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Abstract

The objective of the study was to determine the effects of a high fat (HF) diet alone or with high 

fructose (HF/F) on functional and structural changes in the basilar arteries and cardiovascular 

health parameters in rats. Male Sprague Dawley rats were fed either a HF (30%) or HF/F (30/40%) 

diet for 12 weeks. The basilar artery was cannulated in a pressurized system (90 cm H2O) and 

vascular responses to KCl (30 – 120 mM), endothelin (10−11 – 10−7 M), acetylcholine (ACh) 

(10−10 – 10−4 M), diethylamine (DEA)-NONO-ate (10−10 – 10−4 M), and papaverine (10−10 – 

10−4 M) were evaluated. Rats were also monitored for food intake, body weight, blood lipids, 

blood pressure, and heart rate. At death, asymmetrical dimethyl arginine level (ADMA) and leptin 

were assayed in serum. Although there was no significant difference in weight gain and food 

intake, HF and HF/F diets increased body fat composition and decreased the lean mass. HF/F diet 

accelerated the development of dyslipidemia. Although resting blood pressure remained 

unchanged, stress caused a significant elevation in blood pressure and a modest increase in heart 

rate in HF fed rats. Both HF and HF/F diet resulted in decreased response to endothelium-

dependent and -independent relaxation, whereas increased basilar artery wall thickness was 

observed only in HF group. Serum leptin levels positively correlated with wall thickness. 

Moreover serum ADMA was increased and eNOS immunofluorescence was significantly 
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decreased with both diets. These data suggest that the presence of high fructose in a HF diet does 

not exacerbate the detrimental consequences of a HF diet on basilar artery function.
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INTRODUCTION

Overweight and obesity are major risk factors for a number of chronic diseases, including 

diabetes, cardiovascular diseases and cancer. Once considered a problem only in high 

income countries, overweight and obesity are now dramatically on the rise in low- and 

middle-income countries. According to WHO, more than 1.9 billion adults, 18 years and 

older, were overweight in 2014. Of these over 600 milion were obese (1). Recent data from 

the National Center for Health Statistics estimate that in the United States more than one-

third of adults and 17% of youth are obese (2).

Among multiple contributing factors, epidemiological studies have indicated a strong 

correlation between the consumption of sugar- or fructose-enriched products and the 

increased rates of obesity. High fat and/or fructose diets can reduce the number of insulin 

receptor substrate proteins and decrease the activity of glucose transporters and intercellular 

metabolism of glucose (3). Because glucose intolerance is related to plasma leptin levels, 

both high fat diet and high fructose diet can lead to leptin resistance (4). Moreover, high 

dietary fructose without added fat and in the absence of obesity induces leptin resistance and 

exacerbates subsequent HF-induced obesity (5).

Leptin has a role in arterial stiffness. Elevated leptin or adiponectin is associated with 

arterial stiffness in some patients (6, 7). Of the brain vessels, the basilar artery is the most 

important artery in the posterior cerebral circulation. It supplies blood to the medulla, 

cerebellum, pons, midbrain, thalamus, occipital cortex as well as several areas of the brain 

that are critical for mediating episodic memory, including portions of the hippocampus and 

the parahippocampal gyrus. Reduced posterior brain blood flow contributes to 

vertebrobasilar insufficiency (8), resulting in a set of symptoms including vertigo, 

headaches, sleep disturbances, pupillary and oculomotor abnormalities, dysarthria, and 

dysphagia to quadriparesis. Furthermore, it leads to memory impairment and neurological 

disorders, including stroke (9). Approximately 20 – 25% of strokes occur in the 

vertebrobasilar region. Strokes due to acute basilar artery occlusion have higher mortality 

rates compared to all the stroke cases (10).

Diet, exercise, stress, and sleep are receiving attention as environmental modifiers of chronic 

inflammatory diseases, including atherosclerosis, a critical contributor to of myocardial 

infarction and stroke.
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Accumulating data indicate that a high-fat, high-cholesterol diet aggravates cardiovascular 

disease (11). Many studies have examined the effect of high fat diets on aorta and peripheral 

vessels. However, little is known about the effect of high fat or fructose containing diets on 

basilar artery. Since atherosclerosis is the most common cause of ischemic stroke and 

vertebrobasilar insufficiency, we evaluated the effects of a high fat diet versus high fat with 

added fructose on basilar artery function and other cardiovascular parameters.

MATERIALS AND METHODS

Animals

Male Sprague Dawley rats 7 week old (N = 8 – 10/group) were obtained from Harlan Labs 

(Indianapolis, IN). Upon arrival, rats were examined and remained in quarantine for one 

week. Animals were cared for in accordance with the principles of the Guide to the Care and 

Use of Experimental Animals and protocols were approved by the University of Florida 

Institutional Animal Care and Use Committee (#201203230). Rats were maintained on a 

12:12 hour light-dark cycle and provided either a standard rodent chow, high fat (HF) or 

high fat and high fructose (HF/F), with water available ad libitum throughout the 

experimental protocol.

All diets were purchased from Harlan (Harlan Teklad; Madison, WI). The detailed 

compositions of the diets are shown in Table 1. Neither diet contains sucrose. Both diets 

other than chow contain moderately high fat (30%) with and without fructose. The vitamin 

and mineral content are identical for HF and HF/F diets.

Experimental design

After baseline food intake was assessed for a week rats were divided into 3 groups (week 0); 

Control (n = 10) with provided the standard chow, HF (n = 8) with provided the HF diet, and 

HF/F (n = 8) with provided the HF/F diet for 12 weeks. This time period was chosen based 

on our previous experience that at least 8 weeks is required to observe the metabolic changes 

with HF diets. Rats were housed individually and food consumption and body weight were 

recorded daily throughout the experiment.

Body composition of fat and lean mass

Body composition was assessed using time-domain nuclear magnetic resonance (TD-NMR) 

in restrained but fully conscious rats (TD-NMR Minispec, Bruker Optics, The Woodlands, 

TX, USA) at week 0, 6 and 11.

Blood glucose and lipids

Blood glucose and lipids were measured after an 8-hour fasting at week 10. Glucose, total 

cholesterol, triglycerides, and high and low density lipoproteins (HDL, LDL) were analysed 

by CardioCheck Blood Testing Device (Health Check Systems Inc, Brooklyn, NY). Low 

density lipoprotein (LDL) was calculated by the Friedewald formula from total cholesterol 

(TC), high density lipoprotein (HDL) and triglyceride (TG): LDL = TC –HDL – TG/5.0 

(mg/dL)
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Serum leptin

Enzyme immunoassays were used to determine the levels of leptin (rat leptin ELISA kit, 

EZRL-83K; Milipore, Massachusetts, USA). Leptin was assayed in blood which is collected 

during sacrifice in a fed state.

Serum ADMA assay

Asymmetrical dimethylarginine (ADMA), which is an endogenous inhibitor of nitric oxide, 

was measured using ADMA Elisa kit (Enzo Life Sciences, PA, USA, catalogue number: 

ALX-850-327-KI01) according to the manufacturer’s instructions. Results were expressed 

as μmol ADMA/L.

Heart rate, blood pressure, and stress-induced blood pressure

Heart rate, blood pressure, and stress-induced blood pressure were measured at week 0, 6 

and 10 by a non-invasive tail cuff system (CODA, Kent Scientific, Torrington, Connecticut). 

After an acclimation period of 10 minutes, systolic, diastolic, mean arterial pressure (MAP), 

and heart rate were recorded by the computer system via the CODA software (Kent 

Scientific).

Stress-induced blood pressure and heart rate

Restraining stress-induced blood pressure and heart rates were recorded the next day of the 

measurements at week 10. The animals were restrained in Plexiglas chambers (chambers 

used for tail cuff) for an hour and their blood pressure was measured afterwards.

Tissue harvesting and preparation

Rats were euthanized with isoflurane. Twenty ml of ice-cold saline was perfused through 

heart, and retroperitoneal, perirenal, epididymal white adipose tissues (RTWAT, PWAT and 

EWAT, respectively) and brown adipose tissue (BAT) were excised. Fats and hearts were 

weighed.

Malondialdehyde (MDA) assay

Heart samples were homogenized with potassium phosphate buffer (pH 6.0) and ice-cold 

trichloracetic acid (1 g tissue plus 10 ml 10% TCA) in an ultrasonic tissue homogenizer. The 

MDA levels of heart samples were assayed for products of lipid peroxidation by monitoring 

thiobarbituric acid reactive substance (TBARS) formation at 532 nm as described previously 

(11). Lipid peroxidation was expressed in terms of MDA equivalents i.e. nmol MDA/g 

tissue.

Reduced glutathione (GSH) assay

Glutathione measurements of heart samples were performed using a modification of the 

Ellman procedure (13). Briefly, after centrifugation of heart homogenates at 2000 g for 10 

min, 0.5 ml of supernatant was added to 2 ml of 0.3 mol/l Na2HPO4.2H2O solution. A 0.2 

ml solution of dithiobisnitrobenzoate (DTNB) (0.4 mg/ml 1% sodium citrate) was added and 

after mixing, the absorbance at 412 nm was measured immediately. The results were 

expressed in μmol GSH/g tissue.
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Microvessel preparation

Rats were anesthetized (isoflurane 3%/O2 balance) and euthanized by the removal of the 

heart. After rinsing, the brain was placed in cold (4°C) physiological saline solution (PSS) 

containing 145.0 mM NaCl, 4.7 mM KCl, 2.0 mM CaCl2, 1.17 mM MgSO4, 1.2 mM 

NaH2PO4, 5.0 mM glucose, 2.0 mM pyruvate, 0.02 mM EDTA, 3.0 mM MOPS buffer, and 

1 g/100 ml bovine serum albumin (BSA), pH 7.4. The basilar arteries were isolated with the 

aid of a dissection microscope (Olympus SVH10) as previously described (14). The arteries 

were transferred to a Lucite chamber containing PSS equilibrated with room air. The ends of 

the artery were cannulated with micropipettes and secured with nylon sutures. The chamber 

containing the cannulated artery was then placed on an inverted microscope (Olympus IX70) 

equipped with a video camera and micrometer (Panasonic BP310; Texas A&M 

Cardiovascular Research Institute) to measure intraluminal diameter. The basilar arteries 

were then pressurized at 90 cm H2O (≅ 66 mmHg) with two hydrostatic columns (15). 

Arteries unable to hold pressure due to leaks or branches were discarded. Arteries without 

leaks were warmed to 37°C and allowed to equilibrate for 40 minutes before beginning the 

assessment of vasoconstrictor or vasodilator responses (14).

KCl induced vasoconstriction

Non-receptor dependent contractile responses were evaluated with six different doses of KCl 

(30, 50, 80, 100, 120, 150 mM, isotonic substitution for NaCl) administered at two minute 

intervals. The change in the internal diameter of the vessel was recorded and a dose response 

curve was generated.

Endothelin-1 induced vasoconstriction

Endothelin-1 (ET-1) (Phoenix Pharmaceuticals, catalogue no: 023-01) was used as a 

receptor-dependent contractile agent. It was added to the bath cumulatively in increasing 

concentrations (10−11 – 10−7 M) at 2 minute intervals. The change in the internal diameter of 

the vessel was recorded and a dose response concentration-response curve was generated.

Phenylephrine vasoconstriction

A concentration response curve to phenylephrine (adrenergic alpha-1 agonist) was generated 

by the cumulative addition of phenylephrine (1 × 10−9 M −1 × 10−4 M) at 2 minute intervals 

to the vessel bath. The change in the internal diameter of the vessel was recorded.

Acetylcholine vasodilation

Endothelium-dependent dilation to ACh (Sigma A6625) was evaluated by the addition of 

ACh to the bath in incremental doses (10−10 – 10−4 M) at 2 minute intervals.

DEA-NONO-ate vasodilation

Endothelium-independent dilation was evaluated by the addition of a nitric oxide donor, 

diethylamine NONO-ate (DEA-NONO-ate) (Sigma D184) to the bath in incremental doses 

(10−10 – 10−4 M) at 2 minute intervals.
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Papaverine vasodilation

Responsiveness to papaverine, a direct smooth muscle relaxant that signals through cyclic 

AMP, was evaluated by the addition of papaverine to the bath in incremental doses every 2 

min. (1 × 10−10 M to 1 × 10−4 M).

Calculations

Vasoconstrictor responses to KCl and ET-1 are expressed as percent constriction as 

calculated by the formula:

Where Db is the baseline diameter immediately prior to addition of the first dose of 

vasoconstrictor agonist, and Ds is the steady state diameter measured after addition of each 

dose of the vasoconstrictor agent.

For vasodilation experiments, a minimum of 15% spontaneous tone was necessary prior to 

assessment of dose-response curves.

Db is the steady-state baseline diameter recorded at 90 cm H2O. Maximum vasodilation 

(Dmax) was obtained by the addition of sodium nitroprusside (SNP) (10−4M), a direct NO 

donor, to the calcium-free PSS bath at the end of the experiments.

Relaxation responses to ACh and DEA-NONOate are expressed as percent relaxation as 

calculated by the following formula:

where Ds is the arteriolar diameter measured after addition of the vasodilatory agent, Db is 

the diameter recorded immediately prior to initiation of the concentration-diameter curves, 

and Dmax is the maximal diameter for the arteriole.

Hematoxylin & eosin staining of basilar artery

Isolated arteries were fixed in formalin solution, immersed in fast green, embedded in 

optimal cutting temperature (OCT) compound, and then immediately stored at −80°C, until 

the cutting of 5 μm sections occurred. Sections were then stained by Hematoxylin & eosin 

(H&E) method. Wall and lumen thicknesses were determined under the microscope 

(Axiovert 40 CFL, Zeiss, Germany) connected to a computerized system using the Image 

J/Lab software (NIH, Bethesda, MD, USA).
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eNOS immunohistochemistry

Five μm sections of basilar arteries on a slide were rinsed 3 times for 5 min with PBS at 

room temperature then incubated in 1% sodium dodecyl sulphate (SDS) in PBS for 5 min. 

After rinsing, sections were incubated in blocking solution (PBS containing 5% goat serum, 

and 0.3% Triton) for 1 h in room temperature followed by overnight incubation in anti-

eNOS (1:400, Sigma E9780) primary antibody at 4°C After rinsing, sections were incubated 

in fluorescein isothiocyanate (FITC)-conjugated secondary antibody (1:400, Abcam ab6717) 

for fluorescence development. The cell nuclei were stained with DAPI (4′,6-diamidino-2-

phenylindole). Images were taken using a Nikon TiE-PFS-A1R (Tokyo, Japan) confocal 

microscope equipped with a 488 nm laser diode with a 510–560 nm band pass filter, and a 

561 laser with a 575–625 nm band pass filter. The fluorescence intensity was analysed using 

Image J software (NIH, Bethesda, MD, USA).

Statistical analysis

Statistical analysis was carried out using GraphPad Prism 5.0 (GraphPad Software, San 

Diego; CA; USA). All data were expressed as means ± S.E.M. Groups were compared with 

one-way or two ways ANOVAs (analysis of variance) followed by post-hoc tests. Kruskal 

Wallis test followed by Dunn’s test was performed for nonparametric analysis. Values of P < 

0.05 were regarded as statistically significant.

For the vessel experiments, sigmoidal dose-response curves and groups/doses were 

compared with two-way repeated-measures ANOVA followed by Bonferroni post hoc-tests.

RESULTS

Food intake, energy intake, and delta body weight

Food consumption expressed as Kcal was unchanged across diets whether as daily 

consumption (Fig. 1a) or cumulative intake over 71 days (inset). When food intake was 

expressed as grams, control rats consumed more grams due the reduced calories per gram of 

the chow diet. All rats gained weight, as expected but no significant difference was observed 

in body weight or delta body weight across diets during the experimental period (Fig. 1b).

Body composition of fat and lean mass

Rats had similar baseline level of % fat and % lean mass at week 0. Fat mass was increased 

and lean mass was decreased in HF and HF/F fed rats by week 6 compared with their 

baseline. Although both HF and HF/F were significantly different than the chow control by 

week 11, there was no significant difference between HF and HF/F groups. There were 

significant main effects for both high fat diet groups (P = 0.07) and week (P < 0.001), and an 

interaction (P = 0.032) by two-way ANOVA (Fig. 2).

Adipose tissue parameters

Composition of body fats was compared in terms of retroperitoneal, perirenal, epididymal 

white adipose tissues (RTWAT, PWAT and EWAT, respectively) and brown adipose tissue 

(BAT). There were significantly (P < 0.05 – 0.001) more RTWAT, PWATs and EWAT in HF 

and HF/F diet-fed rats compared with chow-fed rats. Consistently, the sum of WAT weights 
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in HF and HF/F groups was greater than the chow group (P < 0.001). However, the amount 

of BAT was not significantly different between groups (Table 2).

Blood leptin, glucose and lipids

Fed state leptin, fasting glucose, and lipid parameters including cholesterol, triglycerides, 

high density cholesterol (HDL), and low density cholesterol (LDL) are provided in Table 3. 

Leptin levels were significantly higher in HF and HF/F groups compared with the chow 

group (P < 0.01, P < 0.001, respectively). Glucose, HDL, and LDL levels were not different 

between groups. There was a significant (P < 0.05) increase in both cholesterol and 

triglyceride levels in HF/F group compared with chow group; however no change was 

observed in HF group compared with chow at week 10.

Serum ADMA

Serum ADMA levels, endogenous competitive inhibitor of NOS, was significantly increased 

in both the HF and HF/F groups (P < 0.05) when compared with the chow group (Fig. 3).

Heart rate, blood pressure, and stress-induced blood pressure

Heart rate (HR) and mean arterial pressure (MAP) were monitored at weeks 0, 6 and 10. 

Additionally a stress-induced HR and MAP measurements were performed during week 10, 

one day following above assessments) (Table 4 and Fig. 4).

Although baseline HR at week 10 was slightly higher in HF and HF/F groups by week 10, 

these differences were not significant between groups for any of the weeks (Table 4).

Restraint stress induced a significant increase in HR (P < 0.05 – 0.01) and MAP (P < 0.01 – 

0.001) compared to baseline at week 10. However, delta increase in MAP and HR were 

unchanged across groups (Fig 4a).

Regarding heart rate, the baseline heart rate was significantly greater in the high fat group 

compared with either of the other two groups (P = 0.035). Stress conditions resulted in an 

increase in heart rate for all groups (main effect; P < 0.001) but no differences across groups 

(Fig. 4b).

Heart weight and oxidative stress in the heart

Heart weight, heart/body weight, and the oxidative stress parameters, MDA and GSH in the 

heart tissue are shown in Fig 4. The heart weight and heart/body weight ratio were increased 

significantly (P < 0.05 – 0.01) in both the HF and HF/F groups compared with the chow 

group (Fig 5a and 5b).

Increased levels of MDA in heart tissue were observed both in HF and HF/F groups when 

compared with the chow group (P < 0.05); however, GSH levels in heart tissue remained 

unchanged across groups (Fig 5c and 5d).
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Vascular reactivity of the basilar artery

Contractility responses—The vasoconstriction response to 30 – 150mM KCl was 

similar in all groups. The logEC50 values were 50.34; 49.90 and 49.91 in chow, HF and 

HF/F groups respectively. Although endothelin-1 contractile responses were similar with 

doses of 10−11 – 10−8M in all groups, the HF and HF/F groups were less sensitive to the 

higher doses of 3 ×10−8 and 10−7M. In contrast, the EC50 values were not significantly 

different across groups. The contractile response with phenylephrine in the basilar arteries 

was considerably weaker than that observed with KCl or endothelin-1 and was unchanged 

across groups (Fig. 6a, 6b, 6c, respectively).

Relaxation responses—The relaxation response to all the vasodilators was impaired 

with both HF and HF/F diets compared with the chow group. Basilar arteries from both HF 

and HF/F groups demonstrated significantly (P < 0.05) impaired endothelium-dependent 

vasodilation to increasing doses of ACh (10−10 to 10−4 M). The EC50values in chow, HF and 

HF/F were 3.3 × 10−7, 2.2 × 10−6 and 1.6 ×10−6 respectively (Fig. 6d). The NO donor, 

DEA-NONO-ate (10−10 to 10−4 M) induced relaxation in basilar arteries and was 

significantly (P < 0.05 – 0.001) decreased in HF and HF/F group as compared to the chow 

control group, with an EC50 of 3.6 × 10−5 in the HF group and 3.2 × 10−5 in the HF/F group 

versus 1.1 × 10−6 in the control group (Fig. 6e). Relaxation response to papaverine, a smooth 

muscle relaxant, was also significantly decreased in HF and HF/F groups with the EC50 

values 1.3 × 10−5 and 1.0 × 10−5 versus 1.4 × 10−6M in the control group (Fig. 6f).

General characteristics of basilar artery and vessel histomorphology—The 

spontaneous diameters of basilar arteries were not significantly different between groups 

(control: 299 ± 12; HF: 302 ± 24; HF/F: 312 ± 7) at the beginning of organ bath 

experiments. The maximal diameters obtained at the end of the experiments were not 

significantly different either (control: 327 ± 8; HF: 348 ± 22; HF/F: 336 ± 8) (Fig. 7). The 

H&E staining analysis of the basilar arteries and the wall/lumen ratio, wall and intima 

thickness of basilar arteries are shown in Fig. 7. There was a significant (P < 0.05) increase 

in wall thickness in HF group compared with the chow group. However, no change was 

observed in either wall thickness or wall/lumen ratio in HF/F group compared with chow. 

The intima thickness was increased significantly (P < 0.05 – 0.01) both in HF and HF/F 

groups compared to chow group. Wall thickness correlated with serum leptin levels (P < 

0.001) (Fig. 7). When examined individually, chow and HF groups exerted a significant 

positive correlation between wall thickness and serum leptin levels, whereas HF/F group 

failed to be significant.

eNOS immunofluorescence—The cell nuclei counterstained with DAPI (blue 

fluorescence, first column) were merged with eNOS (green fluorescence, middle column) in 

Fig. 8. The eNOS immunofluorescence of the basilar artery, an indicator of endogenous 

relaxant-NO production by the endothelium, was significantly (P < 0.05) decreased both in 

HF and HF/F groups compared with the chow group. This was consistent with the decreased 

relaxation response to ACh, indicating impairment of endothelium-dependent NO-mediated 

dilation, and increased ADMA (endogenous competitive inhibitor of NOS) levels.
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DISCUSSION

The present study evaluated the effect of high fat versus high fat plus fructose diet on 

cardiovascular health. We used a moderately HF diet (30% fat) which is similar to the fat 

content average that Americans consume. Few individuals consume a low fat, high fructose 

diet without glucose. Therefore, we evaluated moderate HF diet with or without fructose. In 

the current study, we observed no differences in caloric consumption or body mass among 

groups unlike the other studies where 60% fat diet was used (16). We suspect that this 

particular sugar/fat combination is not sufficiently palatable to sustain an increased caloric 

intake (total caloric consumption was unchanged across groups). Thus, the consequences of 

the high-fat diet were metabolic rather than weight gain. Although there was no difference in 

weight gain and caloric intake among the groups by week 12, the HF and HF/F diets induced 

changes in body composition, including an increase in absolute body fat and body % fat. 

Absolute lean mass was not different across diets, however, because of the increase in fat 

mass with unchanged body mass, percent lean mass decreased. There was more lipid 

deposition in HF fed animals as evidenced by the adipose tissue changes presented in Table 

2. The addition of fructose to the high-fat diet significantly increased total amount of WAT 

levels. Also we observed that addition of fructose to the high-fat diet accelerated the 

development of dyslipidemia, especially the elevation in fraction of triglycerides and total 

cholesterol. This is consistent with previous findings by us (16) and others (17). High-fat 

diets are known to increase leptin levels (4). Moreover, increased leptin is associated with 

hyperinsulinemia, glucose intolerance, and increased body fat composition, as well as leptin 

resistance. Leptin, adiponectin, and resistin have been shown to have an association with 

abdominal adiposity and arterial stiffness (18). Furthermore, leptin is suggested to be 

involved in response to systemic inflammation (19). Obesity triggers an inflammatory 

pathway in the vessels that leads to atherosclerosis. Our data indicates that two types of 

high-fat diets, either with or without fructose, leading to both increased reactive oxygen 

species and impaired vascular responses. We suggest that the increased generation of 

reactive oxygen species causes oxidative stress and endothelial dysfunction along with 

vascular smooth muscle atrophy and dysfunction. Thus, the altered cardiovascular 

responsiveness leads to arterial dysfunction (Fig. 9).

Although rats do not develop rapid atherosclerosis with HF diet, they are often used as a 

hyperlipidemia model. The fat deposition in cerebral arteries was observed with high blood 

pressure, hemodynamic derangements induced by hypertension, or carotid artery obstruction 

in high-fat fed rats (8, 9, 20). As suggested above, the increased oxidative stress may lead to 

fat deposition in the vessels and result in a vascular dysfunction in terms of contractile and 

relaxation responses. Such a dysfunction has been widely studied with the peripheral vessels 

in fructose-fed (21) or high-fat fed rats (22), but fewer studies have been conducted with 

cerebral vessels (23, 24). An epidemiological study by Coksuer et al. (25) showed that the 

intima-media thickness and wall thickness of the carotid and vertebra-basilar system arteries 

were significantly increased in young Caucasian woman with polycystic ovary syndrome 

who had increased leptin levels, and glucose intolerance (25). In the present study, 

interestingly, we also found that wall thickness correlated with serum leptin levels. Although 

we cannot yet reveal the underlying mechanism how leptin induced wall thickness, whether 
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the increased number of smooth muscle cells was the cause or result; this is the first report to 

show this correlation. Leptin has a role in the pathophysiology of atherosclerosis (26, 27). 

Under pathological conditions, such as obesity and metabolic syndrome, resistance to the 

acute NO-mimetic effect of leptin is accounted for by chronic hyperleptinemia and may 

result from different mechanisms, such as downregulation of leptin receptors in endothelium 

and/or vascular smooth muscle cells (28), increased levels of cytokines, oxidative stress and 

overexpression of epidermal growth factor receptor signalling (29–31). In the present study 

along with the increased levels of leptin, the basilar artery wall thickness and intima 

thickness significantly increased in HF group, which likely occurred through a leptin 

induced proliferation of smooth muscle cells causing vascular remodelling and stiffness. 

Vascular stiffness is a well-known contributor to impairments in relaxation of the vessels, 

which is consistent with the observed decrease to relaxation (endothelium dependent and 

independent) response in our study.

Since the endothelium is critical for the release of vasoactive factors that modulate vascular 

smooth muscle tone, endothelial dysfunction is characterized by decreased production 

and/or bioavailability of NO. Obesity and NOS polymorphism are risk factors for 

hypertension in humans (32). Endothelial dysfunction in the diabetic basilar artery is related 

to increased oxidative stress, and insulin can preserve endothelial function by alleviating 

oxidative stress (33, 34). Moreover, we also previously reported that increased oxidative 

stress due to aging impairs basilar artery function in rats (14). Omega 3 fatty acid 

supplementation has been shown to have beneficial effects on endothelial dysfunction (35).

High fat diets are also known to contribute to increased oxidative stress in several organs and 

particularly the brain (36, 37). Most of these studies have been limited to the brain tissue. In 

the present study we aimed to investigate the effects on brain vessels; and to our knowledge, 

this is the first study to demonstrate the effect of HF and HF/F diets on the vascular response 

of the basilar arteries in rats. Since the basilar artery is a very tiny tissue (~300 μm); we 

could only use for functional and immunostaining. Hence, we assayed the oxidative stress in 

another cardiovascular tissue, i.e. heart.

To test the vascular reactivity we used KCl as a non-receptor dependent contractile agent, 

ET-1 and phenylephrine as receptor mediated contractile agents. Our findings showed that 

consumption of either diet does not have a significant effect on contractility, but impairs 

relaxation. The relaxation responses to acetylcholine (NO mediated endothelium-dependent 

relaxant), DEA-NONO-ate (NO donor, endothelium-independent cGMP mediated relaxant), 

and papaverine (direct smooth muscle relaxant that increases the cAMP mediated response 

via the inhibition of phosphodiestherase (PDE) were decreased in HF and HF/F groups. 

Such changes in the vasodilatory properties of the basilar artery could contribute to the 

diminished perfusion and higher vascular resistance in the posterior cerebral circulation of at 

rest (38) and during periods of stress, such as under environmental conditions of hypoxia 

and hypercapnea (39). When we further examined the vessels under the microscope, we 

observed that the intima thickness was significantly increased with both HF and HF/F diets 

indicating a vascular hypertrophic remodelling. In large conduit arteries, remodelling leads 

to vascular smooth muscle cells with decreased ability to contract or relax. They lose 

myofilaments and exhibit a high rate of proliferation and production of extracellular matrix 
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proteins (40, 41). It is known that increases in wall thickness and decreases in smooth 

muscle cells along with increased collagen network area and decreased elastin function may 

be responsible for the stiffening of the basilar artery (42, 43), and contribute to the 

development of atherosclerosis and vertebrobasilar insufficiency. The decreased relaxation 

of the smooth muscle cells could be either be cAMP or cGMP-mediated. Our findings 

indicate that both pathways were involved in diet-induced vascular dysfunction; i.e. 

papaverine and DEA response were decreased as well as the endothelium dependent ACh 

response which is NO-mediated.

NO is produced by the endothelial NO synthase enzyme (eNOS) from L-arginine. 

Circulating levels of asymmetrical dimethyl arginine (ADMA), an endogenous NOS 

inhibitor, is positively correlated with the increased carotid intima-media thickness (44). 

Thus the progression of atherosclerosis increases the risk of myocardial infarction, stroke 

and other cardiovascular diseases. In our study, we report that the serum ADMA levels were 

significantly elevated in HF and HF/F diets, and accordingly, eNOS immunofluorescence 

and NO response were decreased in the basilar arteries. Such a decrease in NO synthesis 

was also shown in the basilar arteries of obese Zucker rats (45, 46) and diabetic rats (33).

Furthermore, previous experiments indicated that a 60% HF diet increases heart rate and 

blood pressure in young rats (36, 47). In the present experiment, our 30% high-fat diets 

resulted in no significant increase in blood pressure or heart rate by week 10. Therefore, we 

investigated stress-induced response to blood pressure and heart rate. Although both HF and 

HF/F rats demonstrated a slightly elevated increase in MAP and heart rate, these differences 

were not statistically significant. On the other hand, weight of the heart tissue and its ratio to 

body weight was significantly higher in HF and HF/F groups; possibly due to the 

accumulation of triglycerides in myocytes. Moreover the MDA content, an index for lipid 

peroxidation, was significantly increased in the hearts of HF and HF/F fed rats, indicating 

increased oxidative stress. However, the endogenous antioxidant glutathione levels were not 

different among groups. GSH rapidly decreases during an acute insult that triggers oxidative 

stress and lipid peroxidation. The oxidative tissue injury is generally due to an imbalance of 

oxidative/antioxidant status. However, antioxidant defence system replenishes in the long 

term by the compensatory mechanisms.

Generally, we observed that for almost all of the parameters, either diet resulted in similar 

outcomes. In a companion study that we have recently published HF diets worsened 

cancellous bone parameters in skeletally immature male rats and fructose incorporation into 

HF diets did not exacerbate bone loss (48). Consistently, our findings on the cardiovascular 

parameters also support that addition of fructose to the high-fat diet did not have an 

additional worsening effect in this experiment. On the other hand, there are reports on the 

adverse effects of fructose (49, 50). The reason that we did not observe any additional 

worsening effect may be due to the relatively short feeding period (12 weeks) or lower 

fructose and high fat content. Long term studies will be useful to reveal the consequence of 

the metabolic changes on cardiovascular system.

These findings demonstrate that both HF and HF/F diets result in an altered body 

composition towards increased fat/lean ratio, and cardiovascular changes. Impairment in 
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vascular responses is the result of structural changes in the vasculature, i.e. endothelial 

dysfunction (as evidenced by impaired ACh response) and vascular remodelling (evidenced 

by increased intima thickness). Vascular remodelling is associated with decreased synthesis 

of NO; and response to NO and other vasodilators like papaverine. These processes lay the 

groundwork for the progression towards cerebrovascular and cardiovascular complications. 

Interestingly, the addition of fructose to the HF diet did not exacerbate the effect.
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Fig. 1. 
Kcal intake, and body weight of the chow, 30% high fat (HF) and HF + fructose (HF/F) fed 

rats for 12 weeks. Each group consists of 8 – 10 rats. Food consumption expressed as Kcal 

was unchanged across diets. All rats gained weight, as expected but no significant difference 

was observed in body weight or delta body weight across diets during the experimental 

period.
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Fig. 2. 
The body fat and lean mass composition of the chow, 30% high fat (HF) and HF + fructose 

(HF/F) fed rats. Each group consists of 8 – 10 rats. There were significant main effects for 

both group (P = 0.07) and week (P < 0.001), and an interaction (P = 0.032). An * represents 

a decrease from week 0, and ** represents a decrease from week 6. The brackets represent 

differences within a given week. Two-way repeated-measures ANOVA was performed.
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Fig. 3. 
Serum asymmetrical dimethyl arginine (ADMA) levels of the chow, 30% high fat (HF) and 

HF + fructose (HF/F) fed rats at week 12. Each group consists of 8 – 10 rats. A significant 

(P < 0.05 and P < 0.01, respectively) increase was observed in serum ADMA levels both in 

HF and HF/F groups when compared with chow group in Kruskal Wallis test followed by 

Dunn’s multiple comparison. *P <0.05 versus chow.
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Fig. 4. 
The comparison of baseline and stress-induced (a) mean arterial blood pressure (MAP) and 

(b) heart rate of the rats fed with chow, high fat (30%) and HF + fructose (HF/F) at week 10. 

Each group consists of 8 – 10 rats. Regarding MAP, there was a statistically significant main 

effect of high fat relative to chow (P = 0.042). Stress conditions resulted in an increase in 

MAP for all groups (main effect; P < 0.001). Regarding heart rate, the high fat group was 

significantly higher than both other groups (P = 0.035). Stress conditions resulted in an 

increase in heart rate for all groups (main effect; P < 0.001). Two way ANOVA was 

performed.
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Fig. 5. 
(a) Heart weight, (b) heart/body weight ratio, (c) malondedialdehyde (MDA), (d) reduced 

glutathione (GSH) content of the heart tissues of the chow, 30% high fat (HF) and HF + 

fructose (HF/F) fed rats at week 12. Each group consists of 8 – 10 rats. Kruskal Wallis test 

followed by Dunn’s multiple comparison test. *P < 0.05; **P < 0.01 versus chow.
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Fig. 6. 
The contractile (a, b, c) and relaxant (d, e, f) responses of the basilar arteries of the chow, 

30% high fat (HF) and HF + fructose (HF/F) fed rats at week 12. No significant change was 

detected in the contractile responses. However, relaxation responses were significantly 

decreased in HF and HF/F groups, leading to the right ward shift of the dose-response 

curves. Each group consists of 8 – 10 rats. Two-way ANOVA was performed. *P < 0.05; **P 

< 0.01; ***P < 0.001 versus chow.
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Fig. 7. 
(a) The hematoxylin & eosine staining and wall structure of the basilar arteries of the chow, 

30% high fat (HF) and HF + fructose (HF/F) fed rats at week 12. (b) Intimal thickness was 

significantly increased in both groups, indicating an intimal hyperplasia and serum leptin 

levels positively correlated with the increased wall thickness. Each group consists of 8 – 10 

rats. Kruskal Wallis test followed by Dunn’s multiple comparison *P < 0.05 and **P < 0.01 

versus chow.
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Fig. 8. 
(a) Endothelial nitric oxide synthase (eNOS) immunoreactivity and (b) eNOS fluorescence 

intensity in the basilar arteries. of the chow, 30% high fat (HF) and HF + fructose (HF/F) fed 

rats at week 12. The cell nuclei counterstained with DAPI (blue fluorescence, first column) 

was merged with eNOS (green fluorescence, middle column). The eNOS 

immunofluorescence in basilar artery cross-sections was significantly increased in both HF 

and HF/F groups as compared to the chow group. Kruskal Wallis test followed by Dunn’s 

multiple; *P < 0.05. Each group consists of 8 – 10 rats.
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Fig. 9. 
The schematic presentation of the development of cardiovascular diseases.
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Table 1

The compositions of the diets are as follows. Values are presented as % KCal from protein, carbohydrate or 

fat. No diet contains sucrose. Both experimental diets other than chow contain moderately high fat (30%) with 

and without fructose. All diets were purchased from Harlan (Harlan Teklad, Madison, WI). The vitamin and 

mineral content are identical for HF and HF/F diets.

Chow (7912) HF (TD08703) HF/F (TD08702)

Protein 25.0 20.0 20.0

Carbohydrate 44.2 (no sucrose) 50.2 (40% starch and 10% maltodextrin) 50.2 (40% fructose and 10% maltodextrin)

Fat 17 (vegetable oil) 29.8 (lard) 29.8 (lard)

Fiber 13.7 – –

KCal/g 3.1 4.0 4.0
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