9 10 2.0 0.2

Ratios of HFLCD/CONT are listed to demonstrate that the relative proportions of each type of fat, protein, and carbohydrate additive are identical
between HFLCD and CONT diets.
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Table 2

Primers used in the present study

Gene Forward Reverse

GAPDH 5′-ACCACAGTCCATGCCATCAC-3′ 5′-TCCACCACCCTGTTGCTGTA-3′

XDH 5′-GACAAGCACTAACACCG-3′ 5′-GAGCAAGCCACCCCATA-3′

NOX4 5′-CTGTCTGCTTGTTTGG-3′ 5′-AGGGACCTTCTGTGAT-3′

SOD1 5′-CAGGGCGTCATTCACTTCG-3′ 5′-CCTTTCCAGCAGCCACATT-3′

SOD2 5′-GGAGCAAGGTCGCTTACAGAT-3′ 5′-AACATTCTCCCAGTTGATTACATT-3′

Catalase 5′-CTATTGCCGTCCGATTCTC-3′ 5′-GTCCCAGTTACCATCTTCAGTGT-3′

Gpx1 5′-TCCACCGTGTATGCC-3′ 5′-TGTCCGAACTGATTGC-3′

NRF1 5′-CAGCAAGTTCAGCAGGTCCAT-3′ 5′-GTCCGAGTCATCGTAAGAAGTGT-3′

TFAM 5′-GCAGAAACGCCTAAA-3′ 5′-ATCACTTCGCCCAAC-3′

COX4i1 5′-CCCATCCCTCATACCTTTG-3′ 5′-CATTCATTCTTGTTGTAGTCCC-3′

COX4i2 5′-AGGAGGACTCAGAACTCAAGG-3′ 5′-AAGAAGACGCAGCCCATT-3′

COX5b 5′-GGCTTCTGGAGGTGGTG-3′ 5′-TGCTAACGGATGGGACTA-3′

COX6c 5′-AAGCGTCTGCGGGTTCAT-3′ 5′-ACACCAGCCTGCCTCATC-3′

Cyto b 5′-TTGCCTACGCTATTCTACGCTC-3′ 5′-AATGGGTGTTCTACTGGTTGGC-3′

Rcan1 5′-GCGAAAGTGAGACCAGGGC-3′ 5′-CCAACAGGTGGAGAGGCAG-3′

Cyto c 5′-TACCCTGATGGAGTATTTGGA-3′ 5′-GCTATTAGGTCTGCCCTTTCT-3′

PPARα 5′-ACTATGGAGTCCACGCATGTG-3′ 5′-TGTCGTACGCCAGCTTTAGC-3′

PGC1a 5-AAGGCTCAAGAGGGACGAATA-3′ 5′-CACAGGTGTAACGGTAGGTAAT-3′

PGC1b 5′-CGGTGAAGGTCGTGTGGT-3′ 5′-GGCTCATTGCGTTTTCTCAG-3′

Adiponectin 5′-TCCTGGTCACAATGGGATACC-3′ 5′-ATCTCCTGGGTCACCCTTAGG-3′

AdipoR1 5′-GCTGGCCTTTATGCTGCTCG-3′, 5′-TCTAGGCCGTAACGGAATTC-3′

AdipoR2 5′-CCACAACCTTGCTTCATCTA-3′ 5′-GATACTGAGGGGTGGCAAAC-3′
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Table 3

Metabolic characteristics

Parameters CONT HFLCD

Heart weight (g) 1.34±0.03 1.45±0.06

Plasma Glucose (mM) 7.3±0.2 7.2±0.2

Myocardial Glycogen (mg/g tissue) 2.22 ± 0.16 1.43 ± 0.2*

Plasma free fatty acids (mEq/l) 0.52±0.03 0.53±0.06

Plasma Triglyceride (mg/dl) 183.9±17.3 207.9±21.6

Plasma Leptin (ng/ml) 29.2±2.2 30.2±3.4

Plasma Adiponectin (μg/ml) 3.68 ± 0.19 2.63 ± 0.21*

Plasma Insulin (μU/ml) 66.5±4.5 41.5±9.0*

Values are expressed as means ± SEM (n = 5–6).

*
P<0.05, vs HFLCD.
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Table 4

Functional parameters of isolated rat hearts under baseline conditions

Parameters CONT HFLCD

RPP (103 mmHg/min) 31.7 ± 1.12 29.9 ± 1.1

LVEDP (mmHg) 6.6± 0.15 7.2±0.07

+dP/dt (mmHg/s) 3007±47.3 2953±28.5

−dP/dt (mmHg/s) −2204±40.2 −2044±29.3

P not significant for all parameters, Results are expressed as means ± SEM (n = 6).
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