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Abstract Increased levels of environmental pollutants are
linked to almost all human disorders; the efficient method to
manage the human health is through naturally available die-
tary molecule. Solanum torvum (ST) Swartz (Solanaceae)
commonly called Turkey Berry is found in Africa, Asia, and
South America. Its fruit, part of traditional Indian cuisine, is a
widely consumed nutritious herb, acclaimed for its medicinal
value. ST aqueous extract (S7A4e) (250, 500, and 1000 mg/kg
b.w., 6 days; oral) against acute Cadmium (Cd) (6.3 mg/kg
b.w., single dose; oral) toxicity was evaluated in rats.
Protective effect was assessed using serum markers, tissue
antioxidants, oxidant derivatives, glycoprotein, and histopath-
ological studies. The activities of serum marker enzymes were
increased (40—60 %); antioxidant enzymes such as SOD and
CAT, GSH, and its metabolic enzyme activities were de-
creased (50-80 %) in the liver and kidney upon Cd intoxica-
tion. During STAe pre-treatment, at doses of 250 and 500 mg/
kg b.w., the above changes were brought to near normal (25—
63 %). Tissue 4-hydroxynonenal, 3-nitrotyrosine, and protein
carbonyls were increased (8—15 fold) in Cd-alone-treated rats,
whereas pre-supplementation of S74e significantly decreased
their levels and inhibited the protein glycosylation effectively.
The pharmacological effect of ST4e was confirmed by
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histopathological observations. Based on previous literature
and present investigation, we conclude that ST may serve as
a potential functional food against environmental contaminant
such as heavy metal-induced oxidative stress.
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Introduction

Worldwide experimental reports and scientific innovations re-
veal that several plant extracts and their phytoconstituents
have been shown to retard or reduce oxidative stress. A major
obstacle in the exploration of natural antioxidants is that they
differ in their mode of action in vitro and in vivo (Singh and
Sharma 2009). Studies on numerous plant products/extracts
have shown that their radical scavenging or quenching effica-
cy was high in vitro (Capasso 2013) while the contrary has
been observed in vivo studies. However, fewer have compiled
antioxidant properties of plant extracts both in vitro and in
vivo (Celep et al. 2013; Zhou et al. 2013; Rui et al. 2016).
One of the major oxidative stress inducers for the biologi-
cal systems is environmental pollutants. Among the environ-
mental pollutants, the contribution of heavy metals is signifi-
cantly high. Heavy metals induce detrimental effects, which
ultimately leads to irreparable cellular damage at a molecular
level (Karak et al. 2015). Cadmium (Cd) is one such metal
which induces cellular damage through the process of oxida-
tive stress by chelating thiol proteins (Cuypers et al. 2010); it
results in the interruption of cellular redox homeostasis lead-
ing to the liberation of nascent radicals, which in turn would
damage biomolecules such as DNA, lipids, and proteins
(Mortensen et al. 2011; Karak et al. 2015). Further, its low
excretion rate and longer half-life result in its accumulation in
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various organs (Cuypers et al. 2010; Zhang et al. 2015).
Prolonged systemic exposure to Cd mainly affects the liver
and kidney, the central metabolic and excretory organs
(Karak et al. 2015). The evaluation of protective status
in these two vital organs against Cd-induced toxicity
would directly reflect the therapeutic efficacy of com-
pounds or plant extracts under investigation.

Though, Solanum torvum (ST) Swartz (Solanaceae) fruit
has a long history of its use as a culinary agent and as an
ingredient in folk and herbal medications in various cultures,
there are only ~50 scientific reports on its pharmacological
and phytochemical research aspects. The earlier reported phar-
macological studies include antimicrobial,
antiulcerogenic, antiplatelet, antioxidant, antidiabetic, an-
algesic, anti-inflammatory, and cytoprotective effects
(Mohan et al. 2010; Takahashi et al. 2010; Gandhi et
al. 2011; Balachandran et al. 2012; 2015; Ramamurthy
et al. 2012; Sivapriya et al. 2015). Our previous study
confirms that the aqueous extract of ST fruit (ST aque-
ous extract (S74e)) has potent in vitro antioxidant prop-
erty when compared to its methanol and ethanol extracts
(Ramamurthy et al. 2012). Even though S7 has a di-
verse range of phytochemicals, the lack of experimental
evidence of its role at the molecular level has cloaked
its therapeutic importance against metal toxicity.

Materials and methods
Fruit material collection and preparation

S. torvum fruits were collected from reputable farms, Panruti,
Tamil Nadu, India, postal code 607805, during November and
December 2010 and authenticated by Prof. P.
Jayaraman, Director, Plant Anatomy Research Centre,
National Institute of Herbal Science, Chennai, India
(PARC/2009/993). The dried fruits of S7 were made
into fine powder. The extraction process was carried
out using Soxhlet apparatus in solvents such as ethanol
(10 % w/v), methanol, and water according to their as-
cending order of polarity. ST fruits aqueous extract was
concentrated by lyophilization process and stored at
4 °C in a refrigerator and used for further studies.

In vitro antioxidant properties

Procedure mentioned in Ghosh et al. (2010) was adopted to
evaluate the superoxide radical and nitric oxide radical scav-
enging and iron chelation properties of S74e. DNA nicking
experiment was carried out using M13mp 18 plasmid DNA
(Lee et al. 2002).
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Hepato- and nephroprotective effect of S74e (in vivo
antioxidant property)

Animals

The Wistar strain male albino rats were purchased from
an authorized vendor. Animals were maintained and the
animal experiments were conceded according to the
guidelines of the Institutional Animal Ethical
Committee, Pondicherry University, and Pondicherry,
India (PU/AEC/10/28).

Experimental design

The animals were divided into seven groups of six animals.
Food and water were provided ad libitum.

Group 1: Control animals

Group 2: Animals treated with cadmium (Cd) alone
[(6.3 mg/kg b.w., single dose on the sixth day;
after the initiation of experiment, orally) (Cd in
the form of Cd nitrate)]

Animals supplemented with S74e [(250 mg/kg
b.w. orally; pre-treated—>5 days+1 day)+Cd (as
per group 2)]

Animals supplemented with STAe [(500 mg/kg
b.w. orally; pre-treated—>5 days+ 1 day)+Cd (as
per group 2)]

Animals supplemented with S74e [(1000 mg/kg

b.w. orally; pre-treated—5 days+1 day)+Cd (as

per group 2)]

Animals supplemented with vitamin E [(250 mg/

kg b.w. pre-treated—5 days+ 1 day; orally)+Cd

(as per group 2)]

Group 7: Animals supplemented with vitamin E alone

(250 mg/kg b.w. orally)

Group 3:

Group 4:

Group 5:

Group 6:

Sample preparation (serum and tissues)

After the experimental period, animals were sacrificed
(seventh day; after the initiation of experiment) by cer-
vical decapitation. Blood was collected in heparinized
tubes, and the serum obtained was used for various
biochemical assays. The liver and kidney tissues were
excised from the sacrificed animals and washed in
phosphate-buffered saline. The portions of tissues were
fixed in 10 % formalin for histopathological studies,
while the portions of tissue were frozen (for western
blot analysis) and fresh tissue samples were used for
various biochemical estimations.
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Biochemical assays

Lactate dehydrogenase (LDH), alanine transaminase (SGPT),
aspartate transaminase (SGOT), alkaline phosphatase (ALP),
and y-glutamyltransferase (GGT) were estimated by the com-
mercially available kits from Agappe Diagnostics Ltd.,
Agappe Hills, Ernakulam district, Kerala, India 683562.
Uric acid and creatinine were estimated by the commercially
available kits from Beacon Diagnostics Ltd., Kabilpore,
Navsari, India 396 424. The Lowry et al. (1951) method was
adopted to estimate the total protein in different experimental
conditions.

Lipid peroxidation and antioxidant analysis

The level of lipid peroxidation (LPO) in terms of thiobarbitu-
ric acid reactive substances (TBARS) was determined as de-
scribed by Ohkawa et al. (1979). Glutathione (GSH) level was
assayed by the method of Ellman (1959). SOD, CAT, GPx,
and GST activities were measured as mentioned in Ramesh et
al. (2012). Protein carbonyl level was estimated by
dinitrophenylhydrazine (DNPH) method (Oliver et al. 1987).

‘Western blot

Oxidative modification of proteins was detected by protein
immunoblot using anti-dinitrophenylhydrazine, anti 3-nitro
tyrosine and anti 4-hydroxynonenal (HNE) antibodies.
Protein (25 pg) was loaded in 12 % SDS-PAGE. The electro-
phoresis was carried out at 100 V for 90 min. For the analysis
of protein carbonyls, 25 pg protein was incubated with 10 ul
of 10 mM DNPH for 10 min at room temperature.
Subsequently, 5 uL of neutralization solution was added to
protein sample and vortexed. Protein derivative samples were
run on 12 % SDS-PAGE. Electroblotting was carried out with
0.2-um PVDF membrane, at 55 V for 50 min, and the mem-
brane was blocked in 1 % BSA in TBST buffer. After
blocking, the membrane was washed (four times for 15 min)
and incubated with rabbit anti-DNPH antibody (Invitrogen
Molecular probes, USA) at 4 °C for overnight. The excess
and unbound antibody was washed (four times for 15 min)
and then, the membrane was incubated with goat anti-rabbit
IgG horseradish peroxidase conjugate (Calbiochem) for 2 h at
room temperature. After removing the excess unbound anti-
body by washing (four times for 15 min), the bands in the
membrane were visualized by enhanced chemiluminescence
method. The protein nitration, [3-nitro tyrosine monoclonal
antibody (Cayman Chemical Company, USA)] and anti-
HNE (Alpha Diagnostics Intl.) immunoblotting experiments
were carried out with the same experimental conditions except
the derivatization step for protein carbonyls.

Glycoprotein staining

Glycoprotein staining was performed using periodic acid-
Schiff’s reagent method. Protein sample (25 pg) was run on
12 % reduced SDS-PAGE. After the run, the gel was fixed in
40 % methanol and then washed with 3 % acetic acid (three
times for 10 min). The gel was incubated with 1 % periodic
acid for 15 min in dark at 4 °C and then washed with 3 %
acetic acid (three times for 10 min). After the completion of
washing, the gel was incubated in Schiff’s reagent at 4 °C in
the dark for 15 min and then washed in 0.5 % sodium bicar-
bonate and the gel was viewed under Syngene gel document
system and photographed.

HPTLC fingerprint analysis

HPTLC analysis was performed as explained in Ramamurthy
et al. (2012).

Histopathological studies

Ten percent formalin-fixed tissues were dehydrated and
cleared in alcohol and xylene and embedded in paraffin.
Sections of 5-um thickness were stained with hematoxylin
and eosin (H and E), and histopathological alterations were
captured (under x10) with Olympus CX41 microscope
(Olympus, USA).

Statistical analysis

Statistical Package for Social Sciences (SPSS, version 16) was
utilized to analyze the data obtained in different experimental
conditions. One-way ANOVA was performed followed by
Tukey’s comparison test for comparison of results between
the control and test groups. Differences were considered sig-
nificant at P<0.05.

Results and discussion
In vitro radical quenching property

Oxyradicals are highly unstable and abundantly generated in
stress conditions. Hence, the superoxide and nitric oxide
quenching abilities of ST4e were assessed at different concentra-
tions (10, 50, 100, 250, and 500 pg/mL). The percent of super-
oxide and nitric oxide radical inhibition ranged from 15 to 87 %;
however, superoxide radical was readily inhibited (~87 %). STA4e
was found to be more efficient than well-known antioxidant,
catechin, at 500-pg/mL concentration. The ECsq of superoxide
and nitric oxide radicals were 86.5 and 200 pg/mL, respectively.
The commendable inhibitory effect on oxyradicals may be due to
the synergistic action of phytoconstituents present in S7A4e
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(Gandhi et al. 2011; Ramamurthy et al. 2012). The nitric oxide
radical inhibition increased with increasing concentrations of the
extract (15-78 %) with a correlation coefficient value (+%) of 0.9
(Table 1). Bivalent transition metal ions catalyze the radical re-
actions, which in turn enhances the oxidative processes. Hence,
metal ion chelation may be the indirect way of antioxidant mech-
anism. The inhibition of ferrozine-Fe** complex in the presence
of STAe directly correlated with Fe** chelation. The absorbance
of ferrozine-Fe?" complex decreased linearly with increasing
concentrations of S74e. The metal ion chelation efficacy of
STAe ranges from 22 to 74 % Na,EDTA equivalents with ECs,
value 60 pg (Table 1). The inhibitory concentration of plant
extract showed the same efficacy of standard such as EDTA,
ECso (58 pg).

The oxyradical-mediated DNA strand breaks, and the as-
sessment of radical quenching ability of antioxidants on aga-
rose gel is considered as an efficient and reliable in vitro assay.
Single-strand M 13 DNA is in circular form, induction of sin-
gle or multiple nicks by oxyradicals in the phosphodiester
backbone of DNA will create linear form. Conversion of
DNA from circular to linear form directly correlates with the
radical concentration and frequency of radical hits to circular
DNA. Hence, radical-mediated conversion of DNA from cir-
cular to linear form and its protection of DNA integrity in the
presence of antioxidant are a reliable indicator for antioxidant
potential. Present study well documented that DNA shearing
was found in Fenton’s reaction mixture-treated DNA sample
(Fig. 1). Lanes 3, 4, and 5 represent the DNA samples treated
with Fenton’s reaction mixture, with increasing concentration
of plant extract. The inhibition of single-strand breaks was
increased in STAe-treated samples as evident from increased
circular DNA integrity on agarose gel (lanes 3, 4, and 5).
Further DNA nicking assay result is positively correlated with
free radical quenching assay.

Our previous study, evaluated the free radical quenching
nature of the different extracts of the ST fruit (Ramamurthy et
al. 2012). Further, we found that the aqueous extract showed
potential radical quenching effect when compared with

methanol and ethanol extracts. In addition, the present in vitro
assay showed the oxyradical quenching activity and metal
chelation effect of ST4e. We further extended our study to in
vivo experiment to support the in vitro results of S74e. The in
vivo antioxidant studies are accurate and reliable. However, it
also depends on many factors such as bioavailability and dos-
age (Niki 2010).

We evaluated the protective effect of ST4e against Cd-
induced acute toxicity in Wistar male albino rat liver and kid-
ney. To determine the toxic effect of STAe, three different
doses such as low, medium, and high (250, 500, and
1000 mg/kg b.w.) were selected. The toxic effect of STAe
was studied by oral supplementation for 20 days. The non-
toxic nature of STAe was concluded based on hematological,
biochemical, and histopathological analyses (data not shown).

In vivo antioxidant property

The hepatic and renal functional markers were analyzed in the
serum of control and test animals (Table 2). The serum bio-
markers such as ALP, ALT, LDH, AST, and GGT activities
were significantly increased (P<0.001) in Cd-administered rats
(group 2) when compared with control groups (group 1). Pre-
supplementation of S74e at 250 and 500 mg/kg b.w. decreased
(P<0.001) the above enzyme activities when compared to
group 2 rats. The renal functional metabolites such as creatinine
and urea levels were decreased significantly in Cd-administered
animals (group 2), when compared to group 1 rats. Whereas,
pre-supplementation (250 and 500 mg/kg b.w.) of ST4e showed
normal level as similar to group 1 animals. The protective effect
of STAe in Cd-induced injury might be due to the presence of
various antioxidant compounds present in the extract
(Ramamurthy et al. 2012; Gandhi et al. 2011; Yadav and
Khandelwal 2009). The phytoconstituents may act synergisti-
cally or antagonistically, based on the dose, duration, bioavail-
ability, and interactions among them. In the present study, we
observed an interesting result; at low and medium doses (250
and 500 mg/kg b.w.), supplementation protects the Cd-induced

Table 1 In vitro antioxidant and metal ion chelation properties of S74e

Assay Sample/con. 10 pg/mL 50 pg/mL 100 pg/mL 250 pg/mL 500 pg/mL ECso ”

Superoxide Scavenging ST extract 28.6+4.13% 36.9+4.96* 55.7+3.04* 75.9+5.85% 87.9+4.92% 86+39 09
Catechin (Std)  29.9+4.46%*  69.5+4.11**  702+431** 75242.03**  79.0+3.81** 35+39 091

Nitric oxide scavenging ST extract 15.7+2.13* 32.3+3.96* 49.6+3.04* 61.4+3.85% 78.8+2.90* 200+58  0.92
Catechin (Std)  27.9+4.46%*  52.5+4.01*%* 60.2+431** 682+2.03*¥*  77.9+3.81** 40+45 094

Ton chelation ST extract 22.2+2.19* 37.9+4.77* 51.6+5.40* 65.1+491* 74.8+5.03* 60+58  0.99
EDTA (Std) 27.1+1.44*%*%  394+£339%*  588+2.98%*  69.9+3.60%*  82.9+5.24%* 58+58 0.94

Superoxide and nitric oxide radical quenching and ion chelation properties of STA4e along with positive strands (catechin and EDTA) and their ECs,
(effective concentration), co-relation co-efficient value (). Results were evaluated by one-way ANOVA followed by the Duncan multiple range tests.
/* is the regression equation. Values are mean = SEM. Difference was considered significant when P<0.05 for test sample and P<0.01 for standard

(n=3, *P<0.05 vs sample, **P<0.001 vs Std.)
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Fig. 1 The protective effect of STAe on hydroxyl radicals (Fenton’s reaction)
induced DNA strand breaks (nicks). Lane 1 100-bp ladder; Lane 1—M13
DNA; Lane 2 M13 DNA + Fenton’s reaction mixture (Ferric chloride +
H,0, +ascorbic acid); Lane 3 100 pg ST4e + DNA + Fenton’s reaction mix-
ture; Lane 4 250 pg STAe + DNA + Fenton’s reaction mixture; Lane 5 500 pg
STAe+DNA + Fenton’s reaction mixture; Lane 6 vitamin C (10 pg/mL)+
DNA +Fenton’s reaction mixture; Lane 7 catechin (10 pg/mL)+DNA +
Fenton’s reaction mixture. The M13 (ss) DNA (50 ng) was incubated with
Fenton’s reagent for 15 min at room temperature, along with S74e (various
concentrations), catechin, and vitamin C (we have used very low concentra-
tion of standard). Agarose gel electrophoresis was performed at 50 V for
30 min and bands were illuminated in syngene gel documentation system

organ injury. However, pre-supplementation of S7Ae at
1000 mg/kg b.w. did not show any positive effect, at the same
time it did not aggravate the Cd-induced organ injury. This
finding infers that ST4e is non-toxic at high concentration even
in the presence of toxicant. Similarly, the protective effect of
STAe is comparable with vitamin E effect. Vitamin E alone did
not show any changes in marker enzymes and histopathological
observations (data not shown) when compared to group 1 (con-
trol animal).

The TBARS level is believed to be the underlying marker
for oxidative stress-induced injury. The TBARS in Cd-
intoxicated rat liver and kidney were increased fourfolds
(P<0.001) when compared with normal animals (group 1).
STAe pre-supplementation inhibited membrane perturbations
(Dewanjee et al. 2013) and brought down to 1.5-fold
(P<0.001), which was similar to the standard antioxidant (vi-
tamin E) used in the current investigation (Table 3).

The quantitative measurement of TBARS was also done by
determining 4-HNE using anti-4-HNE antibodies through
western blot analysis (Fig. 2a, b). The intensified bands were
observed in (relatively high when compared to control ani-
mals) Cd-administered group of the liver and kidney (230
and 303 %, respectively). Pre-supplementation of S7A4e
showed weak signals with low-intensity (112 and 102 %,

respectively) bands similar to control group. The results clear-
ly indicated abundant HNE adducts formations in group 2,
whereas STAe pre-supplementation (250 and 500 mg/kg
b.w.) inhibited HNE adducts through the prevention of Cd-
induced radical generation.

GSH and its metabolism were first-line defense mechanism
against Cd-induced oxidative stress (Nair et al. 2013). GSH
concentration was found to be lowered (P<0.001) in group 2
when compared to normal animals (group 1). GPx and GST
activities were diminished at P<0.001 level in liver and kid-
ney of Cd-administered animals (group 2) when compared to
control animals (group 1). Pre-treatment with S7A4e nearly
normalized the GSH level and activities of GPx and GST
(groups 3 and 4). Upon increasing the dose of STAe
(1000 mg/kg b.w.), no changes were observed in antioxidant
effect (group 5 vs group 2). The decreased GSH level might be
due to an increase in GGT activity found in serum (Table 3).
Other possible mechanisms might be the increase of TBARS
due to the decrease in the availability of NADPH, a co-factor
for GSSG to GSH conversion, thus, ultimately leading to the
disturbance of glutathione metabolism (Cuypers et al. 2010;
Spiazzi et al. 2013).

Cd has strong affinity towards thiol (—SH) functional
groups; hence, it forms thermodynamically stable Se-SH-Cd
complex, which leads to a decrease in GPx activity ((Cuypers
et al. 2010); Nazimabashir et al. 2015). However, the radical
quenching and metal ion chelation efficacy of S7Ae protect
glutathione and its metabolic enzymes from Cd-induced oxi-
dative stress. Similar reports were found in different plant
extracts against Cd-induced oxidative stress (Yadav and
Khandelwal 2009; Wang et al. 2012).

Tissue antioxidant enzyme activities (SOD and CAT) were
significantly (P<0.01) decreased in the liver and kidney of Cd-
administered animals (group 2) when compared to normal an-
imals (group1). The effect of STAe on the activities of CAT and
SOD in liver and kidney were increased (Table 3) (at a dose of
250 and 500 mg/kg b.w.) when compared to Cd-administered
animals (group 2). However, supplementation of S74e at
1000 mg/kg b.w. has not shown any positive effect on CAT
and SOD activities against Cd-induced oxidative stress.

Oxidative modifications of proteins

The chemical nature of ROS/RNS is highly unstable and reac-
tive. Hence, it is very difficult to directly measure the radicals in
vivo; we evaluated the oxidative damage by analyzing the ox-
idized products of protein, lipids, and DNA which can be con-
sidered as better alternative biomarkers (Dalle-Donne et al.
2003). The oxidative modifications of proteins were assessed
in the form of protein carbonyl-DNPH adduct by spectroscopic
method in control and experimental groups (Dkhar and Sharma
2010) (Table 3). The protein carbonyl level increased 20 and
eightfold (P<0.001) in Cd-administered rats when compared to
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Table 2 Effect of ST aqueous extract on Cd-induced changes in hepato and renal functional markers in serum

Particulars Group 1 Group 2 Group 3 Group 4 Group 5 Group 6

ALP (units/L) 134+8 189+ 13a* 158 + 11b** 148 + 8b** 165+11 141 £9b**
SGPT (units/L) 45.8+6.28 86.7+7.33a* 62.7+5.13b** 53.8£6.69b** 71.5+7.57 51.5+£4.57b**
SGOT (units/L) 41.6+5.66 82.4+9.12a* 60.1£4.005b** 50.7+3.53b** 67.6+537 47.7+2.38b**
GGT (units/L) 49.9+3.49 82.6+7.12a* 59.8£5.98b** 52.8£4.93b** 69.3+£6.46 544+7.71b%*
LDH (units/L) 244+15 493 +21a* 321 +£21b** 273+ 17b** 369+20 266+ 18b**
Uric acid (mg/dL) 6.73+1.34 12.3+2.61a* 8.22+ 1.41b** 7.36+ 1.46b** 9.75+1.48 7.07 £ 1.39b**
Creatinine (mg/dL) 429+4.14 70.6+7.53a* 52.9+6.64b** 47.9+539b** 58.5+6.92 46.7+4.33b**

Values are expressed as mean+ S.D. (n=6). Values with no common superscript are not significant. Values with no common letters are not significant.
“a” indicates the significant difference between the control (group 1) and Cd-treated groups (group 2) and “b” indicates the significant difference
between the Cd-treated (group 2), and ST fruit aqueous pre-treated groups (groups 3 and 4) (¥*P<0.01, **P<0.01)

Group 1 control, Group 2 Cd-alone-treated animals (6.3 mg/kg b.w.), Group 3 STAe 250 mg/kg b.w. + Cd treatment (as in group 2 animals), Group 4
STAe 500 mg/kg b.w. + Cd-treatment (as in group 2 animals), Group 5 ST4e 1000 mg/kg b.w. + Cd treatment (as in group 2 animals), Group 6 vitamin E
(250 mg/kg b.w.) + Cd treatment (as in group 2 animals)

control group in the liver and kidney, respectively. STAe pre-
administration reduced carbonyl level to twofold (P<0.01)
when compared to group 2 rats.

The oxidative derivatives of proteins are multiple products,
which could not be measured by a single assay. However, the
abundant ones are carbonyls and 3-nitrotyrosine (Souza et al.
2008). The protein carbonyls were analyzed by using western
blot analysis employing anti-DNP antibody in liver and

kidney samples of different experimental groups. The band
intensity in western blot directly reflects protein carbonyl for-
mations in normal (group 1) and experimental animals. The
very high level of carbonyls with dark bands was observed in
Cd-administered animals (Fig. 3a, b), whereas weak signals
with reduced band intensity were observed in pre-
supplementation of S7Ae at doses of 250 and 500 mg/kg
b.w.; it is similar to vitamin E supplementation. Interestingly,

Table3  Table shows the levels of lipid peroxidation and GSH, some antioxidant enzyme activities and protein carbonyls in liver and kidney tissue of

the normal and experimental rats

Particulars Groups Group 1 Group 2 Group 3 Group 4 Group 5 Group 6
LPO Liver 82.3+8.6 190+ 15a* 127+ 10b** 150+ 12b** 170+ 14 110+ 9b**
Kidney 452+3.6 158 +13a* 122 +10b** 138+ 11b** 149+12 187 £ 15b**
GSH Liver 208+19 127 +12a* 180+ 16b** 160+ 14b** 140+ 13 187+ 17b**
Kidney 172+16 84.8+7.6a* 159 + 14b** 143 +13b** 130+12 165+ 15b**
SOD Liver 287+26 151+ 14a* 262 +24b** 220+20b** 162+15 272 +£25b**
Kidney 231+21 133 +12a* 241 +£22b** 211+ 19b** 142+13 212.2 £ 19b**
CAT Liver 103+9 42.0+3.8a* 75.6+6.8b** 68.9+6.2b** 54.5+49 93.2+8.4b**
Kidney 85.1+7.7 36.0+3.2a* 62.4+5.6b** 51.9+4.7b** 45.1+4.1 73.2+£6.6b**
GPx Liver 215+19 123+ 11a* 188 £ 17b** 158 + 14b** 146+13 193 +17b**
Kidney 171+15 102 +9.2a* 1567 + 14b** 141 £ 13b%** 121+11 164+ 15b**
GST Liver 278 +25 151 +14a* 261 +£24b** 238 +£21b** 153+14 261 +£24b**
Kidney 2545+23 122+ 11a* 229+21b** 212+ 19b** 136+12 241 +£22b**
Protein carbonyls Liver 721+1.64 22.4+4.0a* 10.3+1.14b** 12.6+2.13b** 17.3+£2.05 13.8 £ 1.24b**
Kidney 523+1.47 19.8+1.8a* 9.0+ 1.76b** 11.1£ 1.99b** 153+1.37 11.7+1.05b**

Units were expressed as LPO—TBARS formed/milligram protein, GSH—nanomoles of GSH/milligram protein, SOD—micromole of pyrogallol
oxidized/milligram protein, CAT—micromole of H,O, consumed/miligram protein, GPx—nanomole of NADPH oxidized/milligram protein, GST
micromole of CDNB conjugated/milligram protein, and protein carbonyls—nanomole carbonyls/milligram protein. Values are expressed as mean+S.D
(n=6). Values with no common letter are not significant. “a” indicates the significant difference between the control and Cd-treated groups and “b”
indicates the significant difference between the Cd-intoxicated and ST aqueous extract pre-treated groups (*£<0.01, **P<0.01)

Group 1 control, Group 2 Cd-alone-treated animals (6.3 mg/kg b.w.), Group 3 STAe 250 mg/kg b.w. + Cd treatment (as in group 2 animals), Group 4
STA4e 500 mg/kg b.w. + Cd treatment (as in group 2 animals), Group 5 STAe 1000 mg/kg b.w. + Cd treatment (as in group 2 animals), Group 6 vitamin E
(250 mg/kg b.w.) + Cd treatment (as in group 2 animals)
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a-Liver

Fig. 2 a. Experimental design. b. Western blot analysis for 4-
hydroxynonenal (4-HNE) adducts in liver and kidney of control and
experimental animals. Figure 2a Liver homogenate. Figure 2b Kidney
homogenate. Group 1 control, Group 2 Cd-alone-treated animals
(6.3 mg/kg b.w), Group 3 STAe 250 mg/kg b.w.+ Cd treatment (as in
group 2 animals), Group 4 STAe 500 mg/kg b.w.+ Cd treatment (as in
group 2 animals), Group 5 STAe 1000 mg/kg b.w. + Cd treatment (as in
group 2 animals), Group 6 vitamin E (250 mg/kg b.w.) + Cd treatment (as
in group 2 animals). Bottom of the figure shows the densitometry values
(fold change)

3-nitro tyrosine also showed similar results in control and Cd-
intoxicated groups (Fig. 3c, d). The western blot analysis for
carbonyls and nitration were well correlated and sustained with
other results of Cd-induced stress. Again, a higher dose (used in
the present study) did not show any positive results. The plant
extract and its metabolite-mediated reduction of protein nitra-
tion have been observed earlier (Bixby et al. 2005).

Glycoproteins

The glycoprotein content and its degree of glycosylation have
become prognostic biomarkers for many diseases like cancer,
diabetes, and neurological disorders (Dalziel et al. 2014). The
oxidative modifications of total glycoproteins could not be
assessed by western blot analysis; hence, we performed reduc-
ing SDS-PAGE followed by periodic acid-Schiff staining for
the determination of glycoprotein profile. Cd administration
induced the hyper-glycosylation resulting high glycoprotein
in group 2 animals (Fig. 4a, b), which might be due to free

C-Liver

Fig. 3 Western blot analysis for oxidative modifications of proteins
(carbonylation (a, b) and nitration (¢, d) against Cd-induced oxidative
stress and reducing effect of S7A4e in different experimental groups.
Groups were treated as mentioned in materials and methods, experimental
design as mentioned in Figure 2a. a, b Protein carbonyl formation in the
liver and kidney. The carbonyls content was determined using anti-DNP
antibody. The western blot analysis was performed as mentioned in ma-
terial methods. ¢, d Protein nitration formation in the liver and kidney.
The nitration of proteins was determined using anti-3-nitro tyrosine anti-
body. The western blot analysis was performed as mentioned in materials
and methods. Bottom of the figure shows the densitometry values (fold
change). (Note: We observed streak pattern of protein nitration and car-
bonylation in all the samples, which is common in free radical research;
(Subbaiah et al. 2015; Valdez et al. 2000; Velsor et al. 2003))

radical-induced aberrations in the glycosylation process. The
degree of protein glycosylation was aberrantly increased in
Cd-treated groups with red high intensified bands (as seen
highly intensified bands in group 2 animals—Fig. 4a, b), but
pale red bands were seen in STAe-supplemented groups. Band
intensity is based on polysaccharide composition in proteins
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Fig. 4 Glycosylated protein in
Cd-induced oxidative stress and
pre-supplementation of ST4e in
control and experimental groups.
a Liver homogenate. b Kidney
homogenate: M marker. Groups
were treated as mentioned in
“Materials and methods” and
“Experimental design” as men-
tioned in Figure 2a. Proteins were
separated out in 12 % SDS-PAGE
and staining was performed using
PAS Schift’s reagent, as ex-
plained in “Material and
methods”. The significant chang-
es in glycosylation is marked
(arrow) in the figure

Fig. 5 Histological studies of the liver stained with H and E in control
and experimental animals. Groups were treated as mentioned in
“Materials and methods” and “Experimental design” as mentioned in
Figure 2a. The various changes were observed in control and different
experimental groups under x10 magnifications (marked in figure). The
pathological abnormalities of Cd were effectively reduced with S74e at
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250 and 500 mg/kg b.w. At higher concentration of S74e (group 5), we
did not observer any difference when compared to group 2 animals.
However, STAe alone did not show any difference when compared to
control rats (data not shown). Asterisk indicates cell death; small arrow
indicates cytoplasmic vacuoles; long arrow indicates sinusoids, CV cen-
tral vein (magnification x10 and scale bar also shown)
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Fig. 6 Histological section of the kidney in control and experimental
animals. Groups were treated as mentioned in “Materials and methods”
and “Experimental design” as mentioned in Figure 2a. The pathological
abnormalities were marked in Cd- and STAe-supplemented groups.
Swelling with thickened blood vessel, fatty vacuole, fatty infiltrate, and
lymphocyte aggregate and lymphocyte infiltration were seen in the kid-
ney of Cd-treated rats. The pathological abnormalities of Cd were

(Marklova and Albahri 2007). The decreased glycoprotein in
STAe-treated animals might be due to the inhibition of glyco-
sylation by STAe. Further, liver protein profile shows high
degree of glycosylated protein than proteins in the kidney.
Exposure to Cd showed that radical generation is high in the
liver than in the kidney (Cuypers et al. 2010). An interesting
observation in the present study is that ST4e-treated groups
showed light intensity bands; in addition, few bands disap-
peared, which infers that ST4e acts as a glycosylation
inhibitor.

Histopathology

Control group showed the normal architecture of the liver and
kidney, whereas the Cd-administered liver showed more path-
ological changes like the degeneration of hepatocytes and ir-
regularity in cell size and shape; the condensed chromatin in
many hepatocytes, micro-necrosis, and pyknotic nuclei with
degenerated chromatin was also observed. Portal inflamma-
tion and cytoplasmic vacuolization were observed in Cd-
administered groups (Fig. 5). Upon pre-supplementation of
STAe, the above changes were decreased in groups 3 and 4,
whereas there is no difference in group 5 animals. In control
animals, the cortex and medulla of the kidneys showed a nor-
mal pattern (Fig. 6). Tubular necrosis and glomerular widen-
ing were observed in the kidneys of rats treated with Cd

effectively reduced with S74e at 250 and 500 mg/kg b.w. At a concen-
tration of 1000 mg/kg b.w. STAe (group 5), we did observe any difference
when compared to Cd-treated animals. S74e alone did not show any
difference when compared to control rats (data not shown). Long arrow
indicates lymphocyte aggregation/infiltration and GL-glomeruli (magni-
fication x10)

(Fig. 6). The presence of fatty vacuole, lymphocyte aggrega-
tion in glomeruli, and cloudy swelling confirmed Cd toxicity
(Lee et al. 2015). When supplemented with S74e (at 250 and
500 mg/kg. b.w.), all degradative changes of Cd toxicity were
reverted back to normal, as evident from the hepatic and renal
histology. As observed in other biochemical assays, higher
dose (1000 mg/kg b.w.) showed similar architecture of Cd
alone-treated rats. S7A4e has diversified phytochemicals, which
may have multiple mechanisms against oxidative stress. In
present investigations, we found a different mode of actions
of STAe for the inhibition of Cd-induced free radical-mediated
tissue injury. Similarly, different constituents of the plant ex-
tract have varying degrees of activities, such as radical
quenching ability, (Yadav and Khandelwal 2009; Wang et al.
2012) prevention of HNE adducts formation, protein car-
bonyls (Dkhar and Sharma 2010) and 3-nitrotyrosine (Bixby
et al. 2005), and inhibition of glycosylation (Marklova and
Albahri 2007) to elicit their pharmacological property.
Hence, the diverse effect of ST4e might be due to the syner-
gistic effect of phytochemicals present in the extract.

HPTLC analysis
Finally, we evaluated the active principles responsible for

pharmacological activity. In general, fruits are rich source
for bioactive principles that have various therapeutic
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applications (Arthan et al. 2002). The STAe active principles
were analyzed by high-performance thin layer chromatogra-
phy (HPTLC). STA4e contains the high quantity of gallic acid
(1896+179 ng/g of extract), moderate level of rutin (367
+38.4 pg/g of extract) and trace amount of ferulic acid
(~85 ng/g) where as quercetin, caffeic acid and catechin were
undetectable. Thus, the antioxidant and hepato- and
nephroprotective effect of ST4e were mainly due to the gallic
acid and trace extent, the different quantities of other
flavanoids present.

Conclusion

The in vitro studies confirm S74e free-radical quenching
property. To further validate S7, in vivo experiments against
Cd-induced liver and kidney injuries were conducted, which
proved its efficacy. ST fruit extract fetches its protective effect
through increasing antioxidant enzyme activities and decreas-
ing oxidative markers in S7Ae pre-treated animals. Finally, the
protective effect of ST4e was confirmed by the critical histo-
logical observations of the liver and kidney. All results were
well correlated and elucidate the hepatoprotective and
nephroprotective effect of ST4e against Cd-induced toxicity
which may be due to the synergistic effect of various active
principles of its constituents.
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