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Abstract

Reactive aldehydes such as 4-hydroxy-2-nonenal (4HNE) are generated in the myocardium in

cardiac disease. 4HNE and other toxic aldehydes form adducts with proteins, leading to cell

damage and organ dysfunction. Aldehyde dehydrogenases (ALDHs) metabolize toxic aldehydes

such as 4HNE into nontoxic metabolites. Both ALDH levels and activity are reduced in cardiac

disease. We examined whether reduced ALDH2 activity contributes to cardiomyocyte

hypertrophy in mice fed a high-fat diet and injected with low-dose streptozotocin (STZ). These

mice exhibited most of the characteristics of metabolic syndrome/type-2 diabetes mellitus (DM):

increased blood glucose levels depicting hyperglycemia (415.2 ± 18.7 mg/dL vs. 265.2 ± 7.6

mg/dL; P < 0.05), glucose intolerance with normal plasma insulin levels, suggesting insulin

resistance and obesity as evident from increased weight (44 ± 3.1 vs. 34.50 ± 1.32 g; P < 0.05) and

body fat. Myocardial ALDH2 activity was 60% lower in these mice (0.1 ± 0.012 vs. 0.04 ± 0.015

mmol/min/mg protein; P < 0.05). Myocardial 4HNE levels were also elevated in the

hyperglycemic hearts. Co-immunoprecipitation study showed that 4HNE formed adducts on

myocardial ALDH2 protein in the mice exhibiting metabolic syndrome/type-2 DM, and they had

obvious cardiac hypertrophy compared with controls as evident from increased heart weight

(HW), HW to tibial length ratio, left ventricular (LV) mass and cardiomyocyte hypertrophy.

Cardiomyocyte hypertrophy was correlated inversely with ALDH2 activity (R2 = 0.7; P < 0.05).

Finally, cardiac dysfunction was observed in mice with metabolic syndrome/type-2 DM.

Therefore, we conclude that reduced ALDH2 activity may contribute to cardiac hypertrophy and
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dysfunction in mice presenting with some of the characteristics of metabolic syndrome/type-2 DM

when on a high-fat diet and low-dose STZ injection.
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Introduction

Hyperglycemia leads to production of reactive oxygen species (ROS), which results in

formation of advanced glycated-end products (AGE).1 AGE-induced microvascular and

macrovascular complications of diabetes mellitus (DM) are very well documented in

experimental and clinical studies.2,3 In addition to AGE production, ROS lead to production

of toxic reactive aldehydes such as malondialdehyde (MDA), acetaldehyde, and 4-

hydroxy-2-nonenal (4HNE). Similar to AGE, 4HNE, and other toxic aldehydes form

adducts with proteins, leading to cell damage and organ dysfunction.4–9 In particular, a link

between 4HNE adducts and diabetes-induced cardiovascular, neurological, ocular, and renal

complications has been shown.10–12 Aldehyde dehydrogenases (ALDHs) are a group of

enzymes that metabolize toxic aldehydes into nontoxic acids.13 In the myocardium, ALDH2,

the mitochondrial isoform of ALDH, plays an important role in removal of toxic aldehydes

and protects the heart from oxidative stress/injury.14 Many studies found ALDH2 plays a

protective role in cardiovascular disease models.15–18

A point mutation (E487K) at the interface of the tetrameric complex of ALDH2 (ALDH2*2)

decreases catalytic activity to 5–40% of the wild-type form ALDH2*1. ALDH2*2 is

associated with many metabolic disorders such as hypertension,19 metabolic syndrome,20

type-2 DM,21 and diabetic complications.22 For example, ALDH2*2 increased maternal

inheritance of diabetes in Japanese patients,21 and patients with ALDH2*2 have a higher

risk of developing diabetic complications such as vasculopathy and nephropathy.22 This

indicates that ALDH2 activity is critical in ameliorating diabetic complications. In previous

reports, reduced myocardial ALDH2 levels and activity were found in high-dose

streptozotocin (STZ)-induced insulin-deficient type-1 DM models.23,24 It was also reported

that an increase in 4HNE adduct formation in the type-1 diabetic heart leads to

mitochondrial dysfunction25,26 and cardiac damage.24 However, we could find no study

implicating ALDH2 and 4HNE in a type-2 DM model.

Despite having multiple models of type-2 DM/metabolic syndrome with each has its own

onset and magnitude of symptoms due to heterogeneous etiology,27 it is challenging to

create exact human disease in animals. In this study, we fed a high-fat diet to C57BL/6 mice,

a genetically prone strain for type-2 DM28,29 and then injected low-dose STZ, 40 mg/kg

three times starting 2 weeks after beginning the high-fat diet. These mice had some of the

characteristics of metabolic syndrome/type-2 DM such as obesity, increase in body weight

and fat content; hyperglycemia, increased blood glucose levels and glucose intolerance

despite having normal insulin levels suggesting insulin resistance. Previous studies reported

that rats30–32 and mice33 fed a high-fat diet and injected with low-dose STZ recapitulate the

Mali et al. Page 2

Exp Biol Med (Maywood). Author manuscript; available in PMC 2014 August 27.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



characteristics of type-2 DM. In those studies, both rats and mice were shown to exhibit

hyperglycemia, dyslipidemia, insulin resistance, and obesity.

Metabolic syndrome is a risk factor for type-2 DM and often precedes diabetes. The

symptoms of metabolic syndrome and type-2 DM overlap. The few characteristics

recapitulated in both genetic and nongenetic models of type-2 DM are (a) insulin resistance,

(b) hyperglycemia, (c) dyslipidemia, and (d) obesity. Our mice had insulin resistance,

hyperglycemia, and obesity. Most importantly, the major components of creating a diabetic

cardiovascular disease model including diabetic cardiomyopathy have been outlined by a

panel from Animal Models of Diabetic Complications Consortium.34 Our model presents

some of the recommended components such as cardiac dysfunction, oxidative stress in the

heart, and pathological cardiac remodeling along with some features of type-2 DM/

metabolic syndrome as mentioned above. Therefore, our model is valid to study diabetic

cardiovascular disease. In this study, we investigated whether both a high-fat diet and

multiple low doses of STZ injections in mice would lead to impaired ALDH2 function and

cardiac hypertrophy.

Methods

Animal model

8-week-old male C57BL/6 mice were fed a high-fat diet (60% of calories from fat, D12492,

Research Diets) for 2 weeks. Then they were injected three times with STZ 40 mg/kg and

fed a high-fat diet continuously as described in several studies.30–32 Mice with sustained

elevated blood glucose levels at fasting (>400 mg/dL) after 4 weeks of STZ were selected

for further studies. Blood was collected from the tail vein and glucose measured with a

glucometer. The animal protocol was approved by the Henry Ford Health System

Institutional Animal Care and Use Committee. It adheres to the guiding principles of the

care and use of experimental animals in accordance with the NIH guidelines. Henry Ford

Hospital operates an AAALAC certified animal facility.

Intraperitoneal glucose tolerance test

The intraperitoneal glucose tolerance test (IPGTT) was performed in mice from both groups

as explained elsewhere.32 After fasting for 6 h, the mice were injected with 2 g/kg D-glucose.

Then blood glucose levels were measured at 0, 60, 90, and 120 min after D-glucose injection

using a glucometer.

Determination of blood plasma insulin levels

Blood samples were spun and the separated plasma was used to measure insulin levels using

an ELISA kit (Crystal Chem Inc.) as per the manufacturer’s instructions. Each value

represents duplicate measurements of each sample.

ALDH activity assay

ALDH2 activity was measured as described elsewhere.15 In brief, enzymatic activity of

ALDH2 from cardiac tissue homogenates was determined spectrophotometrically by

reductive reaction of NAD+ to NADH at λ340 nm. All assays were carried out at 25° C in
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0.1 M sodium pyrophosphate buffer, pH = 9.5 with 2.4 mM NAD+ as a cofactor and 10 mM

acetaldehyde as the substrate.

Western blotting of 4HNE- protein adducts

Western blot was performed as described earlier.35,36 In brief, cardiac protein samples were

separated on sodium dodecyl sulphate (SDS)-polyacrylamide gels by electrophoresis and the

proteins transferred to immobilon-P membranes (Millipore, Billerica, MA). Levels of

4HNE-protein adducts in heart samples were determined using an antibody of 4HNE-

Cys/His/Lys (Calbiochem) at a concentration of 1: 1000. Anti-alpha-tubulin mouse

monoclonal antibody at a concentration of 1: 1000 (Santa Cruz Biotechnology, Santa Cruz)

was used as a housekeeping marker. The bound antibody was visualized with horseradish

peroxidase (HRP)-coupled secondary antibody.

Immunoprecipitation of 4HNE-modified ALDH2

Cardiac tissue homogenates were used for co-immunoprecipitation (IP) studies. An antibody

against 4HNE-Cys/His/Lys (Calbiochem) was added to tissue protein (150 μg) in a final

volume of 200 μL and incubated for 2 h. Then protein-A/G agarose beads (Santa Cruz) were

added to each sample and rocked at 4° C overnight. The beads were washed several times

and then resuspended in IP buffer. The samples were run by sodium dodecyl sulphate-

polyacrylamide gel electrophoresis (SDS PAGE) and probed against ALDH2 antibody

(Santa Cruz).

Histopathology

After 4 months of induction of the disease, the hearts were isolated, weighed, and stored

appropriately for biochemical studies at −80° C. The middle portions were fixed with 10%

formalin in PBS, embedded in paraffin as blocks, and several transverse sections cut.

Immunohistochemistry of 4HNE- protein adducts

Formalin-fixed, paraffin-embedded cardiac tissue sections were used for

immunohistochemical staining. After depar-affinization and hydration, the slides were

washed in Tris-buffered saline (TBS; 10 mmol/L Tris–HCl, 0.85% NaCl, pH 7.5) containing

0.1% bovine serum albumin. Endogenous peroxidase activity was quenched by incubating

the slides in 0.6% H2O2/methanol. A pressure cooker method was used to retrieve the

antigen. In the following steps, reagents from an immunoperoxidase staining kit (Millipore)

were used as directed. A solution from the kit was used to block non-specific reactions.

After overnight incubation with polyclonal rabbit 4HNE-Cys/His/Lys antibody at a

concentration of 1: 100 and 4° C, the slides were washed in TBS. Secondary antibody

solution and streptavidin peroxidase solution were added and incubated at room

temperature. Immunostaining was visualized with chromogen, diaminobenzidine

tetrahydrochloride. Finally, the sections were counterstained with hematoxylin.

Measurement of cardiomyocyte hypertrophy

Myocardial sections were stained with hematoxylin–eosin to measure cardiomyocyte

hypertrophy by quantifying the myocyte cross-sectional area using MicroSuite software
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(Olympus America). Relatively circular cardiomyocytes with the nucleus in the center were

included for quantification of each high power field. We scored at least 15

photomicrographs for each sample. N > 5 mice.

Cardiac function assessment by echocardiography

Left ventricular (LV) dimension and function were assessed in conscious mice to avoid the

effects of anesthesia, using an echocardiograph equipped with a 15-MHz linear transducer

(Acuson c256) as described previously.37

Cardiac function assessment by hemodynamic measurements

Cardiac dysfunction was assessed with a Millar Mikro-Tip SPR-1000 pressure catheter

(ADInstruments, Australia). In brief, mice were anesthetized by Inactin (100 mg/kg i.p.).

The catheter was inserted into the left ventricle via the right carotid artery to assess systolic

blood pressure (SBP), diastolic blood pressure, left ventricular pressure, and the peak and

minimum values of LV dP/dt (LV dP/dtmax and LV dP/dtmin, respectively). After 30 min of

stabilization, hemodynamic parameters were recorded by an eightchannel lab recorder

(ADInstruments, Australia) with LABCHART-7 software.

Statistical analysis

Data are presented as mean ± standard error (SEM). For the biochemical and

histopathological analysis, we used n = 3–5 from each group unless otherwise mentioned.

Student’s t test was applied to compare 2 groups using graphpad Prism 5. For the correlation

analysis, linear regression was performed. Statistical significance was achieved when P <

0.05.

Results

High-fat diet and low-dose STZ-induced biometric changes in mice

A significant increase in body weight and fat content denoting obesity, heart weight (HW),

and HW to tibial length ratio was observed in mice fed a high-fat diet fed and given low-

dose STZ (Table 1). Hyperglycemia (Table 1) and glucose intolerance (Figure 1a) with

normal insulin levels (Figure 1b) were observed in mice on a high-fat diet and low-dose

STZ. The heart rate (Table 1) was significantly decreased, but there was no significant

change in systolic and diastolic blood pressure in mice with a high-fat diet and low-dose

STZ.

Increase in 4HNE-protein adduct formation in the hearts of mice fed a high-fat diet and
injected with low-dose STZ exhibiting some of the characteristics of metabolic syndrome/
type-2 DM

4HNE-protein adduct formation was increased in the hearts of mice fed a high-fat diet and

injected with low-dose STZ as seen with both immunohistochemical staining (Figure 2a)

and immunoblotting (Figure 2b).
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Decreased myocardial ALDH2 activity as well as increased 4HNE adduct formation on
ALDH2 were observed in mice fed a high-fat diet and injected with low-dose STZ

ALDH2 activity was decreased by 60% in the hearts of high-fat fed and low-dose STZ-

injected mice (P < 0.05) (Figure 3a). This decrease was due to formation of 4HNE adducts

on ALDH2 as found by increased co-IP (Figure 3b).

Pathological cardiac remodeling was observed in high-fat fed and low-dose STZ-injected

mice as evident from increased cardiomyocyte hypertrophy and decreased capillaries.

Morphological analysis revealed increased cardiomyocyte cross-sectional area, a hallmark

of hypertrophy, in mice with some of the characteristics of metabolic syndrome/type-2 DM

(Figure 4a and b). The number of endothelial cells/capillaries in the cardiac sections was

reduced in these mice PECAM-1 staining (Figure 5).

Cardiac dysfunction in mice challenged with a high-fat diet and low-dose STZ injection

Echocardiography revealed significantly decreased% fractional shortening (FS) and%

ejection fraction (EF), with significant increases in LV mass, LV dimension during diastole

(LVDd) and systole (LVDs), LV end-diastolic posterior wall thickness (PWTd), and LV

end-systolic posterior wall thickness (PWTs) compared with controls (Table 2).

LV systolic pressure (Figure 6a and b) and peak and minimum LV dP/dt (+dP/dt and −dP/

dtmin, respectively) (Figure 7a and b) were decreased in mice fed a high-fat diet and injected

with low-dose STZ using the LV pressure catheter.

Reduced ALDH activity contributes to cardiomyocyte hypertrophy

ALDH2 activity and cardiomyocyte hypertrophy correlated inversely (R2=0.7; P < 0.05

(Figure 8).

Discussion

We found decreased ALDH2 activity and increased 4HNE adducts in the myocardium of

mice fed a high-fat diet and injected with low-dose STZ exhibiting important characteristics

of metabolic syndrome/type-2 DM. The decrease in ALDH2 activity is due to increased

4HNE adduct formation on the ALDH2 enzyme itself and is associated with increased

cardiac hypertrophy.

Several epidemiological studies indicated that ALDH2 activity is critical in cardiovascular

diseases; the inactive ALDH2 genotype is associated with myocardial infarction,38,39

angina,40 and hypertension41 in humans. Further, patients with an inactivating point

mutation in ALDH2 are more likely to develop diabetic complications.22 The

cardioprotective effect of ALDH2 activation has been demonstrated using in vivo and ex

vivo models of myocardial ischemia-reperfusion injury.14,42 Transgenic studies explored

ALDH-mediated cardioprotection and its mechanism in alcoholic cardiomyopathy. Over-

expression of wild-type ALDH2 resulted in cardioprotective effects in alcohol-induced acute

myocardial damage in mice43 and reduced hypertrophy and contractile dysfunction

compared with wild-type mice following chronic alcohol ingestion.44 Most importantly,

ALDH2 over-expression led to reduced protein carbonyl formation in addition to improved
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calcium handling and reduction in apoptosis.44 Alcoholic cardiomyopathy-induced glucose

intolerance, reduced glucose uptake, cardiac hypertrophy, and reduced cell shortening were

also alleviated by ALDH2 overexpression.45 Overall, ALDH2 overexpression attenuates

alcoholic cardiomyopathy-induced cardiac insulin insensitivity and contractile dysfunction

by preserving insulin signaling at the levels of insulin receptors, IRS, Akt, Foxo3a, and

JNK.45 Our results are consistent with these reports that reduced ALDH activity can be

detrimental to the metabolically abnormal heart.

Reactive aldehydes such as methylglyoxal (MGO), MDA, and 4HNE are important

contributors to diabetic tissue damage.46 For instance, MGO accumulation due to

hyperglycemia is an important intermediate molecule in adduct formation in mesenchymal

cells, smooth muscle cells, fibroblasts, and diabetic atherosclerotic lesions.12 Increased

MDA levels in serum47 and MDA adducts in cardiac tissue were found in diabetic

animals.48 Elevated 4HNE levels are also found in diabetic patients relative to control

groups10 and implicated in diabetic complications.40 Accumulation of abundant 4HNE in

diabetic tissue is injurious. In the diabetic heart 4HNE formed adducts with critical

mitochondrial protein, succinyl dehydrogenase and impaired complex II activity.26 In this

study increase in myocardial 4HNE adduct levels in mice fed a high-fat diet and injected

with low-dose STZ was found using immunostaining and Western blot.

Overall, 4HNE adducts can lead to cellular dysfunction as they can result in mitochondrial

dysfunction49 and inactivation of proteosomes.50,51 4HNE can induce ROS formation52 and

ROS produces 4HNE6,9; thus a vicious cycle sets in. Adduct formation on ALDH itself

results in decreased ALDH2 activity and a further rise in 4HNE-induced cell toxicity.53

Similarly, we also found increased 4HNE adducts on ALDH2 protein in the hearts of mice

with symptoms of metabolic syndrome/type-2 DM (Figure 3b). It may be the reason for the

reduced ALDH2 activity.

It is well known that hyperglycemia induces cardiomyocyte hypertrophy in vitro54 and in

vivo.23 We show here a significant increase in cardiac hypertrophy with an increase in HW,

HW/tibial length, LV mass, and cardiomyocyte cross-sectional area in mice with signs of

metabolic syndrome/type-2 DM. Further, PECAM-1 staining indicates reduced capillary

density. An earlier study described reduced myocardial capillary density in alloxan-induced

type-1 diabetic mice.55 Ren and co-workers23 induced type-1 DM by high-dose STZ (200

mg/kg) in mice with ALDH2 overexpression and found reduced cardiac hypertrophy and

contractile dysfunction compared with wild-type diabetic mice. In our study, we injected

low-dose STZ (40 mg/kg) in high-fat fed mice and found that ALDH activity inversely

correlated with cardiomyocyte hypertrophy.

We observed systolic and diastolic dysfunction in mice with high fat and STZ compared

with normal mice as evident from hemodynamic and echocardiographic measurements. STZ

has been broadly used to induce DM in experimental animals; however, few acute studies

using isolated cardiomyocytes found it could be toxic per se.56,57 Therefore, it is possible

that this acute damage may lead to compensatory changes in the hearts of mice fed a high-

fat diet and injected with low-dose STZ. Nevertheless, based on current data and previous

reports from type-1 and type-2 DM models and other models of cardiometabolic challenges,
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it can be suggested that reduced ALDH activity plays a role in developing cardiac

hypertrophy in the metabolically abnormal heart.

In conclusion, we believe this is the first demonstration that decreased myocardial ALDH2

activity due to 4HNE adduct formation may contribute to cardiac hypertrophy in mice

exhibiting some of the characteristics of metabolic syndrome/type-2 DM when fed a high-fat

diet and injected with multiple low doses of STZ.
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Figure 1.
Insulin resistance in mice given a high-fat diet and low-dose streptozotocin injection: (a)

IPGTT data: glucose tolerance test data from control and high-fat/low-dose STZ (HFD +

LDS) groups. Blood glucose was measured after 60, 90, and 120 min of 2 g/kg D-glucose

intraperitoneal injection. ***P < 0.0001; n = 4 mice from each group. (b) Plasma insulin

levels: plasma was isolated from blood collected at the end of the protocol. NS, non

significant; n = 5 mice from each group
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Figure 2.
Increased myocardial 4HNE adducts levels in mice receiving a high-fat diet and low-dose

streptozotocin injection (HFD + LDS). (a) immunohistochemistry of 4HNE adducts:

representative micrographs of cardiac sections stained with 4HNE adduct antibody are

shown. The brown spots indicate immunopositive reaction to 4HNE adduct antibody. A

negative control (where the primary antibody was omitted) is also shown (n = 3–5). (b)

Immunoblotting bands of 4HNE protein adducts: representative Western blots of 4HNE

protein adducts are shown from control and high-fat/low-dose streptozotocin (HFD + LDS)

mouse heart homogenates. α-tubulin was used as a loading control. The red arrows show the

increase in 4HNE protein adducts (n = 3–5). (A color version of this figure is available in

the online journal.)
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Figure 3.
Impaired ALDH2 by 4-HNE adducts in mice receiving a high-fat diet and low-dose

streptozotocin. (a) ALDH2 activity: decrease in myocardial ALDH2 activity in mice given a

high-fat diet/low-dose streptozotocin (HFD + LDS) relative to controls. The ALDH2

activity was quantified by a spectrophotometer using acetaldehyde as substrate (*P < 0.05)

(n = 3–5). (b) Co-immunoprecipitation of 4HNE protein adducts and ALDH2 protein:

immunoblots of ALDH2 were immunoprecipitated with 4HNE protein adduct antibody,

implicating 4HNE adduct formation on ALDH2 in control and HFD + LDS groups (n = 3)
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Figure 4.
Increase in cardiomyocyte hypertrophy in mice receiving a high-fat diet and low-dose

streptozotocin. (a) Micrographs of cardiac sections: representative photomicrographs of

hematoxylin-eosin stained cardiac sections from control and HFD + LDS groups depicting

cardiomyocyte size. The insets are magnified to distinguish the difference in cardiomyocyte

size. (b) Quantification data of cardiomyocyte cross-sectional area from control and HFD +

LDS groups: At least 10 relatively circular cardiomyocytes with the nucleus in the center

were included for quantification of each high power field. We scored at least 15

photomicrographs for each sample (n = 5–8; **P < 0.01). (A color version of this figure is

available in the online journal.)
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Figure 5.
Decrease in capillaries in myocardial tissue sections from mice fed a high-fat diet and given

low-dose streptozotocin: immunostaining of PECAM-1: Representative photomicrographs

of PECAM-1 stained cardiac sections are shown from control and HFD + LDS groups. The

brown staining in capillaries and micro vessels implicate endothelial cells (n = 3–5). (A

color version of this figure is available in the online journal.)
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Figure 6.
Decrease in left ventricular systolic pressure in mice with high-fat/low-dose streptozotocin.

(a) Tracings of lab chart measurements of left ventricular systolic pressure of controls and

HFD + LDS mice. (b) Quantification data of left ventricular systolic pressure (n = 3–5;

****P < 0.01). (A color version of this figure is available in the online journal.)
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Figure 7.
Decrease in left ventricular peak and minimum values of left ventricular dP/dt in mice

receiving a high-fat diet and low-dose streptozotocin. (a) Tracings of lab chart

measurements of left ventricular +dP/dt and −dP/dt from controls and HFD + LDS mice. (b)

Quantification of left ventricular +dP/dt and −dP/dt (n = 3–5; ****P < 0.001). (A color

version of this figure is available in the online journal.)
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Figure 8.
ALDH2 activity correlates inversely with cardiomyocyte hypertrophy: Graph showing

inverse correlation between ALDH2 activity and cardiomyocyte hypertrophy. Data were

analyzed by linear regression (*P < 0.05)
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Table 1

Biometric changes in control and high fat diet fed and low dose streptozotocin-injected (HFD + LDS) mice

Parameters Control HFD + LDS

Body weight (g) 34.50 ± 1.32 42.33 ± 3.1*

HW (mg) 138 ± 2.9 171 ± 8.3*

HW/tibial length ratio (mg/mm) 7.7 ± 0.1 9.5 ± 0.3†

Blood glucose (mg/dL) 265.2 ± 7.6 540 ± 18.7†

Heart rate (beats per minutes) 503 ± 11 437 ± 9‡

Systolic blood pressure (mm Hg) 105.3 ± 5.8 100.5 ± 2.1

Diastolic blood pressure (mm Hg) 75.25 ± 1.1 74.00 ± 1.7

The data expressed are mean ± SEM. N = 5–8

*
P < 0.05 vs. control;

†
P < 0.0001 vs. control;

‡
P < 0.01 vs. control
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Table 2

Echocardiographic data from control and high fat diet fed and low dose streptozotocin-injected (HFD + LDS)

mice

Parameters Control HFD + LDS

FS (%) 54 ± 1.3 47 ± 2*

EF (%) 76 ± 2 65 ± 1.9*

LVDd (mm) 2.7 ± 0.04 3 ± 0.07*

LVDs (mm) 1.2 ± 0.03 1.54 ± 0.08*

PWTd (mm) 0.85 ± 0.03 1.08 ± 0.04†

PWTs (mm) 1.29 ± 0.09 1.54 ± 0.08

LV mass (mg) 73.22 ± 6.5 98.07 ± 3.5*

SV (mL) 47.78 ± 6.13 59.38 ± 9.2

CO (mL/min) 30.77 ± 3.02 36.62 ± 5.8

SV, stroke volume; CO, cardiac output. The data expressed are mean ± SEM. N = 4

*
P < 0.05 vs. control

†
P < 0.01 vs. control
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