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12 Abstract
13 Nickel, a widely used heavy metal is suspected as a cardiotoxic element. The aim of the present study was to assess the possible
14 protective role of l-ascorbic acid on nickel-induced alterations of cardiovascular pathophysiology in male albino rats. Twenty-
15 four albino rats (b.wt. 170–250 g) were randomized into four groups: control; l-ascorbic acid (50 mg/100 g b.wt., orally); NiSO4

16 (2.0 mg/100 g b.wt., i.p.); NiSO4 with l-ascorbic acid. Cardiovascular electrophysiology, serum and cardiac tissue
17 malondialdehyde (MDA), nitric oxide (NO), ascorbic acid, serum α-tocopherol and serum vascular endothelial growth factor
18 (VEGF) were evaluated. Histopathology of cardiac and aortic tissues was also assessed. NiSO4-treated rats showed a significant
19 increase in heart rate, LF/HF ratio and blood pressure (SBP, DBP and MAP). A significant increase of serum MDA, NO and
20 VEGF in NiSO4 treatment with a concomitant decrease of serum ascorbic acid and α-tocopherol as compared to their respective
21 controls were also observed. Simultaneous supplementation of l-ascorbic acid with NiSO4 significantly decreased LF/HF ratio,
22 BP and oxidative stress parameters, whereas ascorbic acid and α-tocopherol concentration was found to be increased.
23 Histopathology of cardiac and aortic tissues showed nickel-induced focal myocardial hypertrophy and degeneration in cardiac
24 tissue with focal aneurism in aortic tissues. Supplementation with l-ascorbic showed a protective action in both cardiac and aortic
25 tissues. Results indicated the possible beneficial effect of l-ascorbic acid on nickel-induced alteration of the cardiovascular
26 pathophysiology in experimental rats.

27 Keywords Nickel sulfate . Oxidative stress . Electrophysiology . VEGF . Cardiac tissue . L-ascorbic acid

28

29 Introduction

30 Recent studies are showing a strong link between environ-
31 mental pollutants and various cardiovascular diseases (CVD)

32[1–5]. Amid environmental heavy metal pollutants, nickel, a
33trace element with having a divalent cation, has enormous
34industrial applications. Because of its properties, it has been
35most widely used in electroplating of metals, battery
36manufacturing, as a catalyst, electrical and electronic indus-
37tries, metallurgy and metal alloys preparations [6]. Nickel par-
38ticles are widely distributed in the soil, air and water; its con-
39centrations are excessive in industrial areas [7]. Nickel is a
40silver-white transition metal that belongs to the group VIIIb
41of the periodic table. Nickel concentrations in ambient air is
42minimal (approximately 6–20 ng/m3) but higher concentra-
43tions (up to 150 ng/m3) are found in the air polluted by an-
44thropogenic sources [6]. Among the various nickel com-
45pounds, nickel sulfate contributes predominant nickel pollut-
46ant of ambient air. Nickel facilitates absorption of iron (Fe) in
47Fe3+ form in gastrointestinal tract (GIT) [8]. Nickel is consid-
48ered as essential trace element for several animal species, but
49in humans deficiency manifestations have not been clearly
50mentioned [6]. In biological systems, absorption, distribution
51and clearance of nickel compounds mainly depend on their

* Kusal K. Das
kusaldas@bldedu.ac.in

1 Department of Biochemistry, Shri B. M. Patil Medical College,
Hospital and Research Centre, BLDE (Deemed to be University),
Vijayapura, Karnataka 586103, India

2 Laboratory of Vascular Physiology and MedicineQ1 , Department of
Physiology, Shri B. M. Patil Medical College, Hospital and Research
Centre, BLDE (Deemed to be University),
Vijayapura, Karnataka 586103, India

3 Department of Pathology, Al-Ameen Medical College,
Vijayapura, Karnataka 586108, India

4 Department of Pharmaceutics & Pharmaceutical Technology,
BLDEA’s SSM College of Pharmacy & Research Centre, BLDE
University Campus, Vijayapura 586103, India

Biological Trace Element Research
https://doi.org/10.1007/s12011-019-01829-w

JrnlID 12011_ArtID 1829_Proof# 1 - 18/07/2019

mailto:kusaldas@bldedu.ac.in


AUTHOR'S PROOF

U
N
C
O
R
R
EC
TE
D
PR
O
O
F

52 solubility in water and the route of exposure [6]. The absorp-
53 tion and toxic manifestations of nickel compounds depend on
54 the solubility and order of absorption as follows: nickel car-
55 bonyl > soluble nickel compounds (chloride, nitrate, sulfate) >
56 insoluble nickel compounds (oxides, sulphides) [9].
57 The degree of severity of nickel toxicities is manifested by
58 its route and quantum of exposure [10]. It has been found that
59 toxic manifestations of nickel usually occur through (1) in-
60 creased ROS production and deprivation of the antioxidant
61 defence system, and (2) alterations in the autonomic nervous
62 system [1]. Nickel-induced increase of oxidative and
63 nitrosative stress is well established and possible altered role
64 of NOS2 (inducible nitric oxide synthase), NOS3 (endothelial
65 nitric oxide synthase) and oxygen sensing cell signalling path-
66 ways is also found to be the potential factors to induce nickel
67 toxicities [1]. Studies revealed that divalent cation (Ni2+) in-
68 fluences cardiovascular functions and causes aortic hyper con-
69 traction, but exact physiological mechanisms are yet to be
70 known [11].
71 Very few studies have been conducted to know the toxic
72 effects of divalent cations like nickel on cardiovascular health.
73 Moreover, the effect of water-soluble antioxidant vitamins like
74 l-ascorbic acid on nickel-induced cardiovascular abnormali-
75 ties were found to be least investigated. Water-soluble chain
76 breaking antioxidant vitamin C scavenges oxygen radicals in
77 aqueous phase, but lipophilic antioxidants like alpha tocoph-
78 erol (vitamin E) scavenge oxygen radicals within the mem-
79 brane [12]. Vitamin C also acts as a co-antioxidant and facil-
80 itates regeneration of alpha tocopherol from its ascorbyl rad-
81 ical [12]. So, it is well known that some antioxidant vitamins
82 like l-ascorbic acid (vitamin C) or α-tocopherol (vitamin E)
83 may re-establish oxidant/antioxidant balance hence may pro-
84 vide additional defence against metal-induced cell injuries
85 through oxidative stress [13, 14]. In many studies, it has been
86 shown that vitamin C protects against cell death caused by
87 various obnoxious stimuli and a major proportion of this pro-
88 tection has been associated with its antioxidant ability.
89 Hence, the present study was undertaken to explore the pos-
90 sible protective role of l-ascorbic acid on nickel-induced alter-
91 ations of cardiovascular pathophysiology in experimental rats.

92 Materials and Methods

93 Experimental Design

94 Twenty-four healthy adult male albino Wistar rats (Rattus
95 novergicus) of 8–10 weeks old with the weight of 170–250 g
96 were procured from BLDE (Deemed to be University), Shri
97 B.M. Patil Medical College, Hospital and Research Centre an-
98 imal house. Experimental rats were acclimatized to standard
99 laboratory conditions for 7 days before starting the experimen-
100 tation. All standard laboratory conditions like temperature with

10122 ± 2 °C and 12 h light-dark cycle weremaintained throughout
102all days of the experiment. All the protocols were scrutinized
103and approved by the Institutional Animal Ethical Committee
104(Ref No: BLDE/BPC/641/2016-2017 dated 22 October 2016).
105Experimental animals were pair fed with normal laboratory diet
106and water provided ad libitum throughout the study period. All
107the experimental protocols were performed according to
108Committee for the Purpose of Control and Supervision of
109Experiments on Animals (CPCSEA) guidelines, Government
110of India [15]. All the experimental rats were divided into four
111groups and given respective interventions as shown in Table 1.
112Throughout the adaptation period and the experiment, the rats
113were accommodated in triplets in standard polycarbonate cages
114(24 in. × 12 in. × 8 in.) with stainless steel mesh on the top.

115Gravimetry

116Each animal body weight of all groups was measured on day 1
117of intervention and the day of sacrifice by using Sartorious
118electronic balance (Model: Practum 1102-10IN) and percent-
119age body weight gain was calculated. After sacrificing the
120experimental rats, heart tissue was dissected out and weighed
121immediately by using electronic balance (Sathyam digital
122scale, Model: H2F-A + 300). Organo-somatic index of heart
123was calculated by organ weight in gram per 100 g of animal
124body weight.

125Electrophysiology

126After 21 days of intervention, rats were kept overnight
127fasting and acclimatized to a small animal restrainer for as-
128sessment of non-invasive blood pressure (NIBP). Once rats
129acclimatized to restrainer, systolic and diastolic blood pres-
130sures were recorded by NIBP monitor with tail cuff sensor
131(Biopac NIBP200A model) connected to a PC. After that,
132rats were anaesthetised by injecting ketamine (60 mg/kg
133b.wt.; i.p.) and xylazine (6 mg/kg b.wt., i.p.) [18]. ECG
134was recorded by using an MP45 Biopac instrument with a
135PC-based BSL 4.1 (Biopac Student Lab 4.1) software. For
136ECG, bipolar electrodes were attached to the upper and low-
137er limbs of the rats; heart rate variability (HRV) was analysed
138by using Kubios HRV software, version 2.0, developed by
139Department of Physics, University of Kuopio, Finland.
140Analysis of HRV was performed by using 5 min ECG R-R
141interval data. The following HRV parameters were mea-
142sured: low frequency (LF) power (sympathetic activity),
143high frequency (HF) power (parasympathetic activity) and
144LF/HF ratio.

145Animal Sacrifice and Sample Collection

146After 21 days of the intervention, rats were kept overnight
147fasting, anaesthetized, recorded electrophysiological
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148 parameters as said above and opened thoracic cage carefully,
149 blood was collected by cardiac puncture and stored in a plain
150 tube with clot activator. The samples were kept at room tem-
151 perature for 45 min and centrifuged at 600×g for 15 min.
152 Serum was separated, protected from light and stored at −
153 20 °C for further biochemical analysis. After blood collection,
154 rats were sacrificed as per CPCSEA guidelines between
155 09.00 AM and 11.00 AM.

156 Oxidative Stress Markers and Antioxidant Vitamins

157 The concentrat ion of l ipid peroxidat ion product
158 malondialdehyde (MDA) in serum and cardiac tissue ho-
159 mogenate samples was estimated by thiobarbituric acid
160 (TBA) method, where MDA reacts with TBA in hot acidic
161 conditions gives red coloured complex and this colour inten-
162 sity was directly proportional to the concentration of MDA
163 [19]. Nitrosative stress marker nitric oxide (NO) in its stable
164 form nitrate in serum and cardiac tissue homogenate reduced
165 to nitrite by cadmium reduction and forms coloured complex
166 with N-napthylene diamine. The colour absorbance was
167 measured by UV-Visible spectrophotometer (Shimadzu,
168 Model: UV1800) [20, 21]. Ascorbic acid was estimated in
169 serum and heart tissue homogenate by the method of Roe
170 and Koether [22]. Serum alpha tocopherol concentrations
171 were estimated by the method of Jargar et al. [23]. In the
172 protein-free serum samples, alpha tocopherol was extracted
173 into the xylene layer which reduces ferric to ferrous ions and
174 forms red coloured complex with 2,2′-bipyridyl reagent. The
175 intensity of red colour developed was red at 492 nm against
176 blank by using microplate reader (Meril EIAQuant, Meril
177 Diagnostics Pvt. Ltd., India) [23].

178 Molecular Markers

179 Serum VEGF was estimated by a commercially available
180 ELISA kit (Biospespvt. Ltd., China) using a microplate read-
181 er (Model: Merilyzer EIAQUANT, Meril Diagnostics Pvt.
182 Ltd).

183Histopathology

184After the blood collection, animals were sacrificed and cardiac
185tissue and thoracic aorta were dissected and washed in cold
186saline to remove the excess blood and then tissues were stored
187in 10% neutral-buffered formalin for histopathological evalu-
188ations. Paraffin blocks were made with fixed tissues and made
189sections of 3–5 μm thickness, deparaffinized, rehydrated and
190stained with haematoxylin and eosin (H&E) [24]. The stained
191tissue sections were observed under a photomicroscope and
192photographed (Olympus BH-2 with Samsung digital colour
193camera, Model No. SDC-242).

194Statistical Analysis

195All the data obtained from control and experimental groups
196were analysed for the level of significance by using one-way
197analysis of variance (ANOVA) followed by Tukey’s post hoc
198t-test, by using Windows-based SPSS software version 15.0.
199The p value < 0.05 is considered statistically significant.

200Results

201Gravimetry

202Figure 1 shows that NiSO4-treated rats gained the least %
203body weight during 21 days of intervention period when com-
204pared to all other groups. Both control and l-ascorbic acid-
205treated rats showed greater % body weight gain among all
206groups. Rats simultaneously treated with l-ascorbic acid and
207NiSO4 showed little improvement in body weight gain when
208compared to animals treated with NiSO4 alone but it is not
209statically significant.

210Organo-Somatic Index

211Figure 2 shows a significantly higher cardiac organo-somatic
212index of NiSO4 alone-treated rats when compared to control
213and l-ascorbic acid groups. Rats simultaneously treated with l-
214ascorbic acid and NiSO4 did not show a statistically signifi-
215cant decrease when compared to NiSO4 alone-treated rats.

216Electrophysiology

217Heart Rate Variability and Heart Rate

218Table 2 shows the LF, HF, LF/HF ratio and heart rate of all
219groups of experimental rats. Results showed a significant in-
220crease of LF power, a decrease of HF power and an increase of
221LF/HF ratio and heart rate (HR) in NiSO4 alone-treated rats
222when compared to all other groups. Rats simultaneously treat-
223ed with NiSO4 and l-ascorbic acid show a significant decrease

t1:1 Table 1 Experimental groups and the intervention

t1:2 Experimental
groups

Dosage for 21 days

t1:3 Control Placebo; oral gavage daily

t1:4 L-ascorbic acid 50 mg/100 g b.wt.; oral gavage daily [16]

t1:5 NiSO4 2.0 mg/100 g b.wt.; i.p.; alternate day, 10 doses [17]

t1:6 NiSO4 +
l-ascorbic acid

NiSO4 2.0 mg/100 g b.wt.; i.p. alternate day, 10
doses + l-ascorbic acid 50 mg/100 g b.wt.;
given by oral gavage daily

b.wt. body weight, i.p. intraperitoneal
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F224 of LF, an increase of HF and a decrease of LF/HF ratio and HR

225 as compared to nickel alone-treated rats.

226 Blood Pressure

227 Table 3 shows significantly increased SBP, DBP and MAP in
228 NiSO4 alone-treated rats whereas simultaneous supplementa-
229 tion of l-ascorbic acid with NiSO4 shows a significant de-
230 crease in blood pressure parameters.

231 Oxidative Stress Markers and Antioxidant Vitamins

232 Table 4 shows a significant increase in serum and cardiac
233 tissue MDA concentrations in NiSO4 alone-treated rats in
234 comparison to control and l-ascorbic acid groups, whereas rats
235 supplemented with l-ascorbic acid and NiSO4 showed a sig-
236 nificant decrease in MDA concentration. Serum and cardiac
237 tissue nitric oxide concentrations in NiSO4 group showed a
238 significant increase when compared to control and l-ascorbic
239 acid groups. Supplementation of l-ascorbic acid with NiSO4

240 significantly decreased heart tissue NO concentration whereas
241 serum NO concentration remained unchanged as compared to
242 NiSO4 alone-treated group.

243Serum and cardiac tissue ascorbic acid concentrations are
244found to be significantly decreased in NiSO4-treated rats
245when compared to control and l-ascorbic acid groups.
246NiSO4 + l-ascorbic acid-treated group of rats showed a sig-
247nificant increase in serum ascorbic acid concentrations but
248no significant increase was found in case of cardiac tissue l-
249ascorbic acid concentration as compared to NiSO4 alone-
250treated rats. NiSO4 alone-treated rats showed a significant
251decrease in serum α-tocopherol concentration when com-
252pared to control and l-ascorbic acid groups, but the group
253simultaneously treated with NiSO4 and l-ascorbic acid did
254not show any significant changes as compared to NiSO4

255alone-treated group.

256Molecular Marker

257Figure 3 shows a significant increase of serum VEGF concen-
258tration in NiSO4 alone-treated rats when compared to control
259and l-ascorbic acid-treated rats, whereas rats supplemented
260with l-ascorbic acid with NiSO4 showed significantly de-
261creased serum VEGF concentration when compared to
262NiSO4 alone-treated rats.

Fig. 2 Comparison of the organo-
somatic index of cardiac tissue in
control, l-ascorbic acid, NiSO4

and NiSO4 + l-ascorbic acid. n = 6
rats in each group. Values with
different superscripts (a, b) are
significantly different from each
other (p < 0.05)

Fig. 1 Comparison of % body
weight gain in control, l-ascorbic
acid, NiSO4 and NiSO4 + l-
ascorbic acid. n = 6 rats in each
group. Values with different
superscripts (a, b) are
significantly different from each
other (p < 0.05)
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F263 Histopathology of Cardiac Tissue and Aorta

264 Histopathology of Cardiac Tissue

265 Figure 4 shows sections of the cardiac tissues of all groups.
266 H&E-stained tissue sections of control and l-ascorbic acid-
267 treated rats studied under the microscope show normal histo-
268 logical features like myocardium composed of branching and
269 anastomosing, striated muscle fibres arranged in parallel fash-
270 ion, separated by capillaries, myocardial fibres are connected
271 to each other by intercalated discs and coronary arteries appear
272 normal. NiSO4 alone-treated tissue sections show focal myo-
273 cardial hypertrophy, degeneration, capillary congestion and
274 moderate arteriosclerosis of coronary arteries. Rats simulta-
275 neously treated with l-ascorbic acid and NiSO4 show some
276 histological improvements in architecture by showing myo-
277 cardium composed of branching and anastomosing striated
278 muscle fibres arranged in parallel fashion, separated by capil-
279 laries; there is no evidence of arteriosclerosis and coronary
280 arterial congestion.

281 Histopathology of Aorta

282 Figure 5 showing aortic tissue sections of all groups. H&E-
283 stained thoracic aortic tissue sections of control and l-ascorbic
284 acid-treated rats studied under the microscope show large-
285 sized artery normal histological structures and no evidence

286of arteriosclerosis, atherosclerosis, arteritis, calcification, an-
287eurysm and dysplasia. But NiSO4 alone-treated rats’ aortic
288tissue sections show mild thickening of tunica intima, medial
289sclerosis with hyperplastic smooth muscle cells and focal an-
290eurysm. Tissues sections of rats simultaneously treated with
291NiSO4 and l-ascorbic acid show near normal architecture with
292only mild thickening of tunica media.

293Discussion

294Results indicate that NiSO4 has an adverse effect on % body
295weight gain of rats. Many theories and pathways have been
296proposed about the control and maintenance of the body com-
297position. But the present results of our study are supported by
298electrophysiological parameters. In accordance with the ex-
299perimental findings of Bray et al. (2000), increased sympa-
300thetic activity reduces food intake and our study also showed
301increased sympathetic activity in NiSO4-treated rats [25]. But
302l-ascorbic acid supplementation in NiSO4-treated rats has
303shown statistically insignificant body weight gain when com-
304pared to NiSO4 alone-treated rats. After 21 days of interven-
305tion with NiSO4 alone, an increased cardiac mass showed
306when compared to control and l-ascorbic acid groups
307(Fig. 2). This increased cardiac mass could be due to cardiac
308hypertrophy in response to increased mean arterial pressure
309(supported by histopathology reports and MAP values) [26,

t2:1 Table 2 Effect of l-ascorbic acid supplementation on NiSO4-induced alterations of heart rate variability (HRV) parameters like LF, HF, LF/HF ratio
and heart rate

t2:2 Groups LF (Power n.u) HF (Power n.u) LF/HF ratio Heart rate (BPM)

t2:3 Control 49.87 ± 1.60a 49.37 ± 1.52a 1.01 ± 0.06a 255.70 ± 6.97a

t2:4 L-ascorbic acid 49.09 ± 1.10a 49.04 ± 1.22a 0.99 ± 0.02a 325.07 ± 8.92a

t2:5 NiSO4 59.54 ± 1.73b 41.89 ± 1.24b 1.42 ± 0.01b 364.03 ± 20.26b

t2:6 NiSO4 + l-ascorbic acid 53.40 ± 3.08a 46.33 ± 3.17a 1.15 ± 0.14a 270.82 ± 26.94a

t2:7 p value 0.001 0.006 0.001 0.037

Horizontal values are mean ± SD of six observations in each group: control, l-ascorbic acid, NiSO4 and NiSO4 + l-ascorbic acid. Values with different
superscripts (a, b) are significantly different from each other (p < 0.05)

LF low frequency, HF high frequency, BPM beats per minute

t3:1 Table 3 Effect of l-ascorbic acid supplementation on NiSO4-induced alterations of Blood Pressure Values

t3:2 Groups SBP (mmHg) DBP (mmHg) MAP (mmHg)

t3:3 Control 124.55 ± 3.23a 102.22 ± 3.93a 110.80 ± 4.41a

t3:4 L-ascorbic acid 118.28 ± 6.62 a 97.20 ± 5.66a 120.36 ± 0.51a

t3:5 NiSO4 166.11 ± 7.71b 136.80 ± 12.67b 146.56 ± 10.67b

t3:6 NiSO4 + l-ascorbic acid 133.78 ± 15.44a 106.01 ± 12.38a 115.23 ± 12.66a

t3:7 p value 0.001 0.004 0.004

Horizontal values are mean ± SD of six observations in each group: control, l-ascorbic acid, NiSO4 and NiSO4 + l-ascorbic acid. Values with different
superscripts (a, b) are significantly differ from each other (p < 0.05)

SBP systolic blood pressure, DBP diastolic blood pressure, MAP mean arterial pressure
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311 NiSO4 administered group showed statistically insignificant
312 reduction in cardiac mass. So further study may be required
313 to know the beneficial effect of long-term supplementation
314 with l-ascorbic acid in nickel-induced decrease of % body
315 weight gain and cardiac hypertrophic changes.
316 The present experiment on HRV in nickel-treated rats con-
317 sidered as a clinically approved indicator of cardiac autonomic
318 balance [28]. The results clearly indicated a vago-sympathetic
319 imbalance in nickel-treated rats by sympathetic overdrive with
320 concomitant under drive of parasympathetic actions. The in-
321 crease of heart rate in NiSO4 treatment in the present study
322 further indicates a possible increase in sympathetic stimula-
323 tion. These autonomic malfunctions may also be due to
324 nickel-initiated inflammatory response, increased oxidative
325 stress and decreased availability of antioxidants [29]. Altered
326 sympatho-vagal balance due to NiSO4 administration was sig-
327 nificantly improved by the supplementation of antioxidant l-
328 ascorbic acid, suggesting that concurrent response of oxida-
329 tive stress involved in the modulation of cardiac autonomic
330 function [1].
331 In this study, we have also observed an increase of SBP,
332 DBP and MAP in the rats treated with NiSO4. This may also
333 be due to the generation of reactive oxygen species (ROS)

334and cyclooxygenase 2 (COX2)-dependent endothelium
335contracting factors (EDCFs) by endothelial cells [1, 4, 11,
33627]. Golovko et al. (2003) reported that nickel ion induces
337vasoconstriction in the isolated canine coronary artery by
338enhancing CaCl2 influx into vascular smooth muscle cells
339[30, 31]. These increased concentrations of intracellular
340smooth muscle Ca2+ could lead to the increased arterial tone
341which in turn leading to an increase of blood pressure [32].
342However, simultaneous supplementation of l-ascorbic acid
343with NiSO4 significantly improved the altered blood pres-
344sure parameters in rats, as l-ascorbic acid is found to be a
345potent antioxidant which improves endothelial functions by
346reducing the oxidative stress, suppressing endothelial cell
347apoptosis by cytokines and tumour necrosis factor-α
348(TNF-α) and angiotensin II [33].
349Increased oxidative stress in the physiological system is
350considered to be a key factor underlying cardiovascular dys-
351function, hence increase of serum and heart tissue MDAwith
352the decrease of l-ascorbic acid and alpha tocopherol in serum
353and decrease of l-ascorbic acid in heart tissues in nickel treated
354rats ascertain cardiotoxicities due to nickel-induced oxidative
355stress [12]. Nickel is a known atherogenic substance which
356may exert its effects by increasing the ROS production which
357in turn increases lipid peroxidation by the increase of oxygen

t4:1 Table 4 Effect of l-ascorbic acid supplementation on NiSO4-induced alterations of serum and cardiac tissue stress markers and antioxidant vitamins

t4:2 Parameters Control L-ascorbic acid NiSO4 NiSO4 + l-ascorbic acid p value

t4:3 Serum MDA (μM/L) 1.63 ± 0.29a 1.27 ± 0.13a 2.4 ± 0.39b 1.38 ± 0.17a 0.003

t4:4 Cardiac tissue MDA (μM/g of tissue) 3.48 ± 0.87a 2.94 ± 1.07a 13.72 ± 0.67b 6.99 ± 1.00c 0.000

t4:5 Serum NO (μM/L) 6.11 ± 0.19a 7.78 ± 1.44a 12.22 ± 2.26b 10.01 ± 1.49b 0.000

t4:6 Cardiac tissue NO (μM/g of tissue) 26.0 ± 5.86a 23.61 ± 3.64a 82.25 ± 8.27b 52.60 ± 8.19c 0.000

t4:7 Serum ascorbic acid (mg/dL) 0.81 ± 0.03a 1.28 ± 0.14b 0.61 ± 0.02c 1.28 ± 0.13b 0.000

t4:8 Cardiac tissue ascorbic acid (mg/g of tissue) 4.76 ± 1.25a 7.69 ± 1.93a 3.23 ± 1.64b 5.12 ± 1.43b 0.050

t4:9 Serum α-tocopherol (μg/mL) 2.86 ± 0.38a 3.46 ± 0.85a 1.32 ± 0.30b 1.39 ± 0.06b 0.001

Horizontal values are mean ± SD of six observations in each group: control, l-ascorbic acid, NiSO4 and NiSO4 + l-ascorbic acid. In each column, values
with different superscripts (a, b, c) are significantly different from each other (p < 0.05)

MDA malondialdehyde, NO nitric oxide

Fig. 3 Comparison of VEGF
concentration in control, l-
ascorbic acid, NiSO4 and NiSO4

+ l-ascorbic acid. n = 6 rats in
each group. Values with different
superscripts (a, b) are
significantly different from each
other (p < 0.05)
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358 free radicals and overutilization of membrane antioxidants
359 [34]. Supplementation of l-ascorbic acid in nickel-treated rats
360 was found to be beneficial to counteract nickel-induced
361 cardiotoxicities due to oxidative stress.
362 In the present study, we observed an increase in serum and
363 cardiac tissue NO concentrations in nickel-treated rats may be
364 due to the overexpression of inducible nitric oxide synthase (i-
365 NOS) [34]. Increased levels of nitric oxide can react with the
366 superoxide anion (O−

2) and form peroxynitrite anion
367 (ONOO–). Peroxynitrite is a potent oxidant and may trigger
368 lipid peroxidation, inhibit mitochondrial electron transport
369 and oxidize thiol compounds [35]. i-NOS gene expression
370 reported being increased in conditions like cellular hypoxia,
371 oxidative stress and pro-inflammatory conditions [36]. Nickel
372 mediated activation of the transcription factors NF-κB and
373 STAT-1α reported being an essential step for the i-NOS in-
374 duction in most of the cells [32]. Supplementation of l-
375 ascorbic acid may decrease the NO production by blocking
376 the NF-κB pathway in nickel-treated rats.
377 In many studies, it has been observed that nickel or any
378 other heavy metals create cellular hypoxia by binding to the
379 heme portion of oxygen sensing molecules [34]. The present
380 study indicated that nickel-induced increase of VEGF, potent
381 oxygen sensing growth factor causes cellular hypoxia, vascu-
382 lar damage, triggers hypoxia cell signalling and angiogenesis
383 pathways to protect tissue from further damage [37].
384 Supplementation of l-ascorbic acid in nickel-treated rats

385decreased oxygen free radicals which in turn decrease cellular
386damage and protect heme-containing oxygen sensing biomol-
387ecules in physiological systems including the cardiovascular
388system.
389Histopathological studies of cardiac tissues along with cor-
390onary artery and aorta show cardiovascular remodelling due to
391nickel toxicity. The results also indicate a possible association
392between nickel and vascular architecture by the development
393of hypertrophy and hyperplasia in vessels, expansion of the
394endothelial and adventitial layers along with increased arterial
395wall thickness [36]. Nickel-induced oxidative, nitrosative
396stress and concomitant decrease of antioxidant defensive
397agents are responsible for changes in cardiovascular patho-
398physiology and affect structural and functional homeostasis.
399But supplementation of l-ascorbic acid mediated improve-
400ments of both heart and aortic tissue architectures in nickel-
401treated rats may be because of decreased oxidative, nitrosative
402stress and increased antioxidant agents [14].

403Conclusion

404Results suggest that heavy metal like nickel impairs cardiac
405autonomic functions, vascular functions, oxidant-antioxidant
406balance and oxygen sensing cell signalling mechanism
407(VEGF). Further, nickel sulfate was also found to have an
408adverse impact on cardiac and aortic tissue histopathology.

Fig. 5 Haematoxylin and eosin-stained photo-micrographs of the thoracic aorta from a control (×40); b l-ascorbic acid (×40); cNiSO4 (×40); dNiSO4 +
l-ascorbic acid (×40)

Fig. 4 Haematoxylin and eosin-stained photo-micrographs of cardiac tissue with coronary artery from a control (×40); b l-ascorbic acid (×40); cNiSO4

(×40); d NiSO4 + l-ascorbic acid (×40)
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409 Supplementation of l-ascorbic acid, a potent antioxidant, was
410 found to be beneficial against nickel-induced cardiovascular
411 toxicities. The results obtained in this study may have clinical
412 value in humans and the effect of l-ascorbic acid on nickel-
413 induced cardiovascular toxicities deserves further exploration.
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