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BACKGROUND: A high-carbohydrate diet leads to the metabolic syn-
drome (MetS), which leads to an increased risk for cardiovascular dysfunc-
tion; however, the effect of high-carbohydrate diets on systemic metabolism 
has not yet been fully determined. It has been observed that abnormal fatty 
acid metabolism and increased oxidative stress play a role in the pathogen-
esis of MetS-related cardiovascular diseases.
OBJECTIVE: To examine the effects of high sucrose intake on left ven-
tricular contractility and structure of heart tissue. 
METHODS: MetS was induced in male rats with drinking water supple-
mented with 32% sucrose for 16 weeks. Oral glucose tolerance test results 
and parameters related to insulin resistance were used to validate MetS.
RESULTS: Body weight and blood glucose levels were higher in the MetS 
group compared with age-matched controls. The increased serum leptin and 

triglyceride levels and decreased ghrelin levels further supported the exis-
tence of MetS in the MetS group. The ratio of total oxidant status to total 
antioxidant status measured in serum was also higher in the MetS group 
compared with the control group. The hemodynamic parameters of the 
MetS group, such as heart rate, and systolic and diastolic blood pressure 
levels, were markedly higher in the MetS group, while left ventricular 
developed pressure was significantly diminished with prolonged time 
course. Moreover, these functional alterations in cardiac preparations were 
further supported with structural changes such as significant increases in 
myofibril undulation and increased lipid droplets. 
CONCLUSIONS: These data highlight the link between high carbohy-
drate intake, MetS and cardiac dysfunction, in part due to increased sys-
temic oxidative stress and lipid deposition in the heart tissue.

Key Words: Heart dysfunction; Insulin resistance; Metabolic syndrome; 
Oxidative stress

High-carbohydrate diet-induced myocardial 
remodelling in rats

Esma N Okatan MSc, Sule Kizil MSc1, Hilal Gokturk MD2, Belgin Can MD1, Belma Turan PhD

Carbohydrates – ie, starches and sugars – are the main energy source 
of the body and are an important component of our daily diet. In 

the body, excess carbohydrate calories cause insulin to be released, 
which reduces fat metabolism, causing a condition referred to as insulin 
resistance (IR), which is also characterized by high blood glucose levels 
(1). Over time, this causes collateral damage that leads to the metabolic 
syndrome (MetS). Although the exact mechanisms of the complex 
pathway of development of MetS are under investigation, it is generally 
accepted that dietary composition contributes to the development of 
MetS when diet is mismatched with biochemistry (2).

‘The metabolic syndrome’ is the term for a group of factors that 
increase the risk for heart diseases and other health problems such as 
diabetes and stroke. Additionally, long-term MetS leads to multiorgan 
dysfunction, especially cardiovascular disease, a major cause of mortal-
ity in modern society. MetS is very common in developed countries 
and its prevalence is expected to further increase in the near future, in 
parallel with the rapidly increasing prevalence of obesity and type 2 
diabetes (3-5). However, detailed mechanistic information on the link 
between MetS and cardiovascular disease is not yet available. Data in 
the literature highlight the importance of dietary carbohydrate restric-
tion as the first approach in the management of diabetes, although this 
restriction is not enough to overcome diabetes-induced cardiovascular 
disorders (6,7).

Currently, it is well accepted that MetS is associated with increased 
risk for cardiovascular disease and mortality, in both developed and 
undeveloped countries (8,9). The MetS components of diabetes mel-
litus and hypertension as well as isolated MetS, excluding established 
hypertension or diabetes mellitus, are well known to be associated 
with abnormal cardiac structure and function, particularly left ventri-
cular systolic and diastolic dysfunction; reversal of these abnormalities 
is a goal of cardiovascular disease prevention (10-12).

Studies have shown that the consumption of sugar-sweetened bev-
erages (SSBs) has been associated with excess body weight and 
increased risk for MetS or type 2 diabetes (13-15). In a meta-analysis 
by Malik et al (13), it was reported that daily consumption of SSBs was 
associated with a 15% increased risk for development of type 2 dia-
betes. In addition, Shulze et al (16) found that individuals who con-
sumed >1 SSB per day had an 83% higher risk for diabetes compared 
with those who consumed <1 per month (16). With regard to the 
cardiovascular effects of high sugar intake, a 20% increase in coronary 
artery disease among men and women has been reported (17,18). 
However, the process by which high sugar intake alters the synchrony 
of the cardiovascular system is not yet clear. In addition, although a 
high-carbohydrate diet leads to MetS, with a resulting increased risk 
for cardiovascular dysfunction, and the effects of high sucrose intake 
on systemic metabolism have been studied, myocardial capacity for 
sucrose uptake and its metabolism have not been well characterized to 
date. Therefore, the aims of the present study are as follows: to evalu-
ate the effects of high sucrose intake in a rat model on systemic meta-
bolic parameters of rats, including blood glucose and insulin levels as 
well as hormone levels such as ghrelin and leptin levels; and to dem-
onstrate structural and functional abnormalities of the heart in these 
animal models compared with those of age-matched controls.

METHODS
Experimental protocols for MetS in the rats
Adult male two-month-old Wistar rats were used. MetS was induced 
in the rats by providing drinking water containing sucrose (32%) for a 
16-week period, as described previously (19). 

All animals were exposed to a 12 h light/dark cycle and were 
given free access to tap water (control [CON] group) or tap water 
with sucrose added (MetS group). They were fed standard chow ad 
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 libitum daily. All animals were housed in standard rat cages (three per 
cage). The experimental protocol and handling of animals were 
approved by the Ankara University ethics committee (No: 2012-5-35 
and 2007-11-35).

Serum biochemical parameters
Rats were fasted overnight and anesthetized using pentobarbital 
sodium (50 mg/kg intraperitoneally). Blood samples were collected 
after excision of the heart and serum was separated by centrifugation 
and stored at −80°C. Serum triglyceride levels were determined using 
a colourimetric commercial kit (10010303; Cayman Chemical, USA). 
Serum insulin levels were assessed using an enzyme immunoassay kit 
(A05105; SPIBIO, France). IR and β cell function were evaluated 
using the homeostatic model assessment (HOMA) index: HOMA-IR 
was calculated using the following formula (20): 

(insulin [µU/mL] × glucose [mmol/L])/22.5

HOMA-β was calculated by the following formula (20): 

(20 × insulin [µU/L])/(glucose [mmol/L] – 3.5) 

Oral glucose tolerance test
Rats were deprived of food overnight with free access to tap water 
(with no sucrose added) and received an orogastric gavage of 1 g/kg 
glucose in double-distilled water, as described previously (21). Blood 
samples were collected from a small cut at the tip of the tail immedi-
ately before and at 15 min, 30 min, 60 min and 120 min after glucose 
administration. Blood glucose levels were assessed using standard glu-
cose test strips (GlucoCheck Analyzer, Roche, Germany) and blood 
insulin levels were measured using an insulin enzyme immunoassay kit 
(A05105, SPIBIO, France). The total area under the curve was calcu-
lated using GraphPad Prism.

Measurement of arterial pressure with tail-cuff method
Systolic and diastolic blood pressures were measured indirectly using 
the tail-cuff method (NIBP200-A; BIOPAC Systems Inc, USA) as 
previously described (22).

Western blot analysis
Protein expression levels of serum leptin and ghrelin were determined 
using Western blot analysis. Equal protein amounts of serum samples 
were loaded and separated on 15% sodium dodecyl sulphate polyacryl-
amide gel electrophoresis gels under reducing conditions. After elec-
trophoresis (150 V for 3 h at room temperature), samples were 
electroblotted onto a polyvinylidene fluoride membrane by wet trans-
fer in Towbin buffer (200 mA for 1 h). β-actin levels were quantified 
as a loading control for primary antibody signals of leptin or ghrelin. 
Immunoreactive protein bands were visualized using an enhanced 
chemiluminescence detection system.

Assessment of oxidative stress and antioxidant status in serum samples
Total oxidant status (TOS) and total antioxidant status (TAS) in the serum 
samples were measured using commercial kits (RL0017 and RL0024, 
respectively; Rel Assay Diagnostics, Turkey) as previously described (23). 
TOS or TAS assays were calibrated with H2O2, and the results were 
expressed in terms of µmol H2O2 equivalent/L or with Trolox standard (an 
analogue of vitamin E) and the results were expressed as mmol Trolox 
equivalent/L, respectively.

Histological examination
Light microscopic evaluation was performed as described previously 
(24). Briefly, the excised heart samples were fixed in phosphate buf-
fer/10% formaldehyde and dehydrated through a series of alcohol 
solutions. Following clearing and paraffin infiltration processes, the 
embedded samples were sectioned to 4 µm thickness using a Leica  
(Germany) RM 2125RT microtome. The sections were stained with 

hematoxylin and eosin and Masson’s trichrome histological stains. To 
stain lipids, heart samples were fixed in 4% paraformaldehyde for 
24 h, and were subsequently incubated with a solution of 1.2 M suc-
rose and 0.1% paraformaldehyde at 4°C until they sank (1 h to 24 h). 
The samples were embedded in cryomatrix (Sigma, USA), sectioned 
to 10 µm thickness and stained with Oil Red-O stain. All samples 
were photographed using an AxioCam MRc5 (Carl Zeiss, Germany) 
digital vision system. 

Using light microscopy, the diameter of cardiomyocytes, intracellu-
lar vacuolization and lipid deposition, and arrangement of myofibrils 
were evaluated. To compare cardiomyocyte diameters, one preparation 
was chosen randomly for every test animal from each group (CON 
and MetS). Diameters of 10 different muscle fibres were measured 
(from the two nearest points of one fibre) from five different areas 
at ×40 magnification; thus, a mean of 50 measurements belonging to 
each animal were statistically evaluated. Intracellular lipid deposition 
was evaluated histologically using light microscopy, and scored as none 
= 0, weak = +1, mild = +2, moderate = +3 and strong = +4.

Examination of left ventricle function using Langendorff perfusion
Rats were anesthetized with pentobarbital sodium (50 mg/kg) then 
euthanized. The hearts were rapidly excised and perfused according to 
the Langendorff procedure, as described (25). The perfusion medium, 
containing 119 mM NaCl, 4.8 mM KCl, 1.0 mM CaCl2, 1.2 mM MgSO4, 
1.2 mM KH2PO4, 20 mM NaHCO3, and 10 mM glucose, was gassed 
with 95% O2/5% CO2 and maintained at pH 7.4 at 37°C. The hearts 
were paced at 300 beats/min (by a square wave of twice the threshold 
voltage for 1.5 ms) with an electrical stimulator (DCS, Harvard), and 
the coronary flow rate was maintained at 10 mL/min. To measure the 
left ventricular pressure, the left atrium was removed and a latex balloon 
connected to a pressure transducer (model P23XL; Spectramed, USA) 
was inserted through the mitral valve into the left ventricle. The bal-
loon was filled with water and adjusted to the left ventricular end-
diastolic pressure of 20 mmHg to 30 mmHg, depending on the heart. 
Values of the left ventricular developed pressure (LVDP), rates of pres-
sure development (+dP/dt) and rates of pressure decay (−dP/dt) were 
recorded online using a Biopac data acquisition system (Biopac Systems, 
USA). The time to peak LVDP and its half-relaxation time were also 
measured from each pressure trace.

Chemicals and statistics
Chemicals were obtained from Sigma-Aldrich (USA) unless other-
wise noted. Leptin and ghrelin antibodies were obtained from Abcam 
(USA). β-actin antibody and enhanced chemiluminescence were 
purchased from Santa Cruz Biotechnology (USA).

The results are expressed as mean ± SEM. Statistical significance 
was evaluated using a one-way ANOVA followed by Tukey post-test; 
P<0.05 was considered to be statistically significant.

RESULTS
Validation of MetS
Sixteen weeks following 32% sucrose supplementation via drinking 
water in addition to their daily diet, the MetS group exhibited signifi-
cant weight gain (approximately 20%), high blood glucose and serum 
insulin levels (P<0.05), and higher water consumption, compared 
with age-matched controls (Table 1). The serum triglyceride level in 
the MetS group was significantly higher than in the CON group. In 
addition, heart weight and its ratio to body weight were significantly 
higher in the MetS group compared with the CON group. Therefore, 
increased body weight and intra-abdominal fat, which are important 
characteristics of MetS, were observed as markers of IR and high blood 
glucose level; there was marked hypertrophy in all animals ingesting 
high-sucrose drinking water. 

To detect impaired glucose tolerance and IR in MetS rats, 
HOMA-IR and HOMA β were measured, and oral glucose tolerance test 
results were calculated using the area under curve. HOMA-IR and oral 
glucose tolerance tests, but not HOMA-β, demonstrated the marked 
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impaired glucose tolerance and IR in the MetS group (Table 1). Blood 
glucose and insulin levels before and after (15 min, 30 min, 60 min and 
120 min) orogastric gavage of glucose (1 g/kg) in the MetS group com-
pared with the CON group are presented in Figure 1A and C, respect-
ively. The percentage contribution of the groups in the changes of blood 
glucose and serum insulin levels at the time points of 15 min to 30 min, 
30 min to 60 min, and 60 min to 120 min are presented in Figure 1B and 
1D, respectively.

Leptin and ghrelin levels as markers of MetS in rats 
It is well accepted that the hormones ghrelin and leptin have a major 
influence on energy balance. Therefore, the protein expression levels 
of these two hormones were measured in serum of the experimental 
rats. As presented in Figure 2A, ghrelin level was decreased and leptin 
level was increased in the high sucrose-supplemented group, compared 
with that of the control (both P<0.05).

To examine the oxidative status in high sucrose supplementation, 
serum TOS and TAS were measured in both groups. Significantly 
increased TOS levels and decreased TAS levels were observed in the 
MetS group compared with the CON group (Figure 2B). 

Morphological findings in the MetS rat heart
After excision, the left ventricles from both groups were examined 
under light microscopy. Myocardial histology from MetS rats was 
markedly different from the controls (Figure 3A). In the cross-
sectional examinations, marked pale staining and reduced uptake of 
eosin in some myofibrils as well as marked heterogenity in the cyto-
plasm were observed in the MetS group (Figure 3A). Myofibril diam-
eters were measured and compared between the groups; diameters in 
the MetS group were smaller but did not reach significance 
(Figure 3B). Evaluation of longitudinal sections revealed some differ-
ences; in the MetS group, the myofibrils showed some irregularities 
and undulations, and some appeared to have lost their integrity 
(Figure 3A).

Following Masson’s trichrome staining, some cytoplasmic disorgan-
ization was observed in the MetS group, and the connective tissue was 
increased around myofibrils compared with the CON group 
(Figure 3C). On examination with Oil-Red-O staining, significant 
intracellular lipid inclusions, which spread to extensive areas and 
appeared dark stained, were observed in the MetS group (Figure 3D). 
Scoring of intracytoplasmic lipid inclusions for the MetS group com-
pared with the CON group are presented in Figure 3E. 

Intracellular lipid depositions was evaluated histologically under 
light microscopy and the scoring parameters are presented in Table 1. 

Table 1
Parameters of the metabolic syndrome in rats 
supplemented with high sucrose in drinking water (MetS) 
and control rats (CON)

Group
CON MetS

Body weight*, g 328.2±7.2 357.2±8.8‡

Heart weight†, g 1.5±0.1 2.1±0.1‡

Heart weight/body weight†, ×10−3 4.3±0.3 5.4±0.5‡

Glucose*, mmol/L 5.05±0.1 6.77±0.4‡

Triglycerides†, mmol/L 0.37±0.02 0.5±0.05‡

Insulin†, pmol/L 0.23±0.05 0.57±0.05‡

HOMA-IR† 9.6±1.6 27.8±3.8‡

HOMA-β† 0.5±0.1 0.5±0.1
OGTT, area under the curve* 592±25 868±37‡

Data presented as mean ± SEM. *CON, n=30; MetS, n=44; †CON, n=10; 
MetS, n=10; ‡P<0.05 (unpaired Student’s t test) versus CON group. β β-cell 
function; HOMA Homeostatic model assessment; IR Insulin resistance; OGTT 
Oral glucose tolerance test

Figure 1) Validation of hyperglycemia and hyperinsulinemia in rats supple-
mented with high sucrose in drinking water (MetS) and age-matched control 
rats (CON)with glucose tolerance test. Blood glucose (A) and insulin (C) 
levels before and after orogastric gavage of 1 g/kg glucose at 15 min, 30 min, 
60 min and 120 min following administration in MetS rats compared with 
CON. Bar graphs representing the percentage contribution of the groups in 
the changes of blood glucose (B) and serum insulin (D) levels at the time 
points of 15 to 30 min, 30 min to 60 min, and 60 min to 120 min, respect-
ively. Data presented as mean (± SEM) values. Number of rats in each 
group: CON n=30, MetS n=44 for glucose measurements (A and B); 
CON n=10, MetS n=10 for insulin measurements (C and D). *Significant 
at P<0.05 versus CON group according to unpaired Student’s t tests

Figure 2) Circulatory oxidative stress and appetite hormone levels in rats 
supplemented with  high sucrose in drinking water (MetS). Serum protein 
levels of ghrelin (left) and leptin (right) in MetS group rats obtained from 
Western blot analysis (A). β-actin for loading control and results expressed 
as primary antibody signal over the β-actin signal. (B) Serum total oxidant 
status (TOS) (left) measured with respect to H2O2 and the total anti-
oxidant status (TAS) (right) measured with respect to Trolox. Data are 
presented as mean (± SEM). Number of rats in each group: control 
(CON) n=6, MetS n=6. *Significant at P<0.05 versus CON group 
according to unpaired Student’s t test
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C D
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Hemodynamic changes in the MetS rat heart
Systolic and diastolic blood pressures were significantly higher in the 
MetS group compared with the CON group (Figure 4A). Moreover, 
the heart rate was markedly higher in the MetS group compared with 
the CON group (Figure 4B).

Cardiac function was also evaluated using the Langendorff perfu-
sion technique. The basal contractile activity of the heart (LVDP) in 
MetS rats was found to be significantly depressed compared with the 
age-matched controls, and the aortic pressure was markedly increased 
(P<0.001) (Figure 5A). The time courses of LVDP, such as the time to 
peak LVDP and its half-relaxation time, were found to be significantly 
prolonged in the MetS group compared with the CON group 
(Figure 5B).

In addition, the maximum rate of rise of LVDP (+dP/dt), but not 
the rate of fall (−dP/dt), was significantly decreased in MetS rats com-
pared with the controls (Figure 5C). These hemodynamic parameters 
show important cardiac functional changes, mirroring the structural 
changes in the MetS group. 

DISCUSSION
Similar to previous research, the present study provides evidence that 
high sucrose intake profoundly alters cardiac structure and function, in 
part due to increased systemic oxidative stress in the rats; however, 
most studies were performed using either high-fat or high-fructose 
diets (26). Heart rates, as well as systolic and diastolic blood pressures, 
were significantly higher in MetS rats after 16 weeks of sucrose admin-
istration compared with those of the controls. Additionally, LVDP and 

the aortic pressure in the MetS group were markedly different than 
the CON group.

Light microscopy examination provided evidence that MetS induced 
important degenerations in heart tissue. Disorganization of cardiac myo-
fibrils, loss of integrity, decrease in diameter of myofibrils, increase in 
connective tissue around myofibrils and vessels, intracellular vacuoliza-
tion, differences in the composition of cell organelles and intracellular 
lipid inclusion in the MetS group support the targeting of increased 
oxidative stress not only to entire system but also the heart. The 
observed changes in the MetS group, such as marked pale staining and 
reduced uptake of eosin in some myofibrils, and marked heterogenity in 
the cytoplasm, are linking to intracellular vacuolization and defects of 
organelles. Some of the findings in the MetS group, such as intracellular 
vacuolization, have previously been observed in the hearts of rats with 
streptozotocin-induced diabetes (27). Also, the significantly increased 
intracellular lipid inclusions in the MetS group indicate increased oxi-
dative stress in the heart tissue, as reported by other authors (28). The 
observed changes in the hemodynamic parameters highlight important 
cardiac functional changes, and mirror the structural changes in the 
MetS group. The changes observed in the heart of MetS rats are consist-
ent with the changes observed in obese individuals (29). 

The underlying mechanisms mainly involve the abnormal meta-
bolic state that accompanies diabetes, including IR and hypergly-
cemia, activating various adverse systems such as oxidative stress, 
eventually leading to cardiac structural and functional alterations 
(3-5). By connecting the dynamic relationship between the changes in 
systemic parameters of the rats and functional parameters of the heart, 

Figure 3) Histological investigation of alterations in the myocardium of rats supplemented with high sucrose in drinking water (MetS) and age-matched control 
(CON) rats using light microscopy. Micrographs of left ventricular cross section of CON and MetS groups using light microscopy. A Light microscopy examina-
tion of hematoxylin and eosin-stained heart sections. Myocardial arrangements in longitudinal sections (CON, upper left panel; MetS, upper right panel) reveal 
undulating myofibrils in MetS. Diameters of the cardiomyocytes evaluated in CON (lower left panel) and MetS (lower right panel) transverse sections (bars = 
100 µm) (B). C Light microscopy examinations represent Masson’s trichrome-stained heart sections of CON (left) and MetS (right) groups (bars = 100 µm). 
D Representative Oil-Red-O-stained sections of hearts from CON (left panel) and MetS (right panel) rats. E Scoring table of lipid droplet deposition. Scoring 
parameters were: none = 0, weak = +1, mild = +2, moderate = +3 and strong = +4. n=9 for CON and MetS groups
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we have strong evidence that these alterations can be attributed to 
increased myocardial reactive oxygen species production and altered 
Ca2+ handling occurring as a consequence of systemic IR.

Our data have shown that leptin levels were increased while the 
ghrelin levels were decreased in the MetS group. It is known that leptin 
is a mediator of long-term regulation of energy balance, suppressing food 
intake and, thereby, inducing weight loss. On the other hand, ghrelin is 
a fast-acting hormone that appears to play a role in meal initiation. In 
obese subjects, the circulating level of the anorexigenic hormone leptin 
is increased whereas, surprisingly, the level of the orexigenic hormone 
ghrelin is decreased (30-33). It is now established that some of the obese 
patients are leptin-resistant (34,35).Our data support those described 
previously, because the mean body weight of rats in the MetS group was 
significantly higher compared with those in the CON group.  However, 
the manner in which both the leptin and ghrelin systems contribute to 
the development or maintenance of obesity is not yet clear, and it may 
be suggested that possible abnormalities in the leptin and ghrelin sys-
tems may contribute to the development of cardiovascular dysfunction 
via obesity (36). 

Data in the literature provide evidence that MetS-associated 
cardiomyopathy can be distinguished in vivo from diabetic cardio-
myopathy by impaired late diastolic function, lower end-diastolic 
volume, decreased cardiac output and concentric hypertrophy (37). 
Cardiac function is determined by intrinsic cardiomyocyte function, 
but also influenced by myoarchitecture, composition and structure 
of the extracellular matrix, by preload and afterload. It is currently 
not possible to determine whether the in vivo features of heart 
dysfunction in MetS are caused by intrinsic cardiomyocyte dysfunc-
tion and/or extrinsic factors influencing cardiomyocyte or cardiac 
contractility. It is noted that our findings are a hallmark of failing 
myocardium in rats exposed to high sucrose intake. Furthermore, 
these alterations are in agreement with previous in vivo studies and 
also with clinical studies (38-40).

Several clinical studies have explored the impact of different 
numbers of MetS risk factors on the structure and function of the left 
ventricle (41-43). Using tissue Doppler imaging, Tadic et al (44) 

revealed an increasing number of consequences of MetS, such as E/A 
ratio and Tei index on systolic, diastolic and global left ventricular 
function. It has also been shown that the contribution of these new 
parameters of left ventricular diastolic function evidently deterior-
ated with the increasing number of MetS factors (45). To summarize, 
both experimental and clinical investigations have shown that the 
structure of the left ventricle is significantly impaired in patients 
with MetS, together with impaired left ventricular systolic and dia-
stolic. Thus, it can be concluded that the impaired global left ventri-
cular function is actually the result of impairment of several factors, 
including increased oxidative stress in MetS individuals. The degree 
of structural and functional damage increased with the number of 
risk factors for MetS. Further studies are necessary to confirm the 
influence of MetS on the left ventricular structure and function.
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Figure 4) Effect of the metabolic syndrome (MetS) on hemodynamic par-
ameters of the rats. The systolic (left) and diastolic (right) pressure changes 
(A) and heart rate values (B) in MetS group compared with age-matched 
controls (CON). Data are presented as mean (± SEM). Number of rats in 
each group: CON n=6, MetS n=6. *Significant at P<0.05 versus CON, 
according to unpaired Student’s t test

Figure 5) Left ventricular functional parameters and aortic pressure chan-
ges in rats supplemented with high sucrose in drinking water (MetS group) 
compared with age-matched controls (CON group). A Left ventricular 
developed pressure (LVDP) (left) and aortic pressure (right) changes in 
MetS rats compared with CON. B Time course of isovolumetric contrac-
tions as time to peak (left) and relaxation time at half maximum (DT50) 
(right). C Rates of positive (+dP/dt) and negative changes (−dP/dt) in 
developed pressure. Data are presented as mean (± SEM). Number of rats 
in each group: CON n=6, MetS n=6. Significant at *P<0.05 versus 
CON, according to unpaired Student’s t test
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