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Abstract

Effects of combined treatment of quercetin (50 mg/kg, PO) and curcumin (100 mg/kg, PO) against
oxidative damage in the brain cortex and the heart of rats due to cadmium (Cd) (100 ppm in drinking
water) were investigated. In the brain cortex of rats exposed to Cd, quercetin treatment improved the SOD
activity and GSH level which resulted in lower level of MDA when given in combination with curcumin.
Curcumin treatment also improved the SOD activity and the GSH level partially in brain cortex. In the
heart, curcumin significantly enhanced the GSH stimulating effect of the quercetin which caused less Cd-
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Keywords induced lipid peroxidation. Plasma nitric oxide levels in rats treated with curcumin alone as well as
Cadmium quercetin and curcumin combination were significantly lower as compared to that of toxicity group. As
Oxidative insult compared to individual treatment of quercetin and curcumin, the combination of both agents produced
Quercetin marked protective effect against Cd-induced histopathological changes in brain cortex and heart of rats.
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1. Introduction

Heavy metals are present in the environment which contaminates
the natural resources. Health of humans and animals is affected by
the entry of such heavy metals in the biological system. They enter
in the body of humans or animals through respiratory and digestive
systems as well as external exposure through skin and cause adverse
health effects. Most organs are affected by heavy metals upon acute
exposure at high dose or sub-acute exposure at lower dose. The
reactive nitrogen and oxygen species are produced by heavy metals
upon reaction to macromolecules in the body and the toxicity occurs
primarily due to oxidative stress (Flora et al., 2008) which leads to
cellular oxidative damage in majority of organs (Sengupta, 2002).

Cadmium (Cd) is the metal present in the environment as a natural
compound and also concentrated at various places due to industry
work as well as cigarette smoke (WHO, 1992; Zalups and Ahmad,
2003). Organs like heart, brain, kidneys, liver, lungs, bones, hemato-
poietic organs; endocrine and reproductive organs are affected by
long term exposure to Cd (Rao et al., 2019; Satarug et al., 2010;
Cuypers et al., 2010; Makwana et al., 2019; Patel et al., 2021).
Amongst them, the brain is very sensitive to oxidative stress (Coo-
per, 1907). Cadmium causes neurological disturbances along with
alteration to acetylcholinesterase (AChE) activity (Viaene et al., 2000).
Blood pressure, high prevalence of heart affection and increased
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cardiac output may be the result of Cd exposure (Kopp et al., 1982;
Mennear, 1979). The key role of flavonoids and other phytochemicals
have been studied for having their role in prevention of damage
caused by continuous exposure to metal (Patel et al., 2020).

Amongst flavonoids, quercetin (QE) is known for having various
pharmacological activities like antiviral, anticancer, antioxidant, an-
timicrobial, anti-inflammatory and many more (Maalik et al., 2014).
Quercetin is present in many plants especially onion, tea, apple
with skin, broccoli, green tea and red wine (Manach et al., 2005). It
is capable of scavenging reactive oxygen species (ROS) (Boots et al.,
2008). It is useful in cardiovascular and metabolic diseases as it has
anti-inflammatory and antidiabetic activities (Russo et al., 2012;
Kotadiya et al., 2018). It has the ability to cross the blood-brain
barrier but the amount entering in the brain may be less (Costa et al.,
2016). Quercetin through intraperitoneal administration showed ben-
eficial effects against the neurotoxicity caused by subcutaneously
injected Cd in rats (Unsal et al., 2013).

Curcumin is another important phytoconstituent which has an im-
portant role in medicine. Curcumin is a yellowish dye derived from
Curcuma longa. Curcuma longa has been used traditionally in India
and other countries since long back. Curcumin demonstrated antine-
oplastic, anti-mutagenic, anti-inflammatory and antioxidant activates
(Naiket al., 2004). It has superoxide, hydroxyl radical and the nitro-
gen dioxide scavenging property (Daniel et al., 2004). Curcumin
showed neuroprotective (Aggarwal and Harikumar 2009) and
cardioprotective (Mohanty et al., 2004) effects along with protec-
tion to testes (llbey et al., 2009).

Many studies have been carried out to demonstrate the protective
role of quercetin or curcumin against heavy metal-induced toxicity
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particularly Cd toxicity in laboratory animals. However, the study
pointing towards evaluation of potency of quercetin and curcumin
in combination against oxidative stress to brain cortex and heart
following low dose subacute Cd exposure has not been reported so
far. Thus, the present study was planned to evaluate the role of both
active phytoconstituents in combination against Cd-induced oxida-
tive stress mediated pathophysiological alterations in brain cortex
and heart of rats.

2. Materials and Methods
2.1 Chemicals

Cadmium chloride (Himedia, Mumbai), quercetin, curcumin (Sigma
Aldrich, USA), potassium dihydrogen phosphate, sodium hydrogen
phosphate (S.D. Fine, Mumbai), dTNB, RBC lysis buffer, pyro-

gallol, acetylthiocholine iodide, Bradford reagent (Sigma Aldrich, USA),
hydrogen peroxide and ethylenediaminetetra acetic acid (Merck Ltd.,
Mumbai) and other chemicals of analytical grade were used in the
study.

2.2 Experimental animals and treatment

Thirty-six SD male rats were used in the study (8-9 weeks, 290-
350 g). Feed and water were supplied ad libitum during the
study period. Rats were kept in a controlled environment (Tem-
perature range between 23-27°C; relative humidity: 42-54%; 12
hours light dark cycle). The rats were randomly divided into 6
groups and different treatments were given to animals for a
period of 28 days (Table 1). The experiment was approved by
the Animal Ethics Committee of the Institute (No. JAU/JVC/
IAEC/SA/32/18).

Table 1: Treatment groups and types of different treatments given to animals

Groups(n=6) Treatment for 28 days

C1 (Normal control)
C2 (Toxicity control)
C3 (Vehicle control)
T1 (Treatment 1)
T2 (Treatment 2)

T3 (Treatment 3)

Normal drinking water (RO water)

CdCl, (100 ppm in drinking water)

CdCl, (100 ppm in drinking water) + Vehicle (Corn oil, PO)

CdCl, (100 ppm in drinking water) + Quercetin (50 mg/kg, PO)

CdCl, (100 ppm in drinking water) + Curcumin (100 mg/kg, PO)

CdCl, (100 ppm in drinking water) + Quercetin (50 mg/kg, PO) + Curcumin (100 mg/kg, PO)

Table 2: Body weight gain (g/rat/week) in experimental animals of different groups

Group Day 7 (Mean £ SE) Day 14 (Mean + SE) Day 21 (Mean + SE) Day 28 (Mean + SE)
C1 35.67 + 2.24° 38.87 + 6.27° 29.62 + 2.752 22.38 + 1.913¢
C2 3493 + 3.19% 30.43 + 3.08% 36.27 + 4.062 14.43 + 2.742
C3 21.30 + 4.34% 31.20 + 3.27% 32.50 + 2.312 20.95 + 2.04%
T1 18.62 + 2.75° 17.58 + 3.03? 29.43 + 4.152 26.73 + 0.91°c
T2 25.87 + 2.25% 31.48 + 4.99% 30.22 + 2.612 16.65 + 2.60%
T3 32.57 + 9.42% 19.30 + 5.02° 32.00 + 8.05% 34.12 + 4.56°

Values with different superscript in a column differ significantly (p<0.05)

2.3 Collection of samples

Animals were humanely sacrificed at the end of experiment to observe
gross pathological changes in both organs and collect the samples for
evaluation of oxidative stress markers. The organ samples were col-
lected in a cold phosphate buffer (10%; 7.5 pH) and homogenate was
prepared. The homogenate was centrifuged at 12000 g for 5 min (4°C).
The supernatant was used for estimation of various antioxidant en-
zymes except for SOD for that Tris-EDTA buffer (8.5 pH) was used
and centrifuged at 12000 g for 40 min (4°C). Protein content in each
tissue sample was estimated (Bradford, 1976) and the data was used
to calculate catalase activity in organ tissues. Cortex part of the brain
was also collected in a phosphate buffer (PB: KH,PO, and Na,HPO, x
2H,0 pH 8.0, 0.01M) for estimation of acetylcholinesterase activity.
The tissues of brain cortex and heart of all animals were collected in
10% formalin for histopathological examination.

2.4 Body weight gain

During the experimental period, body weight of rats was recorded
daily and per week body weight gain was calculated.

2.5 Oxidative stress parameters in tissue

SOD and catalase activity in tissue were estimated according to the
previously published methods (Marklund and Marklund, 1974; Aebi
et al., 1974). The GSH level in tissue was estimated according to
standard method (Ellman, 1959). The level of malondialdehyde (MDA)
was measured with the standard kit (Sigma Aldrich, Germany).

2.6 Acetylcholinesterase activity in brain cortex

The acetylcholinesterase activity was measured with a previously
reported method (Ellman et al., 1961).

2.7 Plasma nitric oxide level

Nitric oxide level was assessed on the basis of its stable oxidation
end-products nitrate and nitrite assay (Slid and Horak, 2009).

2.8 Histopathology

The standard steps of formalin fixation and paraffin embedding were
followed. The section cutting (5-6 p thickness) was performed with



a semi-automated rotary microtome (Leica Biosystems, Germany).
Each section was stained with hematoxylin and eosin stain (Luna,
1968). All slides were observed for microscopic pathological le-
sions.

2.9 Statistical analysis

Data were analyzed by one-way ANOVA followed by Tukey’s HSD
test to observe the difference among the treatments. The p<0.05 was
considered as statistically significant and p<0.01 was considered
highly significant.

3. Results
3.1 Body weight gain

In the present study, body weight gain in rats of the toxicity group
was significantly (p<0.05) lowered during the 4" week as compared
to that of control animals (Table 2). Quercetin showed a positive
effect on body weight gain but curcumin treatment was inefficient to
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produce such an effect. However, curcumin enhanced the effect of
quercetin pertaining to maintenance of body weight gain during the
Cd exposure as rats treated with quercetin + curcumin had shown
highest body weight gain.

3.2 Oxidative stress parameters in brain cortex

The SOD and catalase activity, GSH and MDA level in brain cortex
collected from animals of all groups are presented in Figure 1. The
SOD and CAT activity as well as GSH content in brain cortex of Cd-
treated rats were non-significantly lower. The MDA level in the brain
cortex was also non-significantly higher in toxicity and vehicle-treated
groups as compared to that of the normal control group (C1). Quer-
cetin treatment was able to improve the SOD activity (p<0.05), CAT
activity and GSH level (p>0.05). The curcumin treated rats exhibited
highest level of SOD activity. Quercetin and curcumin combined
treatment resulted in lowest level of MDA which was at par to the
level of MDA in the brain cortex of normal control rats.
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Figure 1:

Status of oxidative stress markers in brain cortex of rats(*:p<0.05, **: p<0.01).
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Figure 2: Status of oxidative stress markers in cardiac tissue of rats (*: p<0.05, ***: p<0.005, ****:
p<0.001).
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Figure 3: AChE activity in brain cortex and nitric oxide level in plasma of rats (*: p<0.05, **: p< 0.01).
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Figure 4: Microscopic changes in cerebral cortex of rats under different treatment groups (H & E staining, x 400) Group C1:
Normal histological architecture with astrocytes (A), pyramidal cell (P), stellate cells (S), oligodendrocytes (O),
microglia (M), neuropil (N); Group C2: Vacuolated neuropil (N), irregular shape of pyramidal cells (P) with increase
surrounding space, and swollen astrocytes (A) with irregular shape, pyknotic glial cells (G) as compared to normal
control group; Group C3: Normal stellate cells (S), vacuolated neuropil (N), irregular shape of pyramidal cells (P)
with increase surrounding space, and swollen astrocytes (A) with irregular shape, pyknotic glial cells (G) cytotoxic
oedema in brain capillary compared to normal control; Group T1: Less vacuolation in neuropil (N), normal pyramidal
cells (P) and stellate cells (S) with slight increased surrounding space, and mild swelling in astrocytes (A), pyknotic
glial cells (G) as compared to toxicity control group; Group T2: Mild degeneration in neuropil (N), normal pyramidal
(P) and stellate cells (S), and mild swelling in astrocytes (A), pyknotic glial cells (G) as compared to toxicity control
group; Group T3: Normal neuropil (N) with normal pyramidal cells (P), astrocytes (A), stellate cells (S), glial cell (G)
without extracellular vacuolation as compared to toxicity control group.

3.3 Oxidative stress parameters in cardiac tissue

The SOD and catalase activity, GSH and MDA level in cardiac tissue
collected from animals of all groups are presented in Figure 2. The
SOD activity in cardiac tissue of rats of all groups were not signifi-
cantly differ from each other. While, CAT activity in cardiac tissue
was non-significantly decreased in toxicity and vehicle-treated groups
as compared to that of the normal control group. The level of GSH
and MDA in cardiac tissue of rats of toxicity group was non-signifi-
cantly lower and higher, respectively as compared to that of the
normal control group. CAT activity in cardiac tissue has shown
improvement in rats treated with quercetin and curcumin in combi-
nation. The GSH level was significantly higher in combined treat-
ment group as compared to that of toxicity group. The cadmium
treatment significantly increased the level of MDA in cardiac tissue.
The quercetin treatment only was able to reduce the level of MDA in
cardiac tissue. The GSH stimulating effect produced by the quercetin
might be responsible for less lipid peroxidation in the hearts of
animals exposed to Cd. The level of MDA in cardiac tissue of rats
treated with quercetin and quercetin + curcumin was parallel to
normal control rats which indicates the effect might be due to quer-
cetin rather than curcumin.

3.4 Acetylcholinesterase activity in brain cortex

The activity of AchE in brain cortex tissues collected from all rats is
depicted in Figure 3. The AchE activity in the brain cortex was
partially decreased in toxicity and vehicle-treated groups as com-
pared to that of the normal control group. The activity of AChE in
the brain cortex of rats all treatment groupswere at par with that of
normal control rats.

3.5 Plasma nitric oxide level

Nitric oxide levels in plasma samples collected from all animals are
presented in Figure 3. The plasma nitric oxide level was significantly
increased in toxicity group and non-significantly in vehicle group as
compared to that of the normal control group. The plasma nitric
oxide levels in animals treated with curcumin as well as quercetin +
curcumin was lower (p<0.05) but not in quercetin-treated rats as
compared to toxicity group.

3.6 Histopathological changes in brain cortex and cardiac tissue

Microscopic changes in the brain cortex of rats of different treat-
ment groups are depicted in Figure 4. Microscopic changes in the
cardiac tissue of rats of different treatment groups are depicted in
Figure 5.
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Figure 5: Microscopic changes in cardiac tissue of rats under different treatment groups (400 X, H & E staining) Group C1:
Normal and organized cardiac muscle fibers; Group C2: Degeneration with irregular arrangement of muscle fibers
(black arrow) as compared to normal control; Group C3: Degeneration with irregular arrangement of muscle fibers
(black arrow) and vascular congestion (blue arrow) as compared to normal control; Group T1: Slight degeneration of
muscle fibers as well as near to normal pattern of arrangement of muscle fibers as compared to toxicity control; Group
T2 and T3: Slight degeneration of muscle fibers with improved arrangement of muscle fibers as compared to toxicity
control.
4. Discussion (Shukla et al., 1988). In the present study, Cd might cause the effect on

Heavy metal like cadmium enters the body and may remain for a
longer time in the body. Cadmium has a tendency to accumulate in the
organs. Cadmium alters the cellular defense system particularly due to
generation of reactive species which generally cause the activation of
mitogen activated protein kinase and c-Jun N-terminal kinase. Such
changes down-regulates the gene responsible for defense system and
repair mechanism in the cells (Hussain et al., 1987). It has been re-
ported that cadmium affects the brain endothelial cell in vitro through
oxidative stress (Tobwala et al., 2014). Rats exposed to Cd at 200 and
300 ppm level for 6 weeks showed significant dose dependent de-
crease in brain SOD activity (Ogunrinola et al., 2016). However, in the
present study, exposure to Cd for 4 weeks might alter the SOD activ-
ity in the initial stage but low dose exposure for 4 weeks to Cd might
stimulate the adoptive changes in the body which may be the reason
for not altering the SOD activity. Curcumin alone and in combination
with quercetin showed stimulating effect on SOD activity which indi-
cates that both the compounds, particularly curcumin more efficiently
counteracted the oxidative insult caused by Cd. In an earlier report, Cd
administration at 0.4 mg/kg for 30 days in rats has been reported to
cause significant reduction of GSH level in different part of the brain.
GSSG s reduced to GSH by glutathione reductase and GPDH supplies
the NADPH required for this reaction. The inhibition of glutathione
reductase and GPDH enzymes is responsible for level of glutathione

GSH in early stage but in later stage during the sub-acute exposure
showed near to normalized activity. However, an increased level of
MDA was observed in rats of toxicity group indicates that Cd exposure
resulted lipid peroxidation in the brain cortex. Higher level of oxygen
utilization and much amount of polyunsaturated fatty acids, the brain
is susceptible for lipid peroxidation (Calabrese et al., 2000). Increased
MDA levels with altered oxidative stress markers, and neuronal
apoptosis caused by Cd at higher dose were reported to be protected
by quercetin (Unsal et al., 2013) which indicates that quercetin has
ability to protect the brain from Cd-induced damage. In the present
study, quercetin treatment showed reduction in MDA level, but
curcumin exhibited slight reduction of MDA as compared to toxicity
group which might be due to less bioavailability and penetration of
curcumin through blood brain barrier. The antioxidant effect of curcumin
is due to the scavenging of superoxide and hydroxyl radicals and the
ability to inhibit various oxidases (Grisham and McCord, 1986).
Curcumin has reported to have positive effect on the level of GSH and
SOD and slightly decreased the level of MDA in colon cancer and
Parkinson’s disease which is indication of ability of curcumin to elimi-
nate the singlet oxygen and nitric oxide (Rao et al., 1995; Siddique et
al., 2014). In our study, increased plasma nitric oxide level by Cd
exposure was also normalized by curcumin treatment and partially by
quercetin which justifies the effect of curcumin and quercetin against
lipid peroxidation.



The lower antioxidant enzyme activity and the level of glutathione
make the myocardium more sensitive for oxidative insult (Meister
and Anderson, 1991; Wendell, 1990). In the present study, improved
CAT activity was noticed in the hearts of animals treated with quer-
cetin along with curcumin as compared to that of the toxicity group.

Over-expression of metallothionein and glutathione following long-
term Cd exposure is responsible for adaptive mechanisms which
reduces the Cd-induced oxidative stress. Acquired Cd tolerance with
aberrant gene expression plays an important role in chronic Cd tox-
icity (Patraet al., 2011). However, ROS generated following acute Cd
toxicity play a key role in the tissue damage.

Heavy metals produce the neurotoxicity along with alteration of the
activity of AchE. One of important reasons for low AchE activity in
the brain is the higher level of free radicals which alter the cholinergic
pathway (Tsakiris et al., 2000). In the present study, AchE activity
was partially decreased due to cadmium exposureat low dose for
longer duration of time which might be responsible for development
of tolerance as a part of the body’s defense mechanism. Generally,
metal-induced cholinergic symptoms occur as level of acetylcholine
increases because of decreased activity of AchE. However, alter-
ation in AchE by Cd in the present experiment was not sufficient to
cause cholinergic symptoms in animals. As a result of prevention of
Ca?" influx through membrane channels into the nerve terminal, Cd
exposure alters the release of neurotransmitters which ultimately
leads to symptoms of neurotoxicity (Antonio et al., 2002). It has
been reported that quercetin treatment prevented alterations in the
AChE activity in all cerebral structures of rats through modulation of
AchE activity following high dose of Cd exposure (Abdaalla et al.,
2014). Curcumin has also been reported to have a positive effect on
AChE as it increased its activity in rats exposed to aluminum (Kumar
et al., 2009). In the present study, improvement in the activity of
AChE in animals treated with alone and combination of quercetin
and curcumin indicates ability of them to prevent Cd-induced alter-
ations in the neurotransmission process in the nervous system.

The release of higher amount of nitric oxide (NO) following Cd
exposure causes the changes in vascular system (Whittemore et al.,
1991). Increased level of nitric oxide in Cd-induced oxidative damage
(Chen et al., 2003) is due to upregulation of tumor necrosis factor
alpha-mediated induction of nitric oxide synthase (Morris and Billiar,
1994). Peroxynitrite radical formed from the nitric oxide causes the
cellular alterations (Clancy and Abramson, 1995). The increased
level of NO in plasma or tissues due to metal like Cd causes the
pathophysiological changes. In support of the finding of the present
study, it has been also reported that Cd (6.5 mg/kg P.O. for 5 days)
significantly increased the nitric oxide level in the brain (Elkhadragy
et al., 2018). In this study, quercetin did not significantly affect the
level of plasma nitric oxide. However, in contrast to this finding, EI-
Shafey et al. (2015) reported significantly reduced the level of nitric
oxide in plasma by quercetin treatment in paracetamol-treated rats.
They gave prior treatment of quercetin before administration of
paracetamol and simultaneous administration of quercetin and cad-
mium in the present study indicated that pre-exposure to flavonoids
may provide better protection. The nitric oxide lowering effect of
quercetin is due to its ability to inhibit nitric oxide synthase (iNOS)
(Dias et al., 2005; Jo et al., 2008). Curcumin treatment has been

373

reported to reduce the plasma nitric oxide level in varicocele rats
(Izadpanah et al., 2015) which supports the result obtained in the
present study regarding significant nitric oxide lowering effect of
curcumin.

Similar to our observations, Unsal et al. (2013) reported well pre-
served the normal histological architecture of the frontal cortex in
Cd-exposed rats when treated with quercetin. Sarada et al. (2015)
observed histopathological changes in brain cortex of rats under hy-
poxic condition and revealed the absence of oedema and inflamma-
tion in the brains of rats supplemented with curcumin. The findings
of the present study are very well supported by previous studies
that quercetin and curcumin have potential to ameliorate the oxida-
tive stress mediated brain damage. In agreement with the present
study, quercetin and curcumin pre-treatment also prevented histo-
logical changes produced by Cd and doxorubicin in heart, respec-
tively (Prabhu et al., 2013; Swamy et al., 2012).

5. Conclusion

Cadmium exposure to rats at 100 ppm level for 28 days caused
oxidative stress mediated histopathological changes in brain cortex
and heart. Nitric oxide plays an important role in the pathophysio-
logical process caused by sub-acute cadmium exposure. Daily oral
administration of quercetin along with curcumin in rats showed
ameliorating effect against cadmium-induced alterations in brain cortex
and heart. However, further study may be required to explore the
role of nitric oxide in pathophysiological alterations following long-
term low-level exposure to cadmium and possible cellular mechanism
of protective action of both quercetin and curcumin.
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