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Abstract Increasing use of heavy metals in various fields,
their environmental persistency, and poor regulatory efforts
have significantly increased their fraction in river water. We
studied the effect of Musi river water pollution on oxidative
stress biomarkers and histopathology in rat after 28 days
repeated oral treatment. River water analysis showed the
presence of Zn and Pb at mg/l concentration and Ag, As,
Ba, Cd, Co, Cr, Cu, Mn, Mo, Ni, Sn, and Sb at μg/l
concentration. River water treatment resulted in a dose-
dependent accumulation of metals in rat organs, being more
in liver followed by kidney and brain. Metal content in
both control and low-dose group rat organs was below limit
of detection. However, metal bioaccumulation in high- and
medium-dose group organs as follows: liver—Zn (21.4 &
14.5 μg/g), Cu (8.3 & 3.6 μg/g), and Pb (8.2 & 0.4 μg/g);
kidney—Zn (16.2 & 7.9 μg/g), Cu (3.5 & 1.4 μg/g), Mn
(2.9 & 0.5 μg/g), and Pb (2.6 & 0.5 μg/g); and brain—Zn
(2.4 & 1.1 μg/g), and Ni (1 & 0.3 μg/g). These metals
were present at high concentrations in respective organs
than other metals. The increased heavy metal concentration
in treated rat resulted significant increase in superoxide

dismutase, glutathione peroxidase, glutathione reductase,
glutathione S transferase enzymes activity, and lipid perox-
idation in a dose-dependent manner. However, glutathione
content and catalase activity were significantly decreased in
treated rat organs. Histopathological examination also con-
firmed morphological changes in rat organs due to polluted
river water treatment. In conclusion, the findings of this
study clearly indicate the oxidative stress condition in rat
organs due to repeated oral treatment of polluted Musi river
water.
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Introduction

River water is a natural resource that supports livelihood
for diverse group of people. Cultivation of leafy vegeta-
bles, rice, fodder grass along with livestock rearing and
fishing are practiced using river water (Buechler et al.
2002). In India, there has been a substantial rise in the
pollution of various rivers during the past few decades
(Fatima and Ahmad 2006). The enormously increasing
population, industries, urbanization, lack of environmen-
tal awareness, untreated effluent discharge from indus-
tries and municipalities, and use of non-biodegradable
pesticides and chemical fertilizers are causing water pol-
lution. As a consequence of such unmanaged anthropo-
genic activities, many contaminants like heavy metals
(Beg and Ali 2008; Chary et al. 2008), polycyclic aro-
matic hydrocarbons (Malik et al. 2011), and pesticides
(Kaushik et al. 2010) have been found in most of the
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Indian rivers. These pollutants have been shown to be
hazardous even at trace concentrations; hence, the river
pollution may deserve more public health concern
(Zhang et al. 2012). Organic pollutants can be partially
removed from the river water by self-purification and
accessible dilution (Chary et al. 2008). However, inor-
ganic pollutants, in particular heavy metals, are of great
concern due to their non-biodegradability, high persis-
tence, and bioaccumulation at various trophic levels
(Scalon et al. 2010). Many studies have shown that
prolonged irrigation of agricultural land with river water
polluted with sewage and industrial waste has resulted in
heavy metal accumulation in soil, vegetables, cereals,
and milk (Li et al. 2006; Raj et al. 2006; Singh et al.
2010).

Intake of contaminated food and water is the major
route of human exposure to heavy metals (Nabulo et al.
2011; Singh et al. 2010). Following their entry into the
human body, heavy metals tend to accumulate in various
organs causing potential health hazards (Li et al. 2013).
Intracellular accumulation of redox-active metals, viz.,
iron, copper, chromium, and cobalt, catalyzes free-radical
reactions that disrupt the electron transport chain in mito-
chondria, causing continuous generation of reactive oxy-
gen species (ROS). Disturbance of oxidant/antioxidant bal-
ance leads to oxidative stress that subsequently induces
DNA damage, lipid peroxidation, and protein modification
(Espín et al. 2014). Heavy metal-induced oxidative stress
has been implicated in the pathogenesis of numerous dis-
eases like cancer, cardiovascular disease, diabetes, athero-
sclerosis, neurological disorders, and chronic inflammation
(Alissa and Ferns 2011; Jomova and Valko 2011; Uttara
et al. 2009). On the other hand, redox-inert metals such as
cadmium, zinc, and arsenic exhibit their toxicity and car-
cinogenicity by diminishing cellular glutathione levels and
binding to sulfhydryl groups of proteins (Jomova and
Valko 2011). Moreover, the consumption of heavy metal-
contaminated food can also deplete some essential nutri-
ents that are required to maintain immunological defenses
in the body (Iyengar and Nair 2000; Srinivasan and
Reddy 2009). Earlier studies reported that heavy metal-
polluted river water exposure induced oxidative stress in
various biological models. Farombi et al. (2007) reported
that African cat fish collected from the Ogun river of
Nigeria showed significant alterations in oxidative stress
biomarkers due to heavy metal accumulation in various
organs. Similarly, Indian fresh water fish Wallago attu
brought from river Yamuna exhibited oxidative stress con-
dition in various organs due to river pollution (Pandey
et al. 2003). Male rats exposed to polluted Yangtze river
water induced reproductive toxicity by substantially in-
creasing percentage of abnormal sperms (Zhao et al.
2009).

The river Musi spreads over 8000 km2 and flows
through Hyderabad, the most economically developed
and fifth largest city in India. This river is providing water
for agriculture and industries for decades. There are ap-
proximately 22 villages in its basin, and about 40,500-ha
land is irrigated with its water (Srinivasan and Reddy
2009; van der Hoek 2004). However, the Hyderabad city
discharges about 600 million liters per day of untreated
sewerage water into Musi river. In addition, 14 industrial
estates drain their partially/untreated industrial effluents in-
to Musi (Pullaiah 2013). Hence, Musi river could serve as
a useful model for toxicological evaluation of heavy metal
pollution. In order to assess the daily and long-term ad-
verse effects of Musi river water pollution, Wistar rats
were treated daily for 28 days. The study was aimed to
determine the heavy metals’ biodistribution in treated rat
organs, their effect on oxidative stress biomarkers, and
histomorphology.

Materials and methods

Nicotinamide adenine dinucleotide phosphate (β-NADPH),
pyrogallol, glutathione reductase, ethylenediaminetetraacetic
acid disodium salt (Na2EDTA), trichloroacetic acid (TCA), 2-
thiobarbituric acid (TBA), 5-sulphosalicylic acid, sodium cit-
rate, 5,5-dithiobis-2-nitrobenzoic acid (DTNB), 1-chloro-2,4-
dinitrobenzene (CDNB), reduced glutathione (GSH), hydro-
gen peroxide (H2O2), hydrochloric acid (HCl) nitric acid
(99.9 %) trace metals grade perchloric acid (99.9 %) trace
metals grade, and n-butanol were purchased from Sigma-
Aldrich.

Study site and water sampling

The study was conducted in and around Hyderabad, a
megacity with 7.8 million urban residents. Musi river
passes through middle of the city. One thousand milli-
liters of water sample was collected from each of eight
different sites throughout the length of the Musi within
the city. All the samples post collection were pooled
and used for the study. The objective of choosing dif-
ferent sampling sites and pooling the samples was to
represent the complete picture of pollution in the river.
A scaled geographical map of the course of Musi river
showing the study area and sampling points is shown in
Fig. 1. The sampling sites are highly polluted points by
the effluents from small to large-scale industries like
fabric, painting, batteries, dyes, plastic recycling, phar-
maceuticals, leather processing, metal surface treatment,
etc. In addition, the river also serves as a recipient of
sewage and agricultural waste. Along the river bank,
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large-scale vegetable production is practiced, which is
mostly supplied to the vegetable markets in the city.

Animals and treatment

All procedures were reviewed and approved by Institutional
Animal Ethics Committee of our organization. Healthy adult
female albino Wistar rats aged 8–10 weeks were procured
from National Institute of Nutrition, Hyderabad, India.
Animals were acclimatized to laboratory conditions for 7 days
prior to the start of experiments. Animals were maintained
under standard laboratory conditions like temperature of 22
±2 °C, the relative humidity of 50–60 % and constant 12-h
light and 12-h dark cycles. The animals were fed on commer-
cial pellet diet and water ad libitum. The study and doses were
designed according to OECD guidelines 407 (2008). The rats
were randomly divided into four different groups of five ani-
mals each.

Control Regular drinking water

High dose Undiluted Musi river water

Medium dose 1:10 diluted Musi river water

Low dose 1:100 diluted Musi river water

The above doses of water were made available to the rat ad
libitum for 28 days. The test animals were observed for symp-
toms and mortality every day and also body weights were
recorded every week. The animals were sacrificed on the ter-
mination of the treatment after being anesthetized by pentothal
and isoflurane. Liver, kidney, and brain were dissected out,
weighed, and rinsed in ice-cold physiological saline, then per-
fused with cold potassium chloride buffer (1.15 % KCl and
0.5 mM EDTA), homogenized in potassium phosphate buffer
(KPB, 0.1 mol l−1, pH 7.4). The tissue homogenate was then
centrifuged at 15,000 rpm for 30 min to remove debris. The
clear upper supernatant was collected and stored in aliquots at

−85 °C until used. A part of each organ was fixed in 10 %
formalin for histopathological study.

Lipid peroxidation

Lipid peroxidation (LPO) in rat organs was estimated accord-
ing to the method described by Wills (1969). Tissue homog-
enate and 2 ml of 0.375 % thiobarbituric acid—15 % trichlo-
roacetic acid reagent was taken in a test tube, boiled in water
bath at 95 °C for 20 min. The solution was then cooled, and
3 ml of n-butanol was added to extract the formed color com-
plex. The absorbance of the pink color was measured at
532 nm (Spectramax plus, Molecular Devices). The amount
of malondialdehyde (MDA) was calculated using a molar ex-
tinction coefficient of 1.56×105 M−1 cm−1 and expressed as
nmol of MDA per gram wet tissue.

Reduced glutathione

Reduced glutathione (GSH) quantity was measured according
to the procedure of Jollow et al. (1974) procedure. Equal vol-
umes of tissue homogenate and sulfosalicylic acid (4 % w/v)
were mixed and kept in ice for 1 h, centrifuged at 10,000 rpm
for 10 min. 0.5 ml of supernatant was mixed with 0.5 ml of
DTNB (4 mg/ml) and 2 ml KPB (0.1 mol l−1, pH 7.4). The
yellow color developed was read at 412 nm. The amount of
GSH present was expressed as microgram GSH per gram wet
tissue.

Superoxide dismutase

Superoxide dismutase (SOD) activity was estimated in tissue
supernatant using the method of Marklund and Marklund
(1974). The assay mixture was prepared by mixing 3 ml of
50 mmol l−1 Tris-HCl buffer (pH 8.2) containing 1 mmol l−1

diethylene-triaminepenta acetic acid, 100 μl of 10 mmol l−1

Fig. 1 Sample collecting locations along the Musi River. The arrow represents collection points; black triangle represents industrial area
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pyrogallol in 10 mmol l−1 HCl and 10 μl of tissue supernatant.
The change in the absorbance was recorded at 420 nm for
5 min. The enzyme activity was expressed as units per
milligram protein. The protein content in the tissue
supernatant was estimated by Lowry et al. (1951) method.

Catalase

The catalase (CAT) activity was estimated according to the
method described by Aebi (1984). The assay mixture
contained 0.063 % H2O2 in 0.1 mol l−1 KPB pH 7.4 and
10 μl of tissue supernatant. The decrease in absorbance was
measured for 1 min at 240 nm. The enzyme activity was
expressed as millimole of H2O2 decomposed per minute per
milligram protein using a molar extinction coefficient of
43.6 M−1 cm−1. The activity was expressed as units per milli-
gram protein.

Glutathione peroxidase

Glutathione peroxidase (GPx) activity was measured follow-
ing the procedure given by Paglia and Valentine (1967) pro-
cedure. In a cuvette, 750 μl of KPB (0.1 mol l−1, pH 7), 60 μl
NADPH (2.25 mmol l−1 in 0.1 % NaHCO3), 15 μl of gluta-
thione reductase (7.1 μl/ml), and 25 μl reduced glutathione
(11.52 mg/ml) were taken. The reaction was initiated by
adding 50 μl supernatant and 100 μl of hydrogen peroxide
(1.5 mmol l−1). The decrease in absorbance at 340 nm was
measured for 1 min. The enzyme activity was expressed as
micromole of NADPH oxidized per minute using molar ex-
tinction coefficient of 6.22×103 mmol−1 cm−1. The GPx ac-
tivity was expressed in units per milligram protein.

Glutathione reductase

The glutathione reductase (GR) activity was assayed follow-
ing the method of Carlberg and Mannervik (1985). Eight hun-
dred microliters of 50 mmol l−1 KPB, 100 μl of 1.0 mmol l−1

oxidized glutathione, 100 μl of 0.15 mmol l−1 ß-NADPH, and
20 μl of tissue supernatant were taken in a cuvette. The reac-
tion mixture was immediately mixed by inversion, and the
decrease in the absorbance was recorded for 1 min at
340 nm. The enzyme activity was expressed as micromole
ß-NADPH decomposed per minute per milligram protein
us ing a mola r ex t inc t ion coef f i c i en t o f 6 .22 ×
103 mmol−1 cm−1. The GR activity was expressed in units
per milligram protein.

Glutathione S transferase

The glutathione S transferase (GST) activity was determined
according to Habig et al. (1974) procedure. 2.75 ml KPB
(0.1 mol l−1 pH 6.5), 0.1 ml GSH (75 mmol l−1), 0.1 ml

CDNB (30 mmol l−1 in 95 % ethanol), and 0.05 ml superna-
tant were taken in a cuvette. The change in absorbance was
recorded at 340 nm for 1 min. The enzyme activity was
expressed as micromole CDNB conjugate per minute per mil-
ligram protein using a molar extinction coefficient of 9.6×
103 M−1 cm−1. The GST activity was expressed in units per
milligram protein.

Heavy metal analysis in water sample and biodistribution
in rat organs

Throughout the study, the animals were kept in individual
metabolic cages along with food and water ad libitum. Urine
and feces of five individual rats were collected separately for
28 days. One milliliter of water (control & polluted), 1 ml of
urine and 0.1 g of liver, kidney, brain, and feces from each rat
were independently digested in nitric acid overnight. Samples
were then heated at 80 °C for 10 h followed by additional
heating at 130 °C for 30 min. Finally, in the presence of
0.5 ml of 70 % perchloric acid, the samples were again heated
for 4 h and evaporated nearly to dryness. The samples were
dissolved in 5 ml of deionized water and filtered. Inductively
coupled plasma mass spectrometry (ICP-MS) was used to
analyze Pb, Zn, Ag, As, Ba, Cd, Co, Cr, Cu, Mn, Mo, Ni,
Sn, and Sb contents in the samples. For standardization and
validation, certified reference materials were procured from
National Institute of Standard Technology (NIST).

Histopathological examination

A part of liver, kidney, and brain were collected from each rat
separately, fixed in 10 % formalin for studying structural ab-
normalities. The tissues were processed in Leica TP 1020
tissue processor, embedded in paraffin blocks using Leica
EG 1160 paraffin embedder. The paraffin blocks were cut into
ribbons of 4 μm using Microm HM 360 microtome. The
slides were stained in hemotoxylin and eosin using Microm
HMS-70 stainer. The permanent slides were made and evalu-
ated for histopathological changes under Olympus BX51 mi-
croscope. The slides were coded to avoid possible bias before
analysis.

Analysis of data

All the data were expressed as means±standard devia-
tion (SD). The P values were calculated using GraphPad
Prism statistical software by one-way ANOVA followed
by a Dunnett’s test to compare the groups (control vs
treated). A value of P<0.05 was considered to be sta-
tistically significant.
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Results

Body and organ weights

It was observed that the treatment of the animals with Musi
river water affected both the body weight and organ weights
when compared with animals that were exposed to normal
drinking water (Fig. 2). The results clearly indicated that the
high- and medium-dose river water-treated groups showed a
decline in body weight across the study. In addition, the
weights of liver and kidney were also significantly decreased.
However, the low-dose group did not show any significant
changes in body and organ weights.

Lipid peroxidation

The effect of various dilutions of Musi water on lipid perox-
idation in various organs is presented in Fig. 3a. Significant
dose-dependent increase in lipid peroxidation was detected in
liver, kidney, and brain of rats treated with high and medium
doses. No significant change was observed in low-dose-
treated organs.

Reduced glutathione

The alterations in GSH level were observed in various organs
presented in Fig. 3b. Liver, kidney, and brain showed signif-
icant dose-dependent decrease in GSH levels at high- and
medium-dosed rats except low dose.

Superoxide dismutase activity

The effect of Musi river water on SOD activity in experimen-
tal groups is shown in Fig. 4a. A significant increase in SOD
activity was observedwith increase in the dose level. High and
medium doses of Musi river water significantly induced SOD
activity in liver and kidney. Only high-dose treatment in brain
showed significant increase in the SOD activity.

Catalase activity

The activity of CAT in polluted river water-treated rat
organs is presented in Fig. 4b. High- and medium-dose
groups showed significant decrease in CAT in liver,
kidney, and brain. However, lower dose did not affect
the CAT activity in all the organs.

Fig. 2 Mean body and organweights of rats treatedwithMusi river water for 28 days by oral route. Each value represents mean±SD; n=5 rats. *P<0.05

Fig. 3 MDA and GSH levels in rats treated with Musi river water for 28 days. Each value represents the mean±SD; n=5 rats. *P<0.05
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Fig. 4 Effect of 28 days oral treatment ofMusi river water on antioxidant enzyme activities in rat organs. Each value represents the mean±SD; n=5 rats.
*P<0.05
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Glutathione peroxidase activity

The GPx activity in liver, kidney, and brain of rat treated with
different dilutions of Musi river water is presented in Fig. 4c.
Significant increase in GPx activity was observed in liver at all
the treated dose levels when compared with controls.
However, kidney and brain showed significant increase in
GPx activity only at high- and medium-dose levels.

Glutathione reductase

The effect of polluted Musi river water treatment on GR ac-
tivity of treated rats is presented in Fig. 4d. Glutathione reduc-
tase activity was significantly increased in liver, kidney, and
brain of both high- and medium-dose groups. No significant
difference in the GR activity was observed in rats exposed to
low-dose level.

Glutathione S transferase activity

The GST activity in liver, kidney, and brain of Musi river
water-treated rats is presented in Fig. 4e. In liver, a significant
dose-dependent increase in GST activity was observed at all
the doses. In kidney and brain, both medium and high dose
brought significant induction in GST activity.

On the whole, 28 days repeated oral treatment of rats with
Musi river water resulted in a significant dose-dependent in-
crease in SOD, GPx, GR, GST enzymes activity, and LPO in
liver, kidney, and brain. On the other hand, GSH and CAT
activity were significantly decreased.

Metal analysis in water sample and biodistribution in rat
organs

The summary of analyzed metal content in drinking and Musi
river water and their distribution in treated rat organs are pre-
sented in Table 1. The data of certified reference materials are
given in Table 2. Among 14 metals analyzed, the drinking
water used for control group showed the presence of only Ba
(0.002 mg/l) and Zn (0.003 mg/l). Whereas the river water
analysis revealed the presence of Zn (2.73 mg/l), Pb
(5.41 mg/l), Ba (0.16 mg/l), Mn (0.32 mg/l), Ni (0.46 mg/l),
Cr (0.48 mg/l), Cu (0.67mg/l), Sb (0.001mg/l), Co (0.005mg/
l), Ag (0.01 mg/l), Cd (0.01 mg/l), As (0.01 mg/l), Mo
(0.03 mg/l), and Sn (0.06 mg/l). The organ biodistribution
studies have shown that the heavy metal concentration in con-
trol and low-dose group rat organs was below the detection
limit. However, a dose-dependent accumulation of metals
was observed in the organs of medium- and high-dose groups.
Liver showed Zn (21.4 & 14.5 μg/g), Cu (8.3 & 3.6 μg/g), and
Pb (8.2 & 0.4 μg/g) at high concentration in high- and
medium-dose groups, respectively, remaining metals
were present in the range of 0.09–1 μg/g concentration.

In high- and medium-dose groups, kidney showed Zn (16.2 &
7.9 μg/g), Cu (3.5 & 1.4 μg/g), Mn (2.9 & 0.5 μg/g), and Pb
(2.6 & 0.5 μg/g) in high concentration, rest of the metals were
found in 0.01–0.5 μg/g range. In brain, high- and medium-
dose groups showed Zn (2.4 & 1.1 μg/g) and Ni (1 &
0.3μg/g) at high concentration of the remaining metals present
at 0.01–0.9 μg/g range. In urine, Zn (11 & 3.7 μg/ml), Pb (3.6
& 0.9 μg/ml), Ni (3.3 & 1.3 μg/ml), and Cu (2.7 & 1.7 μg/ml)
were present in high concentrations in both high- and medium-
dose groups, respectively, remaining metals were present at
0.1–2 μg/ml range. Similarly, in feces, Zn (30.4 & 11 μg/g),
Cu (6.7 & 3.9 μg/g), Pb (5.7 & 0.8μg/g), Mn (4.3 & 0.4μg/g),
and Ni (3 & 0.6 μg/g) were eliminated at high concentration
than the other metals.

Histopathological changes in organs

The potential toxicity of polluted river water after 4-week
repeated oral exposure was evaluated in liver, kidney, and
brain. The histology of liver showed that exposure to polluted
water in high and medium doses caused excessive focal hem-
orrhage and dilated central vein, while the low-dosed and
control groups did not show any of these changes (Fig. 5).
In the kidney, histological alterations were noted as focal ne-
crosis and focal tubular damage. The brain organ revealed
extensive focal vacuolation in both high- and medium-dose
groups. However, the low-dose-treated rat organs showed nor-
mal histology.

Discussion

In the present study, we analyzed the possible oxidative dam-
age and antioxidant response of rat after treatment with pol-
luted river water for 28 days through oral route. Our results
showed that the Musi river water contained Zn, Pb, Mn, Ni,
Cr, Cu, Sb, Co, Ba, Ag, Cd, As, Mo, and Sn at high concen-
trations. This indicates that the Musi river is being polluted by
the untreated effluents from industries and urban sewage.
Biodistribution study revealed that the metal accumulation in
treated rat organs was in a dose-dependent manner. The liver
showed higher metal accumulation followed by kidney and
brain. Further, it was also observed that the proportion of
metal elimination was more through urine and feces than ac-
cumulation in organs. The biodistribution was in proportion to
the metal concentration in the water sample, i.e., Zn, Pb, Mn,
Ni, Cr, and Cu were present at high concentration in river
water accumulated more when compared to other metals.

Previous studies showed that the treatment/natural expo-
sure to heavy metals had induced oxidative stress in fish
(Farombi et al. 2007; Pandey et al. 2003), Pied flycatcher
nestlings (Berglund et al. 2007), Griffon vulture (Espín et al.
2014), water birds (Martinez-Haro et al. 2011), and rat
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(Farombi et al. 2012). In our study, we also observed that the
rats treated with the polluted river water suffered severe oxi-
dative stress. Further, the treated rats showed decreased body
and organ weights indicating severity of heavy metal toxicity
in river water. The toxicological effects of heavy metals are
primarily attributed to their ability to generate free radicals in
biological system. It is known that ROS are generated either
directly via the catalytic production of superoxide by the
Haber–Weiss and Fenton reactions or indirectly by other
mechanisms during heavy metal exposure (Mittal and Flora
2006). Excessive generation of ROS surpasses the natural
antioxidant defenses and exert toxicity through lipid peroxi-
dation, which is considered as a first step of cellular membrane
damage. The level of lipid peroxidation is widely used as an
indicator of ROS-mediated oxidative damage (Tabrez and
Ahmad 2009). Our results indicated significant and dose-
dependent elevation of MDA (marker of lipid peroxidation)
levels in liver, kidney, and brain of treated rats indicating that

polluted water increased the production of ROS. GSH is an
important antioxidant that protects cells against ROS-
mediated oxidative stress (Espín et al. 2014). Administration
of polluted river water caused significant and dose-dependent
depletion of GSH in all the treated organs, demonstrating that
GSH was utilized for neutralization of ROS.

Antioxidant enzyme activities inmetal-stressed experimen-
tal organisms are highly variable, depending on the species,
metals, dose, and exposure time; however, these altered en-
zyme activities reflect the modified redox status of the stressed
cells (Márquez-García and Córdoba 2009). Among the anti-
oxidant enzymes, SOD is considered as the first line of de-
fense against oxygen toxicity owing to its inhibitory effects on
superoxide radical immediately after its formation (Prabhakar
et al. 2012). In the current study, the SOD and GPx activities
were increased significantly, and CATactivity was significant-
ly decreased in all the organs of treated rats exposed to pollut-
ed water. The elevated SOD enzyme in organs indicates a

Table 2 Recovery and correlation coefficient of certified reference material—mg/kg

Metal Analyzed value Certified value % of recovery Correlation
coefficient

Metal Analyzed value Certified value % of recovery Correlation
coefficient

Ag 0.0166±0.002 0.017±0.002 97.6—NIST 0.9999 Mn 14.92±1.3 16±1.0 93.2—NIST 0.9998

As 0.048±0.004 0.05±0.00 96—EC 0.9998 Mo 0.42±0.025 0.48±0.03 87.5—NIST 0.9997

Ba 1.02±0.09 1.10±0.10 92.7—NIST 0.9999 Ni 0.163±0.08 0.17±0.08 95.8—NIST 0.9996

Cd 0.11±0.06 0.11±0.05 100—NIST 0.9999 Pb 0.224±0.00 0.23±0.00 97.3—NIST 0.9991

Co 0.008±0.0006 0.008±0.0004 100—NIST 0.9998 Sb 0.0087±0.00 0.009±0.00 96.6—NIST 0.9997

Cr 0.022±0.008 0.023±0.009 95.6—NIST 0.9998 Zn 22.42±1.3 22.2±1.7 100.9—NIST 0.9999

Cu 4.45±0.56 4.3±0.69 103—NIST 0.9997

Values are mean±SD

NIST National Institute of Standard Technology, EC European commission

Fig. 5 Photomicrographs of
various organs of rats after
28 days repeated oral treatment
with Musi river water. Upper
panel represents normal
architecture of liver, kidney, and
brain from control rats. Lower
panel represents liver, kidney, and
brain from high-dose group rats
showing pathological changes
pointed by arrows. Observation
was made at ×40 magnification
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protective response towards the increased ROS. The observed
decrease in CAT activity could be credited to increased super-
oxide radical (O2

−) production by the pollutants. It was report-
ed that the CAT may be directly inhibited by superoxide rad-
icals as well as by direct binding of some metals like Cd to
thiol groups of the enzyme (Roméo et al. 2000). CATand GPx
have a similar kind of function in catalyzing H2O2. In general,
the rate of H2O2 production is mainly balanced by GPx, but at
increased H2O2 levels, CAT becomes more prominent in
decomposing H2O2 (Berglund et al. 2007). Moreover, high
H2O2 concentrations are supposed to inactivate SOD enzyme.
However, SOD activity was increased in this study. This could
be due to maintenance of low level of H2O2 by GPx, CAT, and
GSH.

GR activity has been reported as a useful biomarker of
redox cycling as it is the crucial enzyme for the regeneration
of GSH from GSSG (Tabrez and Ahmad 2009). A significant
increase in GR activity in liver, kidney, and brain of polluted
water-treated rats could be attributed to high demand for re-
generation of GSH. GST catalyzes the conjugation of GSH
with xenobiotic compounds and cytotoxic aldehydes, pro-
duced during lipid peroxidation. Hence, an induction of
GST activity is an indication of an increased GST-dependent
detoxification process in neutralization of heavy metals. As
observed in the present study decreased GSH content which
reflects high utility of GSH in conjugation reactions of heavy
metals by GST (Espín et al. 2014). Histopathological study
also revealed adverse effects on morphology of treated rat
organs due to exposure of polluted Musi river water.

Our results are in accordance with Tabrez and Ahmad
(2009) who showed that waste water collected from industrial
areas of Aligarh and Saharanpur cities in India, resulted sig-
nificant increase in LPO, SOD, CAT, GR and GSTactivities in
rat liver treated for 15 days. Similarly, Cyprinus carpio, a fish
collected from heavy metal-polluted Ataturk Dam lake,
showed increased lipid peroxidation and CAT activity, de-
creased GSH content, and SOD activity (Karadag et al.
2014). Berglund et al. (2007) study indicated that pied fly-
catcher surrounding ore smelter plant, a heavy metal-
contaminated area showed signs of oxidative stress evidenced
by upregulated hepatic antioxidant defense as increased GR
and CAT activities and slightly but not significantly elevated
lipid peroxidation and GST activity.

When comparing the present study with the studies on pure
metal effect on oxidative stress, Mittal and Flora (2006)
showed that mice exposure to arsenic led to a significant in-
crease in the level of LPO in liver and kidney along with a
concomitant decrease in the activities of SOD, CAT, and GPx.
Similarly, whenmice are exposed to a mixture of heavymetals
(Pb, Hg, Cd, and Cu), the levels of GSH and SOD in the
kidney and testis were significantly declined along with sig-
nificant histopathological changes (Al-Attar 2011). In another
study, when rats were daily injected with aluminum chloride

in saline at a dose of 10 mg/kg for 10 days resulted in an
increase in LPO, in most of the brain regions, which was
accompanied by a decrease in the activity of SOD, CAT, and
GPx (Sánchez-Iglesias et al. 2009).

Conclusion

The findings of this study indicate that Musi river is polluted
with various heavy metals which tend to accumulate in differ-
ent organs of rats over the course of 28 days repeated oral
exposure. The extent of heavy metals accumulation was
dose-dependent and directly correlated with the histopatholo-
gy in different organs of rats. The toxic effects of heavy metals
may be attributed to excessive generation of ROS and poor
antioxidant defense in rats loaded with metal pollutants from
the river water. Thus, the potential toxicity of polluted water
emphasizes the importance of regular monitoring of river wa-
ters, particularly when it is used for drinking or irrigation.
Further, long-term studies are warranted to evaluate the toxi-
cological profiles of heavy metals-polluted waters.
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