
Sexual Dimorphism in Cardiac Triacylglyceride Dynamics in
Mice on Long Term Caloric Restriction

Natasha H. Bankea, Lin Yanc, Kayla M. Pounda, Sunil Dharb, Heather Reinhardtc, Mariana S.
De Lorenzoc, Stephen F. Vatnerc, and E. Douglas Lewandowskia,*

aProgram in Integrative Cardiac Metabolism, Center for Cardiovascular Research, University of
Illinois at Chicago College of Medicine, Chicago, Illinois 60612, USA
bNew Jersey Institute of Technology, Department of Mathematical Sciences Newark, NJ 07102,
USA
cCardiovascular Research Institute, Department of Cell Biology and Molecular Medicine, UMDNJ-
New Jersey Medical School, Newark, NJ 07103, USA

Abstract
Human studies indicate augmented myocardial lipid metabolism in females, and that sex and
obesity interact to predict myocardial fatty acid oxidation and storage. Altered lipid dynamics
precede cardiomyopathies, and many studies now address high fat diets. Conversely, caloric
restriction (CR), is the most studied model for longevity and stress resistance, including protection
against myocardial ischemia. However, no information exists on the effects of long-term caloric
restriction (CR) on triacylglyceride (TAG) content and dynamics in the heart. This study explored
the effects of CR, sex and age on TAG dynamics in mouse hearts. Male and female SVJ129 mice
were fed either normal (ND) or CR diet for 3 or 10 months. In 5-month-old mice, CR similarly
decreased cardiac TAG in males (ND: 25.5 +/− 4.5 nanomoles/mg protein; CR: 12.6 +/− 2.7,
P<0.05) and females (ND: 30.1 +/− 4.4; CR: 13.7 +/− 1.2) (no significant differences in TAG
content were seen between sexes). CR reduced the contribution of exogenous palmitate to
oxidative metabolism in males and females, by 15% and 11% respectively, versus ND, without
affecting cardiac workload. CR also induced a larger reduction in TAG turnover in male (68%)
than female hearts (38%). Interestingly, in 5 month old male mice, CR reproduced the lower TAG
turnover rates of middle-aged males (ND 13-month-old male = 423 +/−76 nanomoles/mg protein/
min). Thus, long term CR reduces TAG pool dynamics. Despite reduced content, hearts of female
mice subjected to CR retained a more dynamic TAG pool than males, while males respond with
greater metabolic remodeling of cardiac lipid dynamics.
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1. Introduction
Age related decline in cardiac function is a major risk factor for cardiovascular disease in the
elderly. The prevalence of cardiomyopathy, characterized by left ventricular hypertrophy,
increases with age, in approximately ⅓ of men and ½ of women by age 70 [1]. Fatty Acid
Oxidation (FAO) declines with age in rodent and humans. In rodent studies, FAO
significantly declined in senescent myocardium [2-3]. In aging but not senescent
myocardium, Kates et al (2003) showed a decline in fatty acid uptake and FAO in humans,
although not significant [4-5]. In addition to the primary effects of normal aging, secondary
effects are caused increases in myocardial TAG store or the progression of clinical disorders
such as diabetes and hypertension [6-7]. In the senescent myocardium, aging was related to
whole body and myocardial insulin resistance, independent of obesity [8]. Studies show that
the secondary effects of myocardial lipid accumulation, from an imbalance of fatty acid
import, utilization, and storage promotes genetic and age related, acquired,
cardiomyopathies [9].

Researchers have identified several proteins and transcriptions factors involved in FAO,
long chain fatty acid (LCFA) utilization/storage, and LCFA transport that are also thought to
have involvement in age related changes in the myocardium. Peroxisome proliferator-
activated receptor-α (PPARα) is a transcription factor that regulates genes involved in fatty
acid oxidation (FAO) and lipid storage [10-11]. CD36, a fatty acid transport protein,
expression increases with age and was shown to be a mediator in metabolic, function, and
structural alteration in the aged heart [12]. Aging increases the susceptibility to diseases
such as diabetes, cardiomyopathy, cancer, neurodegenerative diseases, and inflammation
[12]. Metabolic syndrome, the mirror opposite of CR, is results from dietary excess leading
to poor health and a shortened life span [13]. Aging reduces the ability of heart tissue to
respond to adverse conditions. Mild overexpression of SIRT1, an NAD-dependent
deacetylase, protected the heart from oxidative stress suggesting that SIRT1 activity could
retard aging by conferring stress resistance to the heart in vivo [14]. A recent study showed
that overexpressing diacylglycerol acyl transferase 1 (DGAT1) resulted in myocyte steatosis
and progressive deterioration of myocardial structure and function over time [15]. At 12
weeks of age, this transgenic mouse showed reduced diastolic dysfunction and by 52 weeks
of age cardiac wall thickening and chamber dilation was observed. Clearly, research has
shown that altered lipid metabolism and subsequent accumulation is related to age related
cardiomyopathy in mice [13, 15].

Caloric restriction (CR) is well known to be a nutritional intervention and has beneficial
effects on longevity in rodent and non-human primate models [16-18]. CR has also been
shown to decelerate declines in functional capacities, such as cardiomyopathy, nephropathy,
diabetes, hypertension, among others, increasing longevity [16, 18-19]. CR has been used as
a nutritional intervention for cardiomyopathy. Pathology of heart tissue from rats on a
restricted diet received a lower histologic grade for cardiomyopathy [20]. Reducing a
mismatch between LCFA and storage would be beneficial in treating age related
cardiomyopathy. Mitochondrial oxidative stress and continuous production of free radicals
are attributed to the progression of aging [16], and rodent studies of CR reduced oxidative
damage to cellular components due to oxidative damage of lipids, proteins and nucleic acids
[21]. In rat heart and liver tissue, the level of oxidative damage to mitochondria was lower
after long term CR [16-17]. However the mechanisms by which CR enhances longevity
continue to remain unclear and widely debated.

Proposed mechanisms of long term CR involve changes in transcription and cellular
signaling pathways through nuclear receptors. Two nuclear receptors, which modulate fatty
acid metabolism, have emerged as targets for CR, peroxisome proliferator-activated
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receptor-γ coactivator-1 α and β (PGC1α and PGC1β), and PPAR-α [22]. During short-term
fasting, exercise, or times of stress, glycogen stores release glucose and long LCFA are
released from adipocytes. Peroxisome proliferator-activated receptor (PPAR)γ
coactivator-1α (PGC-α) has been shown to be a central regulator of adaptive response to
caloric deprivation by regulating genes involved in gluconeogensis and FAO in response to
fasting [23]. Indeed, long-term CR abrogates the age-dependent decline in skeletal muscle
aerobic function by preventing loss of mitochondrial oxidative capacity, which may be
related to increases in PGC-1α expression and activity [24]. Importantly, during long-term
CR ATP consuming processes are switched off, including FA uptake and oxidation [24].
PPARα, a nuclear receptor that is activated by LCFA and known to regulate FAO, is down
regulated in muscle after a 48 hour fast.

Little information exists on the effects of long-term CR on myocardial TAG stores. Brief
periods of fasting, or acute caloric deprivation, result in phospholipid depletion, membrane
remodeling and triacylglyceride accumulation in the myocardium [25-26]. Previous studies
have implicated the loss of activity changes in PPARα, PGC1α, and mTOR activity as a
possible mechanism to for age related changes in lipid metabolism [22, 27-28]. While
previous studies show changes in enzyme expression, there is little or no information
available for the effects of long-term CR, or limited total calorie intake, on in vivo
triacylglyceride (TAG) content and importantly, real time TAG dynamics in the heart.
Recent studies in transgenic mouse models have shown that PGC-1α and PPARα are key
potentiators of TAG dynamics and content in the heart [10, 29]. Human studies indicate
augmented myocardial lipid metabolism in females, and that sex and obesity may influence
myocardial fatty acid oxidation and storage [30]. Animal models of increased FA uptake
result in 2-11 fold elevation in myocardial TAG stores and accumulation of TAG is thought
to be deleterious [11, 31]. Interestingly, both obesity and sex have been shown to modulate
myocardial blood flow, substrate metabolism, nitric oxide/superoxide balance, and can act
as predictors of cardiac disease [30, 32-33]. However, previous studies have been limited in
distinguishing sex based differences from underlying disease states versus sex differences
that can alter myocyte response to a disease state [34].

This paper explores the primary effects of age and sex on TAG dynamics in myocardium
after long-term CR in the 129/SvJ mouse, a strain shown to develop age related
cardiomyopathy [35]. In response to long-term CR, there was a reduction of endogenous
lipid stores and a significant decrease in TAG turnover, cycling of exogenous LCFA through
endogenous TAG stores. Interestingly, TAG dynamics in the female myocardium did not
decrease to the same extent as in the male myocardium, despite similarly reduced TAG
content. Thus, the female myocardium preserved more involvement of the endogenous TAG
stores in lipid metabolism and as a source of LCFA for β-oxidation [10].

2. Materials and Methods
2.1 Mice and Diets

129/SvJ mice were chosen to study the effects of CR on primary aging. This strain of mouse
is known to develop age related cardiomyopathy [35]. Male and female 8 week-old 129/SvJ
mice were weighed and then randomly assigned to normal diet (ND) or CR for the duration
of the experiment (AIN-93M Diets No. F05312 and F05314 40% dietary reduction,
Bioserv). ND consisted of 90 kcal/week of a chemically defined control diet, which provides
∼10% fewer calories than are normally assumed to be required by a mouse. For acclimation
purposes during the first 2 weeks of all the experiments, mice were fed with ND or CR (25%
kcal/week reduction). After that the CR diet was changed to 40% kcal/week reduction for
the remainder of the experiments. The main composition for the ND and CR pellets is
described in Appendix Table I. The ND is higher on the percentage of carbohydrates,

Banke et al. Page 3

J Mol Cell Cardiol. Author manuscript; available in PMC 2013 March 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



whereas, the CR is higher on percentage of protein, fat and fiber. Mice were fed 3 times per
week: CR (40%) received 4, 4 or 6 pellets each time compared to ND mice which received
7,7 or 11 pellets each time. In all experiments, mice were housed individually. All animal
experiments were approved by the Institutional Animal Care and Use Committee. Younger
mice were sacrificed at 5 months of age and hearts were excised for perfusion (ND: male N
= 5, female N = 4; CR: male N = 6, female N = 4). Middle age mice were sacrificed at 13
months of age and hearts were excised for perfusion (ND: male N = 10, female N = 6; CR:
male N = 6, female N = 7).

Fasting blood plasma levels of ketone bodies, glucose, triglycerides, and cholesterol were
determined as previously described [36].

2.2 Isolated heart protocols
Following the feeding protocol, animals were heparinized (50 U/10 g, i.p.) and anesthetized
with ketamine (80 mg/kg, i.p.) plus xylazine (12 mg/kg, i.p.). Hearts were excised and
perfused in retrograde fashion with modified Krebs-Henseleit buffer (118.5 mM NaCl, 4.7
mM KCl, 1.5 mM CaCl2, 1.2 mM MgSO4 and 1.2 mM KH2PO4) maintained at 37 °C,
equilibrated with 95% O2/5% CO2 and containing 0.4 mM unlabeled palmitate/ complexed
to albumin (3:1 molar ratio) and 10 mM glucose. A water-filled latex balloon was fitted into
the left ventricle and set to a diastolic pressure of 5 mmHg. Left ventricular developed
pressure (LVDP) and heart rate (HR) were continuously recorded with a pressure transducer
and digital recording system (Powerlab, AD Instruments, Colorado Springs, CO). At the end
of each experiment, hearts were frozen in liquid N2 cooled tongs and stored at −80 °C.

For TAG dynamics, isolated hearts from both ND and CR mice were perfused in a 14.1 T
NMR magnet at baseline workload. After collection of 13C-NMR background signals of
naturally abundant 13C (1.1%), hearts were switched to buffer containing 0.4 mM
[2,4,6,8,10,12,14,16 - 13C8] palmitate (Isotec, Inc., Miamisburg, OH) plus 10 mM unlabeled
glucose.

2.3 NMR spectroscopy and tissue chemistry
NMR measurements of TAG turnover were performed on intact beating hearts that were
performed as previously described [37]. Sequential, proton-decoupled 13C NMR spectra
were acquired (2 min each) with natural 13C abundance correction using previously reported
NMR methods [37].

Carbon-13 enrichment of TAG in the intact heart was monitored from the NMR signal at
30.5 ppm from the TAG methylene groups and TAG turnover was calculated from total
TAG content and enrichment over time [29, 37-38]. Kinetic analysis of dynamic 13C-spectra
from intact, beating hearts was performed as previously reported from our laboratory [10,
29, 37-38].

Lipid extracts were obtained from heart samples and TAG quantified by colorimetric assay,
as previously described (Wako Pure Chemical Industries) [10]. TAG was isolated,
saponified, and the fractional 13C enrichment of the fatty acids assessed by liquid
chromatography/mass-spectrometry (LC/MS) analysis. LCFA content in TAG, of carbon
lengths 12-18, was determined by LCMS and values are reported as a percentage of total
LCFA. Total TAG turnover (nanomoles TAG/min/mg protein) was quantified from 13C
enrichment rates and the endpoint 13C enrichment of TAG over the time course of the
experiment, as previously described [29, 37-38].

In vitro high-resolution 13C NMR spectra of perchloric acid tissue extracts reconstituted in
0.5 mL of D2O were collected with a 5 mm 13C probe (Bruker Instruments, Billerica, MA).
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Analysis was performed to determine fractional enrichment of [2-13C] acetyl CoA [39, 40].
Due to tissue availability, fractional enrichment of [2-13C] acetyl CoA data represent a
subset of hearts used for TAG analysis (5 month old mice: ND: male N = 4, female N = 3;
CR: male N = 5, female N = 3; 13 month old mice: ND: male N = 4, female N = 4; CR:
male N = 3, female N = 4).

2.4 Statistical Analysis
Statistical comparisons of group mean values was performed using a 23 full factorial design
on natural logs that was implemented with weighted least squares method, with sex, diet and
age of mice as the factors. Student t multiple comparison method was used in each case.
Statistical significance was determined at the 5% probability level, p < 0.05.

3. Results
3.1 Isolated Mouse Heart Hemodynamics and Blood Chemistry

Rate pressure product, RPP, was not significantly different between groups at baseline work
(5 month old: Male: ND, 30,000 ± 5,000 beats • mm Hg per minute; CR, 33,000 ± 6,000;
Female: ND, 28,000 ± 5,000; CR, 32,000 ± 2,000; 13 month old: Male: ND, 27,000 ± 4,000
beats • mm Hg per minute; CR, 30,000 ± 6,000; Female: ND, 30,000 ± 4000; CR, 33,000 ±
4,000). Oxygen consumption was similar for all groups (data not shown). Thus despite the
significant differences in lipid dynamics, the metabolic demand was also similar between
groups.

Fasting blood chemistry was similar for 13-month-old mice on a CR diet and ND (Figure 1).
Consistent with previous phenotypic reports for the 129/SvJ strain of mouse, these mice do
not show impaired insulin sensitivity Supplemental Table. With no differences seen in the
blood chemistry of the CR and ND mice in this study, it is unlikely the mice in the current
study have impaired glucose or insulin sensitivity [41-44].

3.2 Enrichment of acetyl CoA from 13C palmitate
In female and male myocardium, mice on a 3-month CR diet the 13C fractional enrichment
of acetyl CoA from 13C palmitate significantly decreased. After 3 months of caloric
restriction, there was an adaptive shift in enrichment of acetyl CoA away from palmitate as a
source for energy production presumably towards glucose oxidation (Figure 2). However,
after 10 months on a calorically restricted diet observed differences in enrichment of acetyl
CoA from 13C palmitate were not present as compared to mice on a normal diet. Aging
normalized adaptive shifts in myocardial glucose and palmitate oxidation in response to
caloric restriction. While diet and age produced shifts in enrichment of acetyl CoA from 13C
palmitate, there were no apparent differences seen between sexes.

3.3 13C Enrichment of TAG Stores and TAG Content
Dynamic NMR spectroscopy, end point TAG concentration, and endpoint percent
enrichment of TAG allowed for monitoring the amount of TAG enriched with 13C labeled
over time (Figure 3). For both CR and ND myocardium, incorporation of 13C labeled LCFA
continued to increase over time. The incorporation of 13C labeled LCFA in TAG stores
proved significantly less in the younger CR mice than mice on a ND. In both male and
female myocardium, the rate at which the TAG pool was enriched with 13C palmitate was
slower for mice on a CR diet, thus the percentage of 13C enrichment of the TAG pool was
less for CR myocardium (Table). While no differences in the incorporation of 13C labeled
LCFA occurred between sexes at 5 months of age (Figure 3A, Table), age related sex
differences were elucidated in myocardium from mice at 13 months of age (Table).
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In middle-aged mice, the rates of incorporation of 13C palmitate in TAG stores were the
similar for each group (Table). Observed differences in incorporation of 13C palmitate in 5-
month-old mice were not seen in 13-month-old mice (Figure 3B).

On a ND, 5-month-old male and female myocardium showed no significant differences in
TAG content (Figure 4A). But, as expected, long-term caloric restriction significantly
depleted TAG stores in mice after 3 month CR. Only male myocardium on a ND showed a
significant age related decrease in TAG content middle-aged (Figure 4B). There are no other
significant differences in TAG content in middle-aged myocardium.

3.4 TAG dynamics
Caloric restriction for 3 months significantly reduced TAG turnover in both male and female
myocardium (68% and 38% reduction, respectively), suggesting caloric restriction resulted
in phenotype with a decreased reliance on endogenous LCFA (Figure 5). The decrease in
TAG turnover reflected a decrease in shuttling of LCFAs through the TAG pool and a
decrease in reliance of the TAG pool as a source for LCFA to fuel β-oxidation. TAG
turnover significantly decreased in both 5-month-old male and female myocardium (Figure
5). While the mean differences between 5-month-old male and female myocardium did not
reflect a significant reduction in TAG turnover, the TAG turnover from 5-month-old female
myocardium on a CR diet was greater than 5-month-old male myocardium on a CR diet
(Figure 5). By comparison, female mice relied on endogenous LCFA to a larger extent than
myocardium from male mice, indicated by a smaller degree of the reduction in turnover.

A higher rate of turnover in hearts of female mice showed a greater involvement of 13C
labeled palmitate. Despite gross changes in TAG turnover following CR and significant
differences between sexes, the male and female myocardium continued to have similar
enrichment of acetyl CoA from 13C palmitate following CR (Figures 2 and 5).

The phenotype of the calorically restricted 5-month-old male mice was reproduced in the
middle-aged male mice on a normal diet. The TAG turnover in the male CR mice was
similar to middle-aged male mice on a normal diet (Figure 5). As male mice age, TAG
turnover significantly decreased along with the ability to access stored LCFA. While 3
month CR significantly decreased TAG turnover in female myocardium, a similar difference
is not seen in middle-aged female myocardium. In females, aging normalized TAG turnover
dynamics. Importantly, as the mice aged, the myocardium of females retained the lipid
dynamics of the ND while in male myocardial TAG turnover was reduced (Figure 5).

4. Discussion
Changes in substrate oxidation and lipid handling have been suggested to contribute to
various cardiomyopathies [45]. Cardiac hypertrophy results in a metabolic shift reverting to
a fetal pattern, where there is less reliance on exogenous fats and a greater dependence on
carbohydrates [38]. Pressure overload early cardiac failure in rats resulted in reduced TAG
storage and mobilization with limited availability of endogenous fats for oxidation [38].
Elucidating how sex and age influences lipid metabolism is an important distinction because
recent findings showing that in normal hearts fatty acyl units from the TAG pool are
preferentially oxidized [10].

In the current study, we show caloric restriction significantly depletes endogenous TAG
stores in 5-month-old mice. This contrasts remarkably to short term or acute caloric
restriction and starvation where others report an increase in TAG stores [25]. Consistent
with a slower rate of 13C enrichment of TAG, TAG turnover is significantly reduced in
response to caloric restriction in both male and female myocardium. Interestingly, turnover
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in female myocardium does not decrease to the same extent as male myocardium. This
would suggest that myocardium from female mice preserve involvement of endogenous
TAG in lipid metabolism compared to myocardium from male mice. In the normal heart, the
TAG pool is highly dynamic and integral to β-oxidation. Loss of the ability to the access the
TAG pool could prove to be deleterious for male myocardium. Female myocardium shows a
continued ability to access the TAG pool regardless of diet and age, which could prove to be
cardioprotective.

LCFA enter the myocardium where by they can then be stored as TAG or undergo β-
oxidation in the mitochondria to provide energy (Figure 6). The endogenous TAG stores are
integral to supplying LCFAs for β-oxidation [10]. In the current model of caloric restriction,
in younger mice we see a significant deficiency in the ability to access LCFA in the
endogenous TAG pool as a source for β-oxidation. This would be consistent with a model
where there is a shift towards glucose as a source for energy i.e. during β-adrenergic
stimulation or hypertrophy [29]. The initial physiological responses to CR are adaptive
metabolic shifts from LCFA as sources for acetyl CoA for energy presumably to glucose
(Figure 2). Cycling of LCFA through the TAG pool significantly drops (Figure 5). As mice
age, the diet induced differences seen in acetyl CoA enrichment from 13C palmitate are no
longer apparent. However, differences in TAG turnover are still evident. Aging in male mice
results in a phenotype similar to CR mice at 5 months old. Thus aging is associated with
significant decreases in the ability to access the TAG pool as a source of LCFA for energy.
Aging normalizes the initial adaptive responses to a calorically restricted diet. For female
mice, age results in a TAG turnover similar to that of female mice on a CR diet.

CR in a younger mouse promotes a shift away from oxidation of labeled 13C LCFA towards
unlabeled substrates, presumably towards glucose (Figure 2). In young mice this shift is
favorable reducing the risk factors for cardiovascular disease and extending mortality [18,
22]. However, when CR is implemented in rodents of advanced age the effects are harmful
decreasing survival rate [18]. Our current results may suggest a mechanism for such a
decrease in survival rates. TAG turnover was decreased in middle-aged mice on a normal
diet, comparable to that of young mice on a CR diet. Likely in young mice, there are shifts
in energy production as well as other physiological shifts that accommodate a decrease in
TAG turnover. As the younger mouse ages, the physiology of the mouse shifts allowing it to
exist with a decreased TAG turnover and continue to maintain FAO. However, if CR is
implemented in a middle-aged, or aged, mouse where TAG turnover is already low, TAG
turnover would drop to a greater degree and decrease the utilization of TAG derived LCFA.
It is likely this shift would be deleterious, decreasing survival.

Changes in TAG content and turnover could be a result of the duration, 3 or 10 months, of
caloric restriction or age. It is indeed it is possible that the longer duration of a calorically
restricted diet can result in metabolic shifts that affect TAG content and the rate of turnover.
Thus the longer length of a calorically restricted diet allows the myocardium more time to
metabolically adapt to the diet. Indeed other researchers have shown how acute CR, or
fasting, actually increases TAG content by mobilizing lipid stores, where longer CR did not
show elevated TAG content (Figure 4A&B) [25]. Aging has been shown to result in
reductions in PPARα [46]. As a result, expression of PPARα target genes involved in fatty
acid us was reduced, which lead to ceramide accumulation and age associated cardiac
hypertrophy [46]. Reduction in the expression of PGC-1β was associated with a decrease in
ERRα DNA-binding activity which may lead to metabolic disturbances that link skeletal
muscle mitochondrial efficiency and aging [47]. With the expression of transcription factors
that regulate lipid metabolism being sensitive to aging, we would expect those significant
changes in TAG turnover in middle-aged and aging myocardium. For male and female mice
on a normal diet, the current study showed significant changes in TAG turnover as a result
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of age (Figure 5). A similar age dependent decrease in TAG content was shown for male
myocardium on a normal diet, but not female myocardium (Figure 4). Age related
differences are also evident in the incorporation of 13C palmitate into the TAG pool (Table).
The significant decreases in TAG turnover and TAG content is presumably due to age
related changes in the expression of PPARα and PGC1α and β, transcription factors
involved in the control of glucose and lipid metabolism.

Hyyti et al. (2010) show that there are clearly defined age induced shifts in myocardial
substrate oxidation, particularly relative to contributions to the citric acid cycle by LCFA
and ketones [5]. Their data show that there are age related impairments to myocardial fatty
acid and ketone oxidation. Gene expression data from their work suggest that there is an age
related deficiency in PPARα expression. In vitro gene array analysis doe not allow for
conclusions to be made regarding ligand specific enzyme activity. The current work
provides ex vivo data of TAG dynamics of caloric restriction from an intact beating heart
where previous work has been shown to have changes in PPARα and PGC-1α expression.
Our current study is consistent with previous data showing that PPARα expression augments
TAG turnover [10] and the current study suggesting that in middle-aged male myocardium,
TAG turnover becomes compromised.

Consistent with studies of other parameters involved in lipid metabolism, the current study
suggests that female myocardium handles LCFA differently than males. The previous
findings from human positron emission tomography (PET) studies and calculation of FA
utilization are largely based on FA uptake. Peterson et al. (2008) show that the female sex
predicted greater FA uptake in the heart, lower glucose uptake and utilization [30]. Studies
in rat liver suggest that CD36 is hormonally and nutritionally regulated [51-53]. Koonen et
al (2007) showed that an age-dependent increase in expression CD36 is a causative factor in
age related cardiomyopathy [12]. The female sex exhibited greater CD36 mRNA expression
[48]. Both studies suggest female sex predicts an increased rate of FA uptake. While
previous findings are important, the current study allows for direct analysis of 13C labeled
LCFA storage and turnover with in the TAG pool. Importantly, our results are consistent
with these previous suggesting that not only does the female heart take up FA at a different
rate than male myocardium; storage of LCFA and cycling through endogenous TAG stores
also occur at different rates.

Sex related differences in TAG turnover beg the question whether TAG turnover is under
sex related hormonal control and whether aging normalizes these differences due to decrease
of estrogen in the post-menopausal myocardium. Interestingly, in this study the pre-
menopausal, 5 month old, female TAG turnover does not decrease to the same extent as in
the male myocardium, despite similarly reduced TAG content. Thus, the pre-menopausal
female myocardium preserved more involvement of the endogenous TAG stores in lipid
metabolism and as a source of LCFA for β-oxidation. In contrast, post-menopausal
myocardium shows no significant differences with age matched male myocardium,
suggesting normalization between sexes after menopause. A possible mechanism for this
could be loss of PGC1α activity through the loss of estrogen related receptors [50]. Post
trauma-hemorrhage decline of PGC-1α post trauma is rescued with estradiol or when an
estrogen receptor-β agonist was delivered [34]. Another study implicating a role for estrogen
in regulating heart fatty acid dynamics showed that estrogen had a significant effect in the
expression of lipoprotein lipase [51]. Djouadi et al. (1998) showed that PPARα deficient
mice displayed hepatic and myocardial lipid accumulation in both sexes, where male
PPARα null mice showed a more severe phenotype [52]. Chronic administration of estrogen
in PPARα null mice improved defects in lipid metabolism [52]. Herrero et al. (2005) showed
that hormone replacement therapy in postmenopausal women resulted in higher levels of
myocardial fatty acid uptake and FAO compared to age matched men [53]. When these

Banke et al. Page 8

J Mol Cell Cardiol. Author manuscript; available in PMC 2013 March 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



studies are considered together with the current findings, it is enticing to speculate that the
loss of estrogen in females with age directly affects myocardial lipid turnover dynamics,
thereby making the TAG pool in the female myocardium less dynamic, or more like male
myocardium.

5. Conclusions
General health is a function of age [52]. In mice, neural and immune declines are evident by
middle age (12 months) [54-55]. The current manuscript investigates the changes in
myocardial lipid dynamics as a function of age. Furthermore, this work evaluates the effect
of nutritional intervention on lipid dynamics in the aging myocardium in both sexes. Long-
term caloric restriction is an effective nutritional intervention to promote longevity and
reduce oxidative stress [16, 18, 21]. Animal studies of long-term CR report increased whole
body FAO and LCFA synthesis rates [56] and CR increased lipogenic gene expression
(FAS, ACC1, SREBP-1, and PPARγ) in the liver and adipose tissue [56]. Yet, little if any
information exists to date on the how long-term CR affects LCFA storage in the heart, as
TAG. Interestingly, this study shows that the female myocardium traffics LCFA differently
than male myocardium. With CR, TAG content and turnover decreases in both male and
female myocardium. However female mice continue to rely on endogenous TAG stores as a
source for FAO to a greater degree than male myocardium. The continued reliance of
endogenous TAG stores by female myocardium could be at the center of observed
differences between male and female myocardium having cardioprotective effects and being
mediated by estrogen receptor signaling.
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Glossary

ACC1 acetyl CoA carboxylase

CR caloric restriction

DGAT1 diacylglycerol acyl transferase 1

ERRα estrogen related receptor α

FAS fatty acyl CoA synthase

FA fatty acid

FAO fatty acid oxidation

LCFA long-chain fatty acid

ND normal diet

NMR nuclear magnetic resonance

SREBP-1 sterol response element binding protein 1

TAG triacylglyceride

PGC-1α Peroxisome proliferator-activated receptor-γ coactivator-1 α

PGC1β Peroxisome proliferator-activated receptor-γ coactivator-1 β

PPARα Peroxisome proliferator-activated receptor-α
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Highlights

• The current manuscript compares the effects of gender and age on TAG
dynamics in the myocardium after long-term caloric restriction.

• Long-term CR results in a reduction of endogenous lipid stores and a significant
decrease in TAG turnover.

• In female myocardium, TAG turnover does not decrease to the same extent as in
male myocardium.

• The female myocardium preserves TAG involvement in lipid metabolism.
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Figure 1.
Plasma concentrations of cholesterol (A), triglyceride (B) and glucose (C) in fasted 13-
month-old male (m) and female (f) mice fed a calorically restricted (CR) or normal diet
(ND).
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Figure 2.
13C fractional enrichment of acetyl CoA from mice fed a normal diet or calorically
restricted. Mean +/− SEM. Mean +/− SEM. *, p < 0.05 compared to 5 month old ND male;
**, p < 0.05 compared to 5 month old ND female.
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Figure 3.
13C enrichment of TAG stores by 13C palmitate over the time course of experiment. A. 5-
month-old mice fed a normal diet or calorically restricted diet 3 months. Mean +/− SEM. B.
13-month-old mice fed a normal diet or calorically restricted diet 10 months. Mean +/−
SEM. *, p < 0.05 compared to ND male; **, p < 0.05 compared to ND female; †, p < 0.05
compared to 5 month ND male.
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Figure 4.
Tag content, nanomoles/mg protein. A. 5-month-old mice fed a normal diet or calorically
restricted diet 3 months. Mean +/− SEM. B. 13-month-old mice fed a normal diet or
calorically restricted diet 10 months. Mean +/− SEM. *, p < 0.05 compared to ND male; **,
p < 0.05 compared to ND female; †, p < 0.05 compared to 5 month ND male and 5 month
old ND female.
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Figure 5.
TAG turnover, nanomoles/min/mg protein from mice fed a normal diet or calorically
restricted. Mean +/− SEM. *, p < 0.05 compared to 5 month old ND female; **, p < 0.05
compared to 5 month CR male; †, p < 0.05 compared to 13 month old ND male.
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Figure 6.
Fate of long chain fatty acids.
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Table

The rate of incorporation of [2,4,6,8,10,12,14,16-13C8] palmitate into the TAG pool, nanomoles/mg 13C
enriched TAG/minute.

Normal Diet Male Normal Diet Female Caloric Restriction Male Caloric Restriction Female

5 month old mice nanomoles/
mg 13C enriched TAG/min

0.0193 ± 0.0008 0.0155 ± 0.0002 0.0041 ± 0.0002* 0.0037 ± 0.0002**

13 month old mice nanomoles/
mg 13C enriched TAG/min

0.0141 ± 0.0003* 0.0118 ± 0.0007** # 0.0154 ± 0.0005† 0.0096 ± 0.0007‡

*
p < 0.05 compared to 5 month old ND male

**
p < 0.05 compared to 5 month old ND female

†
p < 0.05 compared to 5 month old CR male

‡
p < 0.05 compared to 13 month old CR male

#
p < 0.05 compared to 13 month old ND male.

J Mol Cell Cardiol. Author manuscript; available in PMC 2013 March 1.


