
www.kjpp.net Korean J Physiol Pharmacol 2021;25(5):413-423413

Korean J Physiol Pharmacol 2021;25(5):413-423
https://doi.org/10.4196/kjpp.2021.25.5.413

Author contributions: L.Y. and X.X.C. have contributed equally to this 
work. L.Y. and W.A.Z. designed the protocol of the study. L.Y. and X.X.C. 
performed the experiments. L.Y. wrote the manuscript. Z.R.B. and J.L. edited 
the manuscript. W.Q.H. supervised and coordinated the study.

This is an Open Access article distributed under the terms 
of the Creative Commons Attribution Non-Commercial 

License, which permits unrestricted non-commercial use, distribution, and 
reproduction in any medium, provided the original work is properly cited.
Copyright © Korean J Physiol Pharmacol, pISSN 1226-4512, eISSN 2093-3827

INTRODUCTION
Renal ischemia/reperfusion injury (IRI) is a common cause 

of early allograft dysfunction after kidney transplantation and 
represents an additional risk factor for the late renal allograft fail-
ure [1,2]. It also mainly contributes to acute kidney injury (AKI) 
which is a clinically common and heterogeneous disorder in hos-
pitalized patients with high mortality, and can increase the risk 
for progression to end-stage renal disease [3]. Even a mild AKI 
may lead to a poor prognosis, and significantly increase a patient’s 
in-hospital mortality, length of stay, and medical expenses [4]. 
The pathophysiology and pathogenesis of IRI remain complex 

and multifactorial. Experimental studies have proved that apop-
tosis of renal tubular epithelial cells plays a significant role in IRI 
[5,6]. Apoptosis results in loss of brush border, dilatated or dam-
aged tubules, presence of intraluminal casts, and deterioration in 
renal function [7,8]. However, the molecular mechanism of renal 
tubular epithelial cell apoptosis in IRI still remains poorly under-
stood.

Recent studies have revealed that epigenetic regulation, includ-
ing histone acetylation, could be critically involved in the patho-
genesis of renal IRI [9-11]. Histone acetylation on lysine residues 
could neutralize the positive charge, thereby destabilizing the 
histone-DNA interaction, subsequently changing the condensed 
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ABSTRACT Apoptosis is proved responsible for renal damage during ischemia/re-
perfusion. The regulation for renal apoptosis induced by ischemia/reperfusion injury 
(IRI) has still been unclearly characterized to date. In the present study, we investi-
gated the regulation of histone acetylation on IRI-induced renal apoptosis and the 
molecular mechanisms in rats with the application of curcumin possessing a variety 
of biological activities involving inhibition of apoptosis. Sprague–Dawley rats were 
randomized into four experimental groups (SHAM, IRI, curcumin, SP600125). Results 
showed that curcumin significantly decreased renal apoptosis and caspase-3/-9 ex-
pression and enhanced renal function in IRI rats. Treatment with curcumin in IRI rats 
also led to the decrease in expression of p300/cyclic AMP response element-binding 
protein (CBP) and activity of histone acetyltransferases (HATs). Reduced histone H3 
lysine 9 (H3K9) acetylation was found near the promoter region of caspase-3/-9 after 
curcumin treatment. In a similar way, SP600125, an inhibitor of c-Jun N-terminal ki-
nase (JNK), also attenuated renal apoptosis and enhanced renal function in IRI rats. In 
addition, SP600125 suppressed the binding level of p300/CBP and H3K9 acetylation 
near the promoter region of caspase-3/-9, and curcumin could inhibit JNK phosphor-
ylation like SP600125. These results indicate that curcumin could attenuate renal IRI 
via JNK/p300/CBP-mediated anti-apoptosis signaling.
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chromatin into an open, loosely packed chromatin structure, 
and consequently allowing recruitment of the activators for gene 
transcription [12,13]. Acetylation of histone was demonstrated 
to be involved in renal IRI [14]. Enhanced histone H3 acetylation 
caused by ischemia/reperfusion would damage renal function [15]. 
Besides, hyperacetylation of histone H3 could induce apoptosis in 
cancer cells [16-18]. These studies indicate that renal IRI induced 
apoptosis might be regulated by histone H3 acetylation. However, 
the mechanisms underlying the regulation of renal IRI on histone 
H3 acetylation remains unknown.

Curcumin, as a spice for culinary and food coloring purposes, 
has been widely used for centuries in indigenous medicine for 
daily treatment of various diseases [19]. It has been proved to be 
a specific inhibitor of the p300/cyclic AMP response element-
binding protein (CBP) family of histone acetyltransferases (HATs) 
[20]. Compelling evidence indicates that curcumin exerts a pro-
tective role against apoptosis in hepatocytes and cardiomyocytes 
[21,22]. To our knowledge, c-Jun N-terminal kinase (JNK) sig-
naling pathway plays a critical role in apoptosis in renal IRI [23]. 
Furthermore, in vitro experiments showed that enhancement on 
activation of JNK signaling was correlated with elevated acetyla-
tion of histone H3 in hepatocytes and neurons [24]. In the pres-
ent study, we investigated the role of curcumin on regulation of 
IRI-induced apoptosis. We found that curcumin inhibited renal 
apoptosis via suppression on p300/CBP induced H3K9 acetyla-
tion (acH3K9) near the promoter region of caspase-3/-9 and then 
inhibited the expression of caspase-3/-9 in IRI rats. Furthermore, 
we used JNK inhibitor SP600125 to explore the effect of JNK sig-
naling on HAT activity of p300/CBP and histone acetylation in 
renal IRI. Curcumin could inhibit JNK signaling in the similar 
way to SP600125. Our study indicates that curcumin could atten-
uate IRI induced renal apoptosis via inhibition of JNK/p300/CBP 
mediated regulation of caspase-3/-9 in IRI rats. Our data reveal 
that the inhibition of JNK/p300/CBP mediated histone acetyla-
tion could serve as a potential therapeutic path for renal IRI.

METHODS

Animal modeling and grouping

All experimental protocols were approved by the Institutional 
Ethics Committee of the First Affiliated Hospital of Sun Yat-sen 
University, China (no. 2017-103). And the study was conducted in 
accordance with the Basic & Clinical Pharmacology & Toxicology 
policy for experimental and clinical studies. A total of 40 adult 
male Sprague–Dawley rats weighing 180–200 g were used. Before 
experiment, rats were adaptively reared in separated ventilated 
cages under controlled temperature and humidity conditions in 
12/12-h light/dark cycle with ad libitum access to standard rodent 
diet and water for one week. Right nephrectomy was performed 
in all rats to minimize its impact on the other kidney and maxi-

mize the simulation modeling of kidney transplantation.
Briefly, all rats were anesthetized through intraperitoneal injec-

tion of pentobarbital (40 mg/kg) and placed on a heating surgical 
pad. Following a midline laparotomy, the right renal vessels and 
right urethra were ligated, and right kidney was excised. The 
left renal pedicle was exposed and occluded for 45 min using an 
atraumatic arterial clamp (except for SHAM group). Afterwards, 
the clamps were removed to restore blood supply, and the wound 
was sutured in two layers and disinfected. Rats were randomly 
assigned into four groups of 8 animals each. Rats in SHAM group 
did not receive left renal ischemia and reperfusion. Rats in IRI 
group received left renal ischemia for 45 min and subsequent re-
perfusion for 24 h. In IRI/Cur group, the rats received curcumin 
(Sigma-Aldrich, St. Louis, MO, USA) 200 mg/kg/day orally for 7 
d prior to the left renal ischemia. Curcumin treatment protocol 
was performed with some modifications of previous procedure 
[25,26]. In IRI/SP group, the rats received intraperitoneal injec-
tion of JNK inhibitor SP600125 (MCE, Monmouth Junction, 
NJ, USA) at a dose of 15 mg/kg at 45 min before the left renal 
ischemia. SP600125 treatment protocol was performed with some 
modifications of previous procedure [27]. No adverse effects of 
SP600125 or curcumin alone on renal function were found under 
the applied drug dosage (data not shown). All rats were sacrificed 
under anesthesia 24 h after the initiation of reperfusion. Blood 
samples were collected via abdominal aorta, and left kidneys were 
harvested and immediately frozen in liquid nitrogen for subse-
quent operations.

Histopathological investigation

Tissues for histopathological investigation were harvested from 
the same site of a kidney. The kidney tissues were fixed with 4% 
paraformaldehyde for 24 h and then embedded in paraffin block 
and sliced into serial sections of 4 μm thickness, followed by 
hematoxylin-eosin (H&E) staining and periodic acid-Schiff (PAS) 
staining. At least 10 fields (×200) for each slide were examined by 
a renal pathologist in a blinded fashion. A semi-quantitative scor-
ing scale was made to evaluate renal tubule damage according to 
the extent of damage to the proximal convoluted tubule, intersti-
tial edema and cellular casts. The scoring was performed by ne-
phrologists based on H&E staining and PAS staining. The extent 
of damage was scored as 0 (< 25%), 1 (25%–50%), 2 (50%–75% and 
3 (> 75%); the damage degree of proximal convoluted tubule was 
scored as 0 (no damage), 1 (brush border loss), 2 (flatten cells) and 
3 (only the basilemma is seen); 0 score was given to the absence 
of interstitial edema, while 1 score to the presence of interstitial 
edema; the presence of protein casts alone was scored as 0, while 
the presence of granular casts or cellular casts was scored as 1. 
For TUNEL assay, In Situ Cell Death Detection Kit (Roche, Ba-
sel, Switzerland) was used to detect renal cell apoptosis. Paraffin 
embedded sections were dewaxed in xylene and rehydrated by 
passage through a graded ethanol series to tap water, and finally 
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rinsed in phosphate-buffered saline. After digestion with protein-
ase K, sections were incubated in a humidified chamber at 37°C 
for 60 min in dark for TUNEL staining. The sections were coun-
terstained with DAPI (4,6-diamino-2-phenylindole) and then 
observed with an automatic fluorescence microscope (Nikon, To-
kyo, Japan). Image J software (NIH Image, Bethesda, MD, USA) 
was used for cell counting, and apoptosis index was calculated as 
the ratio of the number of TUNEL-positive cells to the total num-
ber of DAPI-positive cells.

Biochemical analysis

Plasma was separated by centrifuging the blood samples ob-
tained from abdominal aorta at 4,000 rpm for 10 min. Plasma 
concentrations of serum creatinine (Scr) and blood urea nitrogen 
(BUN) were measured with HITACHI® 7020 Biomedical Auto-
analyzer (HITACHI, Tokyo, Japan).

Western blotting

Western blotting was performed as detailed in the previous 
study [28]. Proteins bound to the PDVF (polyvinylidene fluoride) 
membrane were incubated with primary antibodies against CBP 
(Abcam, Cambridge, UK), p300 (Abcam), GAPDH (Arigo, Chi-
na), caspase-3 (CST, Boston, MA, USA), cleaved caspase-3 (CST), 
caspase-9 (CST), cleaved caspase-9 (CST), acH3 (CST), H3 (CST) 
and JNK (CST). Images were acquired using a G:BOX imaging 
system (Syngene, Cambridge, UK) and quantified using ImageJ 
software to obtain protein band intensity.

Chromatin immunoprecipitation assay

Chromatin immunoprecipitation (ChIP) assay was performed 
as described in the previous study [29] using a ChIP assay kit 
(Abcam). Protein-DNA complexes were incubated with a mono-
clonal antibody against acH3K9 (Abcam) at room temperature 
for 3 h for precipitation. Total column input served as a posi-
tive control, and non-immune immunoglobulin G (IgG) was 
applied as a negative control. The level of immunoprecipitated 
DNA was measured through quantitative real-time PCR (qRT-
PCR) using a KAPA SYBR FAST qPCR kit (Kapa Biosystems, 
Wilmington, MA, USA). For PCR, upstream primer pair of 
caspase-3 (1,000 bp) were: 5'TGAGGGAGCAAGAGTTAGG3' 
(DNA sense strand) and 5'ATTCCAGGGTCACAAAGG3' (DNA 
anti-sense strand); upstream primer pair of caspase-9 (1,000 bp) 
were: 5'GAGGCAAGGAAGAGCGAGTC3' (DNA sense strand) 
and 5'CCCACGGAGCACCTGAAT3' (DNA anti-sense strand). 
Ct value of each ChIP DNA fraction was normalized against the 
total input DNA fraction collected after release using the ΔΔCT 
method.

Histone acetyltransferase activity assay

HAT activity assay was performed using the HAT Activity 
Fluorometric Assay Kit (BioVision, Milpitas, CA, USA). Nuclear 
extracts were isolated with the Nuclear/Cytosol Fractionation Kit 
(BioVision) as per the manufacturer’s instructions. For sample 
preparation, 10 μl of sample was obtained and mixed with HAT 
Assay Buffer to reach a volume of 50 μl. One well filled with 50 μl 
HAT Assay Buffer was taken as background control. Then 4 μl of 
HeLa Nuclear Extract was mixed with HAT Assay Buffer to reach 
a volume of 50 μl. The mixture was added into desired wells for 
positive control. Standard Curve Preparation and Reaction Mix 
were made as per the manufacturer’s instructions. Then, 50 μl of 
the reaction mix was added to each well containing the samples, 
background control, standards and positive control. Fluorescence 
at Ex/Em = 535/587 nm were measured in kinetic mode with a 
microplate reader (BioTek, Winooski, VT, USA) at 25°C for 60 
min for the samples and background control, and the corre-
sponding relative fluorescence unit (RFU) were obtained.

Statistical analysis

Data were expressed as mean ± SD. All statistical analyses were 
performed using Statistical Product and Service Solutions (SPSS) 
22.0 (IBM, Armonk, NY, USA) and the figures were processed 
using GraphPad Prism 6.0 software (GraphPad, San Diego, CA, 
USA). One-way ANOVA was used to analyze the differences 
among groups, while Fisher's Least Significant Difference test was 
used for pairwise comparison between groups. For all analyses, p-
values < 0.05 was considered statistically significant.

RESULTS

Curcumin could enhance renal function of IRI rats

Scr and BUN levels were detected to indicate the renal func-

Fig. 1. Serum creatinine (Scr) and blood urea nitrogen (BUN) levels 
were used for assessing renal function. Scr (A) and BUN (B) levels in 
SHAM group, IRI group and IRI/Cur group. Statistical significance was 
determined by one-way ANOVA followed by Fisher’s Least Significant 
Difference test. n = 8 per group. IRI, ischemia/reperfusion injury; Cur, 
curcumin. *p < 0.05 vs. SHAM group; #p < 0.05 vs. IRI group.

BA
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tion of the rats. As shown in Fig. 1A, B, Scr and BUN levels were 
significantly elevated in IRI rats as compared with SHAM rats. 
Scr and BUN levels in IRI/Cur rats were significantly reduced 
as compared with IRI rats. H&E staining and PAS staining were 
used to detect the renal morphological changes. As shown in Fig. 
2A, IRI caused greater damage to renal proximal tubules mainly 
including brush border loss and flatten cells. Curcumin treat-
ment could alleviate the damage to proximal tubules. The stain-
ing results of renal cortex were used for damage scoring via the 
modified semi-quantitative evaluation scale as described above. 
As shown in Fig. 2B, IRI rats received increased scores, but much 
lower scores after curcumin treatment.

Curcumin inhibits renal tubule apoptosis of IRI rats

TUNEL assay was used for in situ detection of apoptosis in 
renal tissue sections. As shown in Fig. 3, TUNEL-positive cells 
pervaded over renal cortex in IRI rats. Apoptosis index increased 
significantly in renal proximal tubules of IRI rats and decreased 
in IRI rats receiving curcumin treatment. We further detected 
apoptosis-associated proteins caspase-3 and caspase-9 via West-
ern blotting. As shown in Fig. 4A, B, caspase-3/-9 in IRI rats were 
higher than those in SHAM rats in expression, while their ex-
pressions deceased in IRI rats receiving curcumin treatment. We 
further examined cleaved caspase-3 and cleaved caspase-9 which 

Fig. 2. Histopathological investigation 
in the presence or absence of curcum-
in treatment. (A) Representative images 
of renal tissue sections stained with H&E 
and PAS. Black arrows indicate proximal 
tubule injuries mainly including brush 
border loss and flatten cells. (B) Semi-
quantitative scoring of renal injuries 
based on morphological changes in re-
nal tissue sections stained with H&E and 
PAS. n = 8 per group. IRI, ischemia/reper-
fusion injury; Cur, curcumin. *p < 0.05 vs. 
SHAM group; #p < 0.05 vs. IRI group.

A

B
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are small fragments extracted from the caspase and play a promi-
nent role in caspase-dependent pathway for apoptosis. Cleaved 
caspase-3/-9 significantly increased in expression in IRI rats as 
compared with SHAM rats, while their expressions decreased in 
IRI rats receiving curcumin treatment.

Curcumin could suppress caspase-3/-9 expression via 
inhibition of histone acetylation

Histone H3K9 plays a critical role in apoptosis and its acety-
lation can regulate the cardiomyocytes apoptosis induced by 
alcohol by controlling caspase expression. In order to determine 
whether the changes of caspase-3/-9 in expression were associated 
with acetylated histone H3K9 (acH3K9) near the promoter region 

Fig. 3. TUNEL assay was used for in situ detection of apoptosis in renal tissue sections. (A) Representative images of renal cell apoptosis in SHAM 
group, IRI group and IRI/Cur group. Red arrows indicate TUNEL-positive cells. (B) Apoptosis indexes of above groups. n = 8 per group. IRI, ischemia/
reperfusion injury; Cur, curcumin. *p < 0.05 vs. SHAM group; #p < 0.05 vs. IRI group.

A

B
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of these genes, we assessed the acH3K9 level near the promoter 
region via ChIP assay. As shown in Fig. 5A, B, acH3K9 level in-
creased near the promoter region of both caspase-3/-9 genes in 
IRI rats as compared with SHAM rats. While the acH3K9 level 
was reduced after curcumin treatment. To trace the cause of 
H3K9 acetylation, we detected the mRNA expression of HATs 
including p300/CBP, p300/CBP-associated factor and general 
control nonderepressible 5 which can acetylate H3K9. We found 
only p300/CBP increased in IRI rats as compared with SHAM 
rats (data not shown). This result was supported by Western blot-
ting (Fig. 5E, F). Thus, we applied ChIP assay to find out whether 
p300/CBP caused the hyperacetylation of H3K9. As shown in Fig. 
5C, D, the binding level of p300/CBP to the promoter region of 
caspase-3/-9 increased in IRI rats as compared with SHAM rats, 
and relatively decreased in IRI rats receiving curcumin treatment.

Curcumin regulates p300/CBP-mediated H3K9 
acetylation via JNK signaling pathway

In a similar way to curcumin, JNK inhibitor SP600125 was 
reported to suppress activation of caspase proteins in IRI rats. 
As shown in Fig. 6A, we confirmed the similar effect on the ex-
pression of caspase-3/-9 proteins in IRI rats receiving curcumin 
or SP600125 treatment. The similar effects on renal function 
(Supplementary Fig. 1), morphology and apoptotic index between 
SP600125 and curcumin (Supplementary Figs. 2 and 3) were 
shown in supplementary materials. Since JNK signaling was 
reported to regulate the expression and activity of p300/CBP, we 
further detected the relationship between curcumin and JNK 
pathway. As shown in Fig. 6B, similar to the effect of curcumin, 
SP600125 repressed the levels of CBP/p300 and acetylated Histone 
H3 in IRI rats. In a similar way to SP600125, curcumin could 
also inhibit phosphorylated JNK signaling in IRI rats (Fig. 6C). 
In addition, we detected acH3K9 level and the binding level of 
CBP/p300 near the promoter region of caspase-3/-9. As shown in 
Fig. 7A, B, similar to the effect of curcumin, SP600125 repressed 
the enhanced acH3K9 in the promoter region of caspase-3/-9. 
SP600125 also inhibited the binding level of CBP/p300 to the 
promoter region of caspase-3/-9 (Fig. 7C, D). Furthermore, both 
SP600125 and curcumin inhibited HAT activity in IRI rats as 
shown in Fig. 7E.

DISCUSSION
Renal IRI is a common clinical phenomenon associated with 

kidney dysfunction and tissue damage. Its pathophysiology and 
pathogenesis are complex and multifactorial. Currently, apoptosis 
has been implicated in IRI but the mechanisms remain unclear. 
Unfortunately, no specific drugs have been found that could ef-
fectively prevent and treat renal IRI. Curcumin can mediate anti-
inflammatory, anti-oxidative, and anti-fibrosis effects and thus 
has therapeutic potential in IRI [30,31]. Mounting studies have 
confirmed that curcumin has protective effects against renal, 
hepatic and cardiac IRIs in rat due to its pharmacological activi-
ties [32-36]. In the present study, we found IRI could cause an 
increase in renal apoptosis and severe damage to renal tubules. 
Curcumin could alleviate proximal tubule damage, interstitial 
edema and cast formation in the treatment of renal IRI rats. In 
addition, Scr and BUN levels in IRI rats decreased after receiving 
curcumin treatment. These data indicate that apoptosis could be 
responsible for renal IRI and curcumin could protect renal func-
tion from IRI via its anti-apoptosis effect. Caspases are essential 
regulators for the initiation and execution of apoptosis. We in the 
present study found curcumin could repress the expression of 
cleaved caspase-3/-9 in IRI rats, which is consistent to the find-
ings from Awad and El-Sharif [6]. All these data indicate that cur-
cumin could alleviate IRI induced renal apoptosis via suppressing 

Fig. 4. Protein levels of caspae-3 and caspase-9 in IRI rats with or 
without curcumin treatment. (A) The protein levels of caspase-3/-9 
and cleaved caspase-3/-9 in SHAM group, IRI group, and IRI/Cur group. 
(B) Quantification results of Western blotting. n = 8 per group. IRI, isch-
emia/reperfusion injury; Cur, curcumin. *p < 0.05 vs. SHAM group; #p < 
0.05 vs. IRI group.

A

B
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caspase-3/-9 expression.
Curcumin is a specific inhibitor of HAT, especially for the in-

hibition of CBP/p300 expression and HAT activity, thereby sup-
pressing histone acetylation near target gene’s promoter and re-
press gene expression [37]. Enhanced histone acetylation has been 
found in the damaged tissues and organs due to ischemia and 
reperfusion. In renal cortex, lysine acetylation has major presence 
in renal tubular cells, and significant increase in the fraction of 
acetylation-positive tubules could be seen in the kidney subjective 
to IRI [38]. IRI also enhances the amount of acH3K9 in whole cell 
lysates in the kidney and liver [39-41]. In addition, acH3K9 plays a 
critical role in cell apoptosis and enhances caspase expression [42]. 
For instance, enhanced H3K9 acetylation could promote cas-
pase-3 and caspase-8 expressions in heart exposed to alcohol [43]. 
Thus, it’s tempting to investigate whether enhanced caspase-3/-9 
expression in IRI kidney were regulated via histone H3K9 acety-
lation. In the study, we confirmed the amount of acetylated his-
tone H3 proteins was elevated in IRI kidney (Fig. 6B). We further 

found acH3K9 level near the promoter region of caspase-3/-9 and 
the expression of caspase-3/-9 proteins were both enhanced. By 
contrast, acH3K9 level and caspase-3/-9 expression decreased in 
IRI rats receiving curcumin treatment, suggesting that acH3K9 
could serve as a critical role in IRI induced apoptosis.

HATs are epigenetic enzymes that are capable of acetylating 
the ε-amino group of specific lysine residues in histones. It is re-
ported that renal IRI could induce CBP/p300 expression, which 
could mediate acetylation of H3K9 [40,44]. Thus, we further ex-
plored whether CBP/p300 were involved in acH3K9-induced cas-
pase-3/-9 expression. In the study, we found the expression and 
activity of CBP/p300 were enhanced in the kidneys of IRI rats. In 
addition, IRI promoted the binding of CBP/p300 to the promoter 
region of caspase-3/-9. Our data showed that the binding level of 
CBP/p300 to the promoter region of caspase-3/-9 was elevated in 
IRI rats. After curcumin treatment, inhibition was seen in CBP/
p300 expression and HAT activity as well as the binding level of 
CBP/300 to the promoter region of caspase-3/-9 in IRI rats. These 

Fig. 5. Histone acetylation near the 
promoter region of caspae-3 and cas-
pase-9. ChiP assay was used to detect 
acH3K9 level in the upstream region 
of (A) caspase-3 (1,000 bp) and (B) cas-
pase-9 (1,000 bp). The enrichment of 
CREB-binding protein (CBP)/p300 in the 
promoter region of (C) caspase-3 and 
(D) caspase-9 in SHAM group, IRI group 
and IRI/Cur group. (E) The protein levels 
of p300 and CBP in above groups. (F) 
Quantification results of western blot-
ting. Results are expressed as mean ± SD. 
Statistical significance was determined 
by One-way ANOVA followed by Fisher’s 
Least Significant Difference test. n = 8 
per group. IRI, ischemia/reperfusion in-
jury; Cur, curcumin. *p < 0.05 vs. SHAM 
group; #p < 0.05 vs. IRI group.

BA

C D

E F
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data indicate enhanced CBP/300 expression and activity would be 
held accountable for IRI induced caspase-3/-9 expression.

Accumulating evidence supports that activation of JNK signal-
ing is a characteristic feature of human acute and chronic kidney 
diseases including renal IRI [45,46]. And JNK signaling plays a 
critical role in apoptosis in renal IRI [23]. In the study, we also 
found JNK signaling was activated in IRI rats and JNK inhibitor 
could suppress renal apoptosis and enhance renal function. It was 
reported that curcumin could inhibit JNK signaling to prevent 
renal fibrosis in diabetic nephropathy and protect cardiac cells 
against IRI [47,48]. Besides, JNK inhibitor could reduce H3 his-
tone acetylation in peripheral sensory neurons [24]. Given these 
findings, we hypothesized that JNK signaling was involved in 
curcumin’s regulation on caspase-3/-9 expression. In the study, 

we found the role of JNK inhibitor in regulation of caspase-3/-9 
expression in IRI rats was very similar to that of curcumin. JNK 
inhibitor could inhibit IRI induced CBP/p300 expression and 
HAT activity, thereby resulting in decrease of CBP/p300 binding 
to the promoter region of caspase-3/-9 and hence repressing the 
gene expression. These data revealed the role of JNK in epigenetic 
regulation of caspase-3/-9 expression. That JNK phosphorylation 
in kidneys of IRI rats receiving curcumin treatment was inhib-
ited indicates curcumin could inhibit caspase-3/-9 expression via 
JNK/p300/CBP signaling pathway in IRI rats.

Collectively, the present study provides evidence that IRI in-
duced renal apoptosis was regulated by histone acetylation via 
JNK pathway and curcumin possesses potential protective ef-
fects against renal apoptosis by inhibiting JNK and p300/CBP, as 

Fig. 6. c-Jun N-terminal kinase (JNK) 
and curcumin show similar effects on 
p300/CREB-binding protein (CBP) and 
caspase3/9 expression. (A) The protein 
levels of caspase-3/-9 and cleaved cas-
pase-3/-9 in SHAM group, IRI group, IRI/
SP group and IRI/Cur group. (B) The level 
of histone acetylation related proteins 
including p300/CBP and acetyl-histone 
H3 in above groups. (C) The protein level 
of phosphorylated JNK in above groups. 
Results are expressed as mean ± SD. 
Statistical significance was determined 
by One-way ANOVA followed by Fisher’s 
Least Significant Difference test. n = 8 
per group. IRI, ischemia/reperfusion inju-
ry; SP, SP600125; Cur, curcumin. *p < 0.05 
vs. SHAM group; #p < 0.05 vs. IRI group.

A

B

C
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Fig. 7. c-Jun N-terminal kinase (JNK) 
and curcumin show similar effects on 
H3K9 acetylation near the promoter 
region of caspase-3/-9. The enrich-
ment of acH3K9 in the promoter regions 
of (A) caspase-3 and (B) caspase-9 in 
SHAM group, IRI group, IRI/SP group 
and IRI/Cur group. The binding level of 
CREB-binding protein (CBP)/p300 to the 
promoter region of (C) caspase-3 and (D) 
caspase-9 in above groups. (E) histone 
acetyltransferase (HAT) activity in above 
groups. Results are expressed as mean 
± SD. Statistical significance was deter-
mined by One-way ANOVA followed by 
Fisher’s Least Significant Difference test. 
n = 8 per group. IRI, ischemia/reperfu-
sion injury; SP, SP600125; Cur, curcumin. 
*p < 0.05 vs. SHAM group; #p < 0.05 vs. 
IRI group.

A B

C D

E

Fig. 8. Schematic illustration of the protective mechanism of curcumin against renal ischemia/reperfusion injury (IRI). The mechanism in-
volves suppression on activation of c-Jun N-terminal kinase (JNK) pathway via epigenetic regulation of p300/CREB-binding protein (CBP)-mediated 
histone acetylation. In the IRI rat model, JNK activation promotes the elevation in acH3K9 level at caspase-3/-9 gene promoters, as well as the occu-
pancy of p300/CBP on the gene promoters. These events can enhance caspase-3/-9 expression, thereby resulting in renal cell apoptosis involved in 
IRI. Curcumin can attenuate these changes through its effects on JNK signaling and histone acetylation.
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presented in Fig. 8. Although the apparent lack of investigation of 
JNK or p300/CBP knockout or overexpression for further valida-
tion, our study reveals the evidence of renal apoptosis from an 
epigenetic point of view and provide us with a potential therapeu-
tic path for renal IRI.
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