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Cardiovascular disease (CVD), including heart failure, constitutes the main source of morbidity and
mortality in men and women with diabetes. Although healthy young women are protected against
CVD, postmenopausal and diabetic women lose this CVD protection. Obesity, insulin resistance,
and diabetes promote heart failure in females, and diastolic dysfunction is the earliest manifes-
tation of this heart failure. To examine the mechanisms promoting diastolic dysfunction in insulin-
resistant females, this investigation evaluated the impact of 8 weeks of a high-fructose/high-fat
Western diet (WD) on insulin sensitivity and cardiac structure and function in young C57BL6/J
female versus male mice. Insulin sensitivity was determined by hyperinsulinemic-euglycemic
clamps and two-dimensional echocardiograms were used to evaluate cardiac function. Both males
and females developed systemic insulin resistance after 8 weeks of a WD. However, only the
females developed diastolic dysfunction. The diastolic dysfunction promoted by the WD was ac-
companied by increases in collagen 1, a marker of stiffness, increased oxidative stress, reduced
insulin metabolic signaling, and increased mitochondria and cardiac microvascular alterations as
determined by electron microscopy. Aldosterone (a promoter of cardiac stiffness) levels were
higher in females compared with males but were not affected by the WD in either gender. These
data suggest a predisposition toward developing early diastolic heart failure in females exposed
to a WD. These data are consistent with the notion that higher aldosterone levels, in concert with
insulin resistance, may promote myocardial stiffness and diastolic dysfunction in response to over-
nutrition in females. (Endocrinology 154: 3632–3642, 2013)

The prevalence of obesity, diabetes, and heart failure
continues to increase in the United States and world-

wide due, in part, to consumption of a Western diet (WD)
high in fructose and fat content (1, 2). It is estimated that
70%–75% of premature deaths in patients with diabetes
can be attributed to cardiovascular disease (CVD) (3). Di-
abetic women exhibit higher incidence of CVD complica-
tions compared with diabetic men (3–5), despite that non-
diabetic premenopausal women exhibit less incidence of
CVD compared with age-matched men. Obesity, insulin
resistance, and diabetes all contribute to the increase in

heart failure, especially in westernized nations (1, 2, 6–8).
Diastolic dysfunction is an early finding in the natural
history of obesity and diabetic cardiomyopathy and is in-
creasingly prevalent especially in women (1, 2, 6–8). Di-
abetic women exhibit higher incidence of CVD complica-
tions compared with diabetic men (3–5), despite the fact
that nondiabetic premenopausal women exhibit less CVD
compared with age-matched men (4). Obesity, in the set-
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ting of type 2 diabetes (DM2), has a more deleterious
impact on diastolic dysfunction in women than in men
(8–11), and nondiabetic obese women also display in-
creased risk for cardiac diastolic dysfunction (12–15).
Population-based studies have documented higher ven-
tricular and peripheral arterial stiffness in women, inde-
pendent of body weight, as a potential factor contributing
to increased incidence of diastolic dysfunction in obese
females (12, 13). Further, left ventricular (LV) mass cor-
relates positively with insulin resistance and glucose in-
tolerance, especially in women (15).

Although the reason for the loss of CVD protection in
obese and insulin-resistant women has not been estab-
lished, it is likely that this is explained, in part, by the loss
of the beneficial actions of estrogen that occurs with diet-
induced insulin resistance and obesity (4). Indeed, reduced
cardiac insulin sensitivity has been associated with struc-
tural and functional alterations that characterize diastolic
dysfunction (1, 2). These abnormalities include increased
interstitial fibrosis and cardiac stiffening (1, 2). In the Fra-
mingham study, aldosterone levels were found to be
higher in women and to be positively associated with
markers of concentric remodeling like LV wall thickness in
females but not in males (16). In this regard, aldosterone
also promotes fibrosis and cardiac stiffness (2). Nonethe-
less, the precise mechanisms by which insulin resistance/
obesity contributes to the loss of estrogen protection
against cardiac stiffness and diastolic dysfunction remains
poorly understood.

In the present investigation, we fed a WD high in fat and
fructose corn syrup to 4-week-old female and male
C57BL6/J mice for 8 weeks in order to determine whether
female mice are at greater risk for development of heart
failure compared with males. Systemic insulin resistance
was evaluated by hyperinsulinemic-euglycemic clamps.
Functional outcomes investigated include echocardio-
graphic parameters of cardiac function. The sex-related
differential effects of the WD on cardiac function was then
examined in relation to sex differences in systemic insulin
resistance, aldosterone levels, and myocardial insulin met-
abolic signaling, oxidative stress, intracellular calcium
(Ca2�) handling proteins, and ventricular fibrosis.

Materials and Methods

Animals
All animal procedures were performed in accordance with the

Animal Use and Care Committee at the University of Missouri-
Columbia and National Institutes of Health guidelines.
C57BL6/J males and females were obtained from The Jackson
Laboratory. Groups of 4-week-old male and female mice were
fed a WD consisting of high fat (46%) and high carbohydrate as

sucrose (17.5%) and high-fructose corn syrup (17.5%) for 8
weeks (Test Diet 58Y1). Parallel groups of age-matched male
and female controls were fed regular mouse chow for the same
period of time (Test Diet 58Y2). Both cohorts were provided
water ad libitum while housed in pairs under a 12-hour/day
illumination regimen.

Body composition
Body composition was assessed by nuclear magnetic reso-

nance spectroscopy in both groups after the feeding intervention
at Vanderbilt University School of Medicine Mouse Metabolic
Phenotyping Center.

Assessment of whole-body insulin sensitivity by
hyperinsulinemic-euglycemic clamps

After the 8-week feeding trial, male and female mice under-
went hyperinsulinemic-euglycemic clamps (2.5 mU/kg�1�min�1

insulin) at the Vanderbilt University School of Medicine Mouse
Metabolic Phenotyping Center as previously described (17). Five
days before the study, carotid artery and jugular vein catheters
were placed for blood sampling and infusion. Clamp studies
were only performed on mice that weighed within 10% of pre-
surgical body weight.

Aldosterone and leptin levels
Aldosterone levels were analyzed on plasma collected at the

time of killing. Samples were analyzed in duplicate using RIA at
Vanderbilt University School of Medicine Mouse Metabolic Phe-
notyping Center as previously described (18). Leptin levels were
obtained from pooled plasma samples obtained during the clamp
procedure and were quantified by RIA (Millipore).

Echocardiography protocol
Two-dimensional echocardiograms were performed in the

apical 4-chamber view. The myocardial performance index
(MPI), also known as the MPI index, was calculated as the sum
of isovolumic contraction and relaxation times divided by ejec-
tion time. The time from cessation of the mitral valve A wave to
the onset of the mitral valve E wave of the next cardiac cycle (a)
is equal to the total isovolumic time plus the ejection time (b). The
MPI was calculated therefore by the formula (a � b)/b. This was
obtained from the apical 4-chamber view, with pulsed-wave
Doppler by placing a small sample volume at the level of the LV
outflow tract. Early transmitral peak diastolic flow velocity (E
wave) was obtained from the same pulsed-wave Doppler spec-
trograms. All Doppler spectra were recorded for 5–8 cardiac
cycles at a sweep speed of 200 mm/sec. Finally, to evaluate the
propagation velocity (Vp) of LV inflow, a correlate of the rate of
chamber relaxation, we performed color M-mode recordings of
mitral inflow during early diastole at the mitral leaflets in an
apical window. Parameters were assessed using an average of 3
beats from 3 different spectra, and calculations were made in
accordance with the American Society of Echocardiography
guidelines as well as specific guidelines for rodent echocardiog-
raphy. All data were acquired and analyzed by a single blinded
observer using Echo PAC (GE Vingmed) offline processing.
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Heart mitochondrial function

Homogenate preparation
Briefly, whole-heart samples were homogenized with a glass

tissue grinder in homogenization buffer containing 20mM
HEPES (pH 7.5), 2.5mM sodium pyrophosphate, 1mM sodium
orthovanadate, 1mM EDTA, 10mM glycerophosphate, 25mM
sodiumfluoride, 100nMokadaic acid, 250mMsucrose, andpro-
tease inhibitor cocktail (P8340; Sigma) and then passed through
a 25-gauge needle. Aliquots were saved for enzymatic assays. For
Western blottings, homogenates were further processed by the
addition of Triton X-100 and sodium dodecyl sulfate (final con-
centration, 1%) and sodium chloride (final concentration,
150�M). Homogenates were incubated at 4°C with agitation for
1 hour and then centrifuged at 12 000g for 10 minutes. Super-
natant was saved as the cytosolic fraction, and protein concen-
trations were determined using a Pierce BCA protein assay kit
(23225; Thermo Scientific).

�-Hydroxyacyl-coenzyme A (CoA) dehydrogenase
activity (�-HAD)

�-HAD enzyme is involved in mitochondrial fatty acid �-ox-
idation. �-HAD activity was measured as previously described
with modifications (19). Heart whole-cell lysate was incubated
in assay buffer containing 0.1M triethanolamine-HCl, 6.4mM
EDTA, and 0.45mM reduced nicotinamide adenine dinucleotide
(NADH) (pH 7.0) at 37°C. After an initial 2-minute absorbance
reading at 340 nm, the reaction was initiated by adding 0.15mM
acetoacetyl-CoA, and the rates of disappearance of NAD
(NADH) were measured by the changes in absorbance at 340 nm
every 12 seconds for 6.2 minutes. Maximum slope was calcu-
lated, adjusted for protein concentration, and used as the indi-
cation of �-HAD activity. The amount of NADH converted per
minute was determined with the molar extinction coefficient for
NADH. Enzyme activity was expressed as nanomoles per milli-
gram of protein per minute.

Citrate synthase (CS) activity
CS activity was used to assess mitochondrial aerobic capacity

(20) as previously described (21) with modifications. Whole-cell
lysate was obtained as described above. Whole-cell lysate was
incubated with buffer containing 82.4mM Tris (pH 8.3),
0.59mM oxaloacetate, and 0.12mM 5,5�-dithio-bis(2-nitroben-
zoic acid) (DTNB) at 37°C for 7 minutes. The reaction was ini-
tiated with 0.43mM acetyl-CoA, and spectrophotometric detec-
tion of reduced DTNB at 405 nm was measured every 20 seconds
22 times. The maximum slope was calculated, adjusted for pro-
tein concentration. The amount of DTNB converted per minute
was determined with the molar extinction coefficient for DTNB.

Ultrastructure analysis with transmission electron
microscopy (TEM)

LV tissue was thinly sliced and placed in primary TEM fix-
ative as previously described (22). After secondary fixation, spec-
imens were placed on a rocker overnight, embedded, and po-
lymerized at 60°C for 24 hours. Thin sections (85 nm) were then
stained with 5% uranyl acetate and Sato’s Triple lead stain. A
JOEL 1400-EX TEM was used to view all samples. Details of LV
tissue preparation, sectioning, staining, and viewing are as pre-
viously described (22).

Heart immunoblot analysis
Cytosolic fractions (30 �g per lane) were separated by SDS-

PAGE and transferred to nitrocellulose (Bio-Rad Laboratories).
The blots were blocked with 5% BSA in Tris-buffered saline with
1% Tween 20 at room temperature, then incubated 1 hour at
room temperature with primary antibodies (1:1000 dilution) in
5% BSA, rinsed with Tris-buffered saline with 1% Tween 20,
and incubated with horseradish peroxidase-conjugated second-
ary antibodies (1:30 000 dilution) in 5% BSA for 1 hour at room
temperature. The binding of the antibodies was detected by
chemiluminescence (SuperSignal West Femto, Thermo Fischer
Scientific), and images were recorded using a Bio-Rad ChemiDoc
XRS image analysis system. Western blot analyses were per-
formed on phosphorylated protein kinase B (Akt)T308 and total
Akt (Cell Signaling Technology Inc) sarcoendoplasmic reticulum
calcium transport ATPase (SERCA2) (ab2861; Abcam), 3-ni-
trotyrosine (3-NT) (AB5411; EMD Millipore, Billerica, Massa-
chusetts), collagen (Col) 1A1 (sc-8784; Santa Cruz Biotechnol-
ogy, Inc), and Col 3A (sc-8781; Santa Cruz Biotechnology, Inc).
Quantitation of protein band density, normalized to the density
of pan-actin (4968; Cell Signaling Technology, Inc) or amido
black for each sample, was performed using Image Lab software
(Bio-Rad Laboratories). Data are reported as the normalized
protein band density in arbitrary units.

Statistical analysis
Results are reported as the mean � SE. Differences in out-

comes were determined using two-way ANOVA or paired t tests
and were considered significant when P � .05. All statistical
analyses were performed using Sigma Plot (version 12) software
(Systat Software).

Results

WD promotes obesity and insulin resistance in
female mice

The average body weight of female mice fed a control
diet (CD) was less than males (20.0 � 0.3 vs 24.2 � 0.4 g,
respectively; P � .05), and the WD induced a 22% increase
in body weight in both female and male mice (24.5 � 0.8
vs 29.7 � 1.3 g, respectively; P � .05). Body composition
was assessed in the different cohorts by nuclear magnetic
resonance spectroscopy. CD males (CD-M) had a trend
toward lesser body fat than CD females (CD-F) (CD-M,
13.62 � 1.07 vs CD-F, 17.35 � 1.76%; P � .08). WD only
increased body fat percentage significantly in WD-M but
not in WD-F (CD-M, 13.62 � 1.07 vs WD-M, 20.16 �
2.11%; P � .01; CD-F, 17.35 � 1.76 vs WD-F, 18.23 �
1.01%; P � .67). Leptin was significantly elevated in fe-
male mice, and there was a trend toward increased leptin
levels in both sexes upon WD feeding (Table 1). Heart
weight was smaller in female mice on CD compared with
males (86 � 0.9 vs 99 � 1 mg, respectively; P � .05), and
WD induced an increase in heart weight in males (113 �
0.6 mg; P � .05) but not female mice (99 � 2.5 mg; P �
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.05). There was also an increase in heart weight normal-
ized to tibia length in WD-M compared with CD-M (67 �
2 vs 57 � 2 mg/cm; P � .05) but not WD-F compared with
CD-F (53 � 1 vs 51 � 1 mg/cm; P � .05). Tibia length did
not vary significantly among groups. This demonstrates
that a WD induced cardiac hypertrophy in males but not
females. In a separate cohort of mice, systemic glucose
sensitivity was assessed by hyperinsulinemic-euglycemic
clamps. Steady state glucose infusion rates (GIRs) during
clamps were significantly higher in CD-F compared with
their CD-M counterparts, demonstrating greater whole-
body insulin sensitivity in normal females (P � .05) (Fig-
ure 1, A and B). Both male and female mice fed a WD
exhibit reduced GIR compared with male and female mice
fed a CD, indicating significant insulin resistance (P � .05)
(Figure 1, A and B). Unlike in the control groups, the GIRs
were similar for both sexes fed a WD, suggesting that in-
sulin sensitivity in females is more impaired by WD than
in males.

WD induces diastolic dysfunction in female but
not male mice

Female mice fed a WD for 8 weeks exhibit abnormal
echocardiographic diastolic function parameters when
compared with their male counterparts (Figure 2, A–D).
The MPI, which assesses both systolic and diastolic
function, was increased in both sexes fed a WD, but its
impact was greater in females (Figure 2A and Supple-
mental Table 1, published on The Endocrine Society’s
Journals Online web site at http://endo.endojournal-
s.org). It should be noted that an increase in this pa-
rameter is indicative of impaired cardiac function. The
increase in MPI in WD-F compared with CD-F is likely
due to abnormal diastolic function as indicated by both
a prolonged period of isovolumic relaxation (P � .05)
(Figure 2B) and a decrease in mitral inflow Vp (P � .06)
(Figure 2C). The E/Vp ratio, a marker of LV filling pres-
sure, was elevated in the WD-F compared with CD-F
(Figure 2D) and further supports the diagnosis of dia-
stolic dysfunction.

WD induces myocardial oxidative stress in female
mice

Excessive myocardial oxidative stress has been linked
to heart failure in different experimental models (23–25).
The nitration of protein tyrosine residues can be eval-
uated by 3-NT immunostaining and is an indirect
marker of increased peroxynitrite formation and oxi-
dative stress. The basal level of myocardial 3-NT in
female mice was lower than in male mice. WD induces
increased myocardial 3-NT staining in both male and
female mice. However, the relative increase in 3-NT

TABLE 1. Effect of WD on Plasma Leptin Levels

Parameter
Main
effect

P
value

CD-F
(8)

WD-F
(9)

CD-M
(6)

WD-M
(6)

Plasma leptin
(ng/mL)

Sex 0.003 6.56a 8.52b 3.01 4.71
Diet 0.081 �0.97 �1.69 �0.59 �0.97
Interaction 0.761

Leptin levels tended to be higher in both sexes fed a WD. However,
the differences did not reach significance. Values are mean � SE.
Numbers in parentheses are sample sizes.
a Sex within control.
b Sex within WD.
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caused by WD was greater in females than males (fe-
males: 55%, P � .05; males, 17%; P � .06) (Figure 3).
Sex had a significant effect on 3-NT levels, demonstrat-
ing higher levels of oxidative stress in male mice regard-
less of feeding regime.

WD alters myocardial Col
content and composition

Immunoblotting was used to ex-
amine the expression of Col isoforms
in the different treatment groups. The
expression of Col 1A1 (Col 1) (Col
component that most determines stiff-
ness) was increased in WD-F com-
pared with CD-F (P � .05) (Figure
4A).Col3A(Col3) expressiondidnot
vary among treatment groups (Figure
4B). Importantly, there was an in-
crease in the ratio of Col 1 to Col 3 in
WD-F compared with CD-F (P � .05)
(Figure 4C), and this alteration in
myocardial composition of Col (rela-
tive increase in Col 1) reflects a more
stiff and a less compliant LV (26).

WD impairs Ca2� cycling protein
expression in females

To explore the mechanisms con-
tributing to impaired diastolic func-

tion in the female mice fed a WD, we examined the ex-
pression levels of SERCA2a, and phospholamban (PLB),
proteins known to modulate Ca2� handling and cycling
(1, 2). Total PLB expression did not vary with sex or diet

(Figure 5A). Trends suggested that
the relative expression of SERCA2a
decreased in WD-F compared with
CD-F and increased in WD-M com-
pared with CD-M, although neither
trend was significant (Figure 5B).
The ratio of PLB to SERCA2a was
elevated in WD-F compared with
CD-F (P � .05) and tended to de-
crease in WD-M compared with
CD-M (P � .07) (Figure 5C), sugges-
tive of impaired Ca2� handling in
WD-F and compensatory improve-
ment of Ca2� handling in WD-M.
We also determined phosphoryla-
tion of PLB at Ser16 and Thr17 resi-
dues, and they were not significantly
different among groups (data not
shown).

WD effects on mitochondrial
function

We determined the activities of
CS, a Kreb’s cycle enzyme used to
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assess aerobic capacity of mitochondria, and �-HAD, an
enzyme involved in mitochondrial fatty acid �-oxida-
tion in LV homogenates. In CD-F, activity of CS was
significantly lower than in CD-M (P � .05) (Figure 6A).
In the WD-treated groups, CS activity was marginally
lower in the female mice but not in males. Similar to CS
activity, the activity of �-HAD in CD-F mice was lower
than in CD-M (P � .05) (Figure 6B). In contrast, �-HAD
activity was marginally increased in WD-F compared
with CD-F, whereas the WD did not affect �-HAD ac-
tivity in males. Immunoblotting was performed to de-
termine the changes in the levels of electron transport
chain components oxidative phosphorylation
(OXPHOS) and cytochrome c oxidase subunit IV iso-
form 1 (COX4). Relative protein expression levels of
mitochondrial COX4 and OXPHOS I–III and V did not
differ between the different intervention groups (data
not shown).

Decreased Akt activation by WD in female mice
The phosphorylation of Akt at the Thr308 residue was

significantly higher in CD-F compared with CD-M (P �
.05) (Figure 7A). However, total Akt protein levels did not
differ between these 2 groups (Figure 7B). Although Akt
phosphorylation was not significantly decreased in males
fed a WD compared with males fed a CD, the levels were
markedly lower in WD-fed females compared with fe-
males fed a CD (P � .0%) (Figure 7A). Total Akt levels in
mice fed a CD did not differ between males and females,
although total Akt was lower in WD-M compared with
WD-F and CD-M (P � .05). We examined the phosphor-
ylation of endothelial nitric oxide synthase (eNOS) at the
Ser1177 residue, because it is one of the downstream sub-
strates of Akt. However, the levels of phosphorylated
eNOS tended to be lower in females fed a CD compared
with males (P � .09), as well as in females fed a WD
compared with males (P � .07). Total eNOS levels were
decreased in WD-fed females compared with CD-fed fe-
males and WD males (P � .05). These results suggest that
both phosphorylated eNOS and total eNOS were lower in
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WD-fed females compared with females fed a CD. These
patterns were not apparent in males.

Abnormalities in myocardial ultrastructure by WD
in female mice

TEM was used to examine myocardial ultrastructure in
the different cohorts as previously described in detail (22).
Female and male mice fed a WD exhibited increased in-
termyofibrillar (IMF) mitochondria when compared with
control fed counterparts (Figure 8). Female mice on WD
demonstrated capillary endothelial cell cytoplasm thin-
ning and attenuation of transcytotic endothelial vesicles as
well as fenestra formation in comparison with the other
groups. These ultrastructural observations may indicate
immature capillaries that may be associated with in-
creased angiogenesis. These ultrastructural remodeling
changes may be associated with the decrease in myocardial
eNOS levels observed in WD females.

WD effects on plasma aldosterone levels
There was a significant effect of sex demonstrating sig-

nificantly higher aldosterone levels in females compared
with males (P � .05). Feeding regime had no effect on
aldosterone levels within each sex (P � .05). Specifically,

plasma aldosterone levels in CD-F
and WD-F were 648 � 82 and
635 � 49 pg/mL, respectively (P �
.05) and in CD-M and WD-M mice
plasma aldosterone levels were
392 � 31 and 408 � 45 pg/mL,
respectively (P � .05)

Discussion

Overnutrition and obesity are the
driving force behind the current ep-
idemic of DM2 and associated heart
failure due, in part, to the consump-
tion of a WD high in fructose and fat
(27, 28). Insulin resistance in obesity
and DM2 contributes to heart failure
manifested initially as diastolic dys-
function (29, 30). Although nono-
bese young women exhibit enhanced
insulin sensitivity compared with
young men, young women are at
greater risk for development of heart
failure in conditions of overnutri-
tion/obesity (8–11). In this investi-
gation, we determined the effects of a
diet high in fat and fructose that
closely resembles the widespread di-

etary pattern in the Western world. These studies demon-
strate that feeding a WD to young female C57BL6/J mice
causes diastolic dysfunction in as few as 8 weeks on the
experimental diet and abrogates the enhanced whole-body
insulin sensitivity seen in female compared with male mice
fed a CD without significantly impacting body fat composi-
tion. Consistent with human studies, the female mice studied
here demonstrated higher leptin levels (31), and WD feeding
tended to increase leptin even further. Plasma leptin levels
have been negatively associated with markers of diastolic
function in obese patients (32). We speculate that the ele-
vated leptin levels observed in the young WD-fed females
induce an increase in sympatho-adrenergic tone that con-
tributes to the early development of the cardiac phenotype.
The WD eventually induces a similar cardiac phenotype in
male mice that we have observed after 12 weeks on the diet
(our unpublished data). Because we began feeding mice a
WD at a very young age (4 wk of age) and females
developed diastolic function after only 8 weeks of receiving the
experimentaldiet, thismodel recapitulates thecommonclinical
problem of obesity during childhood years and adolescence, as
well as the increased risk for diastolic dysfunction in obese
young women (11, 14).
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To clarify possible pathological mechanisms responsi-
ble for the abnormal functional findings, we explored dif-
ferent pathways known to be involved in diastolic dysfunc-
tion, such as LV fibrosis and hypertrophy, oxidative stress,
abnormal Ca2� handling, and impaired insulin (ie, Akt) and
eNOS signaling. In models of metabolic/diabetic heart dis-
ease, oxidative stress has been documented to play an im-
portant role in the appearance of cardiac dysfunction (24,
25). In the absence of obesity, premenopausal women are
protected against CVD risk due to high levels of estrogen.
However, this protection is lost due to enhanced oxidative
stress in the setting of obesity. We have previously reported
a role of oxidative stress in diastolic dysfunction in different
models of obesity and cardiac dysfunction, including the
db/db mouse model (21). In this study, we show that female
mice have lower myocardial oxidative stress than males in
controlconditions.However,consumptionofaWDinduced
a relatively greater increase in myocardial oxidative stress in
female compared with male hearts (40% vs 10% above their
respective controls).

Abnormal myocardial Ca2� handling has been identi-
fied as an early finding in diastolic dysfunction (6, 33). In
the present study, there were no significant differences in
the total content of SERCA2a, its inhibitory protein PLB,
or phosphorylation of phosphorylated PLBser16. How-
ever, the ratio of PLB to SERCA2a was elevated in females

on WD and tended to be reduced in males on WD. Some
studies have reported nonsignificant changes in expres-
sion of either SERCA2a or PLB protein in the heart, yet
changes in the ratio of these 2 proteins suggest abnormal
Ca2� handling (29, 30). These data suggest that the im-
proved Ca2� handling observed in males fed a WD is ev-
idence of a compensatory response that may protect males
from premature development of diastolic dysfunction. On
the other hand, females are unable to compensate as males.

The composition of Col isoforms within the myocardial
interstitial matrix is one of the determinants of diastolic stiff-
ness of the LV (34, 35). Differences in the ratio of the 2
predominant myocardial Col isoforms, Col 1 and Col 3, are
consequential,becauseachange in the ratioof these isoforms
alters the passive mechanical properties of the LV wall. Col
3 is the more compliant isoform, whereas Col 1 is stronger
and stiffer. In this regard, an increase in the Col 1 to Col 3
ratio denotes increased LV wall stiffness, such as would oc-
cur in a heart with diastolic dysfunction with preserved ejec-
tion fraction. On the other hand, a decrease in the ratio
would be more consistent with more advanced heart failure
with systolic dysfunction, such as occurs in conditions with
dilated cardiomyopathy. In the present investigation, we ob-
served an increase in the Col 1 to Col 3 ratio in the heart of
female mice fed a WD, suggestive of an increase in myocar-
dial stiffness. There was no evidence of WD-induced LV hy-
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pertrophy in female mice, although male mice fed a WD did
exhibit LV hypertrophy. In this regard, the development of
diastolic dysfunction has been shown to occur independent
of cardiac hypertrophy (21, 36, 37).

Mitochondrial dysfunction has been associated with di-
astolic dysfunction in obesity models (38, 39). In the current
investigation, CS activity was significantly higher in control
males compared with females. The higher CS activity in
males might reflect a higher metabolic capacity and poten-
tially lesser predisposition for lipid toxicity (38). Moreover,
the marginal increase in �-HAD activity and the decreasing
CS activity observed in WD-fed females may suggest a rela-
tive increase in fatty acid oxidation contributing to increased
oxidative stress, reduced myocardial metabolic efficiency,
and diastolic dysfunction. Diastolic dysfunction has also
been associated with increases, decreases, or normal mito-
chondrial content in models of insulin-resistant cardiomy-
opathy (40, 41). In this study, we examined mitochondrial
function and ultrastructure. There was no significant in-
crease in mitochondrial content as evaluated by immuno-
blots of OXPHOS subunits and COX4. Nonetheless, TEM
examination of myocardial ultrastructure in the different
treatment groups revealed an increase in the numbers of IMF

mitochondria in both females and males fed a WD that were
not observed in mice on CD. We have reported similar ul-
trastructural changes in young insulin-resistant Zucker
obese rats with diastolic dysfunction (37) and in prediabetic
obese db/db mice during the transition to diastolic dysfunc-
tion (21). In this respect, the susceptibility to oxidative stress
and increased mitochondrial protein nitration has been de-
scribed preferentially to IMF mitochondria (42), and this is
consistent with the observed increase in the 3-NT burden in
female mice fed a WD compared with males. We also ob-
served demonstrated capillary endothelial cell cytoplasm
thinning and attenuation of transcytotic endothelial vesicles
as well as fenestra formation in female mice on WD in com-
parison with the other groups. These ultrastructural obser-
vations may indicate immature capillaries that may be asso-
ciated with altered angiogenesis. These ultrastructural
remodeling changes may be associated with the decrease in
myocardial eNOS levels observed in WD females

Akt activation is a critical signaling node that conveys
multiple different intracellular signaling pathways. Of im-
portance, Akt activation results from normal insulin and
IGF-I signaling. In models of obesity and insulin resis-
tance, abnormalities in the insulin signaling cascade in the
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heart, including decreased Akt activation, have been doc-
umented (43, 44). Furthermore, estrogen-mediated myo-
cardial activation of Akt has been proposed to partially
explain the observed sex-related differences in cardiac dis-
ease (45). In the present study, we found increased Akt
phosphorylation (activation) in control female mice that
markedly decreased after 8 weeks of WD. In this study, we
also examined phosphorylation of eNOS as a downstream
target of insulin-Akt signaling. However, we observed a
marginal decrease in phosphorylated eNOS and total
eNOS in WD-fed female mice. Therefore, decreased eNOS
phosphorylation may account, in part, for the impairment
of diastolic function in female mice fed a WD (46). Taken
together, Akt signaling may be one of the signal transduc-
tion pathways contributing to impaired diastolic function
and increased cardiovascular risk in obese female mice.

In a population-based study, women have higher serum
levels of aldosterone that correlate with a pattern of LV con-
centric remodeling (16). In this study, we found that young
female C57BL6 mice exhibit higher serum levels of aldoste-
rone compared with males. Aldosterone and mineralocorti-
coid receptor (MR) activation has been considered as a
pathogenic factor in diabetic heart disease (47). Moreover,
clinical studies using MR blockade have documented a ben-
eficial impactofMRblockadeindiastolic functionofwomen
with heart failure (48). In addition, studies have shown that
MR blockade in obese patients improves LV diastolic func-
tionandfibrosismarkers (49,50).WeobservedthatWDhad
no effect on aldosterone levels in males or females. MR ac-
tivation promotes oxidative stress and fibrosis in the myo-
cardium (51). We observed that females fed a WD have in-
creased myocardial oxidative stress and fibrosis compared
with female mice fed a CD. This suggests that there may be
increased sensitivity for aldosterone effects on oxidative
stress and fibrosis under conditions of overnutrition. There-
fore, the interaction of higher aldosterone levels and over-
nutrition may act synergistically to promote the progression
of diastolic dysfunction.

In summary, the present investigation demonstrates
that 8 weeks of a WD high in fat and fructose abrogates the
enhanced whole-body insulin sensitivity seen in female
mice fed a CD compared with males and induces early
progression to diastolic dysfunction in female, but not
male, C57BL6/J mice. Diastolic dysfunction in female
mice was accompanied by increased myocardial oxidative
stress, Col stiffness, altered Ca2� handling, and a marked
decrease in Akt/eNOS activation. In addition, the circu-
lating levels of aldosterone in female mice are increased,
and this raises the possibility that the systemic and myo-
cardial metabolic effects of aldosterone are potentiated
resulting in loss of systemic and myocardial insulin sensi-
tivity and the development diastolic dysfunction.
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