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Protective Effect of Resveratrol in Di-n-butyl
Phthalate-Induced Nephrotoxicity

Immunohistochemical and Ultrastructural Studies

Cigdem Elmas, Ph.D., Cemile Merve Seymen, Ph.D., Dila Sener, Ph.D,;
Giileser Goktas, Ph.D., Tayfun Goktas, M.D., and Ayten Tiirkkani, M.D.

OBJECTIVE: To explore the renoprotective nature of
resveratrol by assessing markers of antioxidant compe-
tence in di-n-butyl phthalate (DBP)-injured rat kidneys
with immunohistochemistry and electron microscopic
techniques and as well as biochemical analyses.

STUDY DESIGN: A total of 36 adult female 20-day-old
Wistar albino rats were given a diet containing either
500 mg/kg/day DBP (low-dose group) or 1,000 mg/kg/
day DBP (high-dose group) dissolved in corn ‘oil for
4 weeks. To study the potential protective effects of res-
veratrol and the effects of a solvent for resveratrol, other
groups were used as controls and were given.a _solvent
(carboxymethyl cellulose [CMC], 10 mL/kg), 500 mg/kg/
day DBP + 20 mg/kg/day resveratyol, or 1,000 mg/kg/day
DBP +20 mg/kg/day resveratrol.

RESULTS: DBP and CMC treatment increased renal
lipid peroxidation significantly and decreased the RSH
level. TEM and SEM. results® showed degenerative
changes such as deletion, folding and thickening of
basement membrane, appearance of electron-dense in-
tramembranous and mesangial deposits, and deletion

of foot processes.in the high-dose DBP-treated group.
Treatment with resveratrol led to an improvement in
both/biochemical and histological alterations induced by
DBP or CMC. Immunohistochemical results also sup-
ported our electron microscopic findings.
CONCLUSION: DBP caused renal toxicity by induc-
ing lipid peroxidation and morphological alterations,
and resveratrol protects against DBP-induced nephro-
toxicity. (Anal Quant Cytopathol Histpathol 2017;
39:17-34)

Keywords: butyl phthalate, CASP3, Caspase-3, di-
n-butyl phthalate, ET1 protein, kidney, resveratrol,
scanning transmission electron microscopy tomog-
raphy, TEM tomography, transmission electron mi-
Croscopy.

Di—n-butyl phthalate (DBP) is a phthalic acid ester
(PAE) that is used as a plasticizer for elastomers
such as polyvinyl, and in recent years DBP has
been considered as one of the contaminants that
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organisms are exposed to through environmental
contamination as a result of human activities. PAEs
have worldwide uses in plastics, coating, and the
cosmetic industry, and they are classified in the
synthetic endocrine disruptor group.! Besides its
wide use in industry, DBP is used as a plasticizer
and solvent. As a plasticizer DBP is used mainly
for nitrocellulose-polyvinyl acetate and polyvinyl
chloride, aerosol valve lubricator, antifoam agents,
skin conditioning agent, plasticizer nail varnish,
nail extender, and hair spray.? In addition, as DBP
is used on a whole range of products, from chil-
dren’s toys to drinking water, it is a low-level con-
taminant used on a wide scale in the environ-
ment. As a consequence of this widespread use,
release of phthalates into the environment occurs
during production, usage, and disposal stages due
to their low molecular weight, and they have irre-
versible binding on the polymer matrix. It has been
reported that at concentrations below water solu-
bility values, phthalates induced acute and chronic
toxicity for water and soil organisms, and their
rising toxic effects depends on increased solubility.
Some forms are known as suspected mutagens and
carcinogens. Phthalates have been reported to be
harmful to human health and the environment by
the U.S. Environmental Protection Agency;and they
have been put on the list of priority pollutants.3

Moreover, DBP affects apoptosis, causes degen-
eration in many tissues, and destroys the tissues by
reducing glutathione (GSH) and/or. total sulphy-
dryl group (RSH) levels.* Destruction of the renal
tissues such as glomerules and tubules immediate-
ly affects renal functions and leads to permanent
renal insufficiency.>In a previous study it was in-
dicated that accumulationtef DBP in kidney tissue
with dietary high intake leads to increasing kid-
ney weight/in females, DBP-associated formation
of radioactivity in many organs, cyst formation in
the kidney, and renal peroxisome proliferation.®
Histopathological studies that include the effects
of DBP on‘kidney tissue are limited, while more
studies have been carried out on PAEs and the
otherisoforms.

Many antioxidants have been described to re-
duce the side effects of DBP, like harmful chemi-
cals on renal functions. Resveratrol is a polyphe-
nolic phytoalexin that occurs naturally in many
plant species, including grapevines and berries,
and exhibits an abundance of pharmacologic health
benefits including antioxidant, antimutagenic, anti-
inflammatory, estrogenic, antiplatelet, anticancer,
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and cardioprotective properties.” Recently, resvera-
trol has been reported to possess protective effects
in kidneys.8 In many studies resveratrol has been
shown to (1) improve glycerol-stimulated renal
damage by inhibiting lipid peroxidation and sup-
pressing the inflammatory process,’ (2)«decrease
renal dysfunction occurring after ischemia/reper-
fusion injury,!® (3) partially reduce sepsis-induced
renal damage by balancing oxidant-antioxidant
status,! and (4) reduce cisplatin-induced structur-
al and functional renal changes via decreasing the
amount of free radicals and inhibiting inflammato-
ry cell infiltrates.’> However,~a-detailed literature
review did not identify any studies that explored
the protective effects of resveratrol against DBP-
induced damage in kidney tissue with combined
electron microscopic, biochemical, and immunohis-
tochemical methods.

Various. signaling molecules are recognized in
the kidney to'indicate apoptosis and degeneration.
Among them, caspase 3 is a frequently activated
death protease, catalyzing the specific cleavage of
many key cellular proteins and having a central role
in the execution of apoptosis.'® It has been reported
that caspase 3 expression is weak in normal kidney
tissue, but expression increases during exposure
to different chemicals in renal tissue.%15> Moreover,
endothelin-1 (ET-1), a 21-amino acid secretory pro-
tein synthesized in vascular endothelial cells, is a
potent vasoconstrictor and plays a fundamental
physiological role in maintenance of blood pres-
sure in humans. It is also normally expressed most-
ly in distal and proximal tubules of kidney tissues,
besides the vasculer structures, but its overexpres-
sion was reported in many tissues, including in the
kidney, in degenerative conditions.!®

In our study we aimed to investigate the effica-
cy of resveratrol against the potential damages that
would appear in the kidney tissue due to admi-
nistration of DBP by evaluating total sulphydryl
groups (RSH) and lipid peroxidation (LPO) values
biochemically, assessing caspase 3 and ET-1 sig-
naling molecules immunohistochemically and with
transmission electron microscope (TEM) and scan-
ning electron microscope (SEM) ultrastructurally.

Materials and Methods
Chemicals

Di—n-butyl phthalate (98.0% purity, 278.34 g/Mol,
lot sze8149x,) and resveratrol (99% purity, 228.24
g/Mol, lot 038k5202) were purchased from Sigma-
Aldrich (St. Louis, Missouri, USA). Resveratrol was



Volume 39, Number 1/February 2017

stored at 2-4°C and protected from sunlight. Sol-
vent carboxymethyl cellulose, sodium salt (CMC,
C,H;,NagO,,, lot 03820 kh) was obtained from
Sigma-Aldrich. All other chemicals were of analy-
tical grade and were obtained from standard com-
mercial suppliers.

Animals

Twenty-day-old female Wistar Albino rats (Gazi
Universty Medical School Experimental Animal
Breeding and Experimental Research Center, Anka-
ra, Turkey) were used in this research. Wistar rats
weighing 30-40 g were housed in clean, sterile,
polypropylene cages under standard vivarium
conditions (12 h light/dark cycles) with access to
water and standard rat chow (Korkutelim Yem
Ltd., Antalya, Turkey) with a composition 41%
fat, 12% water, 25% protein, 7% cellulose, 8% total
ash, 2% inorganic ash, 1% NaCl, 1-1.8% calci-
um, 0.9% phosphore, 0.5-0.8% sodium, 1% lysine,
and 0.3% methionine with adequate mineral and
vitamin levels for the animals. The animals were
housed 6 per cage in an air-conditioned animal
room at 22+3°C and 55+10% humidity. Animal
experiments were premeditated and executed in
accordance with the ethical norms approved by
Institutional Animal Ethics Committee Guidelines
(Approval No. 09.069). The animals were acclima-
tized to the laboratory conditions for 4 weeks. prior
to the inception of experiments.

Experimental Design

After 7 days of acclimation, to the environment,
rats were divided into ‘6,groups (n=6 animals per
group). Group I served ‘as<a control, receiving
saline throughout the experimental period. Group
IT received 500 mg/kg DBP in 1 mL/kg corn oil
once a day, taken daily by oral gavage for 4 weeks.
Group III rats received 1000 mg/kg DBP in 1 mL/
kg corn oil ‘once a day for 4 weeks and taken daily
by oral gavage.'”” Group IV received only solvent
CMC. (10-mg/kg body weight) once a day for 4
weeks taken daily by oral gavage during the ex-
perimental period. Group V received 500 mg/kg
DBP in 1 mL/kg corn oil plus resveratrol (20 mg/
kg body weight) dissolved in CMC taken daily
by oral gavage for 4 weeks.’® Group VI received
1000 mg/kg DBP in 1 mL/kg corn oil plus resver-
atrol (20 mg/kg body weight) dissolved in CMC
taken daily by oral gavage for 4 weeks. Based upon
previous studies which showed that corn oil had no
harmful effect on renal tissue, we did not establish
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a corn oil group within our experimental groups.'
All gavage applications were done at 9:00 am. At
the end of the 4-week experimental period, tissue
samples were collected under ketamine (45 mg/kg)
and xylazine (5 mg/kg) anesthesia. Kidney tissues
were removed, some of them stored at -80°C and
some of them taken into the fixatives for pending
analysis.

Preparation of Kidney Tissue

Kidney tissues from control and: experimental
groups of rats were taken immediately after sacri-
ficing the animals, shortly washed in physiological
saline, and taken into a neutral formaldehyde and
glutaraldehyde for fixation.

Transmission Electron Microscopic Study

A portion of kidney (about 1 mm?3) from the con-
trol and experimental rat groups was fixed in 3%
glutaraldehyde in 200 mM sodium phosphate buf-
fer (pH 7.4) for 3 hours at 4°C. Tissue samples were
washed with the same buffer and postfixed in 1%
osmium tetroxide and 200 mM sodium phosphate
buffer (pH 7.4) for 1 hour at 4°C. The samples were
again washed with the same buffer for 3 hours at
4°C, dehydrated with graded series of ethanol, and
embedded in Araldite. Thin sections were cut with
Leica EMUC? ultramicrotome using a diamond
knife (Leica EMUCY7, Vienna, Austria), mounted on
a copper grid and stained with 2% uranyl acetate
and lead citrate. The grids were examined under a
Carl Zeiss EVO LS 10 TEM-SEM microscope (Ger-
many). A total number of 4 cortical kidney tissues
were investigated from each group.

Scanning Electron Microscopic Study

Segments about 1 mm?® were prepared by micro-
dissection with a stereoscope from the cortex of
the kidneys. Tissue samples were fixed with 2.5%
phosphate-buffered glutaraldehyde solution at
room temperature for 2 hours, and then pieces
were immersed in distilled water for 20 minutes
and 3 times for each rinse. Following this, a sec-
ondary fixation was performed using 1-4% osmi-
um tetroxide in distilled water at room tempera-
ture for 2 hours, then rinsed again 3 times in dis-
tilled water. Samples were placed in increasing
degrees of ethanol ranges for dehydration. Tissues
were subsequently dried with critical point drying
apparatus (EM CPDO030, Leica), and dehydration
was completed. After this drying process using
liquid silver, each specimen was mounted with sil-
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ver paste and coated with gold-palladium alloy in
coating apparatus (LLC Desk V sputter/etch unit;
Denton Vacuum). Finally, tissues were inserted in
holders of Carl Zeiss EVO LS 10 TEM-SEM micro-
scope. The investigation was made using an SEM
microscope, and photographs were taken. A total
number of 6 cortical kidney tissues were investi-
gated from each group.

Immunohistochemical Study

Kidney tissue samples obtained from the study
groups were fixed in 10% neutral formalin for
about 72 hours. They were dehydrated in an in-
creasing series of ethanol and were paraffin-
embedded for conventional histological diagnosis.
Cross sections (5 ym) were mounted on polylysin-
coated slides (Menzer-Glaser, Braunschweig, Ger-
many), deparaffinized with xylene, and rehydrated.
The slides were kept in a microwave oven in citrate
buffer (LabVision, Fremont, California, USA) for
heat-induced antigen retrieval through microwave
irradiation so as to increase the sensitivity of im-
munohistochemical detection. Endogenous peroxi-
dase activity was blocked with 3% hydrogen per-
oxide (Fisher Scientific, Melrose Park, Illinois, USA)
for 15 minutes and washed 2 times in phosphate-
buffered saline solution (PBS Pack, Cat. ne:00-3000
Zymed, San Francisco, California, USA). The epi-
topes were stabilized by application of. serum-
blocking solution (ThermoScientific, Eremont, Cali-
fornia, USA) and were divided into groups by
slides. The slides were incubated with polyclonal
primary antibodies of caspase 3 (Neomarkers, Fre-
mont, California, USA).and ET-1 (N-8, sc-21625;
Santa Cruz Biotechnology, .USA) for 60 minutes
at room temperature. After that, the biotinylated
secondary antibody ‘(ThermoScientific) was ap-
plied. Thereafter, streptavidin peroxidase (Thermo-
Scientific) was applied to the slides, and AEC
(ThermoScientific) was used as a chromogen. After-
wards, all slides were counterstained with Mayer’s
hematoxylin. Slides were examined with photo-
light microscope (DM4000B Image Analyze System,
Leica) and Leica DFC280 plus camera. The number
of immune-positive cells were measured manually
by using the Qwin software program in consecu-
tive areas for serial cutaways taken from all ani-
mals and all groups. The following semiquantita-
tive scoring system was used to assess the im-
munolabeling intensity: 0=no staining, 1=weak,
2=moderate to weak, 3=moderate, 4=moderate to
strong, and 5=strong labeling. Two independent
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observers who were blind to the treatment protocol
performed the immunolabeling score evaluations
independently. The H-score was calculated using
the following equation:

H-score = }Pi (i+1),

where i is the intensity of caspase 3 and ET1 label-
ing with a value of 0, 1, 2, 3, 4, 5, and Pi is the
percentage of labeled cells for each intensity, vary-
ing from 0-100%.2° Results were expressed as the
mean+SD.

Malondialdehyde (MDA) and:Total Sulphydryl
Group (RSH) Assays

Lipid peroxidation was, quantified by measuring
the formationof thiobarbituric acid-reactive sub-
stances (TBARS), as described previously by Kur-
tel.2! Aliquots (0.5'mL) were centrifuged and the
supernatants were added to 1 mL of a solution
containing 15% (wt/vol) tricarboxylic acid, 0.375%
(wt/vol) thiobarbituric acid, and 0.25 N HCI. Pro-
tein precipitate was removed by centrifugation,
and the supernatants were transferred to glass
test tubes containing 0.02% (wt/vol) butylated
hydroxytoluene to prevent further peroxidation of
lipids during subsequent steps. The samples were
then heated for 15 minutes at 100°C in a boiling
water bath, cooled, and centrifuged to remove the
precipitate. The absorbance of each sample was
determined at 532 nm. Lipid peroxide levels were
expressed in terms of TBARS equivalents using an
extinction coefficient of 1.56 x 105 mol-'.

The RSH levels were determined by the method
of Kurtel?!: 0.5 mL of each sample was mixed with
1 mL of a solution containing 100 mM Tris-HCl
(pH 8.2), 1% sodium dodecyl sulfate, and 2 mM
EDTA. The mixture was incubated for 5 minutes
at 25°C and centrifuged to remove any precipitant.
Then 5,5-dithiobis (2-nitrobenzoic acid)/DTNB 0.3
mM was added to each reaction volume and incu-
bated for 15 minutes at 37°C. The absorbance of
each sample was determined at 412 nm.”!

Statistical Analysis

Data analysis was performed using Statistical Pack-
age for the Social Sciences (SPSS) version 15.0 soft-
ware (SPSS Inc., Chicago, Illinois, USA). Results
were shown as mean and standard deviation.
Groups were compared using Kruskal-Wallis H
test. When Kruskal-Wallis test results were signif-
icant, Bonferroni’s adjusted Mann-Whitney U test
was used for pairwise comparisons. The Friedman
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test was used to compare within group measure-
ments. Bonferroni’s adjusted Wilcoxon signed-rank
test was used to determine which measurement dif-
fers from which one. A value of p<0.05 was con-
sidered statistically significant.??

Results
Transmission Electron Microscopic Results

Group I (Control Group). Ultrastructurally the cap-
illary loops, mesangial cells, endothelial cells, glo-
merular basement membrane (GBM), podocyte, pri-
mary and secondary foot processes were observed
to be normal. Podocytes are situated between glo-
merular capillaries, and their secondary foot pro-
cesses were extended and rest on the basement
membrane. Numerous filtration slit membranes
were observed between the processes of glomeru-
lar capillaries (Figure 1A).

Group 1I (Low-Dose DBP-Treated Group). In the low-
dose DBP-treated animals most of the renal cor-
puscules were slightly affected. There were large
vacuoles and electron-dense inclusions in different
kinds of cells in the corpuscule. GBM showed ob-
vious thickening on deletion in different sites of
the same glomeruli. Intramembranous and mesan-
gial electron-dense deposits were noticed.Podocyte

N2 ETS20,00 KV

o WD =60 mm

esveratrol in DBP-Induced Nephrotoxicity 21

foot process effacement was also observed (Figure
2A).

Group Il (High-Dose DBP-Treated Group). Dele-
tion, thickening and curling of GBM, presence
of electron-dense inclusions in the cytoplasm of
nearly all kinds of cells in glomeruli, primary and
secondary foot effacement, intramembranous and
mesangial electron-dense deposits were the most
evident degenerative findings in. the“higher-dose
DBP-treated group (Figure 3A).

Group 1V (Carboxymethyl Cellulose, Solvent). Car-
boxymethyl cellulose (CMC)-treated animals also
showed very conspicuous degenerative altera-
tion ultrastructurally. Membranous inclusions and
foam-like vacuoles were observed in endothelial
cytoplasm of ‘capillary loops. Intramembranous
electron-dense deposits, deletion and thickening
of GBM were also noticed. Most of the secondary
foot processes of podocytes appeared flattened and
amalgamated with each other with complete dis-
appearance of their slit membranes (Figure 4A).

Group V (Low-Dose DBP+Resveratrol). Combined
treatment with low-dose DBP and resveratrol led
to improvement in the ultrastructure of the kidney,

T) 2 EAT= 20001
Wg= 85

Figure 1 (A) Transmission electron microscope (TEM). Capillary loops (C), mesangial cells (M), endothelial cells (E), glomerular basement
membrane (GBM), podocyte (P), and primary (2) and secondary (¥) foot processes are seen in their normal appearance (uranyl acetate,
lead citrate). (B) Scanning electron microscope (SEM) micrograph of glomerular podocytes are seen. The large cell body (») sends out
thick primary processes that further branch into fine secondary (foot) processes (4) that interdigitate with foot processes from adjacent

podocytes.
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Figure 2 A) TEM. Intramembranous (1) and mesangial (%) electron-dense deposits, podocyte (P) foot process effacement (%), deletion
(®) and thickening (%) of GBM, large vacuoles (V), electron-dense inclusions (&7, capillarydoops (C), mesangial cells (M), and endothelial
cells (E) are seen (uranyl acetate, lead citrate). (B) Scanning electron microscopy of the low-dose group. Glomeruli showing prominent cell
bodies (») and a small amount of precipitated phthalate crystal deposits (™) were observed under SEM in animals of the low-dose group.
Normal-shaped erythrocytes (Er) are seen between the capillary loops,.as well as foot process effacement.

which appeared nearly similar to that of the con- gial and intramembranous electron-dense deposits
trol, but there were still some degenerative find- were still seen in some places in the corpuscles.
ings in some of the glomeruli. For example, mesan- Large vacuoles and myelin-like figures in vacuoles

EHT,= 20,00V " Signal &€ CZ : ‘ EHT = 20,00k
WD="60 M, Vatlum Modfe = High Vacuum Chainber 725.05¢-003 Pa WD=7.0mm

Figure 3 (A) TEM. Lysosomal electron-dense inclusions (&), deletion (®), curling (A) and thickening (%) of GBM, capillary loops (C),
mesangial cells (M), endothelial cells (E), intramembranous (11) and mesangial (®) electron-dense deposits are seen (uranyl acetate, lead
citrate). (B) SEM. Glomerulus in the high-dose DBP group showing distorted shapes of erythrocytes (Er) which were not typical biconcave
discs under normal blood flow conditions; large deposits of precipitated phthalate crystals () are seen. Partial distortion in podocyte
shape can be seen () also.
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Figure 4 (A) TEM. Capillary loops (C), mesangial cells (M), glomerular basement membrane (GBM), vacuoles (V), intramembranous (1)
electron-dense deposits, deletion (®) and thickening (%) of GBM, and foot process effacement (%) (uranyl acetate, lead citrate). (B) SEM.
Kidney glomerulus in the solvent (CMC) group showing distorted shapes of padocyte cells (p) with their distorted primary and secondary
(foot) processes, but there are no deposits of precipitated crystals. Primary and secondary foot processes are not clearly seen.

were noticed in the capillary loops and cytoplasm
of mesangial and endothelial cells also. There were
electron-dense inclusions in the primary processes
of podocytes (Figure 5A). On the other hand, podo-
cytes and their primary and secondary processes
were clearly seen when compared with\group III
(p<0.05).

Group VI (High-Dose DBP +Resveratrol). Combined
treatment with high-dose DBP and resveratrol had
more severe degenerativeifindings than group 5
ultrastructurally (p <0.05): Intramembranous and
mesangial electron-dense deposits were conspicu-
ous. Vacuoles with myelin-like figures in capillary
loops and membranous vacuoles in mesangial cell
cytoplasm were noticed (Figure 6A). Additionally,
effacement in the foot process was evident. Beside
these. degenerative findings, favorable effects of
resveratrol in the ultrastructure of the glomeruli
were,observed in many places when this group
was compared with groups II and III. Degeneration
criteria of TEM findings are summarized in Table I;
mean of degeneration criteria in TEM is presented
in Figure 7.

Scanning Electron Microscopic Results

Group I. Scanning electron microscope (SEM) mi-
crograph of glomerular structures appeared nor-

mal in the control group. The large cell body of
podocytes sent out thick primary processes that
further branch into fine secondary (foot) processes
that interdigitate with foot processes from adja-
cent podocytes. The surface contours of foot pro-
cesses of podocytes were smooth and tightly
opposed each other, and filtration slits were also
narrow and seen in their normal appearance in
SEM (Figure 1B).

Group II. The low-dose DBP-treated group had a
small amount of precipitated phthalate crystals
around podocytes and capillary loops. Foot pro-
cess effacement was very prominent. Erythrocytes
appeared normal. Distortion in the shape of some
podocytes was present (Figure 2B).

Group III. Degenerative findings that were seen in
group II were more conspicuous in the high-dose
DBP-treated group in SEM (p<0.05). This group
had more abundant precipitated phthalate crystals,
and foot process effacement was also more promi-
nent (p<0.05). The cell body of the podocytes was
not clearly seen because the phthalate crystal accu-
mulation and detectable podocyte cell bodies had
prominent distortion in their shape. Distortion in
the shape of erythrocytes was also apparent in this
group (Figure 3B).
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Figure 5 (A) TEM. Mesangial cells (M), podocytes (P), endothelial cells (E), glomerular basement membrane (GBM), myelin-like figures

in vacuoles (V), intramembranous (11) and mesangial (#) electron-dense deposits, filtration'slits (), primary (€) and secondary (¥) foot
processes, and electron-dense inclusions in the primary process of podocytes|(+) (uranyl acetate, lead citrate). (B) SEM image of a kidney
glomerulus demonstrating the glomerulus with normal appearance of a cluster of.capillary loops. The capillaries are covered by podocytes
() that form fine slits (4) on the outside surface of the capillary wall.

Group 1V. The most remarkable and constant tortion in the shape of the podocyte as compared
change of the solvent (CMC) group was the dis- with the other experimental groups (p<0.05). Fil-

Figure 6 (A) TEM. Mesangial cells (M), glomerular basement mebrane (GBM), large vacuoles and electron-dense core material in the
vacuoles (V), intramembranous (11) and mesangial (#) electron-dense deposits, vacuoles in the capillary loop (C), and foot process
effacement (N) (uranyl acetate, lead citrate). (B) SEM. Deposits of precipitated phthalate crystals are seen in some spaces (), distorted
shapes of podocyte cells (») with their distorted primary and secondary (foot) processes are seen (4), and the urinary space between the
capillary loops is not seen well.
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Table | Degeneration Criteria in TEM

Group

Degeneration criterion 1 2 3 4 5 6 p Value
Electron-dense intramembranous

deposits 0.00+£0.00¢  2.00+0.82> 2.25+0.50° 2.00+£0.00>  1.00+0.82° 1.75+0.50P 0.009
Electron-dense mesangial deposits ~ 0.75+0.50°  3.00+£0.82>  2.00+£0.00>¢  3.00+0.82°  1.00+0.00*¢ 1.75+0.50*¢ 0.002
Foot process effacement 0.00+£0.00¢  3.00+0.82> 4.75+0.50¢ 1.00+£0.00¢  2.00+1.41>d  3.00+0.00° 0.001
Inclusions 0.25+0.50*  1.75+0.50" 2.00+0.00° 2.25+0.50>  1.00+£0.002¢  1.75£1.26P< _.0.011
Large vacuoles 0.00+£0.00@  2.00+0.00>  0.25+0.502 4.00£0.82¢  0.75+0.502 0.75+0.502 0.001
GBM thickening 0.00+£0.00¢  2.00+0.82> 0.75+0.50¢ 2.00+£0.00° 0.75+0.50*¢ “1.00+0.00>c  0.002
GBM curling 0.25+0.50*  0.25+0.50*  4.00+0.82P 0.25+0.502  0.00+£0.002 2.00+0.00¢ 0.002
GBM deletion 0.00+£0.00@  2.00+0.82>  3.00+0.82b¢ 0.25+£0.50@ 1.25+0.96*> 0.75+0.50°>  0.004

Data are given as mean +standard deviation.
abcThe difference between the averages indicated by different letters are statistically significant, while the difference between the averages indicated by the

same letters are not statistically significant (p<0.05).

tration slits were not recognized clearly because of
the presence of foot process effacement. Crystalloid
structures were not present (Figure 4B).

Groups V and VI. The low-dose DBP +resveratrol
group showed very remarkable improvement in
the SEM. Only rarely was foot process effacement
seen, and these were detected in only a few.glo-
meruli (Figure 5B). On the other hand, high-dose
DBP +resveratrol group SEM findings were, very
similar to those of group II (Figure 6B) (p<0.05).
Degeneration criteria of SEM findings.are . summa-
rized in Table II.

Immunohistochemical Results

The renal cortex from all ofithe experimental and
control rats were examined with light microscope.
The section of renal.cortex.was assessed for the
immunohistochemistry -ofsantibodies in proximal
and distal tubules, glomeruli, and endothelial cells
of capillaries.

Caspase 3"lmmunostaining

Immunohistochemistry was done for the detection
of apoptoesis in the kidney by using polyclonal
antibodies against caspase 3 antigen, which is ex-
pressed during the last stages of apoptosis. The
site where the red color develops indicates the pres-
ence of antigen.

Group 1. Immunostaining was detected mostly in
distal tubules. There was mild immunostaining
in distal tubules, whereas proximal tubules were
stained weak with the antigen. Inmunostaining in
glomeruler structures was changed from mild to

weak. No'staining was observed in endothelial cells
of the capillaries (Figure 8A).

Group II. Immunostaining of caspase 3 antibody
was noticed to change from weak to mild in
proximal tubules and glomerules. Strong immu-
nostaining was seen in distal tubules, whereas no
staining was detected in endothelial cells (Figure
9A).

Group IlI. Immunostaining changed from weak
to mild in proximal tubules and endothelial cells.
Staining intensity was more pronounced in distal
tubules. Glomerules were shown to have a mild
immunoreaction (Figure 10A).

mGroupl ~Group2 ®Group3 ~Group4 =Group5 mGroup 6

Figure 7 Mean of degeneration criteria in TEM. P1=electron-
dense intramembranous deposits, P2 =electron-dense mesangial
deposits, P3=foot process effacement, P4=inclusions, P5=large
vacuoles, P6=GBM thickening, P7=GBM curling, and P8=GBM
deletion.
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Table Il Degeneration Criteria in SEM

Group
Degeneration criterion 1 2 3 4 5 6 p Value
Precipitated phthalate crystals 0.00£0.000  2.17£0.75>  4.67+0.52¢  0.33+0.522 0.17+0.412  1.50+0.84> <0.001
Distortion in erythrocyte shape 0.00£0.000  0.17+0.412  2.00+1.41>  0.17+0.412 0.00+£0.00®  0.00+0.002 0.002
Foot process effacement 0.00£0.00¢  3.00£1.55>  4.83+£0.41¢  1.00+0.892 0.33+£0.522  3.00+0.60° "<0.001
Distortion in podocyte shape 0.00+0.00*  2.00£1.26"  3.00+£0.63¢  2.00+0.63>¢  0.17+0.412  2.00+0.00>  <0.001

Data are given as mean=+standard deviation.

ab<The difference between the averages indicated by different letters are statistically significant, while the difference between the averages indicated by the

same letters are not statistically significant (p<0.05).

Group IV. Weak immunostaining was noticed in
proximal tubules and endothelial cells. Glomerular
immunostaining was changed from weak to mild,
and immunostaining in distal tubules was changed
from mild to strong (Figure 11A).

Group V. Proximal tubules, glomerules, and endo-
thelial cells of capillaries were seen to have weak
immunostaining with the antibody. Mild immuno-
staining was detected in the distal tubules (Figure
12A).

Group VI. Weak and mild immunoreactions wetre
noticed in glomerules and endothelial cells, respec-
tively. Mild to strong staining of caspase 3 was
noticed in distal tubules, whereas this staining was
observed to change from weak tomild in proximal
tubules (Figure 13A).

The most pronounced immunostaining was seen in
groups III and IV. These groups were followed by
groups Il and VI, respectively. The density of the
reaction in group V was significantly less than that

in groups Il and VI (p <0.05). Group I showed weak
immunoreactivity with caspase 3 antibody. Strong
caspase 3 immunoreactivity was observed in distal
tubules of the renal cortex. In terms of immuno-
reactivity, distal tubules were followed by the glo-
merulus and the proximal tubule. The weakest re-
action was seen in endothelial cells. These results
were statistically significant (p<0.05). A compari-
son of easpase 3 reaction density between groups is
shown in Figure 14 and Table III. Mean of degener-
ation criteria in SEM is presented in Figure 15.

ET-1T Immunostaining

Immunohistochemistry was done for the detection
of DBP-induced possible degeneration in the kid-
ney by using polyclonal antibodies against ET-1
antigen.

Group I. Immunostaining in the control group was
noticed to be weak in glomerules and endothelial
cells, whereas it was mild in distal tubules. The
intensity of reaction was seen to change from weak
to mild in the proximal tubules (Figure 8B).

Figure 8

Expression of caspase 3

(A) and ET1 (B) are seen in
glomerulus (GI), proximal
tubule (A), distal tubule (%),
and endothelium () of blood
vessels.
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Group II. Mild reaction in proximal tubules and
weak reaction in endothelial cells were noticed in
the low-dose-treated group. The most pronounced
reaction was observed in the distal tubules. Immu-
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Figure 9

Expression of caspase 3

(A) and ET1 (B)are seen in
glomerulus (Gl), proximal
tubule (A), distal tubule (%),
and endothelium (™) of blood
vessels.

Figure 10

Expression of caspase 3

(A) and ET1 (B) are seen in
glomerulus (GI), proximal
tubule (A), distal tubule (%),
and endothelium () of blood
vessels.

Figure 11

Expression of caspase 3

(A) and ET1 (B) are seen in
glomerulus (GI), proximal
tubule (A), distal tubule (%),
and endothelium () of blood
vessels.

nostaining in glomerular structures was detected to
change from weak to mild (Figure 9B).

Groups 11l and IV. Immunostaining intensity in the
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cortical structures of kidney tissues'was very simi-
lar in these groups. Distal tubules were detected
to stain strongly positive. In.proximal tubules im-
munoreaction was noted“to change from mild to
strong. Immunostaining of endothelial cells was
observed to«change from weak to mild. Glomerular
structures had‘a mild immunoreaction in Group III,
whereas it was, observed to change from mild to
strong in Group IV (Figures 10B and 11B).

Group V. ET-1 immunostaining detected in glomer-
uler structures and endothelial cells was weak, but
it changed from weak to mild in proximal and distal
tubules (Figure 12B).

Group VI. Mild immunoreaction was observed in
proximal tubules and glomerular structures. ET-1
immunostaining was detected to change from mild
to strong in distal tubules and from weak to mild in
endothelial cells (Figure 13B).

Analytical and Quantitative Cytopathology and Histopathology ©

Figure 12

Expression of caspase 3

(A) and ET1 (B)uare seen in
glomerulus (Gl), proximal
tubule (&), distal tubule (%),
and endothelium (™) of blood
vessels.

Figure 13

Expression of caspase 3

(A) and ET1 (B) are seen in
glomerulus (Gl), proximal
tubule (A), distal tubule (%),
and endothelium () of blood
vessels.

The most prevalent and strong ET-1 staining was
observed in groups III and IV. Compared to groups

* Group 1 Group 2 ®Group3 = Group4 =GroupS =Group6

Figure 14 Evaluation of caspase-3 primary antibody intensity
between groups. P1=proximal tubule, P2 =distal tubule,
P3 =glomerulus, P4=endothelial capillary cells.



Volume 39, Number 1/February 2017

Table 11l Evaluation of Caspase-3 Primary Antibody Intensity
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Group
Structure 1 2 4 5 6 p Value
Proximal tubule 20.83+0.412  21.83+0.41>  22.00+0.00" 20.67+£0.52¢  a1.00+0.00¢  2b2.00+£0.89* <0.001
Distal tubule b2.67+0.522 b4.17+0.75> »4.83+1.41>  b4.00+£1.262> 53.00+£1.672b>  b4.00+£1.262> 10.034
Glomerulus 30.67+0.522  21.67+1.032P a2.67+0.52> ab1.83+0.41>  21.00+0.002 3.00+1.675 0.001
Endothelial cells of capillaries ~ 20.33+0.52® 20.33+0.522  21.83+0.75 20.83+£0.412b  a1.00+0.00>  20.83+£0.412>  0.002
p Value 0.002 0.002 0.002 0.001 0.002 0.006

Data are given as mean=+standard deviation.

abcThe difference between the averages indicated by different letters are statistically significant, while the difference between the.averages indicated by the

same letters are not statistically significant (p<0.05).

IIT and IV, weak and mild immunoreactions were
seen in groups I, II, and VI. Between these 3 groups
the weakest immunoreaction was detected in group
II. Group V showed the weakest immunoreaction
of all the groups. These results were statistically
significant in tubular and glomerular structures of
kidney tissue (p<0.05). A comparison of ET-1 reac-
tion density between the groups is shown in Figure
16 and Table IV, and a general comparison of the
intensity of primary antibodies (caspase 3/ET-1) is
shown in Figure 17.

Malondialdehyde and Total Sulphydryl Group
(RSH) Results

Malondialdehyde (MDA) concentrations in kidney
tissues were used as a measure of LPO. Figure 18
and Table V show the results.0of MDA changes in
all groups. The MDA concentrations were similar in
the control and low-dose DBP +resveratrol groups
(p<0.05). Both high- and low-dose DBP and CMC

Group1l = Group2 =Group3 »Group4 =GroupS m™Group 6

administration induced, a statistically significant
increase in the formation of LPO as compared to
the control group (p<0.05). Treatment of rats with
resveratrol in the low-dose DBP group reduced the
MDA concentration more effectively than in the
high-dose DBP group (p<0.05).

Figure 19 and Table V show the results of the total
sulphydryl group (RSH) changes in all groups. The
RSH levels were similar in the controls and the low-
dose DBP+resveratrol groups (p<0.05). Admin-
istration of DBP significantly reduced RSH level
as compared to that of the control group, and this
was reduced more in the high-dose DBP group as
compared with the low-dose DBP group (p<0.05).
Interestingly, the RSH levels in the CMC and low-
dose DBP +resveratrol groups were very similar
and were significantly reduced as compared to that
of the control group (p<0.05). Animals treated with
resveratrol+high-dose DBP, as compared to the
low-dose DBP +resveratrol group, exhibited a more

*Group1l »Group2 ™Group3 ~Group4 =GroupS ™Group 6

Figure 15 Degeneration criteria in SEM. P1=precipitated
phthalate crystals, P2 =distortion in erythrocyte shape, P3 =foot
process effacement, and P4 =distortion in podocyte shape.

Figure 16 Evaluation of ET-1 primary antibody intensity between
groups. P1=proximal tubule, P2 =distal tubule, P3=glomerulus,
and P4 =endothelial capillary cells.
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Table IV Evaluation of ET-1 Primary Antibody Intensity
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Group
Degeneration criterion in SEM 1 2 3 4 5 6 p Value
Proximal tubule 22.00+0.89*  *b2.67+0.522 24.00+0.63> 2b3.83+0.752P 2.00+1.412b 2b3.17+0.982b ( 0.004
Distal tubule ab3.00£1.672>  54.00£1.26°P  24.83+0.412 25.00+£0.00° 1.83+0.75P b4.00+0.63*> 1 0.001
Glomerulus ab0.83+0.412  2¢1.83+0.41>  2b3.00+1.67> 2P4.00£1.26> 1.00£0.892 22.83+0.75" "<0.001
Endothelial cells of capillaries 1.00+£0.89  2¢1.00+1.26 2.00+1.26  P1.83+1.72 1.00+£0.00  *€2.00£0.63 0.275
p Value 0.017 0.009 0.007 0.009 0.098 0.006

Red-colored letters show the significance in groups (significance of the differences, about 4 parameters for each group). Black-colored letters:show the signifi-

cance between groups.

significantly reduced RSH level. Therefore, res-
veratrol pretreatment could inhibit DBP-induced
increase in kidney total sulphydryl groups (RSH).

Discussion

The available literature indicates that no previous
studies have been done to evaluate the antioxidant
capacity of resveratrol and its protective effect
against DBP toxication in the kidney. Mechanisms
of PAE-induced damage include a reduction of
RSH level and result in the formation of degener-
ation and increasing apoptosis in kidney tissues.??

The present study concentrates on the“possible
protective effects of resveratrol on DBP-induced
nephrotoxicity. Biochemical analysis was:done for
oxidative stress indices such as LPO level. The ac-
tivity of antioxidants was measured with total sul-
phydryl groups (RSH) becatise that antioxidant is
most commonly affected by, DBP"toxicity.?> His-
tological changes of the kidney were examined
by immunohistochemical and-electron microscopic
techniques.

*Groupl ~Group2 ™Group3 >Group4 ™Group5 ™Group 6

CASPASE-3

Figure 17 General comparison of the intensity of primary
antibodies.

In our study LPO level was significantly elevated
in kidney tissues of rats treated with DBP as com-
pared to those of the control group, thus suggest-
ing increased oxidative stress (p<0.05). There have
been no studies so far which sought to investigate
DBP-caused damage in kidney tissues. In general,
studies were carried out on other PAEs. Similar
with our findings, significant LPO level elevation
was reported in PAEs and cadmium-induced renal
damage.?*?»

In the present study the elevation in the free
radicals (LPO) induced by DBP was significantly
decreased in the presence of resveratrol, espe-
cially in the low-dose DBP+resveratrol group
(p<0.05). A slight decrease of the LPO level oc-
curred in the high-dose DBP +resveratrol group,
but this increase was not as significant as that in
the low-dose group (p<0.05). This finding sug-
gests that resveratrol minimizes the toxic effect
of DBP via its antioxidant activity. These results
are in the line with the view held by Soares,
who confirmed the role of resveratrol as an anti-

Group1l Group2 Group3 Group4 Group5 Group6

Figure 18 Mean of MDA levels.
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TableV MDA and RSH Changes Between the Groups

Group MDA (nmol/g) RSH (nmol/g)
1 5.01+0.112 0.52+0.062
2 6.21+0.22bd 0.35+0.03
3 6.80+0.21P 0.26+0.01¢
4 5.30+0.09¢ 0.47+0.0424
5 5.25+0.07¢ 0.46+0.032
6 5.80+0.14d 0.40+0.02bd
p Value <0.001 <0.001

Data are given as mean +standard deviation.

oxidant agent in glycerol-induced renal injury.’
Additionally, Kolgazi et al found that resveratrol
reduced renal tissue damage by balancing oxidant-
antioxidant levels.!!

In agreement with a previous study, the level of
RSH was significantly decreased in the plasma of
both DBP-treated groups as compared to the con-
trol group (p<0.05). This decrease was more prom-
inent in the high-dose—-treated DBP group, and this
decrease in RSH level may be due to its consump-
tion in the prevention of free radical-mediated lipid
peroxidation.?6?7

Furthermore, it has been suggested that the de-
crease in GSH and/or RSH levels upon DBP expo-
sure might impair the degeneration of lipid‘per-
oxides, thereby leading to its accumulation in the
target organs.?

Coadministration of resveratrol with low-dose
DBP increased the level of antioxidants (RSH) and
approximated to the nermal values of the con-
trol group. While the high-dose resveratrol-treated
group experienced a degree of RSH rise, this was
not as noticeable as that seen in the low-dose DBP
group (p<0.05). There are many studies in the
literature to support our findings about the effect
of resyeratrol on increasing antioxidant levels.%1229

PAE-induced nephrotoxicity has been discussed
in’ many=studies.!3233031 Fujimoto et al reported
that nonylphenol (NP), as DBP-like PAEs, caused
necrosis in proximal, distal, and collecting tubule
epithelium.3

Epidemiological studies have revealed that DBP
is one of the most toxic of the PAEs to humans.
It is also a widespread environmental pollutant
found in drinking water, hair spray, nail polish,
and even toys, and therefore people are quite often
confronted with it in daily life. This vast scale of
exposure to contaminants accumulates and may
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cause serious damage in kidney tissues after intake
to the body.!2%2

In the present study, administration of low-dose
DBP (500 mg/kg) for 30 days induced prominant
damage in the structure of kidney glomerules, as
assessed by the existence of electron (e)-dense
intramembranous and mesangial deposition, foot
process effacement, accumulation, of:inclusions,
and existence of large vacuoles in both mesangial
cells and podocytes, and different kinds of GBM
degenerations in TEM. These findings were more
severe in the high-dose DBP-treated group. To
date, there have been no studies showing the
glomerular damage caused by DBP at the ultra-
structural level. However, studies have reported
similar degenerative changes on glomeruli caused
by other PAEs and heavy metals such as cadmi-
ums.3?33081 Our evaluation with SEM has dem-
onstrated similar findings: that is, the highest-
dose DBP-treated group displayed more severe
degenerative changes in the precipitation of
phthalate crystals, foot process effacement, and
distortion in the shape of the podocytes and
erythrocytes as compared to the low-dose DBP-
treated group (p<0.05). Likewise, while there have
been no SEM studies in the literature investigat-
ing DBP-induced glomerular damage, studies have
demonstrated that different PAEs and heavy met-
als cause degenerative changes in SEM. Evan et al
reported glomerular damage arising from glomer-
ular perfusion similar with our results, showing
epithelial foot process effacement and fusion in the
epithelial foot processes.3® Bohle et al examined
the glomerular structure in human acute renal fail-
ure using TEM and SEM; however, their findings
were different from those of our study and other
studies in the literature as they reported that the

Figure 19 Mean of total sulphydryl group (RSH) levels.
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structures of podocytes were not much different
from those of the control group.3* In another study,
folic acid-treated glomeruli were investigated with
SEM, and deposits of precipitated crystals were
observed on the surfaces of podocytes, correlating
with the findings of our DBP groups.*®

In the resveratrol-treated groups, ultrastruc-
tural degenerative findings observed with TEM-
SEM evaluations of both solvent and DBP-treated
groups also significantly recovered. A remarkable
result of our study is that the CMC that was used
as a solvent for resveratrol resulted in significant
degenerative findings in the renal cortex (p<0.05).
However, it was also demonstrated that resvera-
trol could reverse the renal cortical damage due
to the CMC and DBP (p<0.05). When there was
a similar regeneration in the low-dose DBP +res-
veratrol group and the control group, the struc-
tural improvement seen in the high-dose DBP +res-
veratrol group was noted to be less as compared to
that of the control group (p<0.05).

This study seeks to evalute DBP-induced poten-
tial renal cortical damage using caspase 3 and ET-1
antibodies. Immunohistochemistry has demon-
strated that the strongest level of immunoreacti-
vity was seen in high-dose DBP- and CMC-treated
groups as evidenced by results with both/ET=1 and
caspase 3 (p<0.05) (Table VI). The low-dose DBP
group was shown to have a weaker immunoreac-
tivity. The caspase 3 expressed in,the‘latest stages
of apoptosis exhibited the most intense reaction
in distal tubules. Caspase 3‘reaction was noted to
be gradually reduced in the glomeruli, proximal
tubule, and endothelial cells, respectively (p<0.05).
This suggested that the enhancing effect of DBP on
apoptosis occurred mainlyin distal tubules and glo-
meruli. Another study with a study design similar
to ours hasreported that in the presence of renal
tubular damage, distal tubule epithelial cells show
the strongest reaction to caspase 3, whereas proxi-
mal tubules and glomeruli mostly stain negative.%
Bamri-Ezzine et al investigated the tubular epithe-
lialcell apoptosis in glycogen nephrosis of diabetes
mellitus and similarly observed the dense immuno-
reactivity with caspase 3 in the distal tubular cells.?”

ET-1 expression is immunopositive in distal and
proximal tubules of normal kidney tissue. How-
ever, increased ET-1 expression has been reported
in various tissues, including those in the kidney, as
a result of experimentally-induced or chemically-
induced damage.!® In our study ET-1 expression in
whole kidney tissue was seen to rise significantly
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in both the high-dose and low-dose DBP groups,
whereas this was more prominent in the high-dose
group (p<0.05). The most obvious and strongest
immunostaining was observed in the distal tubu-
lar epithelial cells (p<0.05). There was also an in-
creased expression in the proximal tubules, glo-
meruli, and endothelial cells as compared to those
of the control group (p<0.05). Therefore, it is, most
likely that the degenerative changes in the renal
cortex mostly occurred in the distal tubules, fol-
lowed by glomeruli, proximal tubule, and endothe-
lial cells. While there are no immunohistochemical
studies in the literature investigating DBP-induced
renal cortical damage using ET-1 antibody, studies
searching for renal damage induced under experi-
mental conditions or caused by various pathologi-
cal conditions have established findings similar to
those of our study, showing increased ET-1 expres-
sion in distal renal tubules.383

Similar to the electron microscopy results, a sig-
nificant reduction of reaction intensity was seen
in caspase 3 and ET-1 immunostaining of the low-
dose DBP +resveratrol group (Table VI). However,
the amount of this reduction was not significant in
the high-dose DBP +resveratrol group as compared
to the low-dose group (p<0.05). This result has
demonstrated that resveratrol yields more expected
outcomes in the prevention of renal cortical apop-
tosis and reversal of degenerative changes in the
low-dose DBP group as compared to the high-dose
DBP group (p<0.05).

In conclusion, the present study highlights the
outcomes of resveratrol administration in combi-
nation with high- and low-dose DBP exposure. A
minimization of hazards was seen especially in
the low-dose DBP group. Resveratrol as used in
our study can protect the tissues against oxida-

Table VI General Comparison of the Intensity of Primary

Antibodies
Antibody

Group Caspase-3 ET-1
1 0.67+0.522 2.50+0.552
2 2.67+0.52b¢ 2.67£0.52%b
3 3.67+0.52¢ 4.67+0.52¢
4 3.67+0.52¢ 4.83+0.41¢
5 1.67+0.522b 1.67+0.522b
6 2.67+0.52b¢ 2.67+0.522b
p Value <0.001 <0.001

Data are given as meanz=standard deviation.
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tive stress induced by DBP via both lowering the
amount of free radicals and increasing the level of
antioxidants. Further studies are needed to better
understand the use of resveratrol and its thera-
peutic potential in humans. Several antioxidant
analyses were performed for the evaluation of
chemical and biological functions of resveratrol.
In addition, considering the sources of DBP in
food, water, and personal-care products, attention
should be paid to reduce exposure to DBP. Fur-
thermore, a diet rich in resveratrol could be bene-
ficial to reducing the toxicity of DBP.
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