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ABSTRACT

Cardiovascular disease (CVD) is a global health concern due to its high mortality. Heavy
metals are the potential risk factor for CVD. Among other heavy metals, chromium (Cr) is
considered a serious threat to human health due to its high oxidative capacity. In the current
study, male Wistar rats were treated with Cr to induce cardiac tissue injuries, meanwhile,
melatonin was given to test whether this treatment can protect against Cr-induced cardiac
damage. The results showed that Cr markedly altered the heart weight, biomarkers of
oxidative stress, activities of antioxidant and pro-oxidant enzymes, as well as tissue
morphology. On contrary, melatonin treatment significantly suppressed all these alterations
via its antioxidant activity. In addition, melatonin also significantly reduced tissue Cr
concentration probably through its metal-chelating activity. The current study has
demonstrated that melatonin is a promising antioxidant to protect the heart from Cr-induced
oxidative damage, confirming that melatonin can be a future therapeutic agent for Cr-
mediated toxicity in the heart or other organs.

Key words: cardiovascular disease, chromium, oxidative stress, ROS, cardiac injuries,
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1. INTRODUCTION

Among all non-communicable diseases, cardiovascular diseases (CVDs) become a
serious threat to human health. According to the report from World Health Organization
(WHO-2019), CVDs are the leading cause of death globally. An estimated 17.9 million
individuals died from CVDs per year worldwide (1). Besides many known causative factors,
environmental pollutants are a significant but unrecognized one for the onset and progression
of CVDs (2). Heavy metals are the most predominant environmental contaminants because
they persist in the environment for a long time with continuous toxicity (3). Therefore, they
are considered systemic toxicants leading to multiple organ damage even at lower
concentrations (4).
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Among them, chromium (Cr) has become a public concern due to its substantial
utilization both industrially and civilly. Persons are occupationally exposed to Cr by working
in industries of stainless steel, chrome plating, welding, mining, dyes and pigments, leather
tanning, photography, and wood preservation (5) and also can be exposed by the
consumption of contaminated food, water, and airborne dust or aerosols (6). The amount of
Cr in ambient air and ground-water is relatively high in several places, including Europe
(Belgium and Poland), Egypt (Cairo, Alexandria), the United States (North Carolina, New
Jersey), Australia (Sydney), and India (Kanpur, Delhi, Agra, Lucknow, and Kolkata) (7, 8).
According to a recent report, chromite ore mining is dominated in South Africa, followed by
Kazakhstan, India, Turkey, and other countries (9). Cr has many oxidation states, but trivalent
(111 and hexavalent (V1) are the most dominants. Cr (111) is used as a dietary supplement,
whereas, Cr (V1) has carcinogenic, genotoxic, and mutagenic activities (10). Cr (V1) is non-
biodegradable and thus can persist in water and soil for an extended period of time (11). It
causes various disorders including allergic dermatitis, lung cancer, gastrointestinal (Gl)
dysfunction, liver and kidney diseases, neurotoxicity, and immunotoxicity (12, 13). Cr (VI) is
readily absorbed in the gut and it crosses the cell membrane via anionic chloride phosphate
and sulfate carriers (14). In the intracellular environment, Cr (V1) is converted to Cr (111), an
event often recognized to produce hazardous consequences (15). Being redox-active, Cr (V1)
may undergo Fenton and Haber-Weiss type of reactions to generate reactive oxygen species
(ROS) including superoxide anion (O%°), hydroxyl radical ("HO), and hydrogen peroxide
(H202) (16). When Cr (VI) binds to both non-enzymatic (GSH, Ascorbate) (17) and
enzymatic antioxidants (NADPH/NADH-linked enzymes, electron transport chain [ETC]
enzymes) (18), it produces a significant amount of ROS, which ultimately compromise the
antioxidant defense system leading to damage of lipid, protein, DNA, and other biological
structures (19, 20). Antioxidant supplements or consuming antioxidant-rich foods may
provide beneficial effects in combating oxidative stress caused by Cr (VI). In this respect,
melatonin seems to be a suitable molecule due to its potent antioxidative and metal-chelating
properties (21, 22). Moreover, there is a strong inverse relationship between melatonin and
heart disease, as it influences different cardiac events (23). This pineal indoleamine can
directly detoxify ROS/RNS while it also boosts the activities of antioxidant enzymes or
suppressed pro-oxidant enzymes (24, 25). These actions are mediated by receptors or
receptor-independent (26). Melatonin is synthesized in the pineal gland but it can also be
produced in the extra-pineal sites including the retina, lens, skin, gastrointestinal tract, liver,
kidney, thyroid, pancreas, thymus, and spleen (27). It is also present in foodstuffs such as
cereals and millet, vegetables, fruits, nuts, seeds, and herbs (28, 29). Consumption of
melatonin-rich foods raises the blood level of melatonin in humans (30). It appears feasible to
include melatonin in a dietary regimen targeting various diseases related to oxidative stress.

Thus, the current study aims to evaluate the efficiency of melatonin in alleviating cardiac
tissue injury induced by Cr-mediated oxidative stress in male Wistar rats. The potential
mechanisms are also explored.

2. MATERIALS AND METHODS
2.1. Chemicals.

The Kits for the estimation of SGOT and CKMB were procured from Arkray Healthcare
Pvt. Ltd. Sodium dichromate dihydrate (Na.Cr.07.2H.0), melatonin, trichloroacetic acid
(TCA), 5, 5- dithiobis-2-nitrobenzoic acid (DTNB), bovine serum albumin (BSA),

nicotinamide adenine dinucleotide phosphate reduced and oxidized (NADPH and NADP?Y),
reduced glutathione (GSH), nitro blue tetrazolium (NBT), sodium pyruvate (CHsCOCOONa)
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and other necessary reagents were purchased from Sisco Research Laboratories, (Mumbai,
India). Nicotinamide adenine dinucleotide (NAD"), glutathione oxidized (GSSG), phenazine
methosulfate (PMS), o-phenylenediamine dihydrochloride (OPD), and other chemicals were
purchased from Sigma Aldrich Merck (St. Louis, Missouri; USA). Thiobarbituric acid (TBA)
and other chemicals were purchased from Merck Limited, (Delhi, India). All chemicals used
in different assays were of analytical grade purity.

2.2. Animals.

Male Wistar rats weighing 180 = 10g (age 3-4 months) were obtained from a CPCSEA-
registered supplier and handled throughout the experiment as per the guidelines from the
Committee on Prevention of Cruelty and Supervision of Experiments on Animals (CPCSEA)
under the Ministry of Social Justice and Empowerment, Government of India. The rats were
kept in well-ventilated polypropylene cages in the departmental animal house under
controlled environmental conditions of temperature (25 + 1°C), humidity (50 £ 10%), and
light: dark cycle (12:12 h). They had free access to food and drinking water ab libitum. The
animals were acclimatized to laboratory conditions for 5 days before starting experiments.
All the experimental protocols were approved by the Institutional Animal Ethics Committee
(IAEC) [Approval number: IAEC-V/T/DB-3(Priyanka Ghosh)/2019 dated 7.8.19] of the
Department of Physiology, University of Calcutta.

2.3.  Experimental Design.

After acclimatization, the animals were divided into ten different groups (n=4) and
subjected to the following treatment schedule (Figure 1):

1. Control groups (Con): The animals were subcutaneously (s.c.) given a vehicle for 7
(Con 7) or 14 (Con 14) days, respectively for each Con groups.

2. Chromium-treated groups (Cr): The animals were subjected to subcutaneous injection
of Cr at the dose of 5 mg/kg body weight (b.w) (31) on alternate days for 7 (Cr7) or 14
(Cr14) days, respectively for each Cr groups.

3. Melatonin-treated groups (M): The animals were administered with melatonin by
gavage, at the doses of 5 (M5), 10 (M10), or 20 (M20) mg /kg b.w. for 14 days, respectively
for each M groups.

4. Chromium + melatonin co-treated group (CrM): The animals were administered with
melatonin by gavage for 30 minutes at the doses of 5 (CrM5), 10 (CrM10), and 20 (CrM20)
mg/kg b.w. respectively, before subcutaneous injection of Cr (5mg/kg b.w.). Melatonin
treatment was continued for a period of 14 days, respectively for each CrM groups.

2.4.  Sample collection.

Animals were fasted overnight at the end of the treatment period. Following
intraperitoneal injection of a specific dose of ketamine hydrochloride, the rats were sacrificed
through cervical dislocation according to CPCSEA guidelines. The abdomen and chest
compartments were carefully opened, and blood was collected through cardiac puncture. The
collected blood was stored overnight to allow coagulation for serum collection. The serum
was kept at -20°C for subsequent assays. The heart was removed, washed in cold saline,
soaked with blotting paper, and preserved in sterile plastic vials. The tissues were kept at -
20°C for future assay.
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2.5.  Sample preparation.

Cardiac tissues were homogenized in ice-cold 50 mM potassium phosphate buffer to
obtain cytosolic fraction. To remove the nuclear debris, the tissue homogenate was
centrifuged at 2,000 rpm for 10 minutes at 4°C and the supernatant was collected for an
additional centrifugation at 14,000 rpm for 30 minutes at 4°C. The resulting supernatant was
then collected as the cytosolic fraction. All the samples were stored at -20°C for subsequent

biochemical analysis (32).
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Fig. 1. Schematic representation of in-vivo experiments.
2.6. METHODS.
2.6.1. Determination of the ratio of heart weight to body weight.

The body weight of rats of each group was recorded at the beginning as well as at the
completion of the study. After sacrifice, the heart weight was recorded carefully. Then, the
ratio of heart to body weight was calculated (33).

2.6.2. Determination of the biomarkers of cardiac damage.

The activities of serum glutamate oxaloacetate transaminase (SGOT), a marker indicating
cardiac tissue damage, were measured from serum using kits acquired from Arkray
Healthcare Pvt. Ltd. (India). The activity measurements and computations were carried out
following the instructions included with the Kkits. The enzyme activity was expressed in IU/L.
The activity of lactate dehydrogenase-1 (LDH-1), a cardiac-specific marker was estimated
using the method of Strittmatter (34) with some modifications as adopted by Varcoe (35).
The activities of these enzymes were expressed in 1U/L.

2.6.3. Measurements of oxidative stress biomarkers.
The levels of lipid peroxidation (LPO) in cardiac tissue homogenates were measured as
thiobarbituric acid reactive substances (TBARS) using the technique of Buege and Aust (36)

with minor changes made by Bandyopadhyay et al. (37). The absorbance was measured at
532 nm and the values were expressed as nmoles TBARS/mg of protein.
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A DNPH test was used to evaluate the protein carbonyl (PCO) content in cardiac tissue
homogenates (38). The results were expressed as nmoles carbonyl/mg protein.

The reduced glutathione (GSH) content of cardiac tissue homogenates was evaluated
using the method of Sedlak and Lindsay (39) with some minor changes as used by
Bandyopadhyay et al. (37). The absorbance was measured at 412 nm and expressed as
nmoles GSH/mg of protein.

2.6.4. Measurements of activities of antioxidant enzymes.

The activity of superoxide dismutase (SOD) was measured from homogenates of cardiac
tissues using the method established by Ewing and Janero (40). The absorbance was
measured at 560 nm using a Bio-Rad microplate reader.

Catalase (CAT) activity of cardiac tissue homogenate was measured using the method of
Beers and Sizer (41). The absorbance was measured at 240 nm using a UV/VIS
spectrophotometer.

Glutathione peroxidase (GPx) activity was measured in the cytosolic fractions of cardiac
tissues using the method of Castro et al. (42).

The glutathione-S-transferase (GST) activity was measured spectrophotometrically from
the cytosolic fractions of the cardiac tissues following the method of Habig et al. (43).

The glutathione reductase (GR) activity was measured from the cytosolic fractions of the
cardiac tissues by the method of Krohne-Erich et al. (44).

The activities of all the enzymes were expressed as U/mg protein.

2.6.5. Measurements of activities of pro-oxidant enzymes.

The activities of xanthine oxidase (XO) and xanthine dehydrogenase (XDH) in the
cytosolic fractions of the cardiac tissues were measured to estimate the indirect effects of
these enzymes on the production of superoxide anion in vivo.

The XO activity was measured spectrophotometrically at 295 nm by converting xanthine
to uric acid using the method of Greenlee and Handler (45). The enzyme activity was
expressed as muUnits/mg protein.

The activity of XDH was measured spectrophotometrically at 340 nm by reducing NAD*
to NADH using the method of Strittmatter (34) with minor modifications (46). The enzyme
activity was expressed as mUnits/mg protein.

2.6.6. Measurement of the activity of creatine kinase MB (CKMB).

The activity of creatine kinase MB (CKMB), a heart-specific enzyme in serum, was
measured using the kits purchased from Reckon Diagnostics Pvt. Ltd. (India). All the
measurements and calculations were carried out following the instructions provided with the
Kits. The enzyme activity was expressed in 1U/L.

2.6.7. Measurement of the chromium content in the heart tissues.
The chromium content of the cardiac tissues was measured (47, 48) according to the
instrument manual instructions of the "Agilent Technologies AA280" Atomic Absorption

Spectrophotometer with hydride vapor generator available at the National Test House (NTH),
Kolkata. The chromium content of the tissues was reported here as pg/g.
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2.6.8. Cell surface architecture measurements using scanning electron microscopy
(SEM).

A small portion of the heart tissue of rats from each group was preserved in 3%
glutaraldehyde solution for three days and processed according to the procedure as described
by Dutra et al. (49) with minor modifications made by Mukherjee et al. (50). The fixed
tissues were dehydrated in graded alcohol for three days, then dehydrated again in isoamyl
alcohol. Following that, the surface of the dehydrated tissue slices was examined using a
SEM (Carl Zeiss).

2.6.9. Detection of reactive oxygen species (ROS) by flow cytometry.

Flow cytometry was used to detect intracellular ROS levels using a ROS marker, 2',7'-
dichlorofluorescein di-acetate (DCFDA) (51), a fluorogenic dye that measures hydrogen
peroxide, peroxyl, and other ROS levels. The cardiac tissue samples were treated for 30
minutes at 37° C with 2 M DCFDA dye, which is oxidized by ROS to the highly fluorescent
2', 7'-dichlorofluorescein (DCF). Following incubation, all of the samples were examined
using a flow cytometer (BD FACS Versa, USA) outfitted with UV filters (450-490 nm
(excitation) and 520 nm (emission). FACSuite software was used to analyze the data, and the
mean fluorescence intensity (MFI) was shown in a bar diagram.

2.6.10. Detection of nitric oxide (NO).

The amount of NO in the tissue samples was indirectly examined by measuring the
quantities of nitrite using the Griess reagent (1% sulfanilamide and 0.1% NED in 2.5%
orthophosphoric acid) and the optical density was recorded at 540 nm (52).

2.6.11. The morphological studies of cardiac tissue.
2.6.11.1. Hematoxylin-eosin (HE) staining.

A small portion of heart tissue was fixed in 10% formalin immediately for routine
histological evaluation. The tissues were paraffin-embedded and 5um thick sections were
prepared. Afterward, the tissue sections were stained with hematoxylin and eosin (53). The
alterations in tissue morphology were captured using a light microscope fitted with a digital
camera at 20X and 40X magnifications, respectively.

2.6.11.2. Quantification of fibrosis using acid Sirius and Masson trichrome staining.

Following the usual protocol, a 5 um section of cardiac tissue was stained with picrosirius
red stain (0.1% Sirius red in saturated aqueous picric acid) for assessing the status of collagen
(54). The slides were then examined and photographed using a fluorescence microscope at
20X and 40X magnifications, respectively. The photomicrographs were inspected to
determine the proportion of total collagen area, which was subsequently quantified using an
image processing system (Image J, NIH Software) and represented as the percent (%)
collagen volume.

An additional 5 um section was stained by Masson's trichrome stain (55-57). Freshly
prepared Bouin's solution was applied to deparaffinized tissue slices and left to stand for 60
minutes. The incubated tissue slices were then rinsed with tap water to eliminate any
remaining picric acid. Then, the samples were soaked with Wiegert's working hematoxylin
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solution for 10 minutes, then, washed with running tap water for 5 minutes and rinsed in
distilled water. After that, Biebrich scarlet solution was added to the slides and kept
undisturbed for 5 minutes followed by rinsing in distilled water. Then, the slices were
incubated with phosphotungstic/phosphomolybdic acid for a period of 10 minutes. Finally,
aniline blue solution was applied to the slices for 5 minutes and washed in distilled water, and
treated with 1% acetic acid for 1 minute. Tissue sections were then dehydrated and cleaned
with xylene before being mounted with DPX. The stained tissue slices were examined using a
Leica light microscope at 20X and 40X magnifications, respectively. ImageJ software was
used to calculate the percentage area of fibrosis.

2.6.12. Estimation of protein.

The protein contents of cardiac tissue homogenates and cytosolic fractions were estimated
following the method of Lowry et al. using BSA as standard (58).

2.7. Statistical analyses.

The data were expressed as mean + S.E.M, and each assay was repeated at least thrice.
One-way ANOVA followed by a post-hoc test (Tukey's HSD test) was performed to
determine the significance of the mean values of different variables between different
experimental groups. The results were considered statistically significant at the level of p <
0.05. Data were analyzed by using the IBM Statistical package for social sciences version 26
(SPSS), Microsoft Office 2019, and GraphPad prism 9.

3. RESULTS
3.1. Effects of Cr on the heart-to-body weight ratio and cardiac-specific biomarkers.

Cr treatment at day 14 significantly increased the heart-to-body-weight ratio (40.74%)
compared to the control group (p < 0.01) (Figure 2A).

On the other hand, the activities of SGOT and LDH1 both significantly elevated on days 7
and 14, respectively in the Cr-treated groups compared to the control groups (p< 0.01)
(Figure 2B and 2C).
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Fig. 2. Effects of Cr on the heart-to-body weight ratio and cardiac-specific biomarkers
in 7 and 14 days respectively.

(A) heart weight/body weight ratio, activities of (B) SGOT, and (C) LDH1 of rats treated
with chromium. The values are expressed in mean + SEM (n=4). Con: control, Cr:
chromium, Numbers: days treated with Cr **p < 0.01.

3.2. Effects of Cr on biomarkers of oxidative damage.
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Both LPO level (1.181-fold in 7 days and 1.4-fold in 14 days) and PCO content (30.62%
in 7 days and 64.57% in 14 days) were significantly increased at day 7 and 14 with Cr
treatment in the cardiac tissue, respectively compared to control groups (p< 0.01) (Figure 3A
and 3B). On the contrary, the GSH content (11.01% in 7 days and 24.01% in 14 days) was
significantly decreased in the cardiac tissue of Cr treated groups, compared to controls (p<
0.01) (Figure 3C).
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Fig. 3. Effects of Cr on oxidative stress biomarkers in cardiac tissue of rats at days 7
and 14, respectively.

Histograms represent the levels of (A) LPO, (B) PCO, and (C) GSH. The values are
expressed in mean = SEM (n=4). C: control, Cr: chromium, Numbers: days with Cr
treatment, **p < 0.01.

3.3 Effects of Cr on the activities of antioxidant and prooxidant enzymes.

The activities of endogenous antioxidant enzymes, i.e., SOD, CAT, GST, and GR were
significantly diminished both in 7 and 14 days, respectively with Cr treatment compared to
control groups (p< 0.01) (Figure 4 A, B, D, and E). In contrast, Cr treatment significantly
increased the activity of GPx in 7 and 14, respectively (p< 0.01) (Figure 4 C).

In the case of the activities of prooxidant enzymes in cardiac tissue, Cr treatment
significantly elevated (p<0.01) the activities of XO, XDH, XO/XDH, XO+XDH XO/
(XO+XDH) at the day 7 and 14, respectively compared to control groups (Figure 4F-J) (p <
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Fig. 4. Effects of Cr on the activities of endogenous antioxidant and pro-oxidant

enzymes in cardiac tissue.

Activities of antioxidant enzymes (A) SOD, (B) CAT, (C) GPX, (D) GST, and (E) GR, and
pro-oxidant enzymes (F) XO, (G) XDH, (H) XO+XDH, (I) XO/XDH, (J) XO/(XO+XDH).
Values are expressed as mean = S.E.M (N = 4). Con: control, Cr: chromium, Numbers: days
with Cr treatment, **p < 0.01.

3.4. Effects of Cr on the morphological structures of cardiac tissue.

Histo-morphological studies of Cr groups of both time points exhibited severe degeneration
of cardiomyocytes along with vacuolization in the cytoplasm (Figure 5 left panel). Figure 5A
and 5B graphically represented the measures of ultra-structural changes in heart tissue. Cr
treatment significantly reduced the total nuclear content at day 14 (Figure 5A) (p < 0.01), but
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significantly increased the gap between consecutive fibers at day 7 and 14, respectively
(Figure 5 B) (p <0.01) compared to the control groups.

Control (7 days) Control (14 days)

Fig. 5. Effects of Cr on histo-morphological changes in cardiac tissues.

Left panel: photomicrographs of hematoxylin and eosin-stained cardiac tissue sections
(40X magpnification) which showed extensive vacuolization of cytoplasm, capillary dilatation,
irregularity of myofibrils, and myocardial fiber necrosis after 7 days of treatment with a
marked progression in 14 days when compared to the control rats. Fig. 5A depicts the
graphical representation of total nuclear content in cardiac tissue sections of different
groups. Fig. 5B represents the gap between consecutive fibres. The values are expressed in
mean £ SEM). C: control, Cr: chromium, Numbers: days with Cr treatment, *p < 0.05, **p <
0.01.

3.5. Effects of melatonin and Cr on the heart-to-body weight ratio and the activities of
SGOT and LDH-1.

The results showed that Cr treatment significantly (p< 0.01) increased the heart-to-body
weight ratio compared to the control group at day 14 while melatonin co-treatment with Cr
dose-dependently reduced the increased ratio back to the control level (Figure 6 A) (p < 0.05
and 0.01).

Furthermore, Cr treatment significantly elevated the activities of serum SGOT and LDH-
1, respectively compared to the control while these rises were significantly suppressed by
melatonin co-treatment at all doses selected (Figure 6B and C) (p< 0.01).
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Fig. 6. Effects of Cr and melatonin on the heart-to-body weight ratio and cardiac-
specific biomarkers on the day of 14.

(A) heart weight to body weight ratio, activities of (B) SGOT, and (C) LDH1 of rats
treated with chromium and melatonin at different doses. The values are expressed in mean +
SEM (n=4). Cr: chromium, M: melatonin, Numbers: melatonin doses of mg/kg., *p < 0.05,
**p < 0.01.
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3.6. Effect of melatonin and Cr on oxidative stress biomarkers.

Cr treatment significantly increased the LPO and PCO levels in cardiac tissue
respectively, compared to the control group while melatonin co-treatment with Cr dose-
dependently suppressed these increased biomarkers (Figure 7A and B) (p< 0.01). On
contrary, Cr treatment significantly reduced GSH content while melatonin co-treatment with
Cr dose-dependently elevated this decline (Figure 7 C) (p< 0.05 and 0.01).
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Fig. 7. Effects of melatonin and Cr on the oxidative stress biomarkers of cardiac tissue.

The bar graph represents alterations in the levels of (A) LPO, (B) PCO, and (C) GSH
content. The values are expressed in mean + SEM (n=4). Cr: chromium, M: melatonin,
Numbers: melatonin doses of mg/kg., *p < 0.05, **p < 0.01.

3.7. Effects of melatonin and Cr on the activities of antioxidant and prooxidant enzymes
of cardiac tissue.

The results showed that Cr treatment significantly reduced the activities of SOD
(30.51%), CAT (49.26%), GST (60.97%), and GR (38.78%) in cardiac tissue, respectively
compared to control group while melatonin co-treatment with Cr dose-dependently elevated
these declines (Figure 8A, B, D and E) (p < 0.01). On contrary, Cr treatment significantly
enhanced the GPx (49.26%) activity compared to the control group while melatonin co-
treatment with Cr dose-dependently revised this increment (Figure 8C) (P <0.01).

On the other hand, Cr treatment significantly elevated the activities of XO (2.56-fold),
XDH (1.26-fold), XO+XDH (1.77-fold), XO/XDH (57.11%), and XO/ (XO+XDH) (23.57%)
of the cardiac tissue, respectively compared to control group while melatonin co-treatment
with Cr dose-dependently revised these elevations significantly (Figure 8F-J) (p<0.01).
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Fig. 8. Effects of melatonin and Cr on activities of antioxidant enzymes and pro-oxidant
enzymes in cardiac tissue.

(A) SOD, (B) CAT, (C) GPX, (D) GST, and (E) GR, and pro-oxidant enzymes (F) XO, (G)
XDH, (H) XO+XDH, (1) XO/XDH, (J) XO/(XO+XDH). Values are expressed as mean *
S.E.M (N = 4). Cr: chromium, M: melatonin, Numbers: melatonin doses of mg/kg., *p < 0.05,
**p < 0.01.
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3.8. Effects of melatonin and Cr on the morphological structure of cardiac tissue.

Profound morphological damages including degeneration, vacuolization, and congestion
were found in the cardiac tissue of the Cr-treated group compared to the control group while
melatonin co-treatment with Cr dose-dependently prevented these damages (Figure 9 left
panels). The statistical analyses confirmed the morphological observations. The Cr treatment
significantly reduced the total nuclear content (2.49%) and the gap between consecutive
fibers (3.04-fold) of the cardiac tissue compared to the control group while melatonin co-
treatment with Cr dose-dependently minimized these alterations (Figure 9A and B) (p < 0.05
or 0.01).
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Fig. 9. Effects of melatonin and Cr on histo-morphological changes in cardiac tissues.
The left panels were the photomicrographs of hematoxylin eosin-stained cardiac tissue

sections (40X magnification) representing all the structural alterations (discussed previously

in Fig.5) (A) The statistical analysis of total nuclear content. (B) The gaps between fibers.

Cr: chromium, M: melatonin, Numbers: melatonin doses of mg/kg., *p < 0.05, **p < 0.01.

3.9. Effects of melatonin and Cr on the deposition of chromium, ROS, and NO
generation in cardiac tissue.

The results showed that Cr treatment significantly increased the Cr content (56.80%)
(Figure 10 A) and ROS production (55.29%) (Figure 10 C) of cardiac tissue, respectively
compared to the control group while melatonin co-treatment with Cr at the dose of 20 mg/kg
reduced these increases back to the control levels (Figure 10A and B) (p < 0.01). In contrast,
Cr treatment significantly reduced the NO level (61.11%) of cardiac tissue compared to the
control group, however, melatonin co-treatment with Cr at the dose of 20 mg/kg significantly
reduced this decline (Figure 10D) L (p<0.01).

DCFDA FITC-A MFI

Fig. 10. Effects of melatonin on Cr concentration in cardiac tissue and its impact on
ROS and NO generation.

(A) Cr concentration, (B) offset layout representation of DCFDA, (C) mean fluorescence
intensity (MFI) of DCFDA FITC-A which represents the intracellular ROS levels, and (D)
NO level in the cardiac tissue. The values are expressed in Mean + SEM. Cr: chromium, M:
melatonin, Numbers: melatonin dose of mg/kg., **p < 0.01.
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3.10. Effects of melatonin and Cr on the surface topology of cardiac tissue and serum
CK-MB activity.

SEM was used to evaluate architectural changes in cardiac tissue. In the Cr-treated group,
under 5KX magnification, abnormal distribution and breakage of cardiac muscle fibers were
noticed due to the formation of a complicated matrix network along with creases and uneven
surfaces of the endocardium compared to the control while melatonin co-treatment with Cr at
the dose of 20 mg/kg normalized these alterations (Figure 11, left panels).

The activity of CK-MB (Fig.11A) was significantly increased in the Cr-treated group
(1.38-fold) compared to the control group while melatonin co-treatment with Cr at the dose
of 20mg/kg suppressed this increase significantly (Flgure 11A).
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Fig. 11. Effects of melatonin and Cr on the surface architecture of cardiac tissue and
level of CK-MB.

The left panels were representative SEM images depicting the surface architecture of
cardiac tissue sections. The furrowing and necrosis due to the degeneration of cardiac tissue
induced by Cr were observed. Whereas, the control group and melatonin-treated group
showed normal texture and regularities of myofibrils. (A) CK-MB level. Cr: chromium, M:
melatonin, Numbers: melatonin dose of mg/kg., **p < 0.01.

3.11. Effects of melatonin and Cr on collagen content in cardiac tissue.

The collagen content of cardiac tissue was measured by two staining procedures, i.e.,
picrosirius red staining by fluorescence microscopy and Masson trichrome staining through
brightfield microscopy respectively (Figure 12 left panels). Both staining procedures revealed
that Cr treatment caused the deposition of collagen fibers between the muscle fibers of heart
tissue thus projecting fibrosis. Melatonin co-treatment with Cr suppressed collagen
deposition and fibrosis. The statistical analyses also confirmed the above observations, i.e.,
collagen contents measured by both staining’s were significantly increased in the Cr-treated
compared to the control group; however, melatonin co-treatment with CR at the dose of 20
mg/kg reversed this increase back to control level (Figure 12A and B).
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Fig. 12. Effects of melatonin and Cr on collagen content of cardiac tissue.

The left panels are representatives of photomicrographs (20X magnification) of collagen
content in cardiac tissue measured by acid-Sirius red (up) and Masson trichrome (low)
staining’s red and blue colours were the areas of collagen. (A) collagen volume (%)
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measured by acid-Sirius red staining, (B) collagen volume (%) measured by Masson
trichrome staining. Cr: chromium, M: melatonin, Numbers: melatonin dose of mg/kg., **p <
0.01.

4. DISCUSSION

Environmental pollution is considered a potential risk factor for CVD and its health threat
has drowned the global concern currently (59). For example, a growing number of
individuals are exposed to Cr from various industry sources, polluted foods, and water (60).
This exposure will increase the prevalence of CVD. Mechanistically, Cr exposure causes
excessive production of free radicals which leads to disruption of cellular redox status,
protein and lipid oxidation as well as reduced activities of both enzymatic and non-enzymatic
antioxidants (61). These alterations interrupt cellular defense mechanisms and inevitably
result in the pathogenesis of cardiac tissue (62). It seems that antioxidants may protect the
Cr-caused cardiac injury by targeting free radicals and oxidative stress. Melatonin is an
endogenously occurring antioxidant. Therefore, in the current study, we tested the potential
therapeutic effects of melatonin on Cr-induced cardiac damage.

First, we established the Cr pathological animal model by giving rats Cr at a dosage of 5
mg/kg for 14 days. It was found that this treatment caused maximum cardiac damage
assessed by the histological and biochemical parameters but avoided mortality during the
entire treatment period. The results were consistent with the previous report (31). Then, the
protective effects of melatonin were tested. The results showed that all the doses of melatonin
tested in the study counteracted the harmful effects of Cr in experimental rats. Among the
doses, 20mg/kg/day of melatonin was the best effective dose for treating Cr-induced
infirmities.

The Cr treatment caused a significant rise in the ratio of heart to body weight. This may be
due to Cr being absorbed and accumulated in the heart tissue (63, 64), which also contributes
to the development of cardiac injury. This raised ratio is minimized by melatonin in a dose-
dependent manner. Melatonin can chelate heavy metals thus, it may chelate both Cr (VI) and
Cr (I11) before they are absorbed by tissues and therefore, reduces the Cr load in cardiac
tissue

The Cr also caused increases in the activities of SGOT and LDH1 indicating substantial
damage to cardiac tissue. This was confirmed by the abnormal ultra-structural changes
including myonecrosis, vacuolization, hemorrhage, and fibrosis in cardiac tissue after Cr
treatment (65). The increased activity of these cardiac enzymes also suggested increased
cellular permeability and the compromise of membrane architectural and functional integrity
(66). These alterations were protected by melatonin co-treatment via preserving membrane
integrity (67, 68). This is attributed to melatonin scavenging a wide range of ROS while also
boosting the activities of antioxidant enzymes (24), therefore, inhibiting oxidative stress.

The LPO and PCO formations are indicators of tissue oxidative stress. Cr promoted their
formations (69). For example, the metabolites of Cr interact with H.O> and superoxide anion
to produce more dangerous free radicals to subtract a hydrogen atom from a methylene group
of polyunsaturated fatty acids, elevating LPO (70) and PCO (71). Some theories have been
put forth to explain how Cr (V1) is metabolized to Cr (I1I) in the extracellular environment.
Cr (111) is membrane impermeable and accumulated inside of the cell to readily cause lipids
and protein damage and loss of cellular as well as morphological integrity (72). To defend
against oxidative stress, glutathione plays a vital role in maintaining the redox state of cells.
The thiol (-SH) group of glutathione chelates the metal ions to neutralize them (73). The
highly-affine thiol group of GSH may bind to chromium to detoxify it. In addition, GSH
scavenges free radicals generated by chromium (65, 74) and reduces Cr (VI) into its various
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metabolites in the intracellular environment (75, 76). In the current study, it was found that
Cr significantly reduced the GSH content; however, melatonin co-treatment dose-
dependently recovered the GSH content with the reduction of LPO and PCO levels. Since the
cell membrane is the prime site of lipid peroxidation and protein oxidation the results
indicated melatonin plays a pivotal role in protecting the cell membrane (13, 77), defending
the membrane against lipophilic-oxy radicals and hydrophilic radicals that occur in an
aqueous environment (78). The protective effects of melatonin on lipid peroxidation (79) and
protein oxidation (80) have been well documented. The metal-chelating activity of melatonin
(81) can also thermodynamically interacts with GSH and inhibits it to bind to metals and
thus, replenishing GSH (82) from Cr toxicity.

It is also found that the activities of antioxidant enzymes including SOD, CAT, GPX,
GST, and GR were altered by Cr treatment. For example, the decreased SOD and CAT with a
concurrent rise in GPX activity were identified in the cardiac tissue. Decreased CAT activity
can elevate H>O> and the reduced SOD activity can generate a surplus of superoxide anion in
heart tissue. It has been reported that increases in the activities of SOD and CAT decrease
DNA single-strand breaks induced by Cr (V1) (83). A decline in the level of GSH in heart
tissue after Cr treatment is also linked to an increase in GPX activity observed in the study.
However, the decrease in CAT activity caused by Cr has been associated with the structural
modification of this enzyme as seen in other enzymes (84). GST plays a key role in covalent
binding to reactive electrophiles by increasing the oxidation of GSH (85). The reduced GST
activity may also result from the drop in GSH content under the influence of Cr (60). A
decrease in GR activity is strongly associated with Cr (V1) metabolism and the generation of
harmful intermediates. Cr (VI) binds to NADPH to form the Cr-(V)-NADPH complex,
which inhibits GR action and causes DNA damage (86). The protective effects of melatonin
on Cr-induced damages in all these antioxidant enzymes are majorly attributed to its direct
free radical detoxification (87). Melatonin can effectively quench singlet oxygen (102) (88),
peroxyl radical (ROO-) (89), hypochlorous acid (HOCI) (90), HO- (91), H20., 05 (92), and
others. Moreover, it stimulates the expression of several antioxidant enzymes such as SOD,
CAT, GPx, and GR (25, 93-95).

X0 and XDH are single-gene products that utilize the same precursor, either xanthine or
hypoxanthine, but generate distinct products utilizing separate co-factors. 0% is formed by
both processes, but XO uses O as a co-factor to produce uric acid, whereas XDH uses NAD
to produce NADH. XO is the principal producer of oxygen radicals that regulate cellular
oxidative balance (96). The current study showed that Cr treatment promoted the production
of O%", which was projected by the increased XO and XDH activities as well as the ratios of
XO/XDH, XO+XDH, and XO/ (XO + XDH) in the cardiac tissue. Remarkably, melatonin
therapy lowered pro-oxidant enzyme activity to the baseline levels, most likely by
neutralizing free radicals.

Histological examinations provided additional support for all the alterations caused by Cr
mentioned above. HE staining identified considerable morphological alterations including
myofibril degeneration, necrosis, and vacuolization in Cr-treated animals (74). The findings
from HE staining were further confirmed by the SEM investigation which also revealed
considerable morphological degeneration in cardiac tissues after Cr treatment. Again,
melatonin  co-treatment significantly restored all Cr-induced histo-morphological
abnormalities by its antioxidant activity

From the point of view of pharmacokinetics, the half-life of Cr in tissue is typically 39
hours (97). Banerjee et al. have also reported that the maximum accumulation of Cr in tissues
is within 15 days, but it then remains for a very long time (87). The primary way to excrete
Cr from the body is through urine. The kidney excretes about 60% of Cr within 8 hours after
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its intake (98). Pre-treatment with melatonin reduced the Cr accumulation due to its chelating
activity to heavy metals (99) and this was observed in the current study.

CK-MB can be used to diagnose myocardial damage induced by Cr (100). CK-MB is
released from the cytosol into the systemic circulation due to cell membrane disruption (101).
Thus, increased CK-MB activity after Cr treatment indicates lipid and protein oxidation-
linked cell membrane damage. Co-treatment with melatonin restored the activities of CK-
MB, presumably by conserving membrane integrity with its antioxidant properties.

In addition to ROS, Cr can also promote reactive nitrogen species formation. Cr (VI)is in
the transitional state, it can cause nitrosative stress by producing nitric oxide (20) and
peroxynitrite (ONOO-). Cr (V1) stimulates the synthesis of O>~ which rapidly interacts with
NO and forms hazardous ONOO- and causes tissue damage (102). Furthermore, NOS may
convert Cr(V1) to Cr(V) in a single step (103) to generate more toxic intermediates. In this
respect, melatonin inhibits NOS (104) to prevent NOS from converting Cr(VI) to Cr(V),
protecting the tissue from its toxic residues while also maintaining the average cellular level
of NO and boosting its bioavailability (105).

Finally, Cr caused cardiac tissue with significant collagen build-up detected by picrosirius
and Masson-trichrome staining, indicating fibrosis and chronic inflammation of cardiac tissue
(106). However, melatonin co-administration prevented such deleterious repercussions of Cr
on cardiac tissue.

Therefore, all evidence showed the adverse effects of Cr exposure on heart health and the
protective potential of melatonin on Cr cardiac toxicity. These were summarized in Figure
13.
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Fig. 13. Summarization of the pathological effects of Cr on cardiac tissue and the
protection of melatonin on them.

5. CONCLUSION

The results of the current study confirmed that Cr promoted the formation of ROS/RNS
which caused oxidative cardiac damage including necrosis and fibrosis in rats. On the other
hand, melatonin co-treatment provided strong protection against Cr-induced undesirable
cardiac physiopathological alterations mediated by oxidative stress. The mechanism of action
of melatonin may include scavenging ROS/RNS or accelerating their decomposition via
upregulating a spectrum of antioxidant enzymes. Melatonin is a naturally occurring
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antioxidant with minimal side effects or toxicity. It is essentially available in all foods in
various amounts, therefore incorporating it into a person's daily routine as a bio-protectant or
bio-remediation. Thus, melatonin may be a novel approach for treating oxidative stress-
induced cardiovascular disease in humans.
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ABBREVIATIONS

05 : Superoxide anion radical

CAT: Catalase

Cr: Chromium

Cr (111): Trivalent chromium

Cr (VI): Hexavalent chromium

GPx: Glutathione peroxidase

GSH: Reduced glutathione

GSSG: Oxidized glutathione

H20.: Hydrogen peroxide

HO:-: Hydroxyl radical

LPO: Lipid peroxidation

NAD-+: Nicotinamide adenine dinucleotide (oxidized)
NADH: Nicotinamide adenine dinucleotide (reduced)
NADPH: Nicotinamide adenine dinucleotide phosphate
ONOO-: Peroxynitrite

RNS: Reactive nitrogen species

ROS: Reactive oxygen species

FITC: Fluorescein isothiocyanate

FACS: Fluorescence-activated cell sorting

nm: nanometer
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uM: Micro mole

SEM: Standard error of the mean
BSA: Bovine serum albumin
DNA: Deoxyribonucleic acid
DNPH: Dinitrophenyl hydrazine
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