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Abstract Cadmium (Cd) is one of the most impor-

tant environmental pollutants that cause a number of

adverse health effects in humans and animals. Recent

studies have shown that Cd-induced oxidative dam-

age within the vascular tissues results in vascular

dysfunction. The current study was aimed to inves-

tigate whether ascorbic acid could protect against

Cd-induced vascular dysfunction in mice. Male ICR

mice were received CdCl2 (100 mg/l) via drinking

water for 8 weeks alone or received ascorbic acid

supplementation at doses of 50 and 100 mg/kg/day for

every other day. Results showed that Cd administra-

tion increased arterial blood pressure and blunted the

vascular responses to vasoactive agents. These alter-

ations were related to increased superoxide produc-

tion in thoracic aorta, increased urinary nitrate/nitrite,

increased plasma protein carbonyl, elevated malondi-

aldehyde (MDA) concentrations in plasma and tis-

sues, decreased blood glutathione (GSH), and

increased Cd contents in blood and tissues. Ascorbic

acid dose-dependently normalized the blood pressure,

improved vascular reactivities to acetylcholine (ACh),

phenylephrine (Phe) and sodium nitroprusside (SNP).

These improvements were associated with significant

suppression of oxidant formation, prevention of GSH

depletion, and partial reduction of Cd contents in

blood and tissues. The findings in this study provide

the first evidence in pharmacological effects of

ascorbic acid on alleviation of oxidative damage and

improvement of vascular function in a mouse model

of Cd-induced hypertension and vascular dysfunction.

Moreover, our study suggests that dietary supplemen-

tation of ascorbic acid may provide beneficial effects

by reversing the oxidative stress and vascular dys-

function in Cd-induced toxicity.
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Introduction

Cadmium (Cd) is widely used in industry and also

found as an important side contaminant in agricul-

tural products. Cd contamination in soil and water has
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raised concerns because this metal is bio-accumu-

lated in the upper levels of the food chain (WHO

1993; Satarug et al. 2010). In addition to occupational

exposure, the two main sources of non-occupational

exposure to Cd are cigarette smoking and diet (IARC

1993; Satarug and Moore 2004). Evidently, Cd

content in the human body is likely to increase in

the future and might lead to a higher incidence of

Cd-related diseases including cardiovascular disease,

hypertension, osteoporosis, nephrotoxicity, hepato-

toxicity, diabetes, and cancers of many organs

(Fowler 2009; Jarup and Akesson 2009; Satarug

et al. 2010). Interestingly, vascular endothelium has

been suggested to be a critical target of Cd toxicity

which leads to many cardiovascular complications

(Nakagawa and Nishijo 1996; Prozialeck et al. 2006,

2008; Messner and Bernhard 2010) Therein, Cd has

been reported to be a possible risk factor of hyper-

tension in experimental studies, such as renal tubular

damage and dysfunction caused by environmental Cd

exposure (Satarug et al. 2005). The hypertensive

effect of Cd is resulted from complex actions on both

the vascular endothelium and vascular smooth muscle

cells (VSMCs). Cd, at relatively low, sublethal

concentrations, increases oxidative stress and attacks

endothelium and VSMCs at a variety of molecular

levels, thereby leads to vascular damage and

dysfunction (Prozialeck et al. 2008; Messner and

Bernhard 2010).

Many studies connect Cd-intake with oxidative

stress because several lines of evidences indicate that

reactive oxygen species (ROS) and reactive nitrogen

species (RNS) formed in the presence of Cd could be

responsible for its toxic effects in many cells and

tissues (Wang et al. 2004). ROS-induced by Cd

directly oxidize lipids, proteins, and nucleic acids

which lead to damage of the basic cell structures and

result in cellular dysfunction and cell death (Bertin

and Averbeck 2006; Kitamura and Hiramatsu 2010;

Thevenod 2010). It has been demonstrated that

Cd-induced oxidative stress is attenuated by antiox-

idants (Yokouchi et al. 2008). Therefore, supplemen-

tation of antioxidant should be one of the important

components of an effective treatment of Cd

poisoning.

Ascorbic acid, or vitamin C, is widely distributed in

natural products, mostly rich in fresh fruits and leafy

vegetables (Haytowitz 1995). Generally, ascorbic

acid is regarded as the most important water-soluble

antioxidant in plants, animals and humans (Mandl

et al. 2009). Epidemiological studies propose the

possible beneficial effects of vitamin C supplemen-

tation for the prevention of cancer and cardiovascular

disease (Duarte and Lunec 2005). It has been

demonstrated that ascorbic acid improves endothe-

lium-dependent and -independent vasodilation in

patients with coronary artery disease (Heitzer et al.

2001). A recent study demonstrated that ascorbic acid

reduced oxidative stress in testicular tissue of mice

exposed to Cd (Acharya et al. 2008). Since there is

lack of information about the effect of ascorbic acid

on vascular protection in Cd-intoxicated condition,

the present study was designed to elucidate whether

supplementation of ascorbic acid could alleviate

oxidative stress and improve vascular function in an

animal experiment of a mouse model of Cd-induced

hypertension and vascular dysfunction.

Materials and methods

Animal treatment

Adult male ICR mice weighing 25–30 g were

obtained from the Animal Care Unit of the Faculty

of Medicine, Khon Kaen University (Khon Kaen,

Thailand). The animals were housed in a temperature

and humidity controlled room with a 12 h dark:12 h

light cycle, free access to drinking water and standard

chow diet (Chareon Pokapan Co. Ltd., Thailand). All

animal experimental treatment protocols were

reviewed and approved by the Animal Ethics Com-

mittee of Khon Kaen University. Animals were

randomly divided into six groups of 8–10 animals

each: group I—normal control, group II—normal

control ? ascorbic acid 50 mg/kg b.w., group III—

normal control ? ascorbic acid 100 mg/kg b.w.,

group IV—Cd control, group V—Cd ? ascorbic acid

50 mg/kg b.w., and group VI—Cd ? ascorbic acid

100 mg/kg b.w. The normal control group received

deionized water (DI) as drinking water whereas the

Cd-treated group received drinking water containing

CdCl2 (100 mg/l) continuously for 8 weeks. To avoid

any further stress that might be introduced to the

animals during Cd treatment, antioxidant ascorbic

acid dispersed in DI was intragastrically administered

(0.1 ml/10 g b.w.) to animals on each alternate day

for the same period as the control group. The
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concentration of Cd and duration of exposure

followed a previous study (Thijssen et al. 2007). As

previously report in lead-intoxicated mice, the con-

centration of ascorbic acid used in this study appears

to be non-toxic to a small rodent animal, like mouse

(Wang et al. 2006).

Determination of body weights and organ weights

Mice body weights were recorded every week for

8 weeks. At the end of experiment, the liver, kidneys,

heart and aorta of each animal were quickly excised

and weighed. Samples of these organs were collected

for measurement of the Cd content. In the separate set

of experiments, the aorta of each animal was

collected for measurement of O2
•- production.

Assessment of haemodynamics and arterial

pressure responses to vasoactive agents

On the last day of experiments, animals were placed

in individual metabolic cages for 24 h. Urine samples

were collected, then kept and stored at -20�C until

analysis for nitrate/nitrite as nitric oxide (NO)

oxidative products. Following the urine collection,

mice were anaesthetized with an intraperitoneal

injection of ketamine:xylazine (100:2.5 mg/kg). A

tracheotomy was performed to facilitate respiration.

The animal’s body temperature was monitored using

a rectal probe and the body temperature was kept

constant at 37 ± 2�C by using a heating pad. The

right carotid artery was cannulated with polyethylene

tubing connected to a pressure transducer for contin-

uously monitoring arterial blood pressure using the

Acqknowledge data acquisition and analysis software

(Biopac System Inc., California, U.S.A.). Heart rate

(HR) was determined by the software from the blood

pressure tracing. The left jugular vein was cannulated

with polyethylene tubing for infusion of vasoactive

agents. After obtaining stable baseline measurements,

an endothelium-dependent vasodilator, acetylcholine

(ACh; 10 nmol/kg), an endothelium-independent

vasodilator, sodium nitroprusside (SNP; 10 nmol/

kg), and an alpha sympathomimetic agent, phenyl-

ephrine (Phe; 0.03 lmol/kg), were randomly infused

intravenously, while blood pressure was continuously

monitored. Following the drug infusion, blood

pressure was allowed to return to the baseline level

and stabilize for at least 5 min. Changes in blood

pressure were expressed as percentages of control

values obtained immediately before the administra-

tion of the test substance (baseline). At the end of the

experiment, blood samples were collected from the

abdominal aorta for assays of iron status, antioxidant

and oxidative stress makers. Subsequently, the aorta

was excised rapidly from the animal and used for

measurement of O2
•- production.

Biochemical assays

Assay of O2
•- production

O2
•- production was determined by lucigenin-

enhanced chemiluminescence method as described

previously (Luangaram et al. 2007; Sompamit et al.

2009). In brief, a vessel segment (4 mm in length)

was carefully cleaned and incubated in 450 ll

oxygenated Krebs-Ringer bicarbonate solution at

37�C for 30 min. The chemiluminescence signal

was measured after the addition of lucigenin

(30 lM), and counted in a luminometer (Turner

Biosystems, 23 CA, U.S.A.).

Assay of nitrate/nitrite

Accumulation of nitrate and nitrite, the oxidative

products of NO, was measured in urine samples using a

previously described method (Kukongviriyapan et al.

2008). In brief, the nitrate in urine was reduced to

nitrite by nitrate reductase, and then the mixture was

reacted with Griess solution (4% sulfanilamide in

0.3% NED). The optical absorbance of samples was

measured on an enzyme-linked immunosorbent assay

(ELISA) plate reader with a filter wavelength of

540 nm (Tecan GmbH., Grodig, Austria). The amount

of creatinine in urine samples was measured, and

urinary nitrate/nitrite concentration was expressed as

nmol/mg creatinine.

Assay of malondialdehyde

Malondialdehyde (MDA) is the main degradative

product of lipid peroxidation and is used as an

indicator of cellular damage caused by ROS. MDA in

plasma, liver, kidney and heart were analyzed by

using thiobarbituric acid as previously described

(Naowaboot et al. 2009). In brief, 150 ll plasma or

tissue samples were reacted with 10% TCA, 5 mM
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EDTA, 8% SDS, 0.5 lg/ml of BHT and 0.6% TBA.

The mixture was boiled in a water bath for 30 min

and then cooled, it was centrifuged at 100009g and

25�C for 5 min. The absorbance of the supernatant

was measured at 532 nm by spectrophotometer. The

amount of MDA in tissue was calculated using a

standard curve of 1,1,3,3-tetra-ethoxypropane

(0.3–10 lmol/l). The MDA concentration in the

tissues was normalized against the protein concen-

tration. Protein was determined by the Bradford dye

binding method.

Assay of protein carbonyl

Protein oxidation in plasma was assessed by the

determination of carbonyl groups based on the

reaction with dinitrophenyl hydrazine (DNPH) as

previously described (Somparn et al. 2007) with

modifications (Sompamit et al. 2009). Briefly, plasma

samples were incubated with 15 mM DNPH in 3.6 M

HCl for 1 h in the dark. Protein was precipitated,

washed, and then dissolved in 6 M guanidine. The

protein carbonyl content was determined by a spec-

trophotometric method at a wavelength of 360 nm.

The protein amount was assayed by Bradford dye

binding method.

Assay of glutathione

Total glutathione (GSH) in the whole blood was

assayed by a previously described method

(Kukongviriyapan et al. 2008), and glutathione disul-

fide (GSSG) was analyzed after treating the blood

sample with M2VP, a GSH scavenger. Briefly, a

100 ll sample of whole blood was reacted with 10 ll

33 mM M2VP or distilled water, and subsequently

treated with 5% cold MPA to precipitate protein. The

supernatant obtained after centrifugation was used in

the enzymatic coupling assay for GSH by using a

spectrophotometer (Biochrom Ltd., Cambridge, UK).

The redox ratio was calculated as GSH/GSSG.

Assay of iron status

To investigate whether ascorbic acid modifies the Cd

absorption by increased iron absorption, the iron

status, including serum iron, serum ferritin, and

serum non-transferrin bound iron (NTBI) were

assessed in mice exposed to Cd with or without

ascorbic acid treatment. The levels of serum iron and

ferritin were measured by routine procedure with a

Cobas Integra 800 instrument according to the

manufacturer’s instructions (Roche/Hitachi Cobas C

Systems, Tokyo, Japan). The serum iron assay was

based on the release of Fe(III) from transferrin by

guanidine hydrochloride. After reduction to Fe(II),

the bivalent ions produced a red colored complex

with FerroZine. The color intensity was directly

proportional to the iron concentration and could be

measured photometrically at 570 nm. The serum

ferritin assay was based on the immunological aggluti-

nation principle with enhancement of the reaction by

latex. The precipitate was determined turbidimetri-

cally at 570 nm. The level of NTBI was measured by a

previously described method (Jittangprasert et al.

2004) with some modifications. Briefly, an aliquot of

100 ll of serum ultrafiltrate was diluted 1:2 (v/v) with

0.50 M HEPES buffer (pH 7.0). A 25 ll of a reducing

agent, 0.15 M sodium thioglycollate (TGA), and 25 ll

of 0.05 M bathophenanthrolinedisulfonic acid, diso-

dium salt (BPT), a chromogen for Fe(II), were then

added to the solution for colorimetric measurement

of the Fe(II)–BPT complex. The solution was then

equilibrated for 90 min at room temperature in order

for the formation of colored complex to reach equi-

librium before measurement of absorbance at 537 nm.

Assay of Cd contents

Samples of blood, liver, kidneys, heart and aorta

(thoracic and abdominal aorta) were digested with

HNO3 and H2O2 under pressure in a closed vessel. Cd

concentrations in all samples were determined as

previously described (Evans and Giflio 1993;

Morales et al. 2006) by using inductively coupled

plasma mass spectrometry (ICP-MS) method (Agi-

lent 7500 ICP-MS model, Santa Clara, CA, USA)

according to the manufacturer’s recommendation.

The Cd contents were expressed in lg/l and lg/g of

tissue wet weight.

Statistical analysis

Data are expressed as means ± SE, and n refers to

the number of animals used. Data comparisons were

carried out using one-way analysis of variance

(ANOVA), followed by post-hoc Duncan’s multiple
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range test. Statistical significance was assigned at a

P value of less than 0.05.

Results

Effects of ascorbic acid on haemodynamics

and vascular reactivities

The administration of CdCl2 caused a significant

increase in systolic blood pressure (SBP), diastolic

blood pressure (DBP), and mean arterial blood

pressure (MAP) when compared with control group,

but there was no different in HR in all groups

(Table 1). Mice treated with ascorbic acid at the

study concentrations showed no significant differ-

ences in HR, systolic pressure, diastolic pressure,

and mean arterial pressure when compared with

those receiving the vehicle alone (Table 1).

Cd-treated mice that received ascorbic acid (50 or

100 mg/kg) showed a significant reduction in MAP

to near control values. Moreover, administration

with Cd significantly attenuated the vascular

responses to Phe, ACh, and SNP when compared

with normal controls as shown in Fig. 1. These

results indicate that Cd caused an impairment of

vasorelaxation as well as vasoconstriction. The

impairment of vascular responses was largely pre-

vented by ascorbic acid (Fig. 1). Ascorbic acid at

the high dose could markedly increase vascular

responses to Phe about 39 vs. 26%, ACh 46 vs.

30%, and SNP 41 vs. 31% when compared with

mice that received Cd alone.

Effects of ascorbic acid on oxidant

and antioxidant status

Administration of ascorbic acid (50 or 100 mg/kg)

did not change the normal levels of oxidant and

antioxidant parameters in control mice when com-

pared with those receiving the vehicle alone

(Table 2). Exposure to Cd for 8 weeks induced a

marked O2
•- and NO productions as indicated by the

amount of O2
•- in thoracic aorta and urinary nitrate/

nitrite level when compared with those of normal

control group (P \ 0.001, Table 2). Ascorbic acid at

doses of 50 and 100 mg/kg markedly reduced the rate

of O2
•- production and decreased the levels of nitrate/

nitrite in comparison to mice treated with Cd alone.

Cd increased plasma protein carbonyl and also

induced a remarkable increase of MDA levels in

plasma, liver, kidney and heart (Table 2). Moreover,

administration with ascorbic acid, especially at high

dose, significantly reduced the levels of protein

carbonyl and MDA in plasma and in all tissues

(P \ 0.01, Table 2). With regard to the antioxidant

status, the blood antioxidant GSH and the redox ratio

of GSH/GSSG were dramatically reduced after

8 weeks exposure to Cd, and administration with

ascorbic acid significantly increased the level of GSH

as well as the redox ratios (P \ 0.01, Table 2).

Effect of ascorbic acid on iron status

Treatment of ascorbic acid protected against

Cd-induced vascular dysfunction and oxidative stress

might be related to interference with Cd absorption

Table 1 Effect of ascorbic acid on arterial blood pressure and HR in all experimental groups

Parameters Normal control Normal control ? ascorbic acid Cd control Cd ? ascorbic acid

50 mg/kg 100 mg/kg 50 mg/kg 100 mg/kg

SBP (mmHg) 115.2 ± 2.9 118.4 ± 3.4 122.0 ± 1.9 157.6 ± 1.6a 121.4 ± 2.7b 114.8 ± 2.8b

DBP (mmHg) 85.3 ± 1.5 75.0 ± 2.2 88.1 ± 2.2 115.1 ± 2.1a 80.1 ± 1.5b 81.2 ± 2.1b

MAP (mmHg) 98.2 ± 1.3 95.9 ± 2.8 97.6 ± 1.8 138.6 ± 2.4a 100.2 ± 2.0b 98.3 ± 3.5b

HR (beats/min) 332.5 ± 5.3 328.3 ± 11.8 340.2 ± 5.0 339.9 ± 9.0 336.8 ± 31.7 323.1 ± 21.2

Mice received CdCl2 (100 mg/l in drinking water) alone or combined with ascorbic acid (50 or 100 mg/kg, p.o.)

Data are expressed as mean ± SE, n = 8–10/group
a P \ 0.05 compared with normal control
b P \ 0.05 compared with Cd control
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by increased iron bioavailability. Serum iron and

NTBI levels in plasma were analyzed. There were no

significant changes in serum iron in all experimental

groups (Table 3). Moreover, serum ferritin and NTBI

levels which reflect the iron load in the body were

also unaltered. This indicates that ascorbic acid dose

not interfere the intestinal uptake of Cd in mice fed

with iron sufficient diet.

Effects of ascorbic acid on body weights

and organ weights

At the end of experiment, the body weights of

animals in all groups were increased as compared to

baseline data. Mice in the control group received DI

water showed a body weight gain about 39%, which

is about 19% more than mice received Cd alone

(Table 4). Supplementation of ascorbic acid, espe-

cially at high dose significantly improved the body

weight gain. Moreover, it revealed that the percent

ratios of liver, kidneys and heart weights to body

weights were increased in mice treated with Cd, and

this toxic effect was partial prevented by ascorbic

acid treatment (P \ 0.01; Table 4).

Effects of ascorbic acid on Cd accumulations

in blood and tissues

The effect of ascorbic acid against Cd accumulations

in blood and tissues, including liver, kidneys, heart,

aorta and whole blood is shown in Table 5. Cd

content in blood and tissues of the normal control

mice with or without ascorbic acid treatment was

below the level of detection limit. A marked eleva-

tion of Cd concentrations in liver, kidneys, heart,

aorta, and whole blood was found in mice exposed to

Cd (Table 5). Supplementation with ascorbic acid

significantly decreased Cd accumulations in blood

and the tissues in a dose-dependent manner

(P \ 0.01, Table 5).

Discussion

A major finding of this study highlighted the benefi-

cial effect of ascorbic acid on subchronic Cd-induced

cardiovascular toxicity. Ascorbate improves vascular
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Fig. 1 Effect of ascorbic acid on MAP responses to vasoactive

agents, including Phe, ACh, and SNP in all experimental

groups. Mice received CdCl2 (100 mg/l) alone or combined

with ascorbic acid (50 or 100 mg/kg, p.o.). MAP mean arterial

pressure. Results are expressed as mean ± SE, n = 8–10/

group. * P \ 0.05 compared with normal control; # P \ 0.05

compared with Cd control
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function by lowering high blood pressure and restor-

ing vascular reactivities to vasoactive substances in

mice intoxication with Cd. The plausible mechanisms

might be related to the ability of ascorbic acid to

suppress oxidant formation and maintain GSH and

redox balance.

It was found that mice with subchronic exposure to

Cd had an increase in blood pressure and attenuation

of vascular responsiveness when compared with

normal controls, suggesting that vascular dysfunction

occurs in these animals. It has been demonstrated that

the vascular wall is one of the target organs of Cd

deposition, the accumulation of Cd in the aorta

facilitates the weakening of the aorta through the

adverse effects on smooth muscle cell metabolism

(Abu-Hayyeh et al. 2001). Based on our observation,

we found an increase in Cd content in the aorta of

mice exposed to Cd, suggesting that the attenuation

of vascular reactivity to vasoactive agents in this

study might be due to the long-term damage of

endothelial and VSMCs caused by Cd intoxication.

Results from numerous studies suggest that

Cd-induced endothelial cell death in vivo signifi-

cantly alters the endothelial function by increasing

endothelial permeability, thereby disrupts the endo-

thelial integrity and contributes to vascular dysfunc-

tion (Messner and Bernhard 2010). The blunted

response of ACh-induced endothelial vasodilation

after Cd exposure can be explained by the inhibitions

of endothelial NO synthase (eNOS) phosphorylation

Table 2 Effect of ascorbic acid on oxidative stress markers and the redox status in all experimental groups

Parameters Normal

control

Normal control ? ascorbic

acid

Cd control Cd ? ascorbic acid

50 mg/kg 100 mg/kg 50 mg/kg 100 mg/kg

Blood GSH (lM) 652.7 ± 23.9 644.3 ± 34.1 689.5 ± 14.3 350.3 ± 12.8a 486.5 ± 37.8a,b 562.6 ± 85.4a,b

Aortic superoxide production

(counts/mg dry wt./min)

174.0 ± 9.9 164.1 ± 5.6 158.7 ± 8.6 1139.3 ± 127.9a 800.1 ± 41.1a,b 711.5 ± 23.0a,b

Urinary nitrate/nitrite

(nmol/mg creatinine)

601.8 ± 87.4 621.0 ± 48.2 607.4 ± 37.6 1975.7 ± 116.2a 1034.2 ± 97.2a,b 936.4 ± 117.3a,b

Plasma protein carbonyl

(nmol/mg protein)

1.5 ± 0.1 1.6 ± 0.2 1.4 ± 0.1 3.5 ± 0.5a 2.1 ± 0.2a,b 1.8 ± 0.3b

MDA

Plasma (lM) 15.4 ± 0.6 16.0 ± 1.8 15.9 ± 0.5 32.3 ± 2.4a 23.9 ± 3.5a,b 18.9 ± 4.8b

Liver (lmol/mg protein) 2.5 ± 0.4 2.9 ± 0.5 2.4 ± 0.2 17.3 ± 2.0a 5.5 ± 0.5b 2.5 ± 0.1b

Kidney (lmol/mg protein) 4.7 ± 0.6 4.6 ± 0.5 4.2 ± 0.4 9.9 ± 1.1a 4.2 ± 0.3b 4.2 ± 0.5b

Heart (lmol/mg protein) 7.6 ± 0.4 8.0 ± 0.8 7.4 ± 0.7 23.8 ± 1.5a 7.6 ± 0.6b 7.3 ± 0.8b

Mice received CdCl2 (100 mg/l in drinking water) alone or combined with ascorbic acid (50 or 100 mg/kg, p.o.)

Data are expressed as mean ± SE, n = 8–10/group
a P \ 0.01 compared with normal control
b P \ 0.01 compared with Cd control

Table 3 Effect of ascorbic acid on iron status in all experimental groups

Parameters Normal control Normal control ? ascorbic acid Cd control Cd ? ascorbic acid

50 mg/kg 100 mg/kg 50 mg/kg 100 mg/kg

Serum iron (lg/dl) 222.5 ± 28.2 226.7 ± 20.5 211.7 ± 18.6 210.0 ± 13.7 192.5 ± 12.9 190.0 ± 9.8

Serum ferritin (ng/ml) 235.0 ± 30.9 238.3 ± 37.7 243.3 ± 37.1 218.3 ± 23.5 210.0 ± 13.7 215.0 ± 35.0

NTBI (lM) 1.32 ± 0.12 1.31 ± 0.10 1.52 ± 0.30 1.11 ± 0.10 1.36 ± 0.15 1.44 ± 0.04

Mice received CdCl2 (100 mg/l in drinking water) alone or combined with ascorbic acid (50 or 100 mg/kg, p.o.)

Data are expressed as mean ± SE, n = 3–4/group
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(Majumder et al. 2008) and eNOS expression

(Yoopan et al. 2008). Moreover, the impairment of

Phe-induced contraction may be related to Cd

inhibited extracellular Ca2? independent contractile

response by directly disrupting the intracellular signal

transduction pathway (Wakabayashi et al. 1995).

The underlying mechanisms of the efficacy of

ascorbic acid on Cd-induced hypertension, and vas-

cular dysfunction were investigated in association

with the potent antioxidant activity. Cd causes

oxidative stress by inducing the generation of ROS,

reducing the antioxidant defense systems of cells by

depleting GSH, inhibiting SH-dependent enzymes,

interfering with some essential metals needed for

antioxidant enzyme activities, and/or increasing sus-

ceptibility of cells to oxidative attack by altering the

membrane integrity and fatty acid composition

(Gaubin et al. 2000; Tandon et al. 2003; Messner

and Bernhard 2010). Cd exposure is associated with

increased production of O2
•- and NO (Hassoun and

Stohs 1996; Ramirez and Gimenez 2003). As shown

in our results, Cd exposure causes an increase in O2
•-

production in the thoracic aorta, and this could

effectively scavenge NO to form a strong oxidant

peroxynitrite (ONOO-). Treatment with ascorbic

acid markedly decreased O2
•- production in aortic

tissue and urinary nitrate/nitrite level in a dose-

dependent manner. It resulted in reduced formation of

Table 4 Effect of ascorbic acid treatment on body weight and organ weights in all experimental groups

Experimental groups Body weight (BW; g) Ratios of organ weights to BW (%)

Before After % Change Liver

weight/BW

(%)

Kidneys

weight/BW

(%)

Heart weight/

BW (%)

Aorta weight/

BW (%)

Normal control 27.50 ± 0.73 38.11 ± 1.06 38.63 ± 1.49 3.53 ± 0.19 1.19 ± 0.06 0.345 ± 0.009 0.039 ± 0.0005

Normal

control ? ascorbic

acid 50 mg/kg

30.04 ± 0.36 40.74 ± 0.53 35.84 ± 2.85 3.98 ± 0.57 1.44 ± 0.11 0.360 ± 0.013 0.036 ± 0.007

Normal

control ? ascorbic

acid 100 mg/kg

28.60 ± 0.83 39.30 ± 0.01 37.75 ± 1.89 3.36 ± 0.23 1.25 ± 0.06 0.321 ± 0.009 0.035 ± 0.001

Cd control 27.39 ± 0.86 32.97 ± 1.07 20.36 ± 0.94a 4.87 ± 0.23a 1.76 ± 0.08a 0.434 ± 0.019a 0.035 ± 0.0007

Cd ? ascorbic acid

50 mg/kg

28.82 ± 0.32 37.73± 0.61 30.93 ± 1.69a,b 3.77 ± 0.20b 1.32 ± 0.06b 0.367 ± 0.011b 0.036 ± 0.004

Cd ? ascorbic acid

100 mg/kg

28.72 ± 0.41 37.91 ± 0.44 34.35 ± 2.44b 3.70 ± 0.11b 1.29 ± 0.03b 0.354 ± 0.005b 0.037 ± 0.004

Mice received CdCl2 (100 mg/l in drinking water) alone or supplementation with ascorbic acid (50 or 100 mg/kg, p.o.)

Data are expressed as mean ± SE, n = 8–10/group
a P \ 0.05 compared with normal control
b P \ 0.05 compared with Cd control

Table 5 Effect of ascorbic acid treatment on Cd content in the organ tissues and blood

Experimental groups Organ tissues (lg/g tissue wet weight) Whole blood (lg/l)

Liver Kidneys Heart Aorta

Cd control 7.6 ± 0.9 12.6 ± 1.1 0.52 ± 0.03 0.23 ± 0.04 50.3 ± 11.3

Cd ? ascorbic acid 50 mg/kg 5.7 ± 0.7a 9.9 ± 0.8a 0.36 ± 0.06a 0.14 ± 0.03a 19.9 ± 2.3a

Cd ? ascorbic acid 100 mg/kg 3.6 ± 0.5a 5.5 ± 0.5a 0.32 ± 0.03a 0.11 ± 0.01a 15.7 ± 1.9a

Mice received CdCl2 (100 mg/l in drinking water) alone or combined with ascorbic acid (50 or 100 mg/kg, p.o.)

Data are expressed as mean ± SE, n = 5/group
a P \ 0.05 compared with Cd control
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peroxynitrite in the endothelial cells and increase

bioavailability of NO. It is also suggested that

ascorbic acid has a direct effect on reduction of

nitrite to NO, and activates of either eNOS or smooth

muscle guanylyl cyclase (May 2000). In hypertensive

animal study, it revealed that ascorbic acid is critical

in normalizing endothelial dysfunction through the

regulation of eNOS and NAD(P)H oxidase activities

(Ulker et al. 2003).

It seems likely that the free radical scavenging

activity of ascorbic acid is well correlated with a

decrease in blood pressure of Cd-treated mice.

Interestingly, ascorbic acid can donate a hydrogen

atom and form a relatively stable ascorbyl free

radical. As a scavenger of ROS and RNS, ascorbic

acid has been shown to be effective against the O2
•-,

H2O2, the OH• and singlet oxygen (Weber et al.

1996). Next, it could reduce reactive free radicals

through a formation of the less reactive compound

(Padayatty et al. 2003). Ascorbic acid can reduce the

initiating ROS so that initial or continued lipid

peroxidation is inhibited. The other study supported

that the administration of ascorbic acid, vitamin E,

and selenium caused a significant decrease in lipid

peroxidation levels and an increase in GSH levels in

the kidney of rats given Cd (Karabulut-Bulan et al.

2008). It is interesting to find that ascorbic acid dose-

dependently increased GSH level and improved

GSH/GSSG ratio in the blood cells in mice exposed

to Cd alone. Additionally, the protection might be

partially due to the elevation of GSH apart from the

direct antioxidant effect of ascorbic acid (Seifi et al.

2009). Taken together, the improvement of vascular

function and reduction in blood pressure of mice

exposed to Cd and received ascorbic acid might

considerably contribute to the antioxidant properties

of ascorbic acid.

It has been suggested that the gastrointestinal

absorption of Cd depends on the levels of iron in the

body (Hamilton and Valberg 1974; Flanagan et al.

1978), and this effect is associated with the divalent

metal transported I (DMT1) (Park et al. 2002). Since

the gastrointestinal absorption of Cd is enhanced in

iron-deficient animals, but reduced in iron-replete

animals (Ryu et al. 2004; Kim et al. 2007). In our

study, we found that the iron status of mice fed with

iron sufficient diet remains unchanged after sub-

chronic exposure to Cd. This suggests that supple-

mented Cd might not interfere with iron absorption in

iron-sufficient mice. As ascorbate was shown to

increase iron absorption in animals (Van Campen

1972), the increased iron absorption might hypothet-

ically interfere with Cd absorption by competing with

DMT1. However, it was turned out that ascorbate did

not alter serum iron and NTBI levels in iron-sufficient

mice. This does not support the possibility that

ascorbate enhanced iron absorption, thereby, reduced

body Cd. It is still possible that ascorbate increases

turnover rate of Cd by yet to determine the mechanism.

Cd accumulates mainly in the liver and kidney

which causes severe tissue damage in these organs.

Cd induces production of metallothionein (MT), a

low molecular-weight protein that has high affinity

for the metal (Klaassen et al. 1999; Nordberg and

Nordberg 2000). The amount of MT-bound Cd

and non-MT-bound Cd ions may cause hepato- and

nephrotoxicity (Nordberg and Nordberg 1987). The

large reduction in Cd concentration in the blood after

ascorbic acid treatment suggests that ascorbate might

interfere with the gastrointestinal absorption of Cd.

This is an interesting issue and is needed for further

exploration.

In this study, the haemodynamics and vascular

responsiveness of Cd-treated mice treated with

ascorbic acid were markedly improved to near

normal control values whereas the levels of Cd in

tissues were partially reduced. However, the

Cd-lowering effect of ascorbate may still play some

roles in overall beneficial effects, since it is possible

that certain threshold levels of Cd in tissues may be

necessay to develop vascular dysfunction, a partial

reduction of tissue Cd might still be relevant to

protecive effects. Interestingly, the cardiovascular

benefit of ascorbate is intimately associated with

suppression of oxidative stress, i.e., tissue MDA,

plasma protein carbonyl and redox status. Our recent

work has shown that 2,3-dimercaptosuccinic acid

(DMSA), a known metal chelator protected cardio-

vascular function by metal chelation and inhibition of

oxidative stress (Sompamit et al. 2010). The present

study suggests that the antioxidative effects of

ascorbate play important role in cardiovascular

protective effects.

In conclusion, this study demonstrates that

Cd-induced vascular dysfunction is associated with

increased oxidative stress. Administration of ascorbic

acid has a marked protective effect on Cd-induced

oxidative stress and vascular dysfunction which seems

Biometals (2011) 24:105–115 113
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to be at least based on its strong antioxidant and free

radical scavenging properties. Collectively, these

findings suggest that dietary supplementation of

ascorbic acid may be useful to prevent oxidative stress

and vascular dysfunction during Cd intoxication.
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