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Abstract—Humans are adversely affected by exposure to cadmium (Cd) as it induces oxidative stress which
damages kidneys, bones pulmonary tissues, liver, cardiovascular, immune, reproductive systems and influ-
ences endocrine secretions. In the present study tubotaiwine treatment regulated systolic, diastolic and mean
arterial blood pressure of the Cd exposed rats. Tubotaiwine significantly promoted vascular responsiveness to
Phe, ACh and SNP and reversed Cd mediated decrease in eNOS and increase in iNOS expression. Treat-
ment of the Cd exposed rats with tubotaiwine reduced number of smooth muscle cells, decreased collagen
content and promoted content of elastin in aortic artery walls. Tubotaiwine treatment significantly suppressed
Cd-induced increase in MMP-2 and MMP-9 in rat aortic artery tissues. Increase in O, urinary
nitrate/nitrite, MDA, carbonyl level and decrease in GSH production in rat blood and thoracic aorta tissues
were effectively reversed by tubotaiwine treatment. Tubotaiwine treatment of the rats significantly reduced
Cd-induced increase in blood, liver, heart and kidney tissue Cd content in dose dependent manner. Thus,
tubotaiwine suppresses Cd induced hypertension in rats by reducing arterial stiffness, inhibition of oxidative
stress and increasing vascular remodeling. Therefore, tubotaiwine has beneficial effect on Cd induced hyper-

tension in rats and may be developed as a potential candidate for treatment of hypertension.
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INTRODUCTION

Cadmium (Cd) in ionic form (Cd?") is one of the
highly toxic metals distributed widely in the environ-
ment. Exposure of humans to Cd is gradually increas-
ing in multiple ways such as through food sources,
intake of tobacco, and via industrial contamination
[1]. Animals are adversely affected by exposure to Cd
resulting in induction of oxidative stress which dam-
ages kidneys, bones pulmonary tissues, liver, cardio-
vascular, immune, reproductive systems and influ-
ences endocrine secretions [2]. The most susceptible
target of Cd in humans is vascular system leading to
development of various cardiovascular diseases
including, hypertension, atherosclerosis and diabetes
[3]. It has been demonstrated that increase in Cd**
blood level is directly associated with the elevation of
blood pressure [3]. However, the mechanism by which
Cd accumulation raises blood pressure to induce
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hypertension is yet to be clearly known. Studies have
identified activation of oxidative stress by Cd exposure
as one of the factors involved in vascular dysfunction
and organ damage [4]. Presence of vasodilator (nitric
oxide) is reduced while as inflammation, vascular tis-
sue injury, lipid, protein and DNA damage is
increased in vasculature by oxidative stress [4]. It has
been demonstrated that suppression of ROS, promo-
tion of NO bioavailability and enhancement in arterial
remodeling and stiffening play important role in the
treatment of hypertension [5].

Antioxidant natural products and metal chelating
agents have been described to play important role in
the treatment of disorders/diseases caused by metal
poisoning. These antioxidants exhibit their effect by
scavenging of free radicals, regulation of gene expres-
sion and signalling pathways and thereby inhibit cell
death [6]. Aistonia scholaris Linn., commonly called as
saptaparni or devil’s tree is growing widely in dried
forests of Western Himalayas, Ghats and in the South-
ern region [6]. Traditionally the plant bark has been
used for treatment of rheumatism, chronic ulcers,
fever caused by malarial infection, abdominal disor-
ders, asthma, bronchitis and pruritis [6]. Milky juice
of the plant is mixed with oil and used for relaxing the
pain in rheumatic patients. Phytochemical investiga-
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Fig. 1. Structure of tubotaiwine.

tion revealed the presence of many alkaloids includ-
ing, echitamine, tubotaiwine, akaummicine, echita-
midine, picrinine, and strictamine in the plant extract
[7]. The plant extract has been shown to possess
immune-stimulatory, hepatoprotective and anti-
hypertensive properties [7]. Moreover, studies have
found anti-diabetic, anti-hyperlipidemic, anti-
inflammatory, analgesic, antioxidant, immunostimu-
lant, anti-asthmatic, hepatoprotective and anti-anxi-
ety properties of the plant extract [8]. Ethanolic
extract of the plant leaves has been shown to possess
anti-arthritic activity in vivo in rat model of arthritis
[9]. The present study investigated the protective effect
of tubotaiwine (Fig. 1) against hypertension in Cd-
induced rat model and evaluated the underlying
mechanism.

MATERIALS AND METHODS
Animals and Experimental Protfocols

Total sixty male neonatal Sprague—Dawley rats
(body weight 40—45 g; age 18 days) were provided by
the Beijing Vital River Laboratory Animal Technology
(Beijing, China). The rats were kept under environ-
mentally regulated conditions (temperature 23 £ 2°C,
humidity 40—50%, and exposed to 12 h light/dark
cycles). All rats were given free access to rodent diet
and water. The study protocols were conducted strictly
in accordance with the guidelines issued by the
National Institutes of Health, USA. Acclimatization
for 1-week was followed by separation of the rats ran-
domly into 6-groups of 10 each: normal, tubotaiwine
(10 mg/kg), model, and three tubotaiwine treatment
groups (at 2.5, 5, and 10 mg/kg doses). Tubotaiwine
was given to rats alternately for 8-weeks through intra-
gastrical route in physiological saline. Rats in the
model and three treatment groups were given deion-
ized water containing CdCl, (100 mg/L) to induce
hypertension.

Blood Pressure Measurement
and Vascular Reactivity Determination

After 8-weeks of treatment rats were sacrificed
using anesthetization with ketamine (100 mg/kg) and
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xylazine (2.5 mg/kg) doses. Previously reported proto-
col was used for measurement of blood pressure and
assessment of vascular reactivity of the rats. Sponta-
neous breathing was maintained by tracheotomy and
body temperature of the rats was kept constant using
heating pads. Carotid artery of the rats was exposed
carefully and then cannulated using polyethylene tub-
ing connected with pressure transducer for recording
the blood pressure. Left jugular vein of the rats was also
exposed and then cannulated using polyethylene tubing
to infuse the vasoactive agents. Baseline measurements
were made prior to infusion of ach (10 nmol/kg), SNP
(10 nmol/kg), and Phe (0.03 mmol/kg) through intra-
venous route. Infusion of drugs was followed by allow-
ing the rats to stabilize for 5 min so that blood pressure
reaches the baseline level. Percentage of the blood
pressure measured immediately prior to drug infusion
(baseline) was taken to represent the change in blood
pressure. Completion of the experiment was followed
by sacrificing the rats using overdose of anaesthesia to
collect the blood from abdominal aorta for determina-
tion of GSH level and oxidative stress makers. Then,
aorta of the rats was excised for assessment of the level
of superoxide ions.

Determination of Nitrate/Nitrite, Oxidative Stress
Markers, and Glutathione Level

Nitrate and nitrite level present in the rat urine was
measured using reported methodology. The estab-
lished lucigenin-enhanced chemiluminescence proto-
col was used for determination of superoxide level in
rat aorta tissues. Previously reported TBA assay was
used to measure the levels of malondialdehyde (MDA)
in plasma samples, liver, heart and kidney tissues.
Marker of protein oxidation, protein carbonyl in
plasma and tissues was determined by assessment of
carbonyl groups based on DNPH reaction protocol.
The GSH level in blood samples of rats was mea-
sured spectrophotometrically by established meth-
odology.

Western Blot Assay

Following lysis of aorta, protein concentration in
the lysate was quantified using bicinchoninic acid
assay. The protein samples (50 ug protein/lane) were
separated by electrophoresis on SDS—PAGE (10%
gel) and subsequently transferred to polyvinylidene
fluoride membranes (EMD Millipore, Billerica, MA,
USA) which were blocked by incubation with 5% non-
fat milk powder for 1 h at room temperature. After-
wards membranes were incubated for overnight with
primary antibodies against eNOS, iNOS, and B-actin
(all Abcam, Cambridge, MA, USA) at 4°C. Mem-
branes were then washed with Tris-buffered saline
with Tween® 20 (TBST; Sigma-Aldrich; Merck
KGaA) followed by incubation for 1 h with fluores-
cently labeled goat anti-rabbit IgG secondary antibod-
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Table 1. Effect of tubotaiwine on arterial blood pressure of the Cd exposed rats

. Cd + TBT Cd + TBT Cd + TBT

Variable Normal TBT (2.5 mg/ke) (5 me/ke) (10 mg/ke)
Systolic pressure, mmHg 116 £ 5 115£5 162+ 7 141 £ 6 1295 118 £5
Diastolic pressure, mmHg 794 80t 4 122+ 6 109+ 5 89+ 4 82+3
MAP, mmHg 985 975 146 + 8 121 =7 109 + 6 9+5

ies (Abcam, Cambridge, MA, USA) at 37°C. The
ECL reagent (Beyotime Institute of Biotechnology)
and Odyssey far-infrared fluorescence scanning imag-
ing system (LI-COR Biosciences, Lincoln, NE, USA)
were used for visualization of the proteins bands.

Determination of MMP-2 and MM P-9 Level

Localization of MMP-2 and MMP-9 in rat tho-
racic aorta was assessed by incubation of the dewaxed
tissues with specific antibodies (ab37150; Abcam and
ab19016; Millipore, respectively). The previously
reported immunohistochemical technique employing
R.T.U. Vectastain ABC kit (Vector Laboratories, Inc.,
CA, USA) was used for analysis of MMP-2 and
MMP-9 levels. Experimental setup was established so
that a strong and specific signal for the desired antigen
is generated.

Cadmium Assay

Content of Cd in blood samples and tissues of the
rats was measured using the previously known proto-
col [24]. The inductively coupled plasma mass spec-
trometer (Agilent 7500 ICP-MS model, Santa Clara,
CA, USA) was used for determination of Cdcontent as
per the manufacturer’s protocol. The Cd content in
tissues and blood samples were expressed as mg/g and
mg/L, respectively.

Statistical Analysis

The data presented are the mean = SEM. The data
were analyzed using SPSS19.0 statistical software
package (IBM Corp., Armonk, NY, USA). Compari-
sons between various groups was made using one-way
analysis of variance (ANOVA) followed by a New-
man—Keuls post-hoc test; P < 0.05 was taken to rep-
resent the statistically significant differences.

RESULTS

Tubotaiwine Suppresses Hypertension and Improves
Vascular Dysfunction in Cd Exposed Rats

Exposure to Cd caused a significant (P < 0.05)
increase in systolic as well as diastolic blood pressure
and raised the mean arterial pressure in rats compared
to the normal group (Table 1). Treatment with tubota-
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iwine at 2.5, 5, and 10 mg/kg doses significantly (P <
0.05) reduced Cd induced increase in systolic as well
as diastolic blood pressure in rats. Moreover, Cd
induced elevation in mean arterial pressure was also
significantly (P < 0.05) lowered in rats on treatment
with 2.5, 5, and 10 mg/kg doses of tubotaiwine after
8 weeks.

In Cd exposed rats, a significant (P < 0.05) impair-
ment in vasodilating and vasoconstricting activity was
observed as evident by vascular hypo-responsiveness
to the Phe, ACh and SNP (Fig. 2). However, tubotai-
wine treatment of the rats at 2.5, 5, and 10 mg/kg
doses significantly (P < 0.05) promoted vascular
responsiveness to Phe, ACh, and SNP. Increase in
vascular responsiveness in Cd exposed rats was com-
parable to normal group on treatment with 10 mg/kg
dose of tubotaiwine.

The data presented are the mean = SEM; MAP,
mean arterial pressure.

Tubotaiwine Inhibits Cd-Induced Increase
iniNOS Level

In Cd exposed rats, the eNOS level was signifi-
cantly (P < 0.05) reduced while as iNOS expression
was elevated in aortic tissues compared to the normal
group (Fig. 3). Treatment of the rats with tubotaiwine
at 2.5, 5, and 10 mg/kg doses significantly (P < 0.05)
reversed Cd mediated decrease in eNOS level. Addi-
tionally, tubotaiwine treatment also caused a signifi-
cant (P < 0.05) reduction in iNOS expression in Cd
exposed rats.

Tubotaiwine Regulates Vascular
Remodeling in Cd Exposed Rats

Exposure to Cd caused a significant (P < 0.05) ele-
vation in number of smooth muscle cells and increase
in content of collagen in the aortic wall compared to
the normal rats (Fig. 4).

Moreover, Cd exposure led to a significant (P <
0.05) reduction in content of elastin in aortic artery of
the rats compared to the normal group. Treatment of
the Cd exposed rats with tubotaiwine at 2.5, 5, and
10 mg/kg doses significantly (P < 0.05) suppressed
number of smooth muscle cells and reduced content of
collagen in the aortic artery. Additionally, tubotaiwine
treatment at 2.5, 5, and 10 mg/kg doses effectively
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Fig. 2. Effect of tubotaiwine on blood pressure of Cd exposed rats in response to vasoactive agents. Alteration in mean arterial
pressure in response to Phe, ACh, and SNP was measured in the Cd exposed and tubotaiwine treated rats after 8§ weeks; * P <
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Fig. 3. Effect of tubotaiwine on eNOS and iNOS expression in Cd exposed rats. Expression of eNOS and iNOS in the Cd exposed
and tubotaiwine treated rats was determined by western blotting after 8 weeks; * P < 0.05, ** P < 0.01 vs. normal rats.

promoted content of elastin in aortic artery walls of the
rats.

In rat aortic walls, Cd exposure led to a significant
(P <0.05) increase in level of MMP-2 and MMP-9 in
comparison to the normal group (Fig. 5). However,
tubotaiwine treatment at 2.5, 5, and 10 mg/kg doses
significantly (P < 0.05) suppressed Cd-induced
increase in MMP-2 and MMP-9 in rat aortic artery
tissues. The MMP-2 and MMP-9 levels were reduced
close to that of the normal groups in Cd exposed rats
on treatment with 10 mg/kg dose of tubotaiwine.

Tubotaiwine Suppresses Oxidative Stress Induction
by Cd-Exposure

Exposure to Cd significantly elevated O%~ level and
reduced GSH in blood and thoracic aorta tissues of
the rats compared to the normal group (Table 2).

Treatment with tubotaiwine at 2.5, 5, and 10 mg/kg
doses significantly (P < 0.05) reversed Cd-induced
increase in O?~ level and reduction on GSH produc-
tion in rat blood and thoracic aorta tissues. Tubotai-
wine treatment at 10 mg/kg dose was found to be most
effective in reducing O%~ level and promoting GSH
production in Cd-exposed rats. The urinary
nitrate/nitrite level showed a significant (P < 0.05)
increase in Cd exposed rat aortic tissues compared to
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the normal rats. However, on treatment with 2.5, 5,
and 10 mg/kg doses of tubotaiwine, the Cd-induced
urinary nitrate/nitrite level was significantly (P < 0.05)
reduced in rat aortic tissues. Plasma samples, liver,
heart and kidney tissues of the Cd exposed rats showed
significantly (P < 0.05) elevated level of MDA com-
pared to the normal rats. Moreover, carbonyl level was
also found to be significantly (P < 0.05) higher in Cd
exposed rat plasma samples, liver, heart and kidney
tissues in comparison to the normal group. Tubotai-
wine treatment at 2.5, 5, and 10 mg/kg doses signifi-
cantly (P < 0.05) reversed Cd-induced changes in
MDA production and carbonyl level in the rat plasma
samples, liver, heart and kidney tissues. Tubotaiwine
was found to be most effective in alleviating Cd
induced changes in MDA production and carbonyl
level at 10 mg/kg dose.

Accumulation of Cd is
Reduced by Tubotaiwinein Blood and Tissues

Blood samples, liver, heart and kidney tissues of
the rats showed significantly (P < 0.05) raised levels of
Cd content following 8 weeks of Cd exposure com-
pared to the control group (Fig. 6).

However, tubotaiwine treatment of the rats at 2.5,
5, and 10 mg/kg doses significantly (P < 0.05) reduced
Cd-induced increase in blood, liver, heart and kidney
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Fig. 4. Effect of tubotaiwine on vascular remodeling in Cd exposed rats. Number of smooth muscle cells, collagen and elastin
protein content in the Cd exposed and tubotaiwine treated rats was determined by H and E, picrosirius red, and Miller’s elastic
staining, respectively after 8 weeks; * P < 0.05, ** P <0.01 vs. normal rats.
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Fig. 5. Effect of tubotaiwine on MMP-2 and MMP-9 in Cd exposed rats. MMP-2 and MMP-9 levels in the Cd exposed and
tubotaiwine treated rats was determined by immunohistochemistry after 8 weeks; * P < 0.05, ** P < 0.01 vs. normal rats.

tissue Cd content in dose dependent manner. Tubotai-
wine treatment of the rats at 10 mg/kg dose for 8 weeks,
reduced Cd-induced increase in blood, liver, heart and
kidney tissue Cd content close to the normal group.

DISCUSSION

The present study demonstrated that tubotaiwine
alleviated hypertension and improved vascular dys-
function induced by Cd exposure in rat model.
Tubotaiwine treatment inhibited generation of oxi-
dants, promoted GSH expression, reduced vascular
remodeling induction by MM P-upregulation and reg-
ulated bioavailability of NO in Cd exposed rats.

In consistence with the previous literature Cd
exposure of rats elevated blood pressure indicating its
nature as risk factors for the animal health [10]. Vascu-
lar function in Cd exposed rats is impaired due to
induction of oxidative stress leading to endothelium
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damage and increase in count of VSMCs [11]. Expo-
sure of animals to Cd has been reported to attenuate
the VSMC response to several vasoactive agents [12].
It is believed that Cd promotes Ca?*-channel antago-
nism to reduce the Phe-induced contracting potential
of the arteries [12]. Suppression eNOS expression is
associated with reduction in vaso-relaxation ability of
the arterial endothelium by Cd exposure which
accounts for decrease in response to ACh [12]. In the
present study Cd exposure led a significant (P < 0.05)
increase in systolic as well as diastolic blood pressure
and raised the mean arterial pressure in rats. However,
fortunately tubotaiwine treatment significantly (P <
0.05) reduced Cd induced increase in systolic as well
as diastolic blood pressure in rats in dose-dependent
manner. Additionally, Cd induced elevation in mean
arterial pressure was also significantly (P < 0.05) low-
ered in rats on treatment with tubotaiwine. Vasodilat-
ing and vasoconstricting activity of the Cd exposed
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Table 2. Effect of tubotaiwine on Cd-induced oxidative stress in rats
Cd+TBT|Cd+ TBT | Cd+ TBT
Parameter Normal TBT Cd (2.5 me/ke)| (5 me/ke) | (10 me/ke)

Aortic 02~ level 128+ 9 127+ 10 | 1072 £ 87 | 876 =52 | 389 £ 25 1307
Blood GSH, uM 808 £35 | 809+36 | 285+ 14 | 398+ 16 | 68721 | 806 =% 35
Nitrate/nitrite (urine; nmol/mg creatinine) | 879 =45 | 879 =45 |8898 + 190| 1490 + 130| 1078 = 105| 885 + 65
MDA
Plasma, uM 15£06 |155+0.6| 40.8+2 31412 23.7+2 16.2+1
Liver, umol/mg protein 35206 | 3.6£06 | 79+09 | 6.4+0.5 | 46+04 | 3.81+0.2
Heart, umol/mg protein 6.8+05 | 69+05 | 11.4+03|102+03| 85+04 | 70+0.2
Kidney, umol/mg protein 49+05 | 48+05 | 95+0.8 | 83+£0.7 | 6.7+0.5 | 5.0+04
Protein carbonyl, nmol/mg protein
Plasma 1.5+£02 | 1.5£02 | 43+£05 | 3.6£04 | 23+03 | 1.6+£0.2
Liver 24+3 25+3 34+4 31+3 29+3 25+2
Heart 152 15+2 26+ 3 23+ 3 19£2 152
Kidney 13512 13612 19.5+3 17.8 £ 2 15412 13.8+£2

GSH, glutathione. Data presented are the mean = SEM.

rats showed a significant impairment that was evident
by vascular hypo-responsiveness to the Phe, ACh, and
SNP. However, tubotaiwine treatment of the rats sig-
nificantly (P < 0.05) promoted vascular responsive-
ness to Phe, ACh, and SNP. These findings indicated
that tubotaiwine decreases hypertension in rats and

increased responsiveness to vasoactive agents such as
Phe, ACh, and SNP.

Production of NO from endothelial cells is associ-
ated with disaggregation of platelets, vasodilation, and
relaxation of smooth muscles, plats anti-inflamma-
tory and anti-thrombogenic role [13]. Suppression of
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Fig. 6. Effect of tubotaiwine on accumulation of Cd in rat blood, liver, heart and kidney tissue. Accumulation of Cd was measured
in rats after 8 weeks of Cd-exposure and treatment with 2.5, 5, and 10 mg/kg doses of tubotaiwine; * P < 0.05, ** P < 0.01 vs.

normal rats.
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eNOS expression and loss of eNOS substrate or cofac-
tors are involved in reduction of NO bioavailability. It
has been demonstrated that eNOS level is reduced in
the blood samples of hypertensive rat model estab-
lished by Cd exposure [12]. Vascular dysfunction
induction by Cd exposure leads to loss of endothelial
integrity and tissue inflammation [3]. Pro-inflamma-
tory mediators like TNF-o induce iNOS expression
and produce excessive NO content leading to many
disorders [14]. In the present study Cd exposure of rats
significantly (P < 0.05) reduced eNOS level and ele-
vated iNOS expression in aortic tissues. However,
treatment of the rats with tubotaiwine significantly
(P < 0.05) reversed Cd mediated decrease in eNOS
level. Additionally, tubotaiwine treatment also caused
a significant (P < 0.05) reduction in iNOS expression
in Cd exposed rats.

Vascular remodeling during hypertension is char-
acterized by extracellular matrix reorganization
induced by synthesis and degradation of several pro-
teins. It has been found that activation of MMP
through NADPH oxidase induced ROS production is
associated with increase in arterial mechanical stretch.
Previous studies have shown that Cd exposure pro-
motes levels of matrix metalloproteinases—MMP-9
and MMP-2 which play prominent role in tissue
inflammation [15]. In the present study exposure of
rats to Cd caused a significant (P < 0.05) elevation in
number of smooth muscle cells and increased content
of collagen in the aortic wall. Exposure to Cd led to a
significant (P < 0.05) reduction in content of elastin in
aortic artery of the rats. Treatment of the Cd exposed
rats with tubotaiwine significantly (P < 0.05) sup-
pressed number of smooth muscle cells and reduced
content of collagen in the aortic artery. Additionally,
tubotaiwine treatment effectively promoted content of
elastin in aortic artery walls of the rats. In rat aortic
walls, Cd exposure led to a significant (P < 0.05)
increase in level of MMP-2 and MMP-9. However,
tubotaiwine treatment significantly (P < 0.05) sup-
pressed Cd-induced increase in MMP-2 and MMP-9
in rat aortic artery tissues.

Exposure to Cd has been demonstrated to raise
ROS production, weaken antioxidant defense systems
by reducing GSH expression, deplete metals needed
for enzyme activity and promote oxidative attack sus-
ceptibility of the cells. Generation of ROS like O% is
elevated and iNOS expression is increased by Cd
exposure through NF-kB activation [16]. In the pres-
ent study Cd exposure significantly elevated O*~ level
and reduced GSH in blood and thoracic aorta tissues
of the rats. Treatment with tubotaiwine significantly
(P < 0.05) reversed Cd-induced increase in O~ level
and reduction on GSH production in rat blood and
thoracic aorta tissues. Treatment with tubotaiwine
suppressed Cd-induced urinary nitrate/nitrite level in
rat aortic tissues. Tubotaiwine treatment significantly
(P <0.05) reversed Cd-induced changes in MDA pro-
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duction and carbonyl level in the rat plasma samples,
liver, heart and kidney tissues. Tubotaiwine treatment
of the rats significantly (P < 0.05) reduced Cd-
induced increase in blood, liver, heart and kidney tis-
sue Cd content in dose dependent manner.

CONCLUSIONS

In summary, tubotaiwine suppresses Cd-induced
hypertension in rats by reducing arterial stiffness, inhi-
bition of oxidative stress and increasing vascular
remodeling. Treatment with tubotaiwine suppressed
matrix metalloproteinase level, reduced MDA level
and promoted GSH activity in Cd exposed rats.
Therefore, tubotaiwine has beneficial effect on Cd-
induced hypertension in rats and may be developed as
a potential candidate for treatment of hypertension.
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