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We evaluated whether atorvastatin, an extensively prescribed statin for reducing the risks of cardiovascular dis-
eases, can reduce the risk of arsenic-induced vascular dysfunction and inflammation in rats and whether the
modulation could be linked to improvement in vascular NO signaling. Rats were exposed to sodium arsenite
(100ppm) throughdrinkingwater for 90 consecutive days. Atorvastatin (10 mg/kg bw, orally)was administered
once daily during the last 30 days of arsenic exposure. On the 91st day, blood was collected for measuring serum
C-reactive protein. Thoracic aorta was isolated for assessing reactivity to phenylephrine, sodium nitroprusside
and acetylcholine; evaluating eNOS and iNOSmRNA expression andmeasuring NO production, while abdominal
aortawas used for ELISA of cytokines, chemokine and vascular cell adhesionmolecules. Histopathologywas done
in aortic arches. Arsenic did not alter phenylephrine-elicited contraction. Atorvastatin inhibited Emax of phenyl-
ephrine, but it augmented the contractile response in aortic rings from arsenic-exposed animals. Sodium
nitroprusside-induced relaxation was not altered with any treatment. However, arsenic reduced acetylcholine-
induced relaxation and affected aortic eNOS at the levels of mRNA expression, protein concentration, phosphor-
ylation and NO production. Further, it increased aortic iNOS mRNA expression, iNOS-derived NO synthesis,
production of pro-inflammatory mediators (IL-1β, IL-6, MCP-1, VCAM, sICAM) and serum C-reactive protein
and aortic vasculopathic lesions. Atorvastatin attenuated these arsenic-mediated functional, biochemical and
structural alterations. Results show that atorvastatin has the potential to ameliorate arsenic-induced vascular
dysfunction and inflammation by restoring endothelial functionwith improvement in NO signaling and attenuating
production of pro-inflammatory mediators and cell adhesion molecules.
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Introduction

Arsenic as a contaminant in water and food chain or as inhaled
particulates in the atmosphere is of great concern to human and
animal wellbeing. However, contaminated groundwater is believed
to be the major source of arsenic exposure. Human exposure takes
place by direct intake of arsenic rich water (via drinking or cooked
foods) or indirectly through food crops grown using arsenic-
contaminated water. Arsenic contamination of groundwater and its
impact on human health have been reported from several countries
around theworld. But the situation is worst in Asia, where groundwater
contamination was reported in India, Bangladesh, Nepal, Vietnam,
China, Taiwan and Japan (Jiang et al., 2013). A study revealed that one
infive deaths in Bangladesh could be attributed to high arsenic exposure
through drinkingwater and theWHO described this as the largest mass
poisoning of a population in history (Argos et al., 2010). The magnitude
of arsenic contamination is severe in Bangladesh followed by West
Bengal, India. Serious health hazards can occur due to drinking of arsenic
contaminated water for a period of about 5–15 years, but the duration
can be even 2–5 years for high level exposure (Roy et al., 2013). Arsenic
exposure was linked to increased risks of cancer and nonmalignant
diseases, including cardiovascular diseases (CVDs) like hypertension,
ischemic heart disease, atherosclerosis and peripheral vascular disease
(Stea et al., 2014).

http://crossmark.crossref.org/dialog/?doi=10.1016/j.taap.2014.07.008&domain=pdf
http://dx.doi.org/10.1016/j.taap.2014.07.008
mailto:snsarkar1911@rediffmail.com
http://dx.doi.org/10.1016/j.taap.2014.07.008
http://www.sciencedirect.com/science/journal/0041008X
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The endothelial cells (ECs) of blood vessels regulate vascular
homeostasis by balancing production of vasodilators, including nitric
oxide (NO) and vasoconstrictors. Vascular endothelial dysfunction
(VED) is an early process in the event of various CVDs and it could
result from impairment in NO activity (Virdis et al., 2010). Inflamma-
tion plays a pivotal role in VED. Arsenic produces or exacerbates
inflammatory states and oxidative stress (States et al., 2009). Arsenic
can enhance or reduce NO production, depending on the type of cell,
species and dose (Gurr et al., 2003). Arsenite can suppress relaxation
of rat blood vessels by inhibiting endothelial NO synthase (eNOS)
activity (Lee et al., 2003). In humans, long-term exposure to arsenic-
contaminated drinkingwater reduces NO production in the ECs partially
due to inhibition of eNOS activity (Kumagai and Pi, 2004). Reduced
bioavailability of endothelial NO is involved in the initiation and
progression of atherosclerosis (Li and Forstermann, 2009). Deficien-
cy of eNOS can accelerate atherosclerotic lesion formation in eNOS
knockout mice (Kawashima and Yokoyama, 2004). Inducible NO
synthase (iNOS) is induced in diseases associated with inflammation
and oxidative stress (Sun et al., 2010). iNOS is up-regulated by
arsenic and may contribute to the inflammatory response, increased
reactive oxygen species generation, vascular remodeling, decreased
aortic blood flow, attenuation of endothelium-dependent relaxation
and endothelial cell damage (Sharma and Sharma, 2013; Steed et al.,
2010).

Statins are the most effective and best-tolerated drugs for treating
dyslipidemia and lowering cardiovascular risk associated with the ele-
vation of low density lipoprotein (LDL) cholesterol. They are inhibitors
of 3-hydroxy-3-methylglutaryl-coenzyme A (HMG-CoA) reductase,
which catalyzes an early, rate limiting step in cholesterol biosynthesis
(Bersot, 2011). They reduce the risk of both primary and secondary
coronary heart disease, myocardial infarction, stroke and peripheral
artery disease by lowering the LDL cholesterol and improving lipid
profile. However, the clinical benefits of statin therapy may also be
attributed to mechanisms independent of their cholesterol-lowering
effects. The multiple cardioprotective effects of these drugs are ascribed
to their pleiotropic effects, viz., anti-inflammatory, antioxidative, anti-
proliferative and immunosuppressive properties. Further, statins can
increase NO bioavailability, neovascularization of ischemic tissue, circu-
lation of endothelial progenitor cells and fibrinolysis, provide stability to
atherosclerotic plaque, prevent platelet aggregation and thrombus
formation and normalizes sympathetic outflow (Liao and Laufs,
2005). Efficacy of statins in reducing the risks of cerebrovascular
diseases (Amarenco and Labreuche, 2009) and perivascular diseases
(Aung et al., 2007) in humans was demonstrated.

Statins are prescribed for treating hyperlipidemia or atheroscle-
rosis and once statin therapy is initiated, it is mostly continued for
life. When a drug is being taken daily for a life-long period for
treating hyperlipidemia and minimizing the risk of associated
CVDs, if the same drug simultaneously possesses efficacy against
arsenic-induced vascular dysfunction, it might provide an ameliora-
tive measure for chronic arsenicosis. There is no proven treatment
for chronic arsenic toxicity. Safe water, nutritious food, fruits, vege-
tables and physical exercise are the only preventive measures to
combat arsenicosis. We wanted to understand whether statins
could be a potential remedial measure for arsenic-induced VEDs.
Biswas et al. (2010) demonstrated that atorvastatin (ATV) and N-
acetyl cysteine treatment can synergistically recover the arsenic-
induced death signaling in rat erythrocytes. Given that arsenic can
induce and aggravate vascular disorders and statins have beneficial
effects in CVDs, we assumed that statins could mitigate the risk of
arsenic-induced development of VED, which eventually leads to
development of CVDs in the arsenic-exposed subjects. Therefore,
we evaluated whether ATV, an extensively prescribed statin, can
reduce the risk of arsenic-induced vascular inflammation and
dysfunction in rat model andwhether the ATV-mediatedmodulation
could be linked to improvement in vascular NO signaling.
Materials and methods

Drugs/kits/chemicals. Sodium-m-arsenite (94%), acetylcholine (ACh),
L-phenylephrine (PE) and sodium nitroprusside (SNP) were procured
from Sigma-Aldrich, St. Louis, MO, USA. Atorvastatin (ATV) was
purchased from Vivan Life Sciences, Mumbai (India). The EIA kits
for assessing the levels of pro-inflammatory mediators, cell adhesion
molecules, C-reactive protein (CRP) and eNOSwere procured from Blue
Gene Biotech, Inc., Shanghai, China. The Pathscan®136 #ser1177
phospho-eNOS sandwich ELISA kit was purchased from Cell Signaling
Technology, Inc., USA. Chemicals for quantitative Real Time PCR viz.,
RNAlater®, Ribozol® were procured from Qiagen (Germany) and
Amresco (USA), respectively, while Revertaid® Firststrand cDNA
synthesis kit, Thermo Scientific Maxima SYBR Green/Fluorescein qPCR
Master Mix (2X) from Thermo Fisher Scientific (USA). Carboxymethyl
cellulose (CMC) sodium salt was purchased from G.S. Chemical Testing
Lab andAllied Industries, Bombay. All other chemicalswere of analytical
or molecular grade.

Dose/concentration selection. The dose of ATV was selected from our
earlier work, where effects of ATV on sepsis-induced VED were
examined in rat thoracic aorta and pulmonary arteries (Subramani
et al., 2009). There ATV at 10 mg/kg bw orally restored the impaired
vascular endothelium-dependent relaxations mediated by NO and
endothelium-derived hyperpolarizing factors. So we used ATV @
10 mg/kg bw. Literature reveals that substantial progress in under-
standing the cardiovascular effects of arsenic has resulted from the
studies conducted on specific genetic mouse models (viz., apolipo-
protein E and low-density lipoprotein receptor double knockout or
apolipoprotein E knockout mice) that make the mouse highly sus-
ceptible to the cardiovascular disorders (Simeonova et al., 2003;
States et al., 2009). In these models, lower concentrations of arsenic
through drinking water were shown to exacerbate vascular disor-
ders. However, to simulate the natural arsenic exposure-mediated
vascular disorders in a rat model – either normal rat (50 and 100 ppm
of sodium arsenite; Sharma and Sharma, 2013; Yang et al., 2007) or
even spontaneous hypertensive rat (100 ppm of arsenic; Cheng et al.,
2011) – higher concentrations of arsenic were used. In a study on
maleWistar rats, exposure to sodiumarsenite at 50 ppm through drink-
ing water for 200 successive days induced hypertension from the 80th
day onwards, indicating development of vascular dysfunction (Yang
et al., 2007). Since we exposed the male Wistar rats to arsenic for a
subchronic duration of 90 days, we used 100 ppm of sodium arsenite
to induce vascular dysfunction in order to examine the ameliorative
effects of ATV. Further, this concentration is also relevant from an
environmental perspective. The range of arsenic concentrations
found in natural waters around the world vary from b0.0005 to
N5 ppm (Rahaman et al., 2013). But there is a report that in West
Bengal, India, people were exposed to arsenic-contaminated water
in the range of 0.05–14.2 ppm (Guha Mazumder and Dasgupta,
2011). In the current study, the 100 ppm sodium arsenite used is
equivalent to 57.7 ppm of elemental arsenic, which is about 4 times
the 14.2 ppm environmental contamination level. Thus, considering
the heterogeneity of drinkingwater resources and interspecies variation,
the findings of the current study would be useful for risk assessment.

Animals and experimental design. The study was conducted on adult
male Wistar rats (200–230 g) procured from the Laboratory Animals
Resource Section of the Institute. They were housed in polypropylene
cages with chopped wheat straw as the bedding material and given
standard rat pellet feed (Amrut Feeds, Pranav Agro Industries Ltd,
NewDelhi, India) and providedwater ad libitum. Before the commence-
ment of the experiment, they were kept in laboratory conditions
for 7 days for acclimatization. They were maintained under standard
management conditions and handled as per the Institute Animal Ethics
Guidelines.
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Rats were divided randomly into 4 groups consisting of 12 each.
Animals of Groups I and II received only drinking water, while those of
Groups III and IV received 100 ppm of sodium arsenite through drinking
water for 90 consecutive days. Further, the rats of Groups II and IV were
administered ATV (10 mg/kg bw orally as aqueous suspension in 0.5%
CMC) once daily during the last 30 days, i.e., from day 61 to day 90. The
remaining two groups received only vehicle (CMC) during the same
period.

Collection of blood and aorta. On the 91st day, blood was collected
from 6 rats/group by retro-orbital puncture under ketamine (80 mg/kg
bw) and diazepam (2.2 mg/kg bw) anesthesia and taken into tubes
(BD vacutainer®, 3.5 cm3) coated with clot activator. The samples
were centrifuged at 3500 rpm for 15 min and serum was stored at
−80 °C till analysis of C-reactive protein.

After blood collection, the ratswere killed by bleeding fromposterior
vena cava. Lungs and hearts from these animals were taken out en block
along with the thoracic aorta and immediately placed in cold (4 °C)
Modified Krebs Henseleit Solution [MKHS; composition (mmol/L):
118.0 NaCl, 4.7 KCl, 2.5 CaCl2.2H2O, 1.2 MgSO4. 7 H2O, 1.2 KH2PO4, 11.9
NaHCO3 and 11.1 Glucose]. The thoracic aorta was isolated and the
adhering tissues were removed. These aortas were used for in vitro
(Organ Bath) assessment of their reactivity to vasoactive agents.
Thoracic aortas from the remaining 6 animals of each group were
trimmed, submerged in RNAlater® (Qiagen, Germany) at 4 °C overnight
and stored at −20 °C until used for RNA extraction. Abdominal aortas
from 6 animals of each groupwere collected, cleared of adhering tissue,
snap frozen in liquid nitrogen and stored at−80 °C until ELISA of cyto-
kines, chemokine and cell adhesionmolecules. Thoracic aortas from ad-
ditional 6 rats of another set of the same experimental design were
isolated and used for measuring constitutive NOS (cNOS) and iNOS-
mediated nitrite production.

Tissue preparation and isometric recording. The thoracic aortas were
cut into 3–4 mm long rings. The aortic rings were mounted between
two hooks made from 25 gauge stainless steel wire and kept under an
optimal resting tension of 1.5 g in a thermostatically (37 ± 0.1 °C)
controlled organ bath (UGO Basile, Comerio VA, Italy) of 10 ml capacity,
containing MKHS and was continuously aerated with medical gas (74%
N2, 21% 02 and5% CO2). The aortic ringswere equilibrated for 60–80min
in the organ bath filled with MKHS before recording of tension. During
equilibration period, the bath fluid was repeatedly changed once every
15 min. The change in tension was measured with a high-sensitivity
isometric force transducer and recorded in a PC using Lab Chart 6
software program (Powerlab, AD Instruments, Australia).

After equilibration, arterial rings were contracted with high K+

(80 mM)-depolarizing solution to check the viability of tissue. On
attaining plateau, high K+ solution was replaced with normal
MKHS to restore the baseline resting tension. After 2–3 washes
(within 50 min), contractions were elicited with cumulative addition
of theα1-adrenoceptor agonist PE (1 nM–10 μM) to assess the response
to a vasoconstrictor. Responses to vasodilators were assessed in PE-
precontracted aortic rings. A submaximal concentration of PE (1 μM)
was used to precontract the tissue and cumulative concentration-
dependent relaxation to endothelium-dependent vasodilator ACh
(1 nM–10 μM) and the endothelium-independent nitro-vasodilator
SNP (0.1 nM–10 μM) were produced.

Quantitative Real-Time PCR analysis of eNOS and iNOS genes. The tho-
racic aorta collected in RNAlater solution was taken out and about
75 mg of tissue was homogenized in microcentrifuge tube containing
1 ml Ribozol™ reagent (Amresco LLC., OH, USA) with Polytron homog-
enizer. Chloroform (200 μl) was mixed with the homogenate. The mix-
ture was vortexed for 30 s, kept for 10 min at room temperature and
centrifuged at 12,000 ×g for 15 min to separate the homogenate into
3 layers. The top aqueous layer was collected, from which the RNA
was precipitated with equal volume of ice-cold isopropanol. It was
mixed properly and kept for 10 min at room temperature. Then centri-
fugation was done at 12,000 ×g for 10 min at 4 °C. The supernatant was
discarded and RNA pellet was collected. RNA pellet was washed with
75% ethanol at 7500 ×g for 5 min. The pellet was air dried and ≈40 μl
nuclease-free water was added to the pellet. The purity of the RNA
was quantified by NanoDrop® spectrophotometer and only RNA
samples with an A260/A280 ratio of 1.8–2.0 were used for reverse
transcription.

cDNA synthesis was carried out using Revertaid® First strand
cDNA synthesis kit from Thermo Fisher Scientific, USA. cDNA was
synthesized from the mRNA present in the total RNA using moloney
murine leukemia virus (MMLV) reverse transcriptase. The respective
primers used for expression of the eNOS (Gragasin et al., 2004), iNOS
(Scumpia et al., 2002) and β-actin (Wang et al., 2005) genes were F
5′-TTACTTCCTGGACATCACTTCCC-3′, R 5′-AGCACCCTGGCAGAGG
AGT-3′ (70 bp); F 5′-AGCGGCTCCATGACTCTC-3′, R 5′-CGGACCATCT
CCTGCATT-3′ (118 bp) and F 5′-AGTGTGACGTTGACATCCGT-3′, R
5′-GACTCATCGTACTCCTGCTT-3′ (244 bp).

qRT-PCR reactions were run on Real-Time PCR (Bio Rad T100™
thermal Cycler) and analyzed using Bio Rad CFX Manager Software.
Real-Time PCR was conducted using SYBR Green I master mix [Thermo
Scientific Maxima SYBR Green/Fluorescein qPCR Master Mix (2X)
(Thermo Fisher Scientific, USA)]. The optimum annealing temperatures
as determined by PCR for β-actin, eNOS and iNOS using the specific
primers were 60 °C, 58 °C, and 52 °C, respectively. Each sample was
run in duplicate in 25 μl reaction. The 25 µl reaction mixture contained
12.5 μl SYBR Greenmaster mix, 0.5 μl from 10 pmol working solution of
each of gene specific forward and reverse primers, 1 μl of cDNA and the
volume was made up to 25 μl with Nuclease-free water. The real time
PCR reaction was started with initial incubation at 95 °C for 15 min
followed by 40 cycles of amplification with denaturation at 95 °C for
30 s, annealing at 60 °C for 30 s and extension at 72 °C for 30 s for
each cycle. To assess the specificity of the amplified product, dissocia-
tion curvewas generated at temperature 60 °C through 95 °C. The result
was expressed as threshold cycle (CT).

To study the relative change in gene expression the 2−ΔΔCT method
was used as described previously (Livak and Schmittgen, 2001). The
formula used to calculate the fold change in gene expression was, fold
change = 2−ΔΔCT, where ΔΔCT = (CT of target gene − CT of β-actin)
treatment − (CT of target gene − CT of β-actin) control. The gene
specific amplification was corrected for the difference in input of RNA
by taking housekeeping gene β-actin into account. The results were
analyzed in comparison to the CT value of the target gene and the refer-
ence gene.

Preparation of aortic homogenate. The abdominal aorta was cut into
small pieces and taken in microcentrifuge tubes. For 100 mg tissue,
1 ml of PBS (pH 7.4) with mammalian protease inhibitor cocktail
[4-(2-Aminoethyl) benzenesulfonyl fluoride, 1.20 mM; Aprotinin,
0.46 μM; Bestatin, 14 μM; E-64, 12.30 μM; Leupeptin, 112 μM and
Pepstatin, 1.16 μM (Amresco LLC., OH, USA)] was added and homoge-
nized with polytron homogenizer. The homogenate was centrifuged at
1800 ×g for 15 min at 4 °C and the supernatants were stored at 4 °C for
immediate analysis.

ELISA of aortic eNOS protein, cytokines, chemokine, cell adhesionmolecules
and serum acute phase protein. Estimations of pro-inflammatory cy-
tokines, viz., interleukins (IL-1β and IL-6), chemokine, viz., monocyte
chemoattractant protein-1 (MCP-1), cell adhesion molecules such as
vascular cell adhesion molecule-1 (VCAM-1) and soluble intercellular
adhesion molecule-1 (sICAM-1) and eNOS protein in the aortic homog-
enate and C-reactive protein (CRP), an acute phase protein, in serum
were carried outwith the EIA kits as per themanufacturer's instructions
(Blue Gene Biotech, Inc. Shangai, China).
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Estimation of phosphorylated-eNOS. Thephosphorylated formof eNOS
(p-eNOS), i.e. the functional eNOS was assessed by ELISA in the aortic
homogenate using Pathscan®#ser1177 phospho eNOS sandwich ELISA
kit (Cell Signaling Technology, Inc., USA) as per the manufacturer's
protocol.
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Assessment of NO production. Formation of NO was measured as
nitrite as described previously by Zhang et al. (1999). Briefly,
endothelium-intact rat thoracic aortas of treatment groups were
collected in ice-cold MKHS and adherent fat tissue and debris were
removed. The aortas were cut into small rings and placed in a 2 ml
plastic tube that contained 500 μL of MKHS as control or 5 μL
of 1400W (1mΜ; final concentration 10 μΜ), a selective iNOS inhibitor,
and the final volume was adjusted to 500 μL with MKHS. All the tissues
were incubated for 60 min at 37 °C with continuous aeration in water
bath. After incubation, the aortic rings were removed and 450 μL of
sulfanilamide (1%) and 50 μL of N-(1-naphthyl) ethylenediamine (0.2%)
were added to each tube for diazotization of sulfanilic acid by NO. After
20min of incubation at 37 °C, absorbancewasmeasured by a spectropho-
tometer at 540 nm and compared with the known concentration of
nitrite. To construct the standard curve, the sameprocedurewas followed
except that individual tubes contained 1, 2.5, 5, 7.5 or 10 μM of nitrite
diluted from a stock solution of NaNO2 (10 mM). Absorbance was
measured and converted to a straight line with regression analysis
(Y= ax+ b, R N 0.99). Values of nitrite were derived from the linear
regression formula. Data were expressed as mean ± S.E. in pmol/mg
wet tissue. cNOS-derived NO was measured as the nitrite produced in
the presence of 1400 W, while total nitrite level minus cNOS-derived
nitrite production was taken as iNOS-derived nitrite or NO production.
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Histopathology. Aortic arches from all the groups were fixed in 10%

neutral buffered-formalin. The tissues were dehydrated in ascended
alcohol series and embedded in paraffin wax. Approximately 5-μm
thick sections were cut, deparaffinized by dipping in xylene for 15 min
and stainedwith hematoxylin and eosin for the assessment of histological
alterations under light microscopy (Leica Microsystem, Germany).
Histological scoring was done using Leica Qwin image analysis software.
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Statistical analysis. Aortic relaxation responses have been expressed
as the percentage reversal of the PE contraction. Both Emax and EC50

were determined by nonlinear regression analysis using GraphPad
Prism version 4.00 (San Diego, California, USA). Potency has been
expressed as PD2 = − log EC50. Data have been expressed as mean
±S.E. with ‘n’ equal to number of vascular rings or number of
animals. Data of organ bath studies were analyzed by two way
ANOVA followedbyBonferroni post hoc-test. All other datawere analyzed
byonewayANOVA followedbyNewmanKeuls post hoc test. Difference at
p b 0.05 was considered statistically significant.
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Fig. 1. Effects of atorvastatin on acetylcholine (ACh) [A] and sodium nitroprusside (SNP)
[B]-induced relaxation and phenylephrine (PE)-elicited contraction [C] in the arsenic
(As)-exposed rat aorta. Values aremean of 6 rats and vertical bars represent standard errors.
*p b 0.05 in comparison to control (CON), atorvastatin (ATV) and arsenic/atorvastatin
(As/ATV) in Bonferroni test. In the case of PE concentration-response, values of the
same concentration point bearing different superscripts vary significantly (p b 0.05) in
Bonferroni test.
Results

Effects of ATV on ACh-induced endothelium-dependent relaxation in the
arsenic-exposed aorta

Aortic rings from the control animals showed dose-dependent relax-
ation to ACh and the pD2 and Emax were 7.58± 0.01 and 102.7± 1.84%,
respectively (Fig. 1A). ATV produced similar dose response to ACh (pD2:
7.64 ± 0.17 and Emax: 96.2 ± 1.22%). As shown in Fig. 1A, arsenic expo-
sure significantly decreased the efficacy (80.34 ± 2.176%) of ACh but
not the potency (7.54 ± 0.04). ATV treatment in arsenic-exposed ani-
mals, significantly improved the efficacy (101.7 ± 4.12%) but not the
potency (7.47 ± 0.09).
Effects of ATV on SNP-induced relaxation in the arsenic-exposed aorta

Fig. 1B depicts the effects of ATV on SNP-induced relaxation in rat
aorta. The aortic relaxation with SNP was not altered with arsenic,
ATV or with their concurrent exposure. The respective pD2 values of
the control, ATV, arsenic and arsenic/ATV groups were 8.23 ± 0.04,
8.45 ± 0.07, 8.18 ± 0.16 and 8.35 ± 0.11, while the Emax values were
107.5 ± 1.30, 102.2 ± 1.67, 112.6 ± 4.53 and 101 ± 2.49%.
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Effects of ATV on PE-induced contractile response in the arsenic-exposed
aorta

Fig. 1C illustrates the effects of ATV on PE-induced contraction (g
tension) in rat aorta. The aortic rings from the control animals exhibited
concentration-dependent contractions to PE. The control pD2 and Emax

valueswere 6.49± 0.09 and 0.88± 0.05 g, respectively. ATV significantly
reduced the efficacy of PE to 0.65 ± 0.03 g but did not alter the potency
(6.25 ± 0.07 g). Arsenic did not alter the PE-induced contractions (pD2:
6.32 ± 0.04; Emax: 0.94 ± 0.02 g). However, ATV treatment significantly
augmented the dose response (pD2: 6.46 ± 0.06; Emax: 1.11 ± 0.04 g).

Effects of ATV on eNOS mRNA expression in the arsenic-exposed aorta

The eNOSmRNA expression (fold change) is depicted in Fig. 2A. The
expression of eNOS mRNA in the ATV-treated group (2.07 ± 0.43) was
not significantly different from that in the control rats (1 ± 0.0). Sub-
chronic exposure to arsenic caused its significant down-regulation
(0.24 ± 0.12). ATV significantly reversed (1.44 ± 0.24) the effect of
arsenic on eNOS expression.

Effects of ATV on total eNOS protein level in the arsenic-exposed aorta

Fig. 2B shows the effects on the total eNOS protein level (pg/mg of
wet tissue) in aortic tissue. In the control animals, the level was
59.21 ± 3.33. ATV did not alter its level significantly 55.68 ± 2.03.
Arsenic significantly reduced the concentration of eNOS (45.1 ± 1.73).
In the arsenic-exposed rats, ATV significantly increased (58.28 ± 3.65)
it to the control level.
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Fig. 2. Effects of atorvastatin on endothelial nitric oxide synthase (eNOS) gene expression [A], e
nitric oxide synthase (cNOS)-induced nitrite production [D] in the arsenic-exposed rat aorta. CO
n = 6) bearing different superscripts vary significantly (p b 0.05) in Newman–Keuls test.
Effects of ATV on phosphorylated eNOS concentration in the arsenic-
exposed aorta

Effects on the levels of p-eNOS (OD value) are summarized in
Fig. 2C. The OD value of the ATV-treated group (0.77 ± 0.11) was
statistically similar to that of the control value (0.74 ± 0.09). Arsenic
alone significantly reduced its value to 0.38 ± 0.02, which was sig-
nificantly attenuated (0.61 ± 0.03) with ATV in the arsenic-
exposed rats.

Effects of ATV on cNOS-mediated nitrite production in the arsenic-exposed
aorta

Effects on the levels of cNOS-mediated nitrite production (pmol/mg
wet tissue) have been presented in Fig. 2D. In the control rats, its level
was 37.52± 1.88. ATV significantly increased it to 48.82± 2.96. But ar-
senic exposure significantly decreased the nitrite level to 29.91 ± 1.21.
However, in the arsenic exposed rats, ATV significantly increased its
level to 54.07 ± 2.78.

Effects of ATV on iNOS mRNA expression and iNOS-mediated nitrite produc-
tion in the arsenic-exposed aorta

The mRNA expression (fold change) of iNOS gene is presented in
Fig. 3A. Compared to that in the control rats (1.00 ± 0.0), ATV signifi-
cantly down-regulated (0.214 ± 0.132) its expression, while arsenic
caused its significant up-regulation to 1.67±0.37. However, ATV caused
significant reversal of the arsenic-mediated up-regulation of iNOS ex-
pression to 0.318 ± 0.17.
CON ATV As As/ATV
0

10

20

30

40

50

60

a

b

c

b
D

cN
O

S-
m

ed
ia

te
d 

ni
tr

ite
 (p

m
ol

/m
g 

 ti
ss

ue
)

CON ATV As As/ATV

0

10

20

30

40

50

60

70 a a
a

b

B

eN
O

S 
Pr

ot
ei

n 
 (p

g/
m

g 
tis

su
e)

NOS protein level [B], phosphorylated (P-eNOS) protein concentration [C] and constitutive
N: control; ATV: atorvastatin; As: arsenic; As/ATV: arsenic/atorvastatin. Bars (mean± SE;



CON ATV As As/ATV

0.0

0.5

1.0

1.5

2.0

2.5

b

c

ab

a

A

iN
O

S 
m

RN
A

 (f
ol

d 
ch

an
ge

)

CON ATV As As/ATV

0

10

20

30

40

50

60

70

80

ab

c

b

a

B

iN
O

S-
m

ed
ia

te
d 

ni
tr

ite
 (p

m
ol

/m
g 

 ti
ss

ue
)

Fig. 3. Effects of atorvastatin on inducible nitric oxide synthase (iNOS) mRNA expression
[A] and iNOS-mediated nitrite production in the arsenic-exposed rat aorta. CON: control;
ATV: atorvastatin; As: arsenic; As/ATV: arsenic/atorvastatin. Bars (mean ± SE; n = 6)
bearing no superscripts common vary significantly (p b 0.05) in Newman–Keuls test.
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Fig. 3B shows the effects on the levels of iNOS-mediated nitrite
production (pmol/mg wet tissue). Control level of nitrite production
was 14.18 ± 1.83. ATV significantly decreased its level to 4.74 ± 1.23.
But arsenic exposure significantly increased the level to 73.11 ± 4.46.
However, ATV brought the nitrite production back to the level
(8.42 ± 0.83), which was comparable to the control value.

Effects of ATV on pro-inflammatory cytokines, chemokine, cell adhesion
molecules and acute phase protein levels in the arsenic-exposed aorta

Effects on the levels of pro-inflammatory cytokines, i.e., IL-1β and IL-
6 (pg/mgwet tissue) are summarized in Table 1. The respective levels of
IL-1β and IL-6 in the control rats were 3.30 ± 0.26 and 31.43 ± 4.38.
ATVdidnot alter these levels (2.84±0.27 and25.37± 2.81) appreciably.
Arsenic exposure significantly increased their levels to 5.80 ± 0.48 and
50.55± 5.99. ATV significantly attenuated the arsenic-mediated increase
statistically to their respective control levels (3.37 ± 0.20 and 26.47 ±
2.23).

Table 1 presents the effects on MCP-1 level (pg/mg wet tissue). In
the control group, its level was 21.17 ± 3.36 and it was not altered
with ATV (17.07 ± 1.13). Arsenic significantly increased its level to
39.56 ± 4.52. However, in the arsenic-exposed animals, ATV signifi-
cantly reduced the level to 15.45 ± 1.81, which was comparable to
the control value.

The aortic concentrations of the cell adhesion molecules such
as VCAM-1 and sICAM-1 (pg/mg wet tissue) are shown in Table 1. The
respective concentrations of these adhesion molecules were 209.9 ±
15.84 and 262.9 ± 11.07 in the control rats. ATV did not significantly
alter their levels (171.2 ± 6.74 and 279.8 ± 9.61). Exposure of the
rats to arsenic significantly increased the VCAM-1 level to 345.5 ±
31.61 and the sICAM-1 level to 359.5± 21.93. ATV significantly reduced
the arsenic-mediated increase in their concentrations and brought their
levels statistically back to the respective control level (186.5 ± 14.27
and 280.8 ± 11.14).

The levels of serumCRP, an acute phase protein, concentration (μg/ml
serum) are presented in Table 1. ATV did not cause any significant
alteration (1.47 ± 0.26) in its level compared to the control level
(1.52 ± 0.17). Arsenic significantly increased its level to 2.83 ± 0.34.
However, ATV significantly reduced (1.88 ± 0.26) its level in the
arsenic-exposed animals comparably to the control level.

Histological evaluation

Table 2 and Figs. 4A, B show that the control and theATV-treated rats
did not show any appreciable alterations in the aortic arch. Arsenic ex-
posure caused increase in the number of mononuclear cell infiltration
and higher incidences of fatty streaks, foam cell formation, focal intimal
thickening and disrupted smoothmuscle integrity (Table 2; Figs. 4C–E).
ATV appreciably attenuated these vascular histological lesions in the
arsenic-exposed rats (Table 2; Fig. 4F).

Discussion

Several reports reveal that arsenic causes vascular dysfunctions,
alterations in vascular histology (Cheng et al., 2011; Lee et al., 2003;
Sharma and Sharma, 2013; Verma et al., 2010) and hypertension
(Yang et al., 2007) in Wistar or Sprague-Dawley rats. Accordingly, we
chose rat as themodel for assessing arsenic-induced vascular dysfunction
and took the aorta as the model vascular tissue. The objective of the
current study was to evaluate whether atorvastatin can reduce the
arsenic-induced vascular dysfunction and inflammation. The major
findings of the study: arsenic reduced ACh-induced relaxation, interfered
with NO signaling by inhibiting eNOS and inducing iNOS, enhanced
production of pro-inflammatory mediators and produced histological
lesions in the aorta. ATV attenuated these arsenic-mediated functional,
biochemical and structural alterations, showing its potential to ameliorate
arsenic-induced vascular dysfunction in rats.

Arsenic did not alter SNP-induced relaxation, indicating that the
soluble guanylyl cyclase (sGC) pathway was not affected. There are
reports showing that arsenic did not alter SNP-induced relaxation
of aortic rings (Verma et al., 2010; Sharma and Sharma, 2013) in
Wistar rats. The PE dose–response was also not altered by arsenic.
ATV inhibited PE-elicited contraction (Emax), which is consistent
with the observation made in mouse aorta (Kandasamy et al., 2011).
However, it augmented the contractile response in the arsenic-
exposed animals. This finding needs further studies to elucidate the
α1-adrenoceptor modulation in the arsenic/ATV-treated rats.

Vascular ECs are considered the primary target of vasculopathy
induced by arsenic (Tsou et al., 2005). Impairment of endothelium-
dependent vasorelaxation because of reduced NO bioavailability due
todecreased eNOS activity is a VED that results in deregulation of vascular
homeostasis and increased adhesiveness of the endothelium lining for
circulating inflammatory cells (Rang et al., 2012). Arsenic-mediated
reduction in the aortic relaxation to ACh and our findings on themarkers
of vascular inflammation and histology are the obvious evidences of VED.
The arsenic-mediated inhibition of aortic relaxation to ACh is in agree-
ment with the findings of other workers (Verma et al., 2010; Sharma
and Sharma, 2013) and this may relate to altered NO signaling.

Arsenic downregulated eNOS and upregulated iNOS expression. A
similar effect was observed in the kidney following exposure of Wistar
rats to arsenic at 25-ppm via drinking water for 59 days (Majhi et al.,
2011). Prabu and Muthumani (2012) also reported renal iNOS up-
regulation with arsenic in Wistar rats. Besides eNOS protein level,
eNOS phosphorylation is thought to regulate enzyme activity in both



Table 1
Effects of atorvastatin on the levels of aortic cytokines, chemokine and cell adhesion molecules and serum acute phase protein in the arsenic-exposed rats.

Treatment Cytokine Chemokine Cell adhesion molecule Acute phase protein

IL-1β (pg/mg tissue) IL-6 (pg/mg tissue) MCP-1 (pg/mg tissue) VCAM-1 (pg/mg tissue) sICAM-1 (pg/mg tissue) CRP (μg/ml serum)

Control 3.30 ± 0.26a 31.43 ± 4.38a 21.17 ± 3.36a 209.9 ± 15.84a 262.90 ± 11.07a 1.52 ± 0.17a

Atorvastatin 2.84 ± 0.27a 25.37 ± 2.81a 17.07 ± 1.13a 171.2 ± 6.74a 279.80 ± 9.61a 1.47 ± 0.26a

Arsenic 5.80 ± 0.48b 50.55 ± 5.99b 39.56 ± 4.52b 345.5 ± 31.61b 359.50 ± 21.93b 2.83 ± 0.34b

Arsenic/atorvastatin 3.37 ± 0.20a 26.47 ± 2.23a 15.45 ± 1.81a 186.5 ± 14.27a 280.80 ± 11.14a 1.88 ± 0.26a

Arsenic exposure was given as sodium arsenite at 100 ppm through drinking water for 90 days. Atorvastatin (10 mg/kg bw) was administered by oral gavage as aqueous suspension in
0.5% carboxymethyl cellulose once daily during the last 30 days of arsenic exposure. Values (mean ± SE; n = 6) in the same column bearing different superscripts vary significantly
(p b 0.05) in Newman–Keuls test. IL-1β: interleukin-1β; IL-6: interleukin-6; MCP-1: monocyte chemoattractant protein-1; VCAM-1: vascular cell adhesionmolecule-1; sICAM-1: soluble
intercellular adhesion molecule-1; CRP: C-reactive protein.
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Ca2+-calmodulin-dependent and Ca2+-calmodulin-independent
fashion (Dimmeler et al., 1999; Fulton et al., 2001). To know whether
eNOS gene expression is translated into protein, we measured the
level of aortic eNOS protein content. Furthermore, to evaluate the
functional eNOS, we assessed the level of p-eNOS. Arsenic reduced
both the eNOS protein and the p-eNOS. These indicate that arsenic
affected the eNOS at transcriptional, translational and post-translational
levels. Impairment of eNOS function by arsenite is believed one of
the mechanisms leading to vascular changes and diseases (Tsou et al.,
2005). Sodium arsenite caused VED decreasing ACh-induced vasorelax-
ation (Jindal et al., 2008) by increasing the oxidative stress and reducing
eNOS concentration (Kaur et al., 2010). Monomethyl arsenous acid
(MMAsIII), which is the most toxic metabolic intermediate of sodium
arsenite in rats and humans (Styblo et al., 2000) and believed to be the
cause of chronic arsenic toxicity (Csanaky et al., 2003), inhibited eNOS
activity (Sumi, 2008). Further, several studies suggest that arsenic causes
down-regulation of vascular eNOS, resulting in decreased NO production
(Lee et al., 2003; Pi et al., 2003; Tsou et al., 2005).

An increase in the basal NO production at the picomolar range, as in
case of eNOS, tends to restore endothelial function, whereas large
increase in the NO production in the nanomolar range, as is typical of
iNOS activity, may promote cell damage. Therefore, an increase in
eNOS by statins accompanied by a simultaneous reduction in iNOS
activity could give endothelial protective effects (Wayman et al.,
2003). ATV increased eNOS and decreased iNOS expression in aorta of
septic rats (Subramani et al., 2009) and in mesenteric artery of ovariec-
tomized rats (Caliman et al., 2013). Further, ATV inhibited cytokine-
stimulated iNOS expression in the ECs of rat aorta (Wagner et al.,
2002). It is known that eNOS is the major contributor of vascular
cNOS-mediated NO production. Hence, to understand the contribution
of NOS isozyme-derived NO, we measured cNOS and iNOS-derived
nitrite production in aorta. In our model, ATV increased cNOS-derived
NO production with no alteration in basal eNOS protein, p-eNOS or its
mRNA expression. But it caused down-regulation of iNOS gene and
reduction in iNOS-derived NO synthesis. On the other hand, arsenic
downregulated eNOS and decreased cNOS-mediated NO level, while it
upregulated iNOS gene and increased iNOS-derived nitrite production.
In the arsenic-exposed rats, ATV restored the levels of nitrite production
Table 2
Effects of atorvastatin on the histopathological alterations in the arsenic-exposed rats.

Animal number Control Atorvastatin

FT FC FS MNC SMI* FT FC FS MNC S

1 0 0 0 0 ++++ 0 0 0 0 +
2 0 0 0 0 ++++ 0 0 0 0 +
3 0 0 0 0 ++++ 0 0 0 0 +
4 0 0 0 0 ++++ 0 0 0 0 +
5 0 0 0 1 ++++ 0 0 0 0 +
6 0 0 0 0 ++++ 0 0 0 0 +
Total 0 0 0 1 – 0 0 0 0 –

Numerical values under each treatment group indicate number of lesions observed per 10 field
mononuclear cells, *SMI: smooth muscle integrity. Scoring of SMI was done in 10 fields/sectio
integrity.
by these isozymes. This indicates that the restoration of ACh-induced
relaxation in the arsenic-exposed aorta could be due to normalization
of the effects of arsenic on NO production. Thus, attenuation of
arsenic-stimulated down-regulation of eNOS and up-regulation of
iNOS could be a mechanism by which ATVmay normalize NO signaling
in aorta and attenuate the development of aortic dysfunction in the
arsenic-exposed rats.

VED in terms of vasomotor dysfunction can occur well before the
structural manifestation and inflammatory process of atherosclerosis
and thus can serve as an independent predictor of cardiovascular
events. NO is a buffer against pro-inflammatory mechanisms (Chen
et al., 2001). Studies reveal that NO inhibits leukocyte adhesion to
endothelium, maintains vascular smooth muscle cells (SMCs) in a
nonproliferative state and limits platelet aggregation (Szmitko et al.,
2003). eNOS is the primary isoform responsible for the production of
NO within blood vessels (Huang et al., 1995) and the loss of eNOS
increases the development of chronic inflammatory disorders. NO
suppresses endothelial ICAM-1 expression via a sGC/cGMP-independent
signaling process (Niu et al., 1994). One proposed mechanism is through
the inhibition of NF-κB (Matthews et al., 1996), which is activated in
response to cytokines and promotes increased transcription of genes,
including ICAM-1 and VCAM-1, having κB sites in their promoters
(Janssen-Heininger et al., 2000). Our results show that the availability of
eNOS-derived NO was less in the arsenic-exposed rats and this could be
an underlying reason for enhanced aortic inflammation.

Tissue and plasma concentrations of the markers of vascular inflam-
mation and VED are increased in patients with CVDs (Blake and Ridker,
2001). Those markers include CRP, adhesion molecules (VCAM-1,
ICAM-1) and chemokines (MCP-1). In response to injury or inflamma-
tory stimuli, ECs express VCAM-1, ICAM-1 and selectins on the cell
surface (Kasper et al., 1996). The selectins mediate transient rolling of
the leukocytes along the endothelium (Tedder et al., 1995), while
stronger attachment is mediated by ICAM-1 and VCAM-1 (Springer,
1994). Expression of cell adhesion molecules is induced by pro-
inflammatory cytokines (e.g., IL-1β andTNF-α) andCRP that is produced
by the liver in response to IL-6 and TNF-α (Szmitko et al., 2003) as part
of the non-specific acute-phase response to tissue damage, infection,
inflammation and malignant neoplasia (Savoia and Schiffrin, 2006).
Arsenic Arsenic/atorvastatin

MI* FT FC FS MNC SMI* FT FC FS MNC SMI*

+++ 2 9 2 13 + 0 2 1 2 +++
+++ 2 7 1 15 + 0 0 0 3 ++++
+++ 1 5 0 9 ++ 0 1 0 0 +++
+++ 1 6 1 11 + 1 2 1 1 ++
+++ 2 10 3 13 ++ 0 0 0 0 +++
+++ 3 13 2 6 + 0 0 0 2 ++

11 50 9 67 – 2 10 4 16 –

s/section/animal (H&E × 400). FT: focal thickening; FC: foam cell; FS: fatty streak; MNC:
n/animal in the scale of + to ++++, where ++++ indicates normal smooth muscle
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CRP contributes to arterial inflammation by directly increasing the
release of endothelin-1 and up-regulating cell adhesion molecules
and chemoattractant chemokines in ECs, monocytic cells and vascular
SMCs (Paffen and deMaat, 2006). Thereby, CRP can activate the entire
recruitment cascade (Yeh, 2004) and monocyte diapedesis (Paffen and
deMaat, 2006). The monocyte migration is directed along a concentra-
tion gradient of MCP-1 via interaction with the monocyte receptor
(Szmitko et al., 2003). The chemotactic cytokine MCP-1 is produced by
ECs after exposure to cytokines (IL-1β, IL-6, TNF-α), CRP (Rott et al.,
2003) and oxidized lipoproteins (Papayianni et al., 2002). MCP-1 plays
an important role in the migration and activation of monocytes and
T cells and moreover, regulates the proliferation of vascular SMCs
(Papayianni et al., 2002). In the intima, lipoprotein particles (LDL
A 

C 

E 

Fig. 4. Photomicrographs showing normal histology of aortic arch in the control (A) and atorvast
fatty streaks ( ), focal thickening ( ), foam cell ( ), mononuclear cell infiltration (
arsenic/atorvastatin-treated group (F) showing histological features comparable to those of th
and oxidized LDL) that accumulate in the lesion are taken up by
monocyte-derived macrophages, leading to formation of lipid-
laden macrophages (foam cells) and fatty streak. The cells involved
in foam cell formation (e.g. ECs, monocytes, T-cells, SMCs) begin to
secrete different substances, including cytokines (IL-6, TNF-α, IL-1),
chemokines (MCP-1, interleukin-8) and CRP (Paffen and deMaat,
2006), whichmaintain a chemotactic stimulus for adherent leukocytes,
augment expression of scavenger receptors and promote macrophage
replication.

Our findings show that arsenic increased the levels of inflammatory
cytokines (IL-1β, IL-6), the chemokine (MCP-1), acute phase protein
(CRP) and cell adhesion molecules (VCAM-1, sICAM-1) and also
produced aortic lesions, providing evidence for aortic inflammation
B

D

F

atin (B)-treated rats. Photomicrographs of the arsenic-exposed aortic arch (C, D, E) showing
) and impairment of smooth muscle integrity. Photomicrographs of aortic arch of the

e control rats. H&E × 1000.
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and dysfunction. Studies showed that exposure to arsenic enhanced
vascular inflammation and plasma concentrations of MCP-1, IL-6,
VCAM-1, sICAM-1 (Chen et al., 2007; Srivastava et al., 2009) and
CRP (Cheng et al., 2011). Further, the vasculopathic lesions in the
aorta, i.e., increased mononuclear cell infiltration, fatty streak, foam
cell, focal thickening of the tunica intima and disruption of smooth
muscle integrity, support aortic inflammation in the arsenic-exposed
rats. ATV treatment in the arsenic-exposed rats brought the levels of
the pro-inflammatory cytokines, chemokine, acute phase protein and
cell adhesion molecules back to the control levels, demonstrating its
vasculo-protective effect by suppression of inflammatory response.
Further, ATV attenuated the arsenic-mediated aortic histological
alterations. The reduction in the mononuclear cell infiltration with
ATV may be ascribed to the decrease in the level of aortic MCP-1
(Zhou et al., 2008). Several mechanisms have been proposed for
suppression of inflammatory response with ATV, including inhibition
of ERK phosphorylation, IκBα degradation and COX-2 expression
(Shao et al., 2012) as well as increase in expression of peroxisome
proliferator-activator receptors, thereby increase in IκB level (NF-κB
inhibitor) and inhibition of the Rho/Rho kinase activity (Kleemann
et al., 2004; Nohria et al., 2008). However, based on the current obser-
vations, it may be deduced that the ATV-mediated improvement in
the NO bioavailability could be a reason for restoration of the levels of
the pro-inflammatorymediators and consequent mitigation of vascular
inflammation.

Conclusions

Subchronic exposure to arsenic through drinking water caused
vascular dysfunction as evident by functional, biochemical and structural
alterations in aorta. The dysfunction may relate to alterations in NO
signaling and higher release of pro-inflammatory cytokines, which
could exacerbate the production of cell adhesion molecules, acute
phase protein and chemokine. ATV has the vasculo-protective potential
to ameliorate arsenic-induced vascular dysfunction and inflammation
by restoring acetylcholine-induced relaxation, normalizingNO signaling,
production of pro-inflammatory mediators and cell adhesion molecules
and improving aortic histology.
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