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Effects of quercetin on apoptosis, NF-kB and NOS gene
expression in renal ischemia/reperfusion injury
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Abstract. The aim of this study was to investigate the effects
of quercetin on nitric oxide synthase (NOS), nuclear factor-xB
(NF-«kB) and apoptosis in renal ischemia/reperfusion (I/R)
injury in rats. A total of 42 Sprague-Dawley rats were divided
into three groups. The control, I/R and I/R+quercetin (I/R+Q)
groups were treated with quercetin (50 mg/kg intraperitoneal)
1 h prior to the induction of ischemia. Tissue malondialdehyde
(MDA) and glutathione (GSH) levels were determined by
high-performance liquid chromatography (HPLC). p53,
endothelial NOS (eNOS) and NF-xB expression were
assessed immunohistochemically, and apoptosis assesment
was performed using terminal deoxynucleotidyl transferase
dUTP nick end-labeling (TUNEL) assay. The mRNA levels of
inducible NOS (iNOS) in renal tissue were determined by real-
time polymerase chain reaction (RT-PCR). MDA levels were
significantly decreased in the quercetin group compared to the
I/R group. However, GSH levels were significantly increased
with quercetin treatment in the I/R group. Histological results,
the number of apoptotic and p53-positive cells, NF-xkB and
eNOS expression levels were significantly decreased in the
quercetin treatment group compared to the I/R group. iNOS
gene expression increased in the I/R group, but no significant
difference was found between the I/R and quercetin treatment
groups. Therefore, quercetin not only has antioxidant and anti-
apoptotic activities, but also has an inhibitory effect on eNOS
and NF-«B for renal tissue protection during I/R injury in
rats. Therefore, quercetin may be a promising renoprotective
therapeutic agent.
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Introduction

Renal ischemia/reperfusion (I/R) injuries are the major causes
of acute renal failure and may be involved in the development
and progression of certain forms of chronic kidney disease (1).
Ischemia is associated with oxidative stress and apoptosis.
Oxidative stress is known to be a result of the imbalance
between the production of reactive oxygen species (ROS),
antioxidants and repair processes (2). Lipid peroxidation,
mediated by ROS, is believed to be an important cause of
destruction and damage to cell membranes during oxidative
stress (3). Tissue levels of malondialdehyde (MDA) are used as
indicators of lipid peroxidation (4,5). Glutathione (GSH) also
provides major protection in oxidative injury by participating
in the cellular system of defense against oxidative damage.
Several reports have indicated that various stimuli, such as I/R
injury, cause GSH depletion (3). However, ROS also activates
nuclear factor-kB (NF-kB). NF-kB regulates the transcription
of genes involved in cellular responses to mechanical stress and
is required for tissue repair. It is recognized to have a potential
role in apoptosis and the adaptive response to stress (6,7).

Apoptosis is a form of programmed cell death, and in
this way cells that have been damaged in the organism are
removed without harming their environment (8,9). p53 is a
tumor suppressor gene that plays an important role in cell cycle
control and apoptosis. If p53 is overexpressed, this may cause
certain structures to have various abnormalities (10). When
tissue is exposed to I/R injury, the DNA in tissue cells may
be damaged. If DNA damage is irreparable, pS3 activates the
apoptotic pathway and directs cell death via apoptosis in order
to protect the genome (11).

Nitric oxide (NO) is recognized as an important mediator
of physiological and pathological processes of renal I/R
injury (12-16). NO is produced by constitutive NO synthases
(cNOSs), including endothelial NOS (eNOS), neuronal NOS
(nNOS) and inducible NOS (iNOS). Alterations in the expres-
sion/activity of the different NOS isoforms have been described
in renal I/R (17). However, no study has been found which
simultaneously investigates the effects of quercetin on p53,
apoptosis, NF-kB and NOS gene expression in renal I/R injury.
Therefore, in the present study, we analyzed the effects of quer-
cetin on p53, apoptosis, eNOS and iNOS expression, as well as
NF-«kB activation, in a renal I/R injury rat model.
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Materials and methods

Animals. Sprague Dawley rats (n=42) weighing 250-300 g
were supplied from the Eskisehir Osmangazi University
Experimental Research Center (Turkey). Rats were housed in
polycarbonate cages in a temperature-controlled (21+1°C) and
humidity-controlled (45-55%) room, which was maintained on
a 12/12 reversed light cycle. The rats were fed with a standard
rat chow (Oguzlar Yem, Eskisehir, Turkey) and allowed to
drink water ad libitum. The present study was approved by the
Eskisehir Osmangazi University Institutional Local Animal
Care and Use Committee (67/2008). Animals were divided into
three groups: group 1, control (n=8+6); group 2, I/R (n=8+6);
and group 3, I/R+quercetin (I/R+Q) (n=8+6). The first 8 rats
from each group were selected for histological and biochemical
evaluation; the remaining 6 rats were used for real-time poly-
merase chain reaction (RT-PCR) analyses.

The rats were anesthetized with ketamine [50 mg/kg intra-
peritoneally (i.p.)] and romphun (20 mg/kg i.p.) and placed on
a heating pad in order to maintain body temperature. Under
aseptic conditions, a midline incision was performed, and a
non-traumatic vascular clamp was applied to the left renal
pedicle for 2 h and allowed to reperfuse for 6 h. Quercetin
(50 mg/kg i.p.) was administered 1 h prior to these processes.
At the end of the reperfusion period, the left kidneys of the
first 8 rats from each group were removed. One-half of the
kidney samples were used to evaluate the biochemical param-
eters, such as MDA and GSH levels, while the other half of the
kidney samples were used for immunohistochemical staining.
For histological analyses, the samples were maintained in
10% neutral formalin solution and for biochemical analyses,
the samples were kept frozen at -80°C until analysis.

Biochemical determinations (tissue MDA and GSH). The
kidney tissues were homogenized in 0.1 M phosphate buffer
(pH 7.4) using a homogenizer (Ultra Turrax IKA T18 basic;
Wilmington, NC, USA). Homogenized samples were centri-
fuged at 8,000 rpm for 10 min at 4°C, and the supernatant
fractions were analyzed for MDA and GSH. MDA and GSH
levels were determined by high-performance liquid chroma-
tography (HPLC; Agilent 1100 Series, Munich, Germany) with
fluorescence detection using a commercial kit (Chromsystems
Diagnostics, Munich, Germany).

Histological determinations. All of the specimens were
fixed in 10% neutral formalin, dehydrated in an increasing
alcohol series, cleared in xylene and embedded in paraffin.
Numerous 5-um sections were obtained and mounted on both
poly-L-lysine-coated slides for immunohistochemistry and
classic slides for histochemistry. The slides were stained with
hematoxylin and eosin (H&E) for histochemistry and p53,
eNOS, NF-«kB and the terminal deoxynucleotidyl transferase
dUTP nick end-labeling (TUNEL) staining kit were used for
immunohistochemistry. The slides were evaluated under a
light microscope (E600, Nikon, Japan).

DNA nick end-labeling of tissue sections. For the detection of
apoptosis in tissues, a TUNEL-based apoptosis kit (FragEL
DNA fragmentation kit; Calbiochem, Darmstadt, Germany)
was used. In this method, the sections were first deparaf-
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finized and rehydrated. They were then permeabilized with
proteinase K and endogen peroxidase, inactivated by 10%
H,0,. For DNA labeling, Tdt Labeling reaction mix and
Tdt Enzyme mixture were used. Following incubation, the
reaction was detected with conjugate and diaminobenzidine
(DAB) solution in H,O,/urea mixture. Methyl green (3%) was
used for counter staining. The slides were then dehydrated
and mounted. The TUNEL-positive brown-colored cells were
considered to be apoptotic cells, in agreement with the positive
control supplied by the manufacturer.

Immunohistochemistry. For the detection of p53, eNOS and
NF-«xB expression, immunohistochemistry was applied. For
antigen retrieval, microwave treatment was used in 10 mM
citrate buffer, pH 6.0 for all samples, and endogenous peroxi-
dase was inactivated by 10% H,0,. The specimens were then
reacted with primary antibodies. The horseradish peroxidase
detection system was used as a secondary antibody and DAB
was used for p53, AEC for eNOS and NF-xB was used as a
chromogen (all chemicals described above were purchased
from Lab Vision Corp., Fremont, CA, USA). Mayer's hematox-
ylin (Sigma, St. Louis, MO, USA) was used for counterstaining.
The positively stained cells were counted in image analysis.

Image analysis. p53-, eNOS- and NF-xB-positive and apop-
totic cells in 20 different areas in each slide were counted
under x20 objective magnification. For counting, UTHSCSA
Image Tool for Windows 3.0 image analysis software was
used.

RNA extraction and RT-PCR. The mRNA level of iNOS in
relation to the housekeeping gene, glyceraldehyde 3-phosphate
dehydrogenase (GAPDH), was determined using RT-PCR with
SYBR-Green. Total RNA was extracted from renal tissue by
the RNA stabilization reagent (Qiagen, Valencia, CA, USA),
according to the manufacturer's instructions, and quantified
by measuring the absorbance at 260 nm (Nanodropl1000;
Thermo, Wilmington, DE, USA). Aliquots of 20 ul of RNA
from each group were applied for the production of comple-
mentary DNA (cDNA). The newly synthesized cDNA, stored
at -20°C, was used for the mRNA assay of the iNOS isoform
with RT-PCR. cDNA (1 pl) from each group was amplified in
25 pl of reactive mixture with 0.25X SYBR-Green Supermix
(Molecular Probes, Invitrogen, Carlsbad, CA, USA). RT-PCR
was performed by monitoring in real time the increase in the
amount of SYBR-Green using Rotor-Gene 6000 RT-PCR
(Corbett Research, Sydney, Australia). The oligonucleotide
sequences of the cDNA primers were designed at Gene
Research Laboratories, UK. The forward primer for rat iNOS
was 5'-CACCACCCTCCTTGTTCAAC-3' and the reverse
primer was 5-CAATCCACAACTCGCTCCAA-3'". Sobajima
et al also used GAPDH (housekeeping gene) to normalize
iNOS (target gene) data using RT-PCR (18).

RT-PCR thermal cycling conditions were as follows: 5 min
at 65°C, 60 min at 37°C for cDNA synthesis, 15 min at 95°C,
15 sec at 95°C, 1 min at 60°C for 50 cycles and 1 min at 55°C.
RT-PCR data were collected using the Rotor-Gene 6000 detec-
tion system. Cycle threshold (CT) values were determined
by automated threshold analysis. Primer quality (lack of
primer-dimer amplification) was confirmed by melting curve
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Figure 1. (A) Effect of quercetin on renal tissue MDA levels. "p<0.05; significantly different from the control and the I/R+Q group. (B) Effect of quercetin
on renal tissue GSH levels. “p<0.05; significantly different from the control and the I/R+Q group. (C) The iNOS gene expression increased in the I/R group
(p>0.05). MDA, malondialdehyde; GSH, glutathione; iNOS, inducible nitric oxide synthase; GAPDH, glyceraldehyde 3-phosphate dehydrogenase; I/R, isch-

emia/reperfusion; I/R+Q, I/R+quercetin.

analysis. Relative quantification of the gene expression was
performed using the standard curve method, constructed with
serial dilutions of control mRNA or RT-PCR amplicons. All
experiments were carried out in triplicate. iNOS levels were
standardized with GAPDH (ratio iNOS:GAPDH) to account
for loading differences. Gene expression levels (NRNA) were
reported using the median as a point estimator and the range
of values.

Statistical analysis. The statistical Package for Social Sciences
(SPSS) version for Windows 10.0 was used to evaluate the
data. Results were expressed as the means + standard devia-
tion (SD). Rejection of the null hypothesis was set at p<0.05.

Biochemical and RT-PCR parameters were analyzed using
one-way ANOVA and the Tukey test for post hoc multiple
comparison. Histological parameters were analyzed using the
Mann-Whitney U test.

Results

Biochemical results. The level of MDA was significantly
increased in the I/R group when compared to the control and
quercetin treatment groups. Quercetin treatment decreased
MDA levels, which was significant when compared to the
control and I/R+Q treatment groups (p<0.05; Fig. 1A). While
I/R injury decreased GSH levels, quercetin treatment increased
GSH levels, which was significant when compared to the other
groups (p<0.05; Fig. 1B).

RT-PCR results

Expression of iNOS in renal tissue. In iNOS, gene expression
increased in the I/R group and decreased in the I/R+Q group;
however, there was no statistically significant difference in
the ratio of iNOS:GAPDH between the I/R and I/R+Q groups
(Fig. 1C).

Histological results

Microscopic determinations. In the control group, H&E
staining of all the structures in the kidney were normal in
appearance (Fig. 2A). Edema, vascularization, and partly
inflammatory fields, were observed in the I/R groups when
compared to the control and the quercetin-treated group
(Fig. 2B). There were some inflammatory cells and edema in

Table I. H&E-stained sections of rat kidneys.

Histological Control I/R group I/R+Q group
determinations group

Edema 0 ++ +
Vascularisation 0 +++ +
Infiltration 0 ++ +

I/R, ischemia/reperfusion; I/R+Q, I/R+quercetin.

the quercetin-treated group, however, these fields were smaller
and weaker than the inflammatory fields observed in the I/R
group (Fig. 2C). H&E-stained sections of rat kidneys are
presented in Table I.

p53 expression. Although there were a few p53-expressing
cells in the renal tissue of the control group (Fig. 2D), more
p53-expressing cells were detected in the I/R group (Fig. 2E).
Conversely, the number of p53-expressing cells in the
I/R+Q group (Fig. 2F) was significantly decreased compared
to the I/R group (p=0.001).

Apoptosis. The number of apoptotic cells significantly
decreased in the I/R+Q group (Fig. 3B) compared to the I/R
group (Fig. 3A) (p=0.016). There were no apoptotic cells in the
control group.

eNOS expression. In the control group, massive eNOS
expression was detected at the corticomedullar junction. This
expression may be related to a structurally dense vascular
network in this area in normal animals (Fig. 4A). However,
little eNOS expression was detected in the medullar cords and
cortex. However, in the I/R group many eNOS-expressing cells
were observed, particularly in the medullar cords (Fig. 4B). The
number of these cells was significantly decreased in the I/R+Q
group (p=0.002) (Fig. 4C).

NF-kBexpression.Inthe control group, many NF-kB-positive
cells were observed in the tissue, particularly at the corticome-
dullar junction (Fig. 4D). Although this number of cells was
increased significantly in the I/R group (p=0.000) (Fig. 4E), in
the I/R+Q group the number of these cells was clearly decreased
(p=0.000) (Fig. 4F).
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Figure 2. (A) Histological view of renal tissue in the control group (H&E). (B) Histological view of renal tissue in the I/R group. Evident edema, vasodilatation and
mild inflammation (H&E). (C) Histological view of renal tissue in the I/R+Q group. Decrease in the edema and vasodilatation, and slight inflammation (H&E).
(D) p53-expressing cells (arrows) in renal tissue in the control group. Anti-pS3 polyclonal antibody (Lab Vision). (E) pS3-expressing cells (arrows) in renal tissue
in the I/R group. Anti-p53 polyclonal antibody (Lab Vision). (F) p53-expressing cells (arrows) in renal tissue in the I/R+Q group. Anti-pS3 polyclonal antibody
(Lab Vision). Magnification, x100. I/R, ischemia/reperfusion; I/R+Q, I/R+quercetin.

Figure 3. (A) Apoptotic cells (arrows) in renal tissue in the I/R group. FragEL (Calbiochem). (B) Apoptotic cells (arrows) in renal tissue in the I/R+Q group.
Fragel (Calbiochem). Magnification, x200. I/R, ischemia/reperfusion; I/R+Q, I/R+quercetin.

Discussion

I/R induces oxidative stress in the kidneys, which causes
the enhancement of the reactive oxygen products and the
disappearance of the antioxidant defense system (8). In the
present study, I/R injury was created in the renal tissue of rats
and it was found that the renal damage created by I/R was
significantly decreased by quercetin treatment. In the present
study, MDA, which indicates the degree of lipid peroxidation,
verifying the oxidative damage in tissue (5) in the I/R-induced
renal tissue, significantly increased but then decreased with

quercetin therapy. A reduction in the GSH levels was observed
in the I/R group, whereas its level was increased by quercetin
therapy. As we have observed in our previous studies (19), a
return of the increase in the tissue MDA level in the I/R group,
and a decrease in the GSH levels back to normal with quercetin
treatment, is a result of the antioxidant effect of quercetin.

It is well known that ischemia, together with oxidative
stress and reactive oxygen products, arise as a result of oxida-
tive stress (2). ROS activates NF-xB, which is a transcription
factor responsible for the production of adhesion molecules
and cytokines. A number of clinical and experimental studies
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Figure 4. (A) eNOS-expressing cells (arrows) in renal tissue in the control group. Anti-eNOS polyclonal antibody (Lab Vision). (B) eNOS-expressing cells (arrows)
in renal tissue in the I/R group. Anti-eNOS polyclonal antibody (Lab Vision). (C) eNOS-expressing cells (arrows) in renal tissue in the I/R+Q group. Anti-eNOS
polyclonal antibody (Lab Vision). (D) NF-kB-expressing cells (arrows) in renal tissue in the control group. Anti-NF-kB polyclonal antibody (Lab Vision). (E)
NF-«B-expressing cells (arrows) in renal tissue in the I/R group. Anti-NF-kB polyclonal antibody (Lab Vision). (F) NF-kB-expressing cells (arrows) in renal tissue
in the I/R+Q group. Anti-NF-kB polyclonal antibody (Lab Vision). Magnification, x100. I/R, ischemia/reperfusion; I/R+Q, I/R+quercetin; eNOS, endothelial nitric

oxide synthase.

have demonstrated that NF-«kB, a transcription factor, plays
a central role in renal pathology (6). Spandou et al reported
that renal I/R leads to the activation of NF-xB, which suggests
that it may be a marker of injury linked to the pathophysi-
ology of a variety of renal disorders, including I/R, and that
its inhibition prevents in vivo cell apoptosis associated with
renal I/R injury (20). Therefore, inhibition of the permanent
activation of NF-«xB protects renal tissue from ischemic injury.
In the present study, we also detected that NF-xB expression
was increased in the renal I/R group. However, this increase
in NF-kB expression decreased with quercetin treatment, and
this demonstrates that quercetin may act like NF-xB inhibitor.

The results of the histological examination revealed that,
upon overall tissue evaluation, significant edema, vasculariza-
tion and patchy infiltration areas formed by the inflammatory
cells were detected in the I/R group compared to the quercetin
treatment and control groups. In addition, a decreased number
of apoptotic cells was observed in the quercetin group when
compared to the I/R group. It is known that during renal I/R
injury, apoptosis is a very important contributor to kidney
damage. While evaluating experimentally created I/R, Vinas
et al demonstrated that the cells died of apoptosis or necrosis
according to the severity of the injury, due to direct cellular

damage caused by free oxygen radicals (17). In accordance
with this study, an increase in the number of apoptotic cells
subsequent to the renal I/R injury was observed in our inves-
tigation; however, this increase was prevented by quercetin
treatment and this was due to the anti-apoptotic effect of
quercetin.

The p53 protein, which stimulates apoptosis, is a guardian
of the genome and is expressed in the presence of DNA
damage. Therefore, the expression of p53 in tissues reveals
an exposure to genotoxic stress, including radiation, chemical
agents and ischemia (21). In the present study, we clearly
detected the expression of p53 in the I/R group, and this
expression decreased in the case of quercetin administration
prior to I/R stress, which suggests that quercetin has a protec-
tive effect on DNA damage. In addition to this decrease in the
level of apoptosis, the cell number increased in the I/R group,
suggesting that quercetin also has a protective effect on
cell injury and abnormal cell formation.

Renal I/R activates NOS and increases the expression of
NOS proteins (22,23). In spite of all the studies carried out,
the role of NO in I/R remains controversial. Several studies
have indicated that NO induces cellular cytotoxicity and
tissue injury via lipid peroxidation, as well as DNA damage
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and pro-apoptotic effects in I/R injury (12,16,24). Conversely,
there are studies which demonstrate that the increased activity
of NOS is associated with reduced I/R-induced injury (25).
Alterations in the expression of various NOS isoforms have
been described in renal I/R injury (17). Vinas et al reported
that, according to quantitative analysis, I/R increased the
renal expression of iNOS compared to the control and that no
differences were found between I/R and the various selective
NOS inhibitors (17). In the present study, quantitative iNOS
expression increased in the I/R group and no significant differ-
ence was observed between the I/R and quercetin treatment
groups, similar to the Vinas er al study. Immunohistochemical
analysis revealed higher eNOS expression in the I/R group;
however, this was lower with quercetin treatment.

Within the experimental studies that have been carried
out to date, we are unable to identify a study simultaneously
investigating the effects of quercetin on apoptosis, p53, NF-kB
and NOS gene expression in renal I/R injury. The results of the
present study reveal that quercetin treatment in I/R-injured rat
renal tissue reduces the injury by decreasing oxidative stress,
apoptosis and p53, NF-kB and eNOS gene expressions.

In conclusion, quercetin not only has antioxidant and
anti-apoptotic activities, but also an inhibitory effect on eNOS
and NF-«B for renal tissue protection during I/R injury in rats.
Therefore, quercetin may be used to protect renal tissue in I/R
injury, which may develop during surgical procedures.
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