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Background and objective: It is well known that the

exposure to high levels of cadmium (Cd) and lead (Pb)
increases risk of cardiovascular diseases. However, the
harmful effect on the cardiovascular system after chronic
exposure to low levels of these metals has been less
defined. Tetrahydrocurcumin (THU), one of the major
metabolites of curcumin, possesses strong antioxidant
activity. This study aimed to explore whether THU could
improve hemodynamics, vascular function and alleviate
the oxidative stress in rats chronically exposed to low
levels of Cd and Pb.

Methods: Low doses of cadmium chloride (10 mg/L)
and lead acetate (100 mg/L) were given via drinking
water to male Sprague-Dawley rats for sixteen weeks.
THU at 50 mg/kg was intragastrically administered once
daily starting from the 12" to 16" week of the
experiment. At the end of experiments, hemodynamic
status, vascular responsiveness, protein expression of
eNOS and NADPH oxidase, and oxidative stress
markers were examined.
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Results: Cd and Pb raised arterial blood pressure,
reduced blood flow and vascular responsiveness. The
vascular dysfunction was associated with enhanced
vascular 02' production and decreased eNOS
expression. Up-regulation of vascular p47°"* suggested
that NADPH oxidase is a major source of 02' in the
metal intoxicated condition. Interestingly, Cd combined
with Pb exhibited a synergistic effect on these
parameters. THU improved vascular function by
alleviating oxidative stress, decreasing Oz' production,
suppressing p47°" and increasing eNOS expression.
Conclusions: This study demonstrated that THU has
the potential to preserve vascular function and mitigate

oxidative stress induced by Cd and Pb in rats.

Key Words: Tetrahydrocurcumin, Cadmium, Lead,
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Introduction

As a consequence of increasing industrialization
especially in developing countries, people are more
prone to expose to contaminated toxic metals via
occupational and environmental sources. Heavy metals
such as cadmium (Cd) and lead (Pb) have been
documented to be toxic at even low concentration. Cd
and Pb are contaminated in human foodstuffs, drinking
water, and polluted air, which have raised public
concern” ?. Since the two elements are often released
simultaneously in the environment from a number of
natural and manmade sources, adverse health effects
caused by single or combined exposure to Cd and Pb
has provoked a significant public health concern®,
especially risk of cardiovascular disease (CVD)"°. Cd
and Pb are the possible risk factor of hypertensione. The
pathogenesis of Cd or Pb-induced hypertension involves
alterations of vascular function and vascular structural
changes”®

Oxidative stress is one of the major mechanisms
behind heavy metal toxicity’. Several antioxidants are
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also used to reduce metal toxicities. Tetrahydrocurcumin
(THU) is one of the major colourless metabolites of
curcumin. It exhibits a variety of pharmacological
activity, including antioxidant, anti-inflammatory,
anti-proliferative and cardioprotective properties'®"®. THU
can scavenge reactive oxygen species (ROS) in type 2
diabetes™. It has been demonstrated that the B-diketone
moiety of THU restored the antioxidant status by
increasing activities of superoxide dismutase, catalase,
glutathione peroxidase and glutathione S-transferase™.
As most studies are dealt with deleterious effects of
a single metal exposure such as Cd or Pb, however in
reality, people have been continuously exposed to more
than one heavy metal at a time. Some metals could cause
an additive, synergistic, or antagonistic effects.
Therefore, it is of interest to explore the effect of
long-term and low level of exposure of Cd and Pb on
development of hypertension, vascular dysfunction and

oxidative stress.
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Materials and Methods

Animal and treatment

Male Sprague-Dawley rats, weighing 160-180 g.
were obtained from the National Laboratory Animal Center,
Mahidol university, Thailand. The experimental protocol
was reviewed and approved by the Animal Ethics
Committee of Khon Kaen university. The animals were
housed at The Northeast Laboratory Animal Center
(Khon Kaen University, Thailand) and maintained on
a 12-h dark/ light cycle at room temperature (25 + 2 °C)
with free access to standard rat chow. After seven days
of adaptation, animals were randomly assigned into four
groups (n=6/group): (1) control group; received deionized
water, (Il) THU group; received deionized water and orally
administered with THU at dose of 50 mg/kg/day, (/)
Pb+Cd group; received drinking water containing CdCI2
(10 mg/L) plus PbAc2 (100 mg/L), and (IV) Cd+Pb+THU
group, received drinking water containing PbAc2 plus
CdCI2 and orally administered with THU at dose of 50
mg/kg/day. CdCI2 and PbAc2 were dispersed in deionized
water as drinking water for sixteen weeks. THU was
dissolved in propylene glycol (PG) and orally administered
once daily to animals starting from week 12 to 16 of
heavy metal exposure.

Hemodynamic status and vascular responsiveness
Systolic blood pressure (SBP) of rats in all
experimental groups was measured every two weeks
throughout the sixteen weeks by tail-cuff plethysmography
(IITC Life Science Inc. Victory Blvd Woodland Hills, CA).
At the end of experiments, rats were anesthetized with
pentobarbital sodium (60 mg/kg, i.p.). SBP, diastolic blood
pressure (DBP), mean arterial pressure (MAP), heart rate
(HR) and hindlimb blood flow (HBF) were measured
followed a previous described method *®. Hindlimb vascular
resistance (HVR) was obtained from MAP divi ded by
HBF. Thereafter, vascular responsiveness to endothelium-
dependent (acetylcholine, 30 Limol/kg) and—independent
vasodilators (sodium nitroprusside, 30 pmol/kg) was
determined. Arterial blood samples were collected from
the abdominal aortas for assays of oxidative stress and
antioxidant biomarkers. The aortas and carotid arteries
were rapidly excised from the animals and used for
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analysis of endothelial nitric oxide synthase (eNOS) and
p47°" a nicotinamide adenine dinucleotide phosphate
(NADPH) oxidase subunit protein expression, and vascular
superoxide anion (Oz") production.

Assay of oxidative stress markers and antioxidant
glutathione

The production of 02' in rat aortas was detected by
lucigenin-enhanced chemiluminescence method as
previously described. The malondialdehyde (MDA),
a lipid peroxidation marker, was determined in the plasma
using the thiobarbituric acid (TBA) assay™. Reduced
Glutathione (GSH) in the whole blood was determined
spectrophotometrically following a previously described
method'®.

Western blot analysis

The protein expression levels of endothelial nitric
oxide synthase (eNOS) and NADPH oxidase (p47°"™
subunits) were measured in the aortic homogenates by
Western blotting as previous described’. The

P* \were normalized to

expressions of eNOS and p47
B-actin protein expression from the same sample. The
data were expressed as a percentage of normal

controls

Statistical analysis

Results are expressed as mean £ SEM, and n
refers to the number of animals used. Statistical analysis
was performed by one-way analysis of variance (ANOVA)
followed by Newman-Keuls post-hoc test to show
specific group differences. Statistical significance was
determined at a level of p less than 0.05.

Results

Effect of THU on hemodynamic status

The effect of THU on SBP of rats exposed to Cd
and Pb is shown in Figure 1. Long-term exposure to
low level of Cd plus Pb caused a progressive increase
in SBP throughout the 12-week of administration
compared with normal control group (p<0.05, Figure 1).
Treatment of THU for 4 weeks significantly decreased

SBP (p<0.05). Results indicated that THU can attenuate

AIUATUNT BT 2558:30(3) ¢ Srinagarind Med J 2015; 30 (3)



Frena ugeening uazanie © Weerapon Sangartit, et al.

high blood pressure in heavy metal-intoxicated
condition. This is not due to hypotensive effect of THU
as normal control rats treated with THU alone did not
experience a change in SBP (Figure 1). A marked
increase in SBP, DBP and MAP was observed in Cd
plus Pb-treated group (p<0.05, Table 1). The increase
in arterial blood pressure of rats exposed to Cd and Pb
was accompanied by decreased HBF and increased HVR
(Table 1). THU significantly improved hemodynamics
by decreasing MAP, increasing HBF and decreasing HVR
in rats exposed to Cd and Pb (p<0.05, Table 1).

Effect of THU on vascular responsiveness

—gg— Control
—o—THU

—p— Gl + Pl
v Gl + Pb + THU

180

Systalic blood Pressure (mmHg)

Figure 1 Effect of THU on systolic blood pressure
during heavy metals exposure for 16 weeks. Results
SEM.*p < 0.05 vs. control
group; 'p < 0.05 vs. Cd+Pb- treated group.

are expressed as mean *

Table 1 Effect of THU on hemodynamic status.

Impairment of vascular responsiveness to
pharmacological vasoactive agents including ACh and
SNP was found in rats exposed to Cd plus Pb (p<0.05,
Figure 2 A, B), indicating heavy metals-induced vascular
damage . Interestingly, THU significantly restored the
vascular responses to both ACh and SNP (p<0.05,
Figure 2A, B) in rats exposed to Cd and Pb. This
suggests that THU protects against metals-induced
vascular dysfunction.

Effect of THU on oxidative stress and antioxidant status

Increased oxidative stress was found in rats
chronically exposed to low level of Cd and Pb as
indicated by increasing 0,” production in thoracic aorta
as compared to normal control levels (p<0.05, Figure
3A). Increased lipid peroxidation was also found in rats
treated with Cd and Pb as shown by a marked increase
in plasma MDA (Figure 3B). THU significantly reduced
the rate of aortic 0,” production and decreased plasma
MDA level when compared with rats treated with heavy
metals alone (p<0.05, Figure 3A, B). Regarding the
antioxidant status, the blood GSH level was reduced
remarkably after 16 weeks exposure to Cd and Pb
(p<0.05 vs. normal controls, Figure 4), and THU
significantly restored the GSH level (Figure 4). As for
the normal control groups, there was no change in the
basal levels of 0,”, MDA and GSH after THU treatment
(Figure 3 and 4).

Group
Parameters

Control THU Cd+Pb Cd+Pb+THU
SBP (mmHg) 1135+ 2.1 1124 + 1.2 1713+ 14 1513 + 287
DBP (mmHg) 793t 1.7 80.4 + 3.2 1092 + 15 9022+ 227
MAP (mmHg) 922+ 20 912 % 17 1278+ 35 1119 + 327
HR (beats/min) 3406 + 3.2 3438 + 2.1 4312+ 6.9 3932+ 517
HBF (ml/min/100 g tissue) 78t 09 81t 14 41+ 02 57+ 06"
HVR (mmHg/ml/min/100 g tissue) 125+ 15 129 + 17 217 £ 25 197 + 3147

Values are mean £ SEM. SBP systolic blood pressure, DBP diastolic blood pressure, MAP mean arterial blood
pressure, HR, heart rate; HBF, hindlimb blood flow; HRV, hindlimb vascular resistance.*p < 0.05 vs. control

group; Tp < 0.05 vs. Cd+Pb- treated group.
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Figure 2 Effect of THU on arterial pressure responses
to vasoactive substances, acetylcholine (ACh) (A), and
sodium nitroprusside (SNP) (B) at the end of the
treatment. MAP, mean arterial pressure. Results are ex-
pressed as mean = SEM. *p < 0.05 vs. control group;
Tp < 0.05 vs. Cd+Pb- treated group.

Effect of THU on protein expression of eNOS and
p47phox

Bioavailability of NO is important for endothelial
function. It is constitutively produced by eNOS. In this
study, down-regulation of eNOS protein was found in
the aortic tissues of Cd and Pb-treated rats when
compared with normal controls (p<0.05, Figure 5A).
Treatment with THU for four weeks-significantly restored
eNOS expression (p<0.05, Figure 5A).

In the vasculature, NADPH oxidase plays an
important role on 02"production. 02' not only rapidly
reacts with NO but also directly oxidizes eNOS'®
leading to reduced eNOS expression. In this study, we
examined p47°", a regulatory subunits of NADPH
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Figure 3 Effect of THU on superoxide anion production
in the carotid arteries (A), and plasma malondialdehyde
(MDA) (B). Results are expressed as mean = SEM. *p <
0.05 vs. control group; er < 0.05 vs. Cd+Pb- treated group.

oxidase in aortic tissues. Results clearly showed that
NADPH oxidase activity as evidenced by the increase
p47”" expressions was increased in rats exposed to
Cd plus Pb (Figure 5B). THU supplementation was able
to suppress p47°" protein expression (Figure 5B). The
data were consistent with a reduction in 02' level in the
aortas of rats treated with THU (Figure 3A).

Discussion

This study demonstrated for the first time that
co-exposure to low levels of Cd and Pb induced
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Figure 4 Effect of THU on blood glutathione levels.
Results are expressed as mean + SEM. *p < 0.05 vs.

control group; Tp < 0.05 vs. Cd+Pb- treated group.

hypertension, vascular dysfunction and oxidative stress
in rats. Previous study suggested that down-regulation
of eNOS expression can lead to a reduction in NO
production and subsequently impaired NO-derived
vasodilation™, therefore, one of the mechanisms involved
with these metals-induced hypertension is a depletion
in NO bioavailability. Other mechanisms of Pb and
Cd-induced hypertension might be explained by the
increase in plasma angiotensin Il and the disturbance of
221 In this study, THU
restored the eNOS expression and decreased oxidative

calcium ion homeostasis

stress, thereby improved the vascular function.
Structurally, THU has B-diketone group which can
directly scavenge excessive ROS %, therefore, it might
prevent ROS-mediated eNOS uncoupling.

It has been demonstrated that heavy metals can
directly stimulate the vascular NADPH oxidase®, which
is the dominant enzymatic source of vascular 02"
production under the regulation of NF-AB 2. We found
that NADPH oxidase (p47°") of rats exposed to Cd and
Pb was down-regulated after THU treatment and 02"
levels were reduced as an outcome from suppression of
NF-AB activation®.

In conclusion, this study provides the evidences of
the beneficial effects of THU on alleviation of
hypertension, improvement of hemodynamics and
endothelial function, and attenuation of oxidative stress
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Figure 5 Effect of THU on the protein expression of
eNOS (A), and p*™™ (B) in aortic tissues. B-actin was
served as an internal control. Results are expressed as
mean * SEM. *p < 0.05 vs. control group; Tp < 0.05 vs.
Cd+Pb- treated group.

in rats with chronic exposure to low levels of Cd and Pb.
Therefore, THU may be useful as an antioxidant agent
against toxic metals-induced hypertension and vascular
dysfunction.

Acknowledgement
We thank to the Government Pharmaceutical
Organization of Thailand for kindly providing THU used
in this study. This work was supported by the Khon Kaen
University Research Grant and the Thailand Research
Fund. Weerapon Sangartit was supported by a scholarship
(PHD0292/2551) from the Royal Golden Jubilee PhD

program, the Thailand Research Fund.

247



wmnselalaspefpfiuann1nziadnsaemarmansmsivaiawden e Tetrahydrocurcumin Attenuates Hemodynamic Disturbance

248

References

Orisakwe OE. Lead and cadmium in public health in Nigeria:
physicians neglect and pitfall in patient management. N Am J
Med Sci 2014; 6: 61-70.

Maduabuchi JM, Nzegwu CN, Adigba EO, Aloke RU, Ezomike
CN, Okocha CE, et al. Lead and cadmium exposures from
canned and non-canned beverages in Nigeria: a public health
concern. Sci Total Environ 2006; 366: 621-6.

Pagan-Rodriguez D, O'Keefe M, Deyrup C, Zervos P, Walker
H, Thaler A. Cadmium and lead residue control in a hazard
analysis and critical control point (HACCP) environment. J
Agric Food Chem 2007; 55: 1638-42.

Schober SE, Mirel LB, Graubard BI, Brody DJ, Flegal KM.
Blood lead levels and death from all causes, cardiovascular
disease, and cancer: results from the NHANES [l mortality
study. Environ Health Perspect 2006; 114: 1538-41.

Tellez-Plaza M, Guallar E, Howard BV, Navas-Acien A.
Cadmium and cardiovascular risk. Epidemiology 2013; 24:
784-5.

Caciari T, Sancini A, Fioravanti M, Capozzella A, Casale T,
Montuori L, et al. Cadmium and hypertension in exposed
workers: A meta-analysis. Int J Occup Med Environ Health
2013; 26: 440-56.

Angeli JK, Cruz Pereira CA, de Oliveira Faria T, Stefanon |,
Padilha AS, Vassallo DV. Cadmium exposure induces vascular
injury due to endothelial oxidative stress: the role of local
angiotensin Il and COX-2. Free Radic Biol Med 2013; 65:
838-48.

Kisters K, Gremmler B, Hausberg M. Lead, smoking, and
peripheral vascular function. Hypertension 2009; 53: e5;
author reply e6.

Flora SJ, Mittal M, Mehta A. Heavy metal induced oxidative
stress & its possible reversal by chelation therapy. Indian J
Med Res 2008; 128: 501-23.

Nakmareong S, Kukongviriyapan U, Pakdeechote P,
Kukongviriyapan V, Kongyingyoes B, Donpunha W, et al.
Tetrahydrocurcumin alleviates hypertension, aortic stiffening
and oxidative stress in rats with nitric oxide deficiency.
Hypertens Res 2012; 35: 418-25.

Dairam A, Limson JL, Watkins GM, Antunes E, Daya S.
Curcuminoids, curcumin, and demethoxycurcumin reduce
lead-induced memory deficits in male Wistar rats. J Agric
Food Chem 2007; 55: 1039-44.

Sandur SK, Pandey MK, Sung B, Ahn KS, Murakami A,
Sethi G, et al. Curcumin, demethoxycurcumin,
bisdemethoxycurcumin, tetrahydrocurcumin and turmerones
differentially regulate anti-inflammatory and anti-proliferative
responses through a ROS-independent mechanism.
Carcinogenesis 2007; 28: 1765-73.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

Li R, Qiao X, Li Q, He R, Ye M, Xiang C, et al. Metabolic and
pharmacokinetic studies of curcumin, demethoxycurcumin
and bisdemethoxycurcumin in mice tumor after intragastric
administration of nanoparticle formulations by liquid
chromatography coupled with tandem mass spectrometry. J
Chromatogr B Analyt Technol Biomed Life Sci 2011; 879:
2751-8.

Murugan P, Pari L, Rao CA. Effect of tetrahydrocurcumin on
insulin receptor status in type 2 diabetic rats: studies on
insulin binding to erythrocytes. J Biosci 2008; 33: 63-72.

Boonla O, Kukongviriyapan U, Pakdeechote P,
Kukongviriyapan V, Pannangpetch P, Prachaney P, et al.
Curcumin improves endothelial dysfunction and vascular
remodeling in 2K-1C hypertensive rats by raising nitric oxide
availability and reducing oxidative stress. Nitric Oxide 2014;
42: 44-53.

Kukongviriyapan U, Pannangpetch P, Kukongviriyapan V,
Donpunha W, Sompamit K, Surawattanawan P. Curcumin
protects against cadmium-induced vascular dysfunction,
hypertension and tissue cadmium accumulation in mice.
Nutrients 2014; 6: 1194-208.

Prozialeck WC, Edwards JR, Nebert DW, Woods JM,
Barchowsky A, Atchison WD. The vascular system as a target
of metal toxicity. Toxicol Sci 2008; 102: 207-18.

Zielonka J, Sikora A, Joseph J, Kalyanaraman B. Peroxynitrite
is the major species formed from different flux ratios of co-
generated nitric oxide and superoxide: direct reaction with
boronate-based fluorescent probe. J Biol Chem 2010; 285:
14210-6.

Bernatova |. Endothelial dysfunction in experimental models
of arterial hypertension: cause or consequence? Biomed
Res Int 2014; 2014: 598271.

Simoes MR, Ribeiro Junior RF, Vescovi MV, de Jesus HC,
Padilha AS, Stefanon I, et al. Acute lead exposure increases
arterial pressure: role of the renin-angiotensin system. PLoS
One 2011; 6: e18730.

Tomera JF, Lilford K, Kukulka SP, Friend KD, Harakal C.
Divalent cations in hypertension with implications to heart
disease: calcium, cadmium interactions. Methods Find Exp
Clin Pharmacol 1994; 16(2): 97-107.

Sugiyama Y, Kawakishi S, Osawa T. Involvement of the
beta-diketone moiety in the antioxidative mechanism of
tetrahydrocurcumin. Biochem Pharmacol 1996; 52: 519-25.

Mohammadi-Bardbori A, Rannug A. Arsenic, cadmium,
mercury and nickel stimulate cell growth via NADPH oxidase
activation. Chem Biol Interact 2014; 224C: 183-8.

Manea A, Manea SA, Gafencu AV, Raicu M. Regulation of
NADPH oxidase subunit p22(phox) by NF-kB in human aortic
smooth muscle cells. Arch Physiol Biochem 2007; 113: 163-72.

AIUATUNT BT 2558:30(3) ¢ Srinagarind Med J 2015; 30 (3)



Frena ugeening uazanie © Weerapon Sangartit, et al.

25. Rahman |, Biswas SK, Kirkham PA. Regulation of inflammation
and redox signaling by dietary polyphenols. Biochem

Pharmacol 2006; 72: 1439-52.

249

ﬁ?m?u‘n{n%mﬁ 2558;30(3) ¢ Srinagarind Med J 2015; 30 (3)



