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Abstract. The nuclear erythroid 2‑related factor 2 (NRF2)/anti‑
oxidant response element  (ARE) pathway has been shown 
to provide strong protection against oxidative stress injury 
induced by renal ischemia‑reperfusion  (IR). However, the 
endogenous regulatory mechanism of the NRF2/ARE pathway 
in renal IR injury is incompletely understood. A rat model of 
renal IR was established by occlusion of the bilateral renal 
pedicle for 45 min, followed by reperfusion for 24 h. Renal 
injury was assessed by light microscopy and levels of serum 
creatinine, blood urea nitrogen and neutrophil gelatinase‑asso‑
ciated lipocalin was measured using enzyme‑linked 
immunosorbent assay. Renal oxidative stress was also evalu‑
ated by measuring superoxide dismutase and malondialdehyde 
in renal tissues. Protein expression levels of brain and muscle 
ARNT‑like 1 (BMAL1), nuclear factor erythroid 2‑related 
factor  2 (NRF2), NAD(P)H dehydrogenase [quinone]  1 
(NQO1), glutamate‑cysteine ligase modifier (GCLM) and 
heme oxygenase  1  (HO1) in the kidney were determined 
by western blotting and immunohistochemistry. Reverse 
transcription‑quantitative PCR was used to evaluate rhythmic 
transcription of the core clock genes (CLOCK and BMAL1) 
and the NRF2 gene. The nature of the binding of BMAL1 
to the promoter regions in the NRF2 gene was assessed by 
chromatin immunoprecipitation assays in rat kidneys. BMAL1 
was found to bind to the promoter of the NRF2 gene through 
an E‑BOX element associated with strongly rhythmic activa‑
tion of NRF2 in both the normal kidney and those exposed 
to IR. The ARE‑regulated anti‑oxidative stress protein was 
affected by the circadian rhythm of the NRF2 gene. As the 
NRF2 level was at a circadian nadir, the expression of the 
proteins NQO1, GCLM and HO1 was weakened, resulting in 
more serious renal oxidative stress injury and pathological and 

functional impairment induced by IR. It can be concluded that 
the circadian rhythm of the NRF2/ARE pathway controlled by 
the circadian clock is essential for regulating antioxidant stress 
in renal IR injury, which might prompt new therapeutic strate‑
gies associated with the diurnal variability of human kidney 
disease, including renal transplantation.

Introduction

Circadian rhythm in mammals is associated with the periodic 
oscillation of clock genes. The principal pacemaker is SCN, 
which can express circadian clock genes autonomously. Brain 
and muscle ARNT‑like 1 (BMAL1) is the core promoter of 
circadian rhythm, which binds to circadian locomotor output 
cycles protein kaput (CLOCK) to form a BMAL1/CLOCK 
complex, which then initiates the transcription of the PER and 
CRY genes. A negative feedback loop is then activated by the 
increased numbers of PER/CRY complexes which inhibits 
the activity of BMAL1/CLOCK complexes (1). An increasing 
body of evidence has demonstrated that circadian clock genes 
regulate the anti‑oxidative stress mechanisms, especially the 
NRF2/ARE pathway (2,3).

NRF2 is recognized as the core transcription factor of 
anti‑oxidative stress, able to activate a large number of protec‑
tive proteins, in which ARE‑regulated antioxidant proteins 
are most important, including NAD(P)H dehydrogenase 
[quinone]  1 (NQO1), glutamate‑cysteine ligase modifier 
(GCLM) and heme oxygenase 1 (HO1) (4). BMAL1 can regu‑
late the expression of NRF2 and its downstream antioxidant 
stress protein by binding to the PPAR promoter through an 
E‑BOX element, aggregating the NRF2 protein together in a 
circadian rhythm, which involves the transcription of ARE 
and other key antioxidant proteins in a circadian rhythm (5). 
The cyclic activation of NRF2 plays a vital role through its 
rhythmic recruitment of the promoter of the targeted antioxi‑
dant gene, coordinating its ability to resist oxidative stress in 
renal disease (6,7).

A previous study had confirmed that NRF2 plays an 
important role in ischemia‑reperfusion (IR) injury as a key 
endogenous protective mechanism of oxidative stress (8). In 
addition, recent studies have found that clock genes can act as 
endogenous molecular regulators of the NRF2 redox pathway, 
participating in the pathological mechanism of pulmonary 
fibrosis, and affecting anti‑oxidative response capability (9). 
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However, the internal mechanisms of the circadian clock 
genes that regulate the NRF2‑associated endogenous redox 
pathway or dysrhythmia of the NRF2/ARE pathway that 
affect the circadian clock in renal IR injury have not been 
defined. Thus, in the present study, the effect and endogenous 
regulatory mechanism of dysrhythmia via the NRF2/ARE 
was explored in the kidney for protection from oxidative stress 
induced by IR.

Materials and methods

Materials. In total, 50  male adult SD  rats (220‑250  g; 
6‑8 weeks old) were purchased from The Animal Center of 
Renmin Hospital of Wuhan University (Wuhan, China). Rats 
were housed in specific‑pathogen‑free (SPF) conditions at 
22‑24˚C, a relative humidity of 50±15%, receiving standard 
laboratory chow and water. A total of ≥10 days prior to experi‑
mentation, the rats were housed in a strict 12‑h light/dark cycle 
[lights on at zeitgeber time (ZT) 0]. The experimental protocol 
of the present study was approved by the Ethics Committee 
of Renmin Hospital of Wuhan University and in accordance 
with the principles of Laboratory Animal Care by the National 
Institutes of Health (permit no. 8023).

Antibodies for BMAL1 and NRF2 were purchased from 
Abcam. Antibodies for NQO1, GCLM and HO1 were obtained 
from Sigma‑Aldrich. β‑actin and LaminB were purchased 
from Cell Signaling Technology, Inc. (cat. nos. 4970 and 13435, 
respectively), and horseradish peroxidase (HRP)‑conjugated 
secondary antibodies were purchased from Santa  Cruz 
Biotechnology, Inc. Blood urea nitrogen (BUN) and serum 
creatinine (Scr) were measured using an Olympus automatic 
analyzer and neutrophil gelatinase associated lipocalin 
(NGAL) levels were quantified using the corresponding 
enzyme‑linked immunosorbent assay (ELISA) kit purchased 
from Elabscience, Inc. Superoxide dismutase (SOD) and malo‑
ndialdehyde (MDA) assay kits were purchased from Nanjing 
Jiancheng Biochemicals Ltd.

Renal ischemia‑reperfusion model. All rats were anesthetized by 
intraperitoneal injection of 2% pentobarbital sodium (40 mg/kg). 
Rats were immobilized and subsequently connected to an ECG 
monitor, after whom the trachea was cut and the animals mechani‑
cally ventilated. The IR model was established by bilateral renal 
pedicle occlusion for ischemia (45 min), followed by removal of 
the microvascular clip for 24 h reperfusion (10). Except for occlu‑
sion, the other surgical procedures in the S Group were the same. 
The procedure was successful if the kidney turned from red to 
black after the pedicle occlusion, then black to red after gradual 
removal the clip. The surgery was considered successful if the 
rats regained consciousness after 1‑3 h.

Histopathology of kidney tissue. The left kidney was 
sectioned, then fixed with 4% formaldehyde for 24 h at room 
temperature, then embedded in paraffin, from which 4‑µm 
sections were cut and stained with hematoxylin for 3 min and 
eosin for 60 sec at room temperature. The slides were evalu‑
ated using light microscopy (original magnification, x200; 
Olympus BX50; Olympus Corporation). Renal histological 
assessment was conducted using a semi‑quantitative scale, as 
described by Spandou et al (11): For each kidney, ≥100 cortical 

tubules from 10 different regions were scored. Higher scores 
represented more severe damage, maximum score per tubule 
was 10, scoring as follows: 0=Normal kidney; 1=minimal 
damage (<5% involvement of the cortex or outer medulla); 
2=mild damage (5‑25% involvement of the cortex or outer 
medulla); 3=moderate damage (25‑75% involvement of the 
cortex or outer medulla); 4=severe damage (>75% involvement 
of the cortex or outer medulla) (12).

Immunohistochemical assessment of NRF2 in the kidney. The 
streptavidin‑biotin complex immunohistochemical technique 
has been described previously  (13). It was used to detect 
NRF2 protein in paraffin‑embedded kidney tissue sections 
by permeabilizing with 0.3% Triton X‑100 (cat. no. P0096; 
Beyotime Institute of Biotechnology) at room temperature for 
10 min, then blocked with 10% goat serum (cat. no. C0265; 
Beyotime Institute of Biotechnology) at 37˚C for 10  min, 
incubated overnight at 4˚C with 1:400 NRF2 antibody 
(cat. no. ab92946; Abcam), incubated 30 min at 37˚C with 
1:500 Biotin‑labeled secondary antibody (cat.  no. A0277; 
Beyotime Institute of Biotechnology), incubated 1 h at room 
temperature with the 1:400 Streptavidin‑HRP (cat. no. A0303; 
Beyotime Institute of Biotechnology) and dyed 2‑5 min at 
room temperature with DAB + 30% H2O2. Positive expression 
in the cytoplasm and/or nucleus was stained brown (original 
magnification, x200; Olympus BX50; Olympus Corporation). 
The optical density of positive staining was semi‑quantitatively 
evaluated using Image Pro®plus version 6.0 software (Media 
Cybernetics, Inc.).

Measurement of Scr, BUN and NGAL levels. After the end of 
IR, the right internal carotid artery of the rats was isolated, 
2 ml blood was collected from each group. Blood samples were 
collected at the end of reperfusion, centrifuged at 3,000 x g for 
10 min at 4˚C and then serum was separated and stored at ‑20˚C. 
Scr and BUN were measured using an Olympus automatic 
analyzer (AU5400; Olympus Corporation), and NGAL levels 
were measured using ELISA assay kits (cat. no. E‑EL‑R0662c; 
Elabscience, Inc.) as described previously (13).

Measurement of SOD activity and MDA levels in renal 
tissues. Renal tissues were harvested and immediately homog‑
enized on ice in 5 volumes of normal saline. The homogenates 
were centrifuged at 1,200 x g for 10 min at 4˚C. SOD activity 
(cat. no. A001‑3‑2) and MDA levels (cat. no. A003‑1‑2) were 
measured using a chemical assay kit (cat. nos. A001‑3‑2 and 
A003‑1‑2, respectively; Nanjing Jiancheng Biochemicals Ltd.) 
in accordance with the manufacturer's protocol.

Western blot analysis. Cytoplasmic and nuclear proteins of 
the renal tissues were extracted using nuclear and cytoplasmic 
protein extraction kit (cat. no. P0028; Beyotime Institute of 
Biotechnology) according to the manufacturer's instructions. 
After measurement of the protein concentration using the bicin‑
choninic acid method, an equal quantity of 50 µg protein was 
separated by 12% SDS‑PAGE. After electrophoresis, proteins 
were transferred onto polyvinylidene difluoride membranes. 
Each membrane was blocked with 5% nonfat milk for 2 h at 
room temperature, then incubated overnight at 4˚C with an 
appropriate primary antibody: BMAL1 (cat. nos. ab231793; 
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Abcam), NRF2 (cat. nos. ab92946; Abcam), NQO1, GCLM or 
HO1 (cat. nos. N5288, SAB2100907 and 374087, respectively; 
Merck KGaA), each at 1:800 dilution). After repeated washing 
with TBS‑T (containing 0.05% Tween‑20) the membranes 
were incubated with the HRP‑conjugated secondary anti‑
bodies (1:2,000; cat. no. sc2357; Santa Cruz Biotechnology, 
Inc.) for 2  h at room temperature. The immunoreactive 
bands were visualized by enhanced chemiluminescence 
(cat. no. NEL103E001EA; PerkinElmer, Inc.) and captured on 
X‑ray films. The optical density of the bands was measured 
with Glyko®  BandScan  V4.0 imaging analysis system 
(http://bandscan.software.informer.com/).

RNA extraction and reverse transcription‑quantitative (RT‑q) 
PCR. Total RNA was isolated from renal tissue using an 
RNAeasy™ animal RNA isolation kit (Beyotime Institute 
of Biotechnology). cDNA was synthesized at 42˚C for 
60 min and 70˚C for 15 min using a BeyoRT™ First Strand 
cDNA synthesis kit (cat. no. D7166; Beyotime Institute of 
Biotechnology) according to the manufacturer's protocols. 
Quantitative real‑time PCR (protocol: 50˚C for 2 min, 95˚C 
for 10 min; 40 cycles of 95˚C for 30 sec and 60˚C for 30 sec) 
was conducted using SYBR  Green Master mix (Vazyme 
Biotech, Co., Ltd.) and primers for CLOCK (forward, 
5'‑TCA​AGG​CCA​GAG​TTC​ATC​GT‑3' and reverse, 5'‑GAG​
TTG​GGC​TGT​GAT​CGA​AC‑3'), BMAL1 (forward, 5'‑TGA​
ACC​AGA​CAA​TGA​GGG​CT‑3' and reverse, 5'‑TAT​GCC​
AAA​ATA​GCC​GTC​GC‑3'), and NRF2 (forward, 5'‑CCC​
ATT​GAG​GGC​TGT​GAT‑3' and reverse, 5'‑TTG​GCT​
GTG​CTT​TAG​GTC‑3'). Results were quantified using the 
2‑ΔΔCq method (14) and normalized against β‑actin (forward 
primer, 5'‑CAC​GAT​GGA​GGG​GCC​GGA​CTC​ATC‑3'; 
reverse, 5'‑TAA​AGA​CCT​CTA​TGC​CAA​CAC​AGT‑3').

Chromatin immunoprecipitation (ChIP) assays. Following 
homogenization, the kidney tissue was cross‑linked with 
1% (v/v) formaldehyde for 10 min at 37˚C and cell nuclei lyzed 
using Bioruptor ultrasound (500 bp; 25% power; 4.5 sec impact, 
9 sec interval, 14  times in total) to obtain chromatin. The 
chromatin was incubated with the following antibodies at 4˚C 
overnight as follows: 1 µg/ml anti‑NRF2 (cat. no. ab137550; 
Abcam), 4 µg/ml anti‑BMAL1 (cat. no. ab231793; Abcam), and 
1 µg/ml control IgG (cat. no. ab172730; Abcam). Target DNA 
fragment were obtained by protein G magnetic Dynabead 
(cat. no. 10003D; Life Technologies) immunoprecipitation, 
then reverse chromatin cross‑linking with 5 M NaCl over‑
night at 65˚C and digestion by protease K (cat. no. 1.24568; 
Sigma‑Aldrich; Merck  KGaA), after which the DNA was 
eluted. Using RT‑qPCR technology, the E‑BOX (forward 
5'‑GAG​CCC​AGG​GCA​CGT​GGG​AGA​AGT​GG‑3' and 
reverse, 5'‑CCA​CTT​CTC​CCA​CGT​GCC​CTG​GGC​TC‑3') of 
the promoter region was amplified and quantified.

Statistical analysis. All outcome measurements were expressed 
as means ± SD values (n=5) and analyzed using Graph Pad 
Prism 6.0 (GraphPad Software, Inc.). Statistical significance 
of differences among groups was determined by a one‑way 
ANOVA with Tukey's post hoc test. Comparison of two groups 
was evaluated using a t‑test. P<0.05 was considered to indicate 
a statistically significant difference.

Results

Circadian rhythm of NRF2 gene in the kidney. In order to 
explore the circadian rhythm of NRF2 protein expression 
in normal kidneys, total NRF2 protein expression levels 
were evaluated in the normal rat kidneys that were collected 
every 4 h after ZT0. Western blot analysis indicated that total 
NRF2 protein expression levels in the S group displayed a 
strong circadian rhythm (Fig. 1A). The peak of NRF2 protein 
expression was between ZT0 and ZT4, with a trough between 
ZT12 and ZT16 (Fig. 1A). NRF2 protein translocation into 
the nucleus initiates activation of downstream antioxidant 
proteins. It was found that the nuclear NRF2 protein expres‑
sion in normal kidney tissue also exhibited a circadian rhythm, 
with an amplitude and peak phase that mirrored total NRF2 
protein expression (Fig. 1B). In addition, immunostaining of 
NRF2 protein indicated that the nuclear NRF2 protein expres‑
sion in renal tubular epithelial cells displayed clear diurnal 
variability (Fig.  1C). Compared with ZT0, the expression 
level of nuclear NRF2 protein in the ZT12 group was weaker 
(P<0.05; Fig. 1C). In order to further explore the circadian 
rhythm of the NRF2 gene transcription, quantitative PCR was 
used to measure mRNA of the core clock genes CLOCK and 
BMAL1 in the rat kidney, finding that they displayed a strong 
endogenous circadian rhythm, corresponding to that of NRF2 
mRNA (Fig. 1D). Together, these results strongly suggest that 
there is a significant circadian rhythm in the NRF2 gene in 
the kidney that is closely associated with the circadian clock 
of the body.

Diurnal variability of oxidative stress in the kidney following 
IR injury. The present study investigated whether the rhythmic 
expression of the oxidative stress and core protein NRF2 
induced diurnal variability in the anti‑oxidant stress capability 
in renal IR injury. It was hypothesized that the rhythmic expres‑
sion of NRF2 may regulate the downstream ARE‑regulated 
genes affecting IR injury, which has diurnal variability. In order 
to verify this, the rat renal IR model was established at a time 
point close to the peak or trough of NRF2 protein expression. 
The peak of NRF2 protein expression was between ZT0 and 
ZT4, and a trough between ZT12 and ZT16. In order to fit into a 
12‑h light/12‑h dark cycle, ZT0 and ZT12 were selected as the 
two time points for sampling. As shown in Fig. 2A, following 
45 min of ischemia, reperfusion significantly decreased SOD 
activity and increased MDA levels of renal tissues in the ZT12 
group compared with those in the ZT0 Group (P<0.05). The 
protein expression levels of NQO1, GCLM and HO1 exhibited 
clear diurnal variability, and the expression in the ZT0 group 
was significantly higher compared with that of the ZT12 group 
(P<0.05 for all three genes; Fig. 2B).

Diurnal variability of renal injury induced by IR. As 
expected, and displayed in Fig. 3A, following 24‑h reperfu‑
sion, characteristic histological changes to renal tubules, 
including tubular epithelial edema and swelling, lumen dila‑
tion, epithelial simplification, nuclear necrosis, cytoplasmic 
translucency, and vacuolation were observed in the IR groups. 
Histological changes in ZT12 were significantly increased 
compared with the ZT0 IR group. Compared with the normal 
kidney tissue, renal histology scores in the IR group were 
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significantly higher (P<0.05). Compared with ZT0, the score 
was significantly higher when the IR model was established 
at ZT12 (P<0.05). Furthermore, Scr, BUN and NAGL levels 
were higher in the ZT12 IR group compared with the ZT0 IR 
group, indicating a higher induction of acute kidney injury 
(Fig. 3B). Overall, the results confirm the hypothesis that 
rhythmic activation of ARE‑regulated antioxidant protein 

induces diurnal variability of the anti‑oxidant stress capability 
in renal IR injury.

Binding of BMAL1 to the NRF2 gene through an E‑BOX 
region in the kidney following IR injury. The rhythmic recruit‑
ment and activation of NRF2 and downstream antioxidant 
proteins led to the probing of whether and how the circadian 

Figure 1. Circadian rhythm of NRF2 gene in the kidney. (A) Total NRF2 protein expression levels by western blot analysis. A strong circadian rhythm of total 
NRF2 protein expression was revealed in normal kidney. The peak of NRF2 protein expression was between ZT0 and ZT4, with a trough between ZT12 and 
ZT16. (B) Nuclear NRF2 protein expression levels by western blot analysis. The nuclear NRF2 protein expression in normal kidney tissue also exhibited a 
circadian rhythm, with an amplitude and peak phase that mirrored total NRF2 protein expression. NRF2 densitometry (mean ± SD; n=5) was normalized 
to β‑actin or lamin B. One‑way ANOVA for the effect of time, *P<0.05. (C) NRF2 protein expression levels by immunostaining. Positive expression in the 
cytoplasm and/or nucleus was stained brown (original magnification, x200). The nuclear NRF2 protein expression in renal tubular epithelial cells displayed 
clear diurnal variability. Compared with ZT0, the expression of nuclear NRF2 protein at ZT12 group was weaker. Data presented as mean ± SD, n=5. *P<0.05. 
(D) The CLOCK, BMAL1 and NRF2 mRNA expression by quantitative PCR. CLOCK and BMAL1 mRNA expression displayed a strong endogenous 
circadian rhythm, corresponding to that of NRF2 mRNA in normal kidney. Data (mean ± SD; n=5) were normalized to GAPDH. One‑way ANOVA for the 
effect of time, *P<0.05. NRF2, nuclear factor erythroid 2‑related factor 2.
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clock regulated the NRF2/ARE pathway in renal IR injury. To 
explore the role of BMAL1 rhythms in coupling the rhythmic 
activation of the NRF2 gene to diurnal variability of IR 
injury in the kidney, the expression of BMAL1 and nuclear 
NRF2 protein were measured. After reperfusion, BMAL1 
and nuclear NRF2 protein expression were both significantly 
higher when IR was established at ZT0 compared with ZT12 
(P<0.05; Fig. 4A and B).

In order to further verify the hypothesis that the core 
clock gene may bind rhythmically to the promoter of the 
NRF2 gene, we conducted temporal ChIP assays in the rat 
kidney tissue. The results demonstrated that the BMAL1 
gene bound to the promoter of the NRF2 gene through the 
E‑BOX region. It was observed that the binding of BMAL1 
to the NRF2 gene at ZT0 was significantly higher compared 
with that of ZT12 in both S and IR groups (P<0.05; Fig. 4C), 
corresponding to the diurnal variability of the NRF2 expres‑
sion. Together, the results indicate that the core clock gene 
BMAL1 controls the rhythmic expression of the NRF2 gene 
directly through the E‑BOX region of the kidney following 
IR injury.

Discussion

In the present study, it was found that the circadian rhythm 
of the NRF2/ARE pathway controlled by the circadian clock 
is essential for the regulation of antioxidant stress in renal IR 
injury. Strong rhythmic binding of BMAL1 specifically to an 
E‑BOX region was detected in the gene promoters of NRF2. 
Subsequently, the rhythmic recruitment and activation of 
NRF2 protein played a critical role in the rhythmic expression 
of downstream antioxidant proteins (such as NQO1, GLCM and 
HO1), which are involved in renal IR injury. The results identi‑
fied a pivotal role for the circadian rhythm of the NRF2/ARE 
pathway controlled by the circadian clock, which is essential in 
protecting against oxidative stress injury in renal IR.

As a peripheral organ, the kidney has an independent 
biological clock system, that regulates its physiological 
function and exhibits diurnal variability, including its blood 
pressure, glomerular filtration rate, and urinary sodium 
excretion. Recent studies have confirmed that the circadian 
rhythm of kidney function and the phase of clock gene expres‑
sion (such as those of CLOCK, BMAL1 and Per1/2) are 

Figure 2. Diurnal variability of oxidative stress in the kidney following IR injury. (A) The SOD activity and MDA levels in renal tissues. SOD (U/mg pro) 
activity decreased and MDA (nmol/g pro) levels increased in the ZT12 group compared with those in ZT0 group (data presented as mean ± SD; n=5; *P<0.05). 
(B) The NQO1, GCLM and HO1 protein expression levels by western blot analysis. The expression in ZT0 group was significantly higher compared with that of 
ZT12 group (data presented as mean ± SD; n=5; *P<0.05 for all three proteins). IR, ischemia‑reperfusion; SOD, superoxide dismutase; MDA, malondialdehyde; 
NQO1, NAD(P)H dehydrogenase [quinone] 1; GCLM, glutamate‑cysteine ligase modifier; HO1, heme oxygenase 1.
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coordinated, a critical molecular mechanism that maintains 
the physiological function of the kidney (15). Furthermore, 
dysregulation of circadian gene expression can damage renal 
function and significantly influence systemic diseases, such as 
hypertension, sleep cycle disorder and cancer (16). As shown in 
Fig. 1, mRNA expression levels of core clock genes, including 
CLOCK and BMAL1, exhibited robust endogenous circadian 
rhythm in the normal kidney.

A report in the Lancet demonstrated that patients under‑
going cardiac surgery during the daytime exhibit a different 

tolerance to IR injury and degree of myocardial injury 
compared with those during the night, due to the rhythmic 
expression of clock genes (17). A similar observation has been 
reported in animals in models of IR (18‑20), suggesting that 
the rhythmic expression of the clock gene plays an important 
role in oxidative stress injury following IR, although the 
underlying mechanism is unclear. In the present study, it was 
found that the rhythm of clock genes and indicators of oxida‑
tive stress within the kidney were disordered following IR, 
which was accompanied by the pathological and functional 

Figure 3. Diurnal variability of renal injury induced by IR. (A) Renal IR injury assessment (original magnification, x200). Following 24‑h reperfusion, 
characteristic histological changes in renal tubule, including tubular epithelial edema and swelling, lumen dilation, epithelial simplification, nuclear necrosis, 
cytoplasmic translucency and vacuolation were observed in IR groups. Histological changes of ZT12 increased significantly compared with those of ZT0 in 
the IR groups. Renal histologic evaluation score was higher when the IR model was established at ZT12 (data presented as mean ± SD; n=5; *P<0.05). (B) The 
Scr, BUN and NAGL levels determined by enzyme‑linked immunosorbent assay. The levels of ZT0 group were significantly higher compared with those of the 
ZT12 group (data presented as mean ± SD; n=5; *P<0.05 for all three indicators). IR, ischemia‑reperfusion; Scr, serum creatinine; BUN, blood urea nitrogen; 
NAGL, neutrophil gelatinase associated lipocalin.
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impairment of the kidney. Therefore, it was speculated that IR 
may lead to the disorder of the circadian rhythm of the renal 
clock gene, impairing the consistency between clock genes, 
which may represent the endogenous molecular mechanism 
causing renal oxidative stress injury. IR injury is an inevitable 
pathological process in renal transplantation. Clinical obser‑
vation has shown that melatonin secretion, blood pressure, 
and fluctuation in body temperature, time of sleep onset, total 
duration of sleep time and its depth did not improve in renal 
transplant patients, and the rhythmic variations in urinary 
hormone excretion were also disturbed (15,21). This may also 
be closely associated with the incidence of cardiovascular 
disease, deterioration in renal allograft function and long‑term 
survival in patients undergoing renal transplant.

In previous research, it was confirmed that the 
NRF2/ARE pathway plays a vital role in defense against oxida‑
tion that balances oxidative stress induced by ROS in renal IR 
injury (13,22). Cyclic activation and rhythmic recruitment of 
NRF2 protein are controlled by the core clock genes CLOCK 
and BMAL1. The rhythmic activation of the Nrf2/ARE 

pathway may be a key process for the downstream expression 
of antioxidant proteins for effective removal of ROS and inhi‑
bition of tissue damage (23). The results of the present study 
indicate that activation of NRF2 results in a change in the 
amplitude of circadian rhythm and periodicity, with associated 
variation in the rhythmic expression of CLOCK and BMAL1 
in both normal and IR kidney tissue. The transactivation of 
NRF2 is regulated by the binding of BMAL1 to the NRF2 
promoter in the E‑BOX region, contributing to the rhythmic 
activation of the NRF2/ARE pathway and rhythmic expres‑
sion of downstream antioxidant proteins (24). Thus ChIP assay 
was used to identify that, under physiological conditions, the 
recruitment and activation of NRF2 protein is especially 
controlled by the core clock protein BMAL1 in the kidney 
through its binding to NRF2. The data highlight further 
evidence that the dysrhythmia of NRF2 in the kidney has wide 
implications for renal pathological and functional impairment 
induced by IR and together with ARE redox‑mediated regula‑
tion of antioxidant proteins, by detecting which can indirectly 
reflect the activation of NRF2/ARE pathway, including of 

Figure 4. Binding of BMAL1 to the NRF2 gene through an E‑BOX region in the kidney following IR injury. (A and B) The BMAL1 and nuclear NRF2 
protein expression levels in renal IR injury by western blot analysis. After reperfusion, BMAL1 and nuclear NRF2 protein expression were both significantly 
higher when IR was established at ZT0 compared with ZT12. Data presented as mean ± SD, n=5. *P<0.05. (C) The E‑BOX expression levels by temporal 
chromatin immunoprecipitation assays. The binding of BMAL1 to the NRF2 gene at ZT0 was significantly higher compared with that of ZT12 in both 
S and IR groups. Data presented as mean ± SD; n=5; *P<0.05. NRF2, nuclear factor erythroid 2‑related factor 2; BMAL1, brain and muscle ARNT‑like 1; 
IR, ischemia‑reperfusion.
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NQO1, GCLM and HO1. From these observations, it appears 
that NRF2 may be a vital mechanism between the disorder of 
clock gene rhythm and diurnal oscillation of redox balance in 
renal IR injury. In the circadian pathway, IR‑induced upregu‑
lation of NRF2 via BMAL1/CLOCK‑mediated transactivation 
results in the transactivation of ARE‑associated antioxidant 
proteins.

In conclusion, it was demonstrated that endogenous 
circadian clock genes regulating the NRF2/ARE pathway are 
associated with an anti‑oxidative stress protection mechanism 
in the rat kidney following IR. The data indicate that the 
core clock gene BMAL1 plays a vital role in regulating the 
recruitment and activation of the NRF2 gene in the kidney. In 
addition, dysrhythmia of the NRF2/ARE pathway may affect 
the expression of downstream antioxidant proteins (such as 
NQO1, GLCM and HO1) conferring the rhythmic regulation 
to alter susceptibility to oxidative stress induced by IR in the 
kidney.

Limitation and future direction. The role of NRF2/ARE 
pathway in renal I/R injury has been confirmed by using 
NRF2 agonists and inhibitors in our previous study (25). The 
present study focused on the effect of the clock gene on NRF2 
and its downstream substrates. Since the clock gene has no 
specific agonists or antagonists, future studies should employ 
specific gene knockout or gene mutations in mice in vivo, and 
gene silencing in primary cells in vitro, in order to establish 
that the inhibition of core clock genes such as CLOCK and 
BMAL1 affect the expression of NRF2, and so represent as 
potential therapeutic targets.
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