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Abstract Oxidative stress is considered to play an impor-

tant role in the pathogenesis of diabetes-induced cardiovas-

cular disease (CVD), which is invariably associated with

abnormal blood lipid profile, insulin resistance and meta-

bolic syndrome. Stress, smoking, high saturated fat intake as

well as low fruit and vegetable intakes have been shown to

increase oxidative stress and hyperlipidemia, which increase

the predisposition of diabetic subjects to atherosclerosis,

stroke and coronary heart disease. The oxidation of low-

density lipoprotein by oxidative stress is essential for the

development of atherosclerosis, and the reduction in oxida-

tive stress as well as blood glucose and cholesterol is con-

sidered critical for the prevention of diabetes-induced CVD.

Although epidemiological studies have demonstrated that

vitamin C and vitamin E decrease the incidence of coronary

heart disease, different clinical trials have failed to support

the beneficial effect of these antioxidants. Nonetheless, it has

been suggested that natural forms of these vitamins may

be more efficacious than synthetic vitamins, and this

may explain the inconsistencies in results. Antioxidants,

N-acetyl-L-cysteine and resveratrol, have also been shown to

attenuate the diabetes-induced cardiovascular complica-

tions. It has been indicated that the antioxidant therapy may

be effective in a prevention strategy rather than as a treatment

for CVD. The evidence presented here supports the view that

cardiovascular complications in diabetes may be induced by

oxidative stress and appropriate antioxidant therapy may be

promising for attenuating the progression of diabetes-

induced CVD.
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Introduction

It is now well known that cardiovascular complications such

as cardiac dysfunction, atherosclerosis, microangiopathy,

ischemia/reperfusion (I/R) injury, cardiomyopathy and heart

failure are associated with chronic diabetes [1–3]. Although

insulin insufficiency or insulin resistance, elevated level of

glucose, abnormal lipid profile and metabolic syndrome are

considered to cause diabetes-associated cardiovascular

abnormalities, the exact mechanisms for the development of

cardiac dysfunction in diabetes subjects are poorly under-

stood. In view of the involvement of oxidative stress in the

pathogenesis of heart disease [4], it has been suggested that

oxidative stress plays a critical role in inducing cardiomy-

opathy and heart failure in chronic diabetes [5, 6]. It should

be mentioned that the occurrence of oxidative stress in the

cell is a result of an imbalance between the production of

reactive oxygen species (ROS) and the removal of ROS by

antioxidants and endogenous antioxidant defense system [7].

ROS includes superoxide anion (�O�2 ) and hydroxyl anion

(�OH), whereas hydrogen peroxide (H2O2) is a potent oxidant

molecule. The excessive production of ROS and oxidants is

attributed to stressful situations, cigarette smoking, high

blood cholesterol, iron supplement, metabolic syndrome and

Y.-J. Xu � N. S. Neki � N. S. Dhalla (&)

Department of Physiology, Institute of Cardiovascular Sciences,

Faculty of Medicine, University of Manitoba,

St. Boniface Hospital Research, 351 Tache Avenue,

Winnipeg, MB R2H 2A6, Canada

e-mail: nsdhalla@sbrc.ca

P. S. Tappia

Asper Clinical Research Institute, St. Boniface Hospital

Research, Winnipeg, Canada

123

Heart Fail Rev (2014) 19:113–121

DOI 10.1007/s10741-013-9379-6



some therapeutic agents. Furthermore, oxidative stress is

known to induce damage to cell membrane, cause DNA

fragmentation and increase cell death [8]. It is pointed out

that the paradigm of redox signaling whereby some oxidants

are considered to function as intracellular signaling mole-

cules has now been established [9, 10]. Such signaling can

contribute to signaling for either cell death or survival. Not

all oxidant molecules have a role in signal transduction as

this seems to depend on the cell type and animal species.

Furthermore, it has become evident that low concentrations

of oxidants or exposure for a transient period stimulate signal

transduction for cardiomyocyte function and gene expres-

sion for cell survival, while high concentrations of oxidants

as well as exposure for a prolonged period of time produce

oxidative stress and subsequent harmful outcomes [11, 12]. It

is also noteworthy that the oxidation of low-density lipo-

protein (LDL) to oxidized LDL (ox-LDL) by ROS has also

been reported to contribute to the processes involved in lipid

deposition and inflammatory response in blood vessels [13].

These oxidative stress-mediated changes, as seen in animals

on high-fat diet, are involved in the pathogenesis of heart

attack, atherosclerosis and cardiomyopathy (Fig. 1). In fact,

several biomarkers of oxidative stress are commonly seen in

diabetes, angina, hypertension, hyperlipidemia and open-

heart surgery.

Pre-clinical studies have revealed that different antiox-

idants exert beneficial effects in I/R injury to the heart and

brain, improve diabetes-induced cardiovascular complica-

tions and prevent the development of atherosclerosis [14,

15]. In view of the role of atherosclerosis as well as

endothelial and vascular abnormalities in the diabetes-

induced cardiovascular complications [16], this review will

not only focus on the antioxidant therapy of diabetes-

induced cardiac dysfunction, but will also discuss the

effectiveness of antioxidants in the treatment for

atherosclerosis. Since hypoperfusion and subsequent I/R of

the myocardium play a significant role in the development

of diabetes-induced cardiomyopathy [2, 17], this article

will describe the actions of antioxidants on I/R-induced

injury. Because anticancer drug-induced cardiomyopathy is

also considered to involve oxidative stress [18], the use of

antioxidants in doxorubicin-induced cardiomyopathy will

be discussed for the purpose of comparison with diabetes-

induced cardiomyopathy. Despite the evidence from

experimental studies and clinical trials showing inconsis-

tencies in beneficial effects of antioxidant therapy for CVD

[6, 19], this review is intended to summarize the preclinical

evidence and the results of clinical trials to emphasize a

perspective of the potential value of antioxidants for pre-

vention as well as management of diabetes-induced car-

diomyopathy and heart failure. It is hoped that the

observations recorded in this article will provide the evi-

dence regarding the role of oxidative stress as well as the

mechanisms of the beneficial effects of antioxidants for

cardiovascular complications in chronic diabetes.

Diabetes-induced cardiovascular complications

and antioxidant therapy

An increase in ROS production and lipid peroxidation has

been reported in both experimental models of diabetes and

patients with diabetes. Tappia et al. [20] have reported that

dietary supplementation of antioxidants for streptozotocin

(STZ)-induced diabetes in rats attenuated myocardial cell

necrosis, improved blood lipid profile and increased car-

diac contractile function. In type I diabetic patients, red

blood cell content of malondialdehyde (MDA), an oxida-

tive stress biomarker, is elevated along with an increase in

blood ketone concentration [21]. In an in vitro study, red

blood cells incubated with ketones including acetoacetate,

b-hydroxybutyrate and acetone were found to show

enhanced production of hydroxyl radicals, increased

membrane lipid peroxidation and reduced cellular gluta-

thione (GSH) levels. These effects of ketones were mark-

edly suppressed by incubation of red blood cells with

vitamin E and N-acetyl-L-cysteine (NAC). In a randomized,

crossover, double-blind clinical trial, plasma vascular cell

adhesion molecule (VCAM)-1 concentration was reported

to be higher in non-insulin-dependent diabetic subjects as

compared to healthy individuals [22]; oral administration

of NAC (1.2 g/day) decreased the plasma VCAM-1 con-

centration. Since VCAM-1 has been reported to contribute

to deep vein thrombosis and atherosclerosis [23], it is

possible that antioxidants may prevent diabetic vascular

disease by inhibition of VCAM-1 production.

Recent studies [24, 25] have demonstrated that diabetes-

induced vascular complications are related to the increased

Fig. 1 Proposed role of high-fat diet and ox-LDL in the pathogenesis

of diabetic cardiomyopathy and cardiovascular complications. LDL

low-density lipoprotein, ox-LDL oxidized low-density lipoprotein,

LPA lysophosphatidic acid, FFA free fatty acids, : increase
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levels of extracellular advanced glycation end products

(AGEs). LDL glycation is known to depress the rate of

receptor-mediated LDL metabolism and cause vascular

abnormalities. A major source of AGE is the consumption

of heat-processed foods [26] because during prolonged

exposure of food to high temperatures as in cooking, a

significant amount of AGEs is formed. About 10 % of

ingested AGEs are incorporated in tissues and LDL. AGEs

have also been found to increase the production of ox-LDL

and activate mitogen-activated protein kinase (MAPK) and

VCAM-1. Interestingly, the elevated level of VCAM-1 and

NF-jB and activation of MAPK in diabetic patients were

depressed by NAC as well as other antioxidants [26].

In diabetic patients, a decrease in platelet antioxidant,

glutathione level and an increase in oxidant concentrations

have been reported [27]. The higher levels of oxidants lead to

platelet hyperaggregability. It is noteworthy that platelet

aggregation is a major cause of thrombosis, atherosclerosis

and other types of CVD. Growth factors released from

platelets such as lysophosphatidic acid and platelet-derived

growth factor play a role in cardiac remodeling, production

of ox-LDL and vascular abnormalities [28]. Gibson et al.

[27] demonstrated that NAC at the concentrations of

10–100 lM, which are achievable blood concentrations

following oral administration, depressed platelet aggrega-

tion and increased platelet glutathione concentration in

patients with type 2 diabetes. These findings suggest that

NAC may be of value for the prevention of diabetes-related

thrombosis. Administration of vitamin E to rats with STZ-

induced diabetes was also observed to attenuate the diabetes-

induced cardiac dysfunction and subcellular defects [4].

Since endothelial cell dysfunction is known to occur in

diabetes, antioxidant supplements have been shown to exert

beneficial effects on endothelial function. A clinical trial

conducted by Neri et al. [29] in 46 untreated type 2 diabetic

patients with impaired glucose tolerance and 46 healthy

volunteers demonstrated that VCAM-1, MDA, ox-LDL and

von Willebrand factor (vWF) were markedly higher in dia-

betics after a moderate-fat meal as compared to the healthy

individuals. A 15-day diet supplementation period with

vitamin E (300 mg/day), vitamin C (250 mg/day) and NAC

(600 mg/day) significantly reduced these changes. Since

vWF is released from damaged endothelial cells, antioxidant

therapy could be seen to suppress endothelial damage in type

2 diabetes with impaired glucose tolerance. In view of the

fact that endothelial cell dysfunction is the primary step for

atherosclerosis and thrombosis, the protective effects of

antioxidants on endothelial cells can be seen to provide

evidence for its clinical use in diabetes-induced cardiovas-

cular complications. Different sites including endothelial

dysfunction and platelet aggregation due to oxidative stress

for the action of NAC during the development of CVD in

diabetes are shown in Fig. 2.

Cardioprotective effects of antioxidants in I/R

The occurrence of transient spasm of both macrovascula-

ture and microvasculature in the diabetic heart [2] has been

suggested to cause I/R injury. Experimental studies have

shown that antioxidants protect the heart from I/R injury

and hypertrophic cardiomyopathy [30]; however, the

results from clinical trials have been inconsistent. In 30

patients undergoing coronary artery bypass grafting sur-

gery, blood MDA levels and troponin-I concentrations

were found to be significantly elevated, with the peak

levels at 12 h after the operation. These increases were

attenuated by NAC (50 mg/kg body weight) treatment.

Furthermore, NAC treatment improved the ejection frac-

tion, left ventricular end-diastolic volume, left ventricular

end-systolic volume and left ventricular end-systolic

medial wall stress, except that the cardiac index was not

significantly different between control and NAC-treated

groups [31]. In addition, the time of stay in hospital was

reported to be shorter in NAC-treated patients. This study

suggested that NAC supplementation in cold-blood cardi-

oplegia may protect the heart from I/R-induced injury

during open-heart surgery. On the other hand, in another

group of patients undergoing open-heart surgery, while the

plasma levels of MDA and VCAM-1 were significantly

higher in the group (without NAC) than in the NAC-treated

group, no significant differences in troponin-I concentra-

tions were observed between NAC-treated and untreated

groups [32]. These investigators concluded that NAC

supplementation may attenuate coronary endothelial acti-

vation and myocardial oxidative stress without affecting

the cellular injury in coronary artery bypass graft surgery

[32]. It should also be mentioned that Prabhu et al. [33]

have reported that lower levels of plasma MDA levels were

Fig. 2 Proposed sites of action of antioxidant, N-acetyl-L-cysteine

(NAC), on diabetes-induced cardiovascular complications. NAC

reduces endothelial dysfunction and platelet aggregation as well as

ketone- and AGE-induced oxidative stress. AGE advanced glycation

end product, VCAM vascular cell adhesion molecule, MAPK mitogen-

activated protein kinase, LPA lysophosphatidic acid
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associated with an improvement in the postoperative

ejection fraction following NAC treatment, whereas the

plasma troponin-I levels in both groups were similar. Thus,

NAC seems to reduce oxidative stress during cardiac sur-

gery, but its protective effect on I/R injury remains

inconclusive [34].

NAC has been reported to potentiate the efficacy of

nitroglycerin (NTG) when these two drugs were used

concomitantly [35]. The vasodilator effect of NTG is

mediated through the activation of cyclic guanylate cyclase

(cGMP), which may be sulfhydryl (SH) group dependent,

whereas NAC, the donor of SH groups, may enhance the

hemodynamic effect of NTG. However, NAC and NTG

exerted no effect on platelet aggregation when given sep-

arately, but their combination resulted in an inhibition of

platelet aggregation. This has been attributed to the fact

that the combination use of NAC and NTG results in the

formation of S-nitroso-NAC, which is considered to be a

potent inhibitor of platelet aggregation. In addition, Horo-

witz et al. [35] reported that the combination use of NAC

and NTG reduced the incidence of myocardial infarction

(MI) in patients having unstable angina pectoris. In this

study with 46 patients, 24 were given both NTG (5 lg/min)

and NAC (10 g/day), while the other group of 22 was given

NTG (5 lg/min) and placebo (5 % dextrose). While the

frequency of chest pain episodes was not significantly

different between these two groups, three patients in the

NTG and NAC group had acute MI and 10 patients in NTG

and placebo group showed acute MI. This indicated that

the combination of NAC and NTG reduced the rate of MI.

It is noteworthy that the major side effects of the combi-

nation therapy with NAC and NTG were symptomatic

hypotension and dizziness. Taken together, the inconsis-

tencies in these findings may be due to the difference in

sample size and stage of the disease. Nevertheless, NAC

appears to be of potential benefit against cardiac I/R injury

and thus may prove to be of therapeutic value in preventing

diabetes-induced cardiomyopathy and heart failure.

Prevention of atherosclerosis by antioxidants

Some experimental studies have provided evidence that

different antioxidants decrease the size of atherosclerotic

plaque [36, 37]. Epidemiological studies [38, 39] have

revealed that some vitamins significantly reduced the

morbidity and mortality due to CVD; however, this bene-

ficial effect required a minimum of 2-year intervention

period. In this regard, vitamin E was found to be a more

potent antioxidant than vitamin C and b-carotene. Despite

the positive results of epidemiological and experimental

studies, most of the clinical trials for examining the use of

antioxidants in the treatment for atherosclerosis and

coronary heart disease have failed to show any beneficial

effects. In a double-blind clinical trial [40], 423 postmen-

opausal women were divided into four groups: (a) 108

women were given hormone replacement therapy (HRT)

placebo and vitamin placebo; (b) 103 women were given

HRT and vitamin placebo; (c) 105 women were given HRT

placebo, vitamin C and vitamin E; and (d) 107 women

were given HRT, vitamin C and E. In this study, 400 IU of

vitamin E and 500 mg of vitamin C or placebo were taken

twice a day for four and a half years. There were no sig-

nificant effects of vitamin E and vitamin C treatment on the

plasma LDL and HDL levels as well as coronary lumen

diameters. In fact, when treatment and placebo groups were

compared, vitamin E and vitamin C groups had a higher

cardiovascular death rate and more non-fatal MI. The lack

of clinical benefit of vitamin E and vitamin C in this

population may be attributed to a number of factors

including inadequate monitoring of the oxidative stress

biomarkers, insufficient dosage of the vitamins used and

the stage of the disease when the trial started. In fact,

antioxidants were more efficient when given before the

pathological change has developed [41]. For example, the

anti-atherogenic effects of antioxidant supplements were

more evident when given in the hyperlipidemia stage than

in the stage when the plaque is already formed. Further-

more, the combination use of different antioxidants was

more effective than the use of the single antioxidant

because vitamin E is oxidized in vivo, and the adminis-

tration of vitamin E with vitamin C or NAC prevented the

oxidation of vitamin E. Finally, these agents produce

antioxidant effects through different mechanisms, and their

combined use may exert additive or synergetic action [29].

Thus, it appears that antioxidants may produce beneficial

effects on atherosclerosis in diabetic populations by

attenuating progression of the disease and may not be of

any benefit for regression of the abnormality.

Protection against drug-induced cardiotoxicity

by antioxidants

In order to determine whether the beneficial effects of

antioxidants are limited to improving heart function in

diabetic cardiomyopathy, the effects of these agents have

also been investigated in anthracycline-induced cardio-

myopathy. It should be noted that anthracyclines including

doxorubicin have been shown to induce cardiac dysfunc-

tion and increase the levels of ROS and H2O2 in cardio-

myocytes [42, 43]; these highly reactive drugs cause cell

membrane lipid peroxidation, intracellular calcium over-

load and apoptosis. Wattanapitayakul et al. [44] demon-

strated that vitamin C and NAC protected H9C2 cells from

death induced by doxorubicin under in vitro conditions.
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Chularojmontri et al. [45] have reported that doxorubicin

significantly depressed SOD and catalase activities, while

caspase-3 activity was increased twofold in H9C2 cells.

Plant extracts of Curcuma longa L., Morus alba L., Phyl-

lanthus emblica L. and Piper rostratum Roxbx. were shown

to be more potent antioxidants than vitamin C and NAC.

Vitamin C, NAC and Phyllanthus urinaria extract were

reported to increase SOD and catalase activities in the

absence or presence of doxorubicin. Phyllanthus urinaria

extract was more potent than vitamin C and NAC in sup-

pressing the caspase-3 activity in the presence of doxoru-

bicin. However, a clinical study with vitamin C, vitamin E

and NAC showed no beneficial cardiovascular effects in

cancer patients receiving anthracyclines [46]. Thus, the

results of antioxidant therapy in doxorubicin-induced car-

diomyopathy are similar to those in diabetic cardiomyop-

athy and support the view that antioxidants prevent the

progression of heart failure under these pathological con-

ditions, but these interventions may not be of any benefit

once the damage has been done by the oxidative stress.

Mechanisms of prevention of CVD by resveratrol

In order to discuss the mechanisms of action of antioxi-

dants for preventing CVD in general and diabetic cardio-

myopathy in particular, a novel antioxidant, resveratrol,

was used for this purpose. Resveratrol is found in a variety

of fruits including grapes, berries and plums as well as

Polygonum Cuspidatum, a plant that has been used in

Chinese folk medicine to remove blood stasis and promote

blood circulation [47]. Resveratrol has gained attention

because it is found in red wine associated with ‘‘French

Paradox.’’ It is noteworthy that French people normally

consume more saturated fat in their diet and still have

lower incidence of coronary heart disease; this has been

attributed to high consumption of red wine [48]. In animal

studies, resveratrol has been found to attenuate inflamma-

tion, oxidative stress and neovascularization [49, 50].

Matos et al. [51] reported that resveratrol (2 mg/kg/day)

can significantly reduce the size of atherosclerotic plaque;

this resveratrol action was due to a reduction of VCAM-1,

MCP-1 and IL-6. Resveratrol supplementation increased

the lifespan, insulin sensitivity and the number of mito-

chondria in mice fed a high-calorie diet [52]. These ben-

eficial actions of resveratrol were considered to be

mediated by the activation of AMP-activated protein

kinase, which is known to regulate fatty acid metabolism

and insulin sensitivity. Zghonda et al. [53] showed that

resveratrol and its dihydrodimer, e-viniferin, inhibited

proliferation and migration of vascular smooth muscle cells

induced by platelet-derived growth factor, increased nitric

oxide production and depressed the production of ROS.

The actions of resveratrol and e-viniferin were mediated

through the activation of phosphatidylinositol 3-kinase-Akt

and p38 MAP kinase pathways. By using primate Micr-

ocebus Murinus, Marchal [54] observed that resveratrol

supplementation (200 mg/day/kg body weight) exerted

similar effects as calorie restriction on aging-related met-

abolic syndrome. In this study, supplementation with res-

veratrol for a period of 21 months did not improve insulin

sensitivity and glucose tolerance; however, resveratrol

supplementation for a period of 33 months reduced gly-

cemia and insulin resistance [54] in this experimental

model of diabetes.

Treatment with resveratrol has been reported to restore

cardiac contractile function as well as reduce thrombin-

induced platelet aggregation and thromboxane B2 levels in

type I diabetic rat model [55]. Since platelet aggregation

has an important role in the development of stroke, heart

attack and atherosclerosis [56], some investigators have

found that high platelet aggregation in different experi-

mental models of diabetes was inhibited by resveratrol in a

dose-dependent manner [57, 58]. Stef et al. [59] have also

reported that resveratrol is effective in inhibiting collagen-

and epinephrine-induced platelet aggregation in aspirin

resistance and high-risk cardiac patients. This effect of

resveratrol can be seen to provide protection from heart

attack and stroke. Resveratrol was observed to attenuate

ox-LDL as well as reduce apoptosis of cerebrovascular

endothelial cells [60]. Robich et al. [61] reported that res-

veratrol reduced total plasma cholesterol by about 30 %

but increased blood flow and angiogenesis in the swine

heart. A modified form of resveratrol, longevinex, was

found to improve endothelial cell function in patients with

metabolic syndrome [62]. In another double-blind clinical

trial with 40 postinfarction patients [63], resveratrol was

observed to increase red blood cell deformability and

decrease platelet aggregation. An improvement in cardiac

function, endothelial cell function and blood lipid profile

was also seen by resveratrol treatment; however, lower

bioavailability and a short half-life of resveratrol were

reported to limit its clinical applicability [64]. Nonetheless,

resveratrol was reported to suppress breast cancer cell

growth by inhibiting estrogen receptors and increasing the

expression of insulin-like growth factor [65]. An antitumor

effect of resveratrol has also been reported by Jang et al.

[66], who revealed that this agent caused a dose-dependent

inhibition of tumor growth in both in vitro and in vivo

models. Since inflammatory processes are involved in the

development of cancer, the effects of resveratrol on the

activity of cyclooxygenase were also investigated. It was

observed that resveratrol produced effects similar to those

of indomethacin, a classical anti-inflammatory drug [66],

and thus the beneficial effect of resveratrol on CVD may be

related to its anti-inflammatory action [13]. Resveratrol has
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also been shown to exert beneficial effects in obesity,

hyperglycemia, diabetes, hypertension, atherosclerosis and

other cardiovascular diseases [49, 51, 52, 54, 61–63, 66,

67], and these are summarized in Table 1.

Conclusions

From the foregoing discussion, it is evident that oxidative

stress plays a critical role in the development of CVD in

diabetes. Various sources of oxyradical generation for the

development of oxidative stress in the diabetic heart are

shown in Fig. 3. There is an increase in the risk of heart

failure, atherosclerosis and coronary artery disease under

conditions of an imbalance in the production of oxyradicals

and scavenging of ROS as well as oxidant molecules

(Fig. 4). Although vitamin C and vitamin E have been shown

to exert positive effects in experimental CVD, their benefi-

cial actions in clinical trials are controversial [68, 69]. For the

normal healthy population with a balanced diet, it is very rare

to have a deficiency of vitamin C and E, and thus supple-

ments of synthetic antioxidants do not appear to be neces-

sary. Fresh vegetables and fruit, red wine and resveratrol-

containing beverage may be added to the diet for preventive

purpose [67, 70–72]. For individuals with elevated blood

glucose, abnormal blood lipid profile as well as diabetes, and

other conditions with increased biomarkers of oxidative

stress, antioxidant supplementation may prevent or slow the

progression of CVD and diabetes-induced cardiomyopathy

[73]. Recent clinical trials to emphasize this point are sum-

marized in Table 2 [74–80].

Since it is difficult to identify the effective dose and

determine the efficacy of antioxidants without knowing

blood oxidant levels, different biomarkers of oxidative

stress should be monitored during the intervention period.

Table 1 Health benefits of

resveratrol in pre-clinical and

clinical studies

BW body weight, ; decrease, :
increase, LDL low-density

lipoprotein

Species Dose Effects Reference

Mouse 0.04 % in diet ;High-calorie diet–induced metabolic

syndrome

:Lifespan

49

Rabbit 2 mg/kg BW Anti-atherogenic and anti-inflammatory 51

Rat and mouse 0.2-40 mg/kg BW ;Tumor cell growth

:Tumor cell apoptosis

52

Microcebus Murinus 200 mg/kg BW :Insulin sensitivity 54

Swine 100 mg/kg BW ;Cholesterol

:Blood flow

61

Human 100 mg/day Improved endothelial cell function 62

Human 10 mg/day ;LDL endothelial cell protection 63

Mouse 3 mg/kg BW Anti-inflammatory and antitumor 66

Mouse 100 mg/kg BW ;Oxidative stress

;Inflammation

67

Fig. 3 Various sources of oxyradical generation for the development

of oxidative stress and subsequent cardiac dysfunction in diabetes

Fig. 4 Proposed role of oxidative stress involving lipid peroxidation,

protein oxidation and DNA damage in the development of diabetes-

induced cardiovascular disease
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In patients with existing CVD, it is becoming evident that

antioxidants may not be able to reverse the pathological

changes. Nonetheless, it is pointed out that the combined

use of vitamin C, vitamin E and NAC has been recom-

mended for reducing side effects and to produce synergistic

beneficial effects in CVD. Because resveratrol is an anti-

oxidant and reduces blood cholesterol [49–54], it is

expected that this agent would prevent and retard the

development of atherosclerosis and coronary heart disease.

In view of the inconsistent association between antioxi-

dants and CVD, further work is required to determine

whether long-term antioxidant supplements exert beneficial

effects in individuals with unhealthy lifestyle habits. It is

also evident that vitamin C, NAC and resveratrol are more

effective than vitamin E for prevention and slowing the

progression of diabetes-induced CVD. Accordingly, a

natural supplement consisting of resveratrol, vitamin C and

other antioxidants is suggested to have a great economic

and health value in the modern world [74]. However, it is

pointed out that there is a wealth of information on other

plant-based medicines as antioxidants that cannot be cov-

ered in the present review and is reserved for a separate

review article. In summary, this paper has attempted to

review the role of antioxidants in the treatment for diabe-

tes-induced cardiovascular complications. From the evi-

dence provided, it can be suggested that antioxidants have

the potential to serve as adjuncts to therapeutic approaches

for attenuating the progression of diabetes-induced CVD.
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