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Abstract. As a major active component in green tea, (-)-epigal-
locatechin 3-O-gallate (EGCG) has many anti-oxidative 
activities. This study investigated whether intraperitoneal 
administration of EGCG was capable of suppressing oxidative 
stress in rats with unilateral ureteral obstruction (UUO) and 
probed the potential mechanisms involved. In total, 150 adult 
male rats were randomly divided into 5 groups (n=30 each): 
the control group (group N); the unilateral ureteral obstruc-
tion (UUO) group (group C), where the unilateral ureter was 
ligated resulting in an obstructive nephropathy model; and the 
EGCG group (group T), following unilateral ureteral ligation, 
rats were intraperitoneally injected with EGCG at a dosage of 
2.5 (T1), 5 (T2) and 10 mg/kg/day (T3). Each group of rats was 
sacrificed 72 h after surgery. We evaluated the effects of EGCG 
on the reactive oxygen species (ROS), reduced glutathione 
(GSH), oxidized glutathione (GSSG) and glutathione in the 
renal tissue of rats. Immunohistochemistry and western blot 
analysis were applied to detect nuclear factor erythoid-derived 
2-related factor 2 (Nrf2) and γ-glutamylcysteine synthetase 
(γ-GCS) protein expression. Real-time PCR was performed to 
detect the mRNA levels of Nrf2 and γ-GCS. Changes in renal 
ultrastructure were also observed using electron microscopy. 
There was no significant difference in GSH, and compared 
with group N, ROS, GSSG and total GSH levels were much 
higher in the T groups (p<0.01), while much lower than those 
of group C (p<0.01). Protein levels of Nrf2 and γ-GCS and the 
mRNA levels of Nrf2 and γ-GCS notably increased in EGCG-
treated rats (all p<0.05). Furthermore, electron microscopy 
showed that renal ultrastructure was improved in the treatment 

groups. Our findings suggest that, resulting from suppression 
of oxidative stress influenced by free radicals, EGCG exerts a 
protective effect on rats with obstructive nephropathy, and this 
anti-oxidative effect may be partly induced by activating the 
Nrf2 signaling pathway.

Introduction

Obstructive uropathy refers to the presence of structural 
or functional changes in the urinary tract that impede the 
normal flow of urine. Hydronephrosis denotes dilation of 
the urinary tract. Obstructive nephropathy is a relatively 
common entity that is treatable and often reversible. It occurs 
at all ages, from infants to elderly subjects. It is the result of 
functional or anatomic lesions located in the urinary tract. 
Obstructive nephropathy is one of the most serious diseases 
in children and has been the most common cause of end-stage 
renal failure (1). The kidney is important in blood filtration, 
concentration, excretion of waste products and electrolytes, 
and reabsorption of nutrients, thus serving as a main organ 
for maintaining homeostatic conditions (2). Active transport 
of these metabolites through the renal tubules increases the 
opportunities for tubule cells to produce or come in contact 
with harmful agents, such as reactive oxygen species (ROS), 
indicating that the kidney is at high risk of oxidative stress due 
to its metabolic action. Oxidative stress refers to a disrupted 
redox equilibrium between the production of free radicals 
and the ability of cells to protect against damage caused by 
these molecules. Oxidative stress has been implicated as a 
major cause of tissue injuries in a variety of human diseases, 
including obstructive nephropathy. Free radicals specifically 
play important roles in the oxidative stress pathway (3).

The medicinal benefits of drinking green tea have been 
known in Asian countries since ancient times. The consump-
tion of green tea has attracted much recent attention due to 
its emerging beneficial health effects. Green tea is one of the 
most popular and widely consumed beverages and is rich 
in a variety of antioxidant catechin polyphenols (4-6). The 
major polyphenols present in green tea are (-)-epicatechin, 
(-)-epicatechin-3-gallate, (-)-epigallocatechin and (-)-epigallo-
catechin-3-gallate (EGCG), which comprise 30-42% of solid 
green tea extract (6). Among these components, EGCG is the 
most abundant and most active catechin derivative, with potent 
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antioxidant and chemopreventive activities (7). Since acute 
obstructive nephropathy is associated with increased oxida-
tive stress in the tissue, it is likely that the protective effects 
of catechins are mainly due to their anti-oxidative proper-
ties. Catechins are known as effective scavengers of ROS, 
which are also involved in modulation of gene expression (8). 
Recently, much attention has been focused on EGCG, which 
has been reported to possess anti-oxidative, anti‑inflammatory 
and anti-carcinogenic effects (4,9,10).

Therefore, in order to ascertain whether oxidative stress 
was involved in the mechanism of obstructive nephropathy in 
rats and to evaluate the effect of EGCG as a representative 
polyphenol, we investigated the effect of EGCG on oxidative 
stress in UUO rats with obstructive nephropathy and probed 
the underlying mechanisms. The chemical structure of EGCG 
is illustrated in Fig. 1.

Materials and methods

Animals. Male, Sprague Dawley (SD) rats (120-150 g, 6-8 
weeks old; China Medical University Experimental Animal 
Research Center, Shenyang, China) were used in these 
experiments. The rats were housed in standard cages (four 
animals per cage) and fed standard laboratory chow and tap 
water ad libitum. A constant photoperiod (14 h light and 10 h 
dark) and constant temperature of 20˚C were maintained. 
Procedures for care and handling of animals used in this study 
were approved by the ethics committee of China Medical 
University and carried out in accordance with guidelines 
established by the China Medical University Experimental 
Animal Research Centre.

Experimental design. In total, 150 adult male rats were 
randomly divided into 5 groups (n=30 each): control group 
(group N), a normal group of rats that underwent sham 
surgery; unilateral ureteral obstruction (UUO) group 
(group C), where the unilateral ureter was ligated resulting in 
an obstructive nephropathy model; EGCG group (group T), 
where rats were intraperitoneally injected with the EGCG at 
dosage of 2.5 mg/kg (T1), 5 mg/kg (T2) and 10 mg/kg (T3)/day 
(each dose, n=30), following unilateral ureteral ligation. When 
the 72-h experiment was performed, the normal and control 
groups received physiological saline.

Animal surgery and sampling. Briefly, rats were anesthetized, 
laparotomy was performed, and the left ureter identified 
and ligated at two points along the ureter 1 cm apart with 
4/0 silk, 3-5 mm below the renal hilum. The sham-surgery 
was performed in the same way; the rats of the normal group 
(ten rats) were also laparatomized, the ureter exposed, but no 
ligature was made. Following closure of the abdomen, the 
animals were returned to the cage with free access to standard 
lab chow and water ad libitum. Rats were allowed to recover 
for 72  h prior to tissue collection. Unilateral obstructive 
nephropathy was confirmed by sacrificing all the rats 72 h 
after surgery. The obstructed kidneys were then fixed for 4 
h in 4% formalin and embedded in paraffin for immunohis-
tochemistry analysis. The remaining portions of each sample 
were diced finely in the presence of liquid nitrogen, and stored 
until analysis.

Measurement of ROS, GSH, GSSG, total GSH and GSH/ 
GSSG. Briefly, tissue was homogenized in TES/SB buffer 
consisting of 20 mM Tris, 1 mM EDTA, 250 mM sucrose, 
20 mM sodium borate and 2 mM serine. The homogenates 
were centrifuged at 4˚C for 10 min at 10,000 x g, and the 
supernatants were obtained. The content of ROS, GSH, 
GSSG and total glutathione was measured by commercial kits 
(Nanjing Jiancheng Bioengineering Institute) according to the 
manufacturer's instructions.

Immunohistochemistry. Sections (5  µm thickness) were 
prepared and subjected to the immunoperoxidase method. 
Endogenous peroxidase was eliminated by treatment with 
3% H2O2/10% methanol phosphate buffered saline (PBS) for 
20 min at room temperature. After washing with water and 
0.05 M PBS (pH 7.4), slides were blocked with 5% bovine 
serum albumin (BSA) in PBS for 20 min at room tempera-
ture to prevent non-specific protein binding. The slides were 
then incubated with 1:100 diluted specific primary antibody 
for Nrf2 and γ-GCS (Santa Cruz Biotechnology, Santa Cruz, 
CA, USA) in PBS containing 5% BSA overnight at 4˚C. The 
sections were rinsed in 0.05 M PBS containing 0.1% BSA. After 
washing with PBS, the slides were incubated with a biotinyl-
ated goat peroxidase conjugated secondary antibody and 0.1% 
DAB substrate, using the standard streptavidin-biotin‑based 
method. For the negative control, slides were processed 
without primary antibody. The optical densities of Nrf2 and 
γ-GCS bands from the membranes were determined by densi-
tometric scanning using a Nikon Eclipse Scanjet E800 photo 
scanner and MoticMed System 6.0 software. The value of the 
optical density of each protein band was expressed as the mean 
± standard deviation.

Nrf2 and γ-GCS gene expression. When rats were sacrificed, 
renal tissue was immediately frozen in liquid nitrogen for 
RNA extraction. Total RNA was isolated from rat renal tissues 
with TRIzol reagent (Invitrogen, Carlsbad, CA, USA). Total 
RNA was reverse-transcribed using the PrimeScript™ RT 
Reagent kit (Takara Biotechnology Dalian, China) according 
to the manufacturer's instructions. Quantitative real-time PCR 
was performed for Nrf2, γ-GCS and GAPDH using the 
following primers pairs: Nrf2, sense 5'-TTGATTGACATCC 
TTTGG-3' and antisense 5'-GTTCCTTCTGGAGTTGCT-3'; 
γ-GCS, sense 5'-ATCTACCACGCAGTCAAG-3' and anti-
sense 5'-CCGCCATTCAGTAACAAC-3'; GAPDH, sense 

Figure 1. Chemical structure of EGCG.
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5'-TGTGTCCGTCGTGGATCTGA-3' and ant isense 
5'-ATGGTGGTGAAGACGCCAGTA-3'. Real time-PCR 
analysis was performed using an ABI 7500 with the following 
thermal cycling conditions: 1 cycle at 95˚C for 10 sec, followed 
by 40 cycles at 95˚C for 5 sec and 60˚C for 34 sec. All samples 
were run in triplicate. The amplification results were detected 
and analyzed using the SDS real-time PCR detection system. 
The gene signals were standardized against the corresponding 
GAPDH signal, and results were expressed as the ratio of each 
molecule to GAPDH.

Western blot analysis. The frozen renal tissue was immediately 
homogenized, the protein was solubilized in radioimmunopre-
cipitation buffer, and the total protein was separated on a 12% 
acrylamide SDS-PAGE gel and electroblotted to a nitrocellulose 
membrane. The membrane was blocked with 5% (w/v) fat-free 
milk and then incubated with a monoclonal antibody to Nrf2 
and γ-GCS (rat origin, 1:1000) (Santa Cruz Biotechnology) 
overnight at 4˚C, followed by incubation with horseradish 
peroxidase-conjugated secondary antibodies (1:1000) for 1 h 
at room temperature. Membranes were exposed to chemilumi-
nescent reagents and then to X-ray film. The average intensity 
of the bands was determined using Tanon Image software. 
Data were collected in terms of average intensity of bands of 
Nrf2 and γ-GCS per average intensity of bands of β-actin, and 
imported to a spreadsheet (Excel; Microsoft, USA).

Electromicroscope. From the unligated right and from the 
ligated left kidney, large tissue blocks extending from the 
renal capsule to at least the upper third of the inner zone were 
immersed for at least 24 h in the fixative solution, to which 1% 
glutardialdehyde was added. This tissue was then embedded 
into epoxy resin and used for electron microscopy. Ultrathin 
(80 nm) sections were cut with an ultramicrotome. Ultrathin 
sections were postfixed with osmium tetroxyde and contrasted 
with uranyl acetate and studied with a CM100 Philips electron 
microscope.

Statistical analysis. All data were presented as the means ± 
SEM. One-way analysis of variance and independent t-test 
were used for statistical analysis of the differences between 
the groups. P<0.05 was considered to indicate a statistically 
significant difference.

Results

Measurement of ROS, GSH, GSSG, total GSH and GSSG. 
Compared with group N, the ROS and GSSG levels of kidneys 
in group C were much higher, and the ratio of GSH/GSSG 
was much lower. There was no significant difference in GSH 
compared with group N. ROS, GSSG and total GSH level were 
much higher in the T groups (p<0.01), while much lower than 
those of group C (p<0.01; Table I).

Immunohistochemistry. The expression of Nrf2 protein was 
mainly focused on the renal tubular epithelial cells of rat kidney 
cortex and medulla. Microscopic observation showed stained 
nuclei of the renal tubular epithelial cells and dark brown parti-
cles. In the immunohistochemical analysis of Nrf2 expression, 
higher average optical density was found in group C and the 
treatment groups compared with group N (p<0.01). Compared 
with group C, higher average optical density in the T1 group 
was observed (p<0.05), and even higher average optical density 
in the T2 and T3 groups was found (p<0.01; Fig. 2).

The expression of γ-GCS protein was mainly focused on 
the renal tubular epithelial cells of the cortex and medulla in 
rat kidneys. Microscopic observation showed staining in the 
cytoplasm of the renal tubular epithelial cells and dark brown 
particles. In the immunohistochemical analysis of γ-GCS 
expression, higher average optical density was found in group C 
and the treatment groups compared with group N (p<0.01). 
Compared with group C, higher average optical density in the T1 
group was observed (p<0.05), and even higher average optical 
density in the T2 and T3 groups was found (p<0.01; Fig. 3).

Nrf2 and γ-GCS mRNA expression. Compared with group N, 
Nrf2 and γ-GCS mRNA relative copy number in group C and 
each treatment group were significantly enhanced (p<0.01). 
Compared with C group, Nrf2 and γ-GCS mRNA relative 
copy number in the T1 group was enhanced (p<0.05) and 
significantly enhanced in T2 and T3 (p<0.01) groups (Fig. 4).

γ-GCS and Nrf2 protein expression. To elucidate the expres-
sion levels of the antioxidant enzyme γ-GCS, as well as the 
upstream regulator Nrf2, we performed western blot analyses 
of the renal cortex. The results are presented in Fig.  5. 
Obstructive nephropathy rats showed increases in the levels of 

Table I. GSH, GSSG, GSH/GSSG, total glutathione and ROS in renal tissue (means ± SEM, n=10).

			   EGCG
	 ----------------------------------------------------------------------------------------------------
	 N	 C	 T1	 T2	 T3

GSH (mg/mg pro)	 1.32±0.29	 1.31±0.11	 1.34±0.28	 1.33±0.52	 1.34±0.47
GSSG (µmol/l)	 0.08±0.04	 0.73±0.03a	 0.71±0.05a,b	 0.57±0.03a,c	 0.55±0.04a,c

Total glutathione (µmol/l)	 0.59±0.04	 1.47±0.08a	 1.46±0.06a,b	 1.24±0.06a,c	 1.21±0.05a,c

GSH/GSSG	 5.25±0.07	 0.59±0.09a	 0.60±0.07a,b	 0.75±0.08a,c	 0.78±0.09a,c

ROS (U/mg pro)	 1617±124	 3782±207a	 3779±183a,b	 3273±176a,c	 3114±191a,c

ap<0.01 versus normal values. bp<0.05 versus control values. cp<0.01 versus control values. ROS, reactive oxygen species; GSH, reduced 
glutathione; GSSG, oxidized glutathione; EGCG, (-)-epigallocatechin 3-O-gallate.
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Figure 3. (A) γ-GCS expression and the dynamic effects of L-EGCG at different concentrations on the relative expression amounts of (B) Nrf2 mRNA in different 
groups were analyzed using immunohistochemistry (x400). (A) γ-GCS protein is primarily expressed in the cytoplasm of the renal tubular epithelial cells in all 
groups and observed as buffy- or puce-stained granules. (B) Compared with group N, group C and the treatment groups display a significantly increased average 
optical density value (P<0.01); compared with group C, group T1 displays an increased average optical density value (P<0.05) and groups T2 and T3 display signifi-
cantly increased values (P<0.01). N, normal control; C, model; T1, treatment with L-EGCG at 2.5 mg/kg; T2, treatment with L-EGCG at 5 mg/kg; T3, treatment 
with L-EGCG at 10 mg/kg. *P<0.05 and **P<0.01 compared with group N. #P<0.05 and ##P<0.01 compared with group C.

Figure 2. (A) Nrf2 expression and the effects of L-EGCG at different concentrations on (B) γ-GCS protein expression in different groups were analyzed using 
immunohistochemistry (x400). (A) Nrf2 expression is primarily located in the nuclei of renal tubular epithelial cells in all groups and is observed as puce-stained 
granules. (B) compared with group N, both group C and the treatment groups display a significantly increased average optical density value (P<0.01). Compared 
with group C, group T1 displays an increased average optical density value (P<0.05) and groups T2 and T3 display significantly increased values (P<0.01). N, 
normal control; C, model; T1, treatment with L-EGCG at 2.5 mg/kg; T2, treatment with L-EGCG at 5 mg/kg; T3, treatment with L-EGCG at 10 mg/kg. *P<0.05 and 
**P<0.01 compared with group N. #P<0.05 and ##P<0.01 compared with group C.

  A

  B

  A

  B
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Nrf2 and γ-GCS protein expression compared to the normal 
value (p<0.01), and the rats administered 2.5, 5 and 10 mg of 
EGCG showed higher values compared to the control value, 
respectively. The levels of Nrf2 and γ-GCS in the kidney 
cortex of obstructive nephropathy control rats were similarly 
elevated above those in the kidney cortex of normal animals 
(p<0.01, respectively), and treatment with EGCG at 2.5 mg 
(p<0.05), 5 and 10 mg (p<0.01) doses significantly enhanced 
the obstructive nephropathy-induced increases, respectively.

Electron microscopy. The ultrastructure of kidneys in rats 
from each group showed that the renal tissue was injured 
markedly in the model group (C), and the apoptosis of renal 
tubular epithelial cells induced by obstruction was alleviated 
in EGCG-treated groups (T2 and T3) (Fig. 6).

Discussion

As an antioxidant, EGCG has drawn widespread attention in 
studies of kidney disease. EGCG has been known as the most 
potent Nrf2 activator among the green tea polyphenols, as 
evidenced by its pronounced ability to induce ARE-luciferase 
reporter gene transactivation (11). Nrf2, a bZIP transcrip-
tion factor, is sequestered in the cytoplasm by kelch-like 
ECH-associated protein 1 (Keap1). Exposure of cells to the 
antioxidant response element (ARE) inducers results in the 
dissociation of Nrf2 from Keap1 and facilitates transloca-
tion of Nrf2 to the nucleus, where it heterodimerizes with 

small Maf protein, and binds to ARE, eventually resulting 
in the transcriptional regulation of target genes including 
both phase I (oxidation and reduction) and phase II biotrans-
formation (conjugation) (12-15). The molecular mechanism 
underlying antioxidant enzyme induction by EGCG has 
been the subject of extensive investigations. One of the most 
plausible mechanisms responsible for activation of Nrf2 
involves phosphorylation of serine/threonine residues of 
Nrf2 by protein kinases, which facilitates enhanced nuclear 
translocation of Nrf2 and subsequent ARE binding (16). The 
phenomenon of nuclear translocation was also observed by 
Nrf2 immunohistochemical staining in this study, that is, 

Figure 4. (A) Effect of different concentration of L-EGCG on Nrf2 mRNA 
expression of rat kidney tissues with acute obstructive nephropathy. 
(B) Effect of different concentration of L-EGCG on γ-GCS mRNA expres-
sion of rat kidney tissues with acute obstructive nephropathy. N, Normal 
control; C, model; T1, treatment with 2.5 mg/kg L-EGCG; T2, treatment with 
5 mg/kg L-EGCG; T3, treatment with 2.5 mg/kg L-EGCG. Values represent 
the means ± S.E.M. *P<0.05 versus normal control group; #P<0.05, ##P<0.01 
versus the model group.

Figure 5. (A) The expression of Nrf2 and γ-GCS protein in the renal cortex 
and medulla of the different groups was detected using western blot analysis. 
(B) Compared with group N, group C displays a significant increase in 
Nrf2 protein expression (P<0.01); compared with group C, group T1 shows 
an increase in Nrf2 protein expression (P<0.05) and both T2 and T3 show a 
significant increase (P<0.01). (C) Compared with group N, group C displays 
a significant increase in γ-GCS protein expression (P<0.01); compared with 
group C, group T1 shows an increase in γ-GCS protein expression (P<0.05) 
and both T2 and T3 show a significant increase (P<0.01). N, normal control; C, 
model; T1, treatment with L-EGCG at 2.5 mg/kg; T2, treatment with L-EGCG 
at 5 mg/kg; T3, treatment with L-EGCG at 10 mg/kg. *P<0.05 and **P<0.01 
compared with group N. #P<0.05 and ##P<0.01 compared with group C.
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Nrf2-positive cells transferred from the cytoplasm to the 
nuclei of renal tubular epithelial cells. These findings of 
EGCG upregulation and nuclear translocation on Nrf2 corre-
spond with other studies (16-18). EGCG has been shown to 
induce expression of glutathione S-transferase, glutathione 
peroxidase, γ-GCS and heme oxygenase-1, which are involved 
in the elimination or inactivation of ROS and electrophiles 
implicated in multi‑stage oxidative stress. γ-GCS may be 
considered to be one of the major antioxidant enzymes, as it 
is the rate-limiting enzyme in GSH synthesis and GSH has 
been postulated to be one of the most important antioxidants 
(19,20). Nrf2 gene knockout of rats may lead to the reduction 
of γ-GCS subunit expression and GSH synthesis in fibroblast 
cells and liver cells (21). These results thus provide new 
insights into the anti-oxidative mechanisms of EGCG. These 
findings suggest that EGCG-induced expression of some 
representative antioxidant enzymes may provide the rats 
with acquired antioxidant defense capacity, allowing them to 
survive oxidative stress.

The role of this study was to ascertain the possible roles 
of Nrf2 in renal cellular defense against oxidative stress, and 
whether EGCG could ameliorate the development of obstruc-
tive nephropathy. The data indicated that oxidant stress could 
improve the protein expression of Nrf2 and γ-GCS, and the 
expression could be enhanced by EGCG. The protein expres-
sion of both Nrf2 and γ-GCS is mainly located in renal tubular 
epithelial cells. It is thus clear that oxidative stress of rats with 

UUO mainly injured the renal tubule, which suggests that 
renal oxidative stress may increase the downstream target 
gene γ-GCS through upregulation of Nrf2.

Nrf2 plays a pivotal role in cell defenses against oxida-
tive stress in the kidney by controlling the intracellular 
antioxidant states, and the possibility of Nrf2 participa-
tion in prevention of systemic oxidative stress is proposed 
in this study. In addition, EGCG-treated groups showed 
suppressed oxidative stress and acute renal damage caused 
by UUO. Our study demonstrates that UUO rats were much 
more susceptible to the expression of Nrf2 and γ-GCS, and 
EGCG induces Nrf2‑mediated expression of γ-GCS in renal 
tissue. Therefore, we inferred that EGCG activated Keap1, 
facilitated the release of Nrf2 for nuclear translocation, and 
finally induced expression of some representative antioxidant 
enzymes in renal tissue.

The expression of Nrf2 and γ-GCS were positively 
correlated with the doses of EGCG administered by intraperi-
toneal injection, and high-dose EGCG had the best oxidative 
stress protective effect. Results from this study also provide 
important and novel insights into the molecular mechanisms 
underlying the oxidative stress chemoprevention effects 
of EGCG, as well as the role of Nrf2 in its biological func-
tions. EGCG showed marked anti-oxidative activity in the 
management of obstructive nephropathy in a dose-dependent 
manner. Our results indicate that the development of obstruc-
tive nephropathy may be effectively inhibited by EGCG. As 

Figure 6. Electron microscope from the kidney cortex and medulla of experimental animals. (A) Group N: intact proximal renal tubular epithelial cell and 
microvilli were observed (arrow). (B) Group C: the englobed apoptotic bodies in the tubular epithelial cells were observed (arrow). (C) L-EGCG group 
(2.5 mg/kg/day): nuclear irregular and mitochondrial vacuolar degeneration accompanied by reduced crest and missing surface microvilli were observed. The 
basement membrane was continuous. (D) L-EGCG group (5 mg/kg/day) : proximal tubule basement membrane integrity was seen and the microvilli were 
intact, and there were dissolved mitochondria ridges (arrow). (E) L-EGCG group (10mg/kg/day) : proximal renal tubular pile and tubular basement membrane 
were intact and clear, rough endoplasmic reticulum was observed.
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one of the most powerful antioxidants with the advantages of 
high safety and fewer adverse reactions, EGCG is expected 
to be an effective application for the prevention or treatment 
of obstructive nephropathy. Of course, these conclusions are 
only based on animal experiments, and further studies are 
required to establish this type of treatment in humans. A larger 
number of clinical experiments must be performed to verify 
the chemopreventive effects of EGCG, in order for EGCG to 
have future clinical application.
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