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Abstract
Objective and design  Renal ischemia–reperfusion (IR)-induced acute kidney injury (AKI) remains a major challenge in 
clinic. The histone methyltransferases enhancer of zest homolog-2 (EZH2) is associated with the development of renal injury. 
However, the molecular mechanism has not been fully elucidated.
Materials  AKI in C57BL/6 mice was generated by renal IR.
Treatments  The 3-deazaneplanocin A (DZNeP), a selective EZH2 inhibitor, or vehicle was administrated in mice after IR. 
HK-2 cells were exposed to hypoxia-reoxygenation (H/R) stress.
Methods  Apoptosis was detected by TUNEL assay or flow cytometry. EZH2, caspase-3, p38, F4/80+ macrophages, and 
CD3+ T cells were examined by immunohistochemistry or Western blot. Tumor necrosis factor (TNF)-α, monocyte chem-
oattractant protein (MCP)-1, IL-6, and IL-18 were measured using RT-PCR.
Results  Mice treated with DZNeP exhibited less severe renal dysfunction and tubular injury following IR. EZH2 inhibition 
decreased apoptotic cells while reducing activation of caspase-3 in kidneys under IR condition. Moreover, EZH2 inhibition 
impaired the recruitment of CD3+ T cells and F4/80+ cells in kidneys with IR. Administration of DZNeP suppressed the 
production of TNF-α, MCP-1, IL-6, and IL-18 in IR-treated kidneys. Of note, EZH2 inhibition reduced p38 phosphorylation 
in kidneys after IR. In H/R-treated HK-2 cells, DZNeP treatment or EZH2 knockdown reduced apoptosis. EZH2 inhibition 
inactivated p38 resulting in reduction of active caspase-3 and proinflammatory molecules. By contrast, EZH2 overexpres-
sion induced p38 phosphorylation, caspase-3 activation, and production of proinflammatory molecules, which was reversed 
by SB203580.
Conclusions  EZH2 plays a crucial role in IR-induced AKI via modulation of p38 signaling. Targeting EZH2/p38 signaling 
pathway may offer novel strategies to protect kidneys from acute kidney injury induced by ischemia–reperfusion.
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Introduction

Acute kidney injury (AKI) is a constant health issues, which 
characterized by a rapid decline of kidney function. AKI 
often occurs in patients undergoing cardiovascular surgery, 
organ transplantation, trauma, and hypovolemic shock [1, 
2]. To date, AKI is rising at alarming rates worldwide and 
is associated with unacceptably morbidity and mortality [3]. 
It is now universally recognized that AKI predisposes to the 
transition to chronic kidney disease and increases the likeli-
hood of end-stage renal disease [4]. As such, identification 
of effective therapeutic interventions for this life-threatening 
disorder is a top clinical priority.

Renal ischemia–reperfusion (IR) injury is commonly 
regarded as a main cause of AKI [5]. Extensive evidences 
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show that the pathophysiological of IR-induced AKI is fea-
tured by the damage of renal tubules, apoptosis, and a robust 
inflammation [6–8]. Despite the pathological characteriza-
tion, the detailed mechanism underlying IR-induced AKI 
remains largely unexplored [9]. Elucidating the modulation 
of apoptosis and inflammation during IR-induced AKI will 
not only further enhance our understanding of the patho-
genesis of AKI, but also provide potential targets for novel 
therapeutic strategies.

Epigenetic modifications have been implicated in the 
development of some autoimmune disorders, which are 
mainly represented by posttranslational modifications of 
histone [10, 11]. Recent advances show an emerging role of 
epigenetic modifications in AKI [12]. The enhancer of zeste 
homolog 2 (EZH2), a histone-lysine N-methyltransferase, 
is a key component of polycomb repressive complex 2. 
EZH2 catalyzes the trimethylation of histone H3 at lysine 27 
(H3K27me3) and mediates gene silencing of the target genes 
[13]. A study has demonstrated that EZH2 inhibition exerts 
a protective role against acute kidney injury via attenuation 
of the Raf-1/ERK1/2 pathway [14]. However, its molecu-
lar mechanism has not been fully elucidated. Recently, it 
has been reported that EZH2 regulates the activation of p38 
signaling pathway in cancer cells [15]. Moreover, EZH2 
deficiency reduces the cytokine secretion and decreases 
inflammatory response in colitis and experimental autoim-
mune encephalomyelitis [16, 17]. Based on these findings, 
we hypothesized that EZH2 plays a role in IR-induced AKI 
through regulating p38 signaling pathway, leading to the 
inhibition of apoptosis and inflammatory response.

In the present work, we demonstrated that pharmacologi-
cal inhibition of EZH2 or EZH2 knockdown alleviates tubu-
lar cells injury through inactivating p38 signaling, resulting 
in reducing apoptosis and inflammation.

Materials and methods

Animals

Male C57BL/6 mice (8–10 weeks old, weighing 20–30 g) 
were obtained from the Sun Yat-Sen University Laboratory 
Animal Center. The animals were maintained with filtered 
water and food ad libitum in a 12-h dark–light cycle. All pro-
cedures involving mice followed the animal care protocols 
of the Institutional Animal Care and Use Committee of the 
Sun Yat-Sen University.

Renal IR injury model and treatment

Renal ischemia of mice was induced similar as we described 
previously [18]. Mice were anesthetized with an intraperi-
toneal injection of ketamine (50 mg/kg). IR-induced AKI 

model was generated by bilateral ischemia–reperfusion 
injury. The renal pedicle was bluntly dissected and exposed 
using a dorsal lumbotomy incision. A non-traumatic microa-
neurysm clamp was applied to the renal artery for 30 min 
clamping. Reperfusion was confirmed by the disappearance 
of organ cyanosis after clamps were removed. Body tem-
perature of mice was maintained at 36.5–37.5 °C throughout 
the surgery. The DZNeP (2 mg/kg, dissolved in 0.9%NaCl, 
Tocris, France), a selective EZH2 inhibitor, or vehicle was 
administrated intraperitoneally immediately after IR treat-
ment. All mice were killed at 48 h after IR or sham surgery.

Assessment of kidney function

Serum blood urea nitrogen (BUN) and creatinine were 
assessed to determined kidney function using a Quantichrom 
assay kit (BioAssay Systems) according to the manufactur-
er’s protocol.

Evaluation of renal injury

Renal injury was evaluated histologically with hematoxy-
lin and eosin (H&E) staining and with Periodic Acid-Schiff 
(PAS) staining under light microscope. All histologic exami-
nations were performed by a pathologist in a blinded fashion. 
The pathological abnormalities in the kidney were graded 
based on the presence and severity of component abnormali-
ties (i.e., tubular necrosis or damage, loss of brush border, 
tubular dilatation, cell lysis, and tubular casts formation) 
in the sample: 0 = normal kidney (no damage); 1 = minimal 
damage (< 25% damage); 2 = mild damage (25–50% dam-
age); 3 = moderate damage (50–75% damage); and 4 = severe 
damage (> 75% damage) similar as we previously described 
[18, 19].

TUNEL assay

A terminal transferase dUTP nick-end labeling assay was 
performed to detect apoptosis using an ApopTag plus Per-
oxidase in situ Apoptosis Detection Kit (Millipore) accord-
ing to the manufacturer’s protocol. The number of terminal 
transferase dUTP nick-end labeling-positive cells per high-
power field was counted and analyzed in a blinded manner 
under Nikon microscope.

Immunohistochemistry

Immunohistochemistry was performed similar as we 
described previously [20, 21]. Deparaffinized and hydrated 
sections were incubated with antigen unmasking solution 
or proteinase K for antigen retrieval. The sections were 
exposed to 3% H2O2 for 10 min. After washing, sections 
were incubated with serum diluted in PBS for 1 h, and then 
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incubated with avidin D and biotin for 15 min. EZH2 anti-
body (1:200, #5246, Cell Signaling Technology), CD3 anti-
body (1:400,SAB4700041, Calbiochem, USA), and F4/80 
antibody (1:400, MCA497GA, AbD Serotec, UK) were 
applied to kidney tissue. The slides were stored overnight at 
4 °C in humidified chamber. Diluted appropriate biotinylated 
secondary antibodies were covered sections for 1 h at room 
temperature and then incubated with ABC reagent (Vector 
Laboratories, USA) for 30 min. Diaminobenzidine solution 
was applied to slides. To counterstain nuclei, hematoxy-
lin staining was performed. Kidney slices were visualized 
using a microscope equipped with a digital camera (Nikon). 
The positive cells were counted under x400 magnification 
observing ten consecutive non- overlapping fields per animal 
in a blinded manner.

Western blot

The protein expression in kidney tissue was determined by 
Western blot. Proteins were lysed with RIPA buffer-con-
taining cocktail proteinase inhibitors (Thermo Fisher). An 
equivalent amount of protein from each sample was mixed 
with a loading buffer and loaded onto separate lanes on 
10% sodium dodecyl sulfate–polyacrylamide gel. Proteins 
were electrotransferred onto polyvinylidene fluoride mem-
branes and blotted with EZH2 antibody (1:500, #5246, Cell 
Signaling Technology), cleaved caspase-3 antibody (1:500, 
ab32351, Abcam), p38 antibody (1:500, SC-7972, Santa 
Cruz), p-p38 antibody (1:500, SC-7973, Santa Cruz), and 
GAPDH (1:1000, SC-32233, Santa Cruz) antibodies, fol-
lowed by incubation with appropriate fluorescence-conju-
gated secondary antibodies. Protein bands were visualized 
using Odyssey infrared imaging system (LICOR). Densi-
tometry analysis was performed using National Institutes of 
Health (NIH) ImageJ software and the densitometric inten-
sity corresponding to each band was normalized against 
GAPDH expression.

RT‑PCR

Total RNA from the HK-2 cells or kidneys was isolated 
using TRIzol reagent (Invitrogen; Thermo Fisher) and 
cDNA was synthesized with the M-MLV Reverse Transcrip-
tion Kit (Promega) according to the manufacturer’s protocol. 
Quantitative Real-Time PCR was performed using IQ SYBR 
green supermix reagent (Bio-Rad) with a Bio-Rad real-time 
PCR machine according to the manufacturer’s instructions. 
The data were analyzed by the 2− ΔΔCt method. The expres-
sion levels of the target genes were normalized to GAPDH 
level in each sample. The primer sequences were as follows: 
TNF-α—forward, 5′-CCC​GGA​ATG​TCG​ATG​CCT​GAGTG-
3′, reverse, 5′-CGC​CCC​GGC​CTT​CCA​AAT​AAAT-3′; 
MCP-1—forward, 5′-AGC​ATC​CAC​GTG​CTG​TCT​C-3′, 

reverse, 5′-GAT​CAT​CTT​GCC​AGT​GAA​TGAG-3′; IL-6—
forward, 5′-TCT​CGA​GCC​CAC​CAG​GAA​CGA-3′, reverse, 
5′-AGG​GAA​GGC​AGT​GGC​TGT​CA-3′; IL-18—forward, 
5′-GAC​CTG​GAA​TCA​GAC​AAC​TTTGG-3, reverse, 5′-GCC​
TCG​GGT​ATT​CTG​TTA​TGGA-3′and GAPDH—forward, 5′- 
AGG​TCG​GTG​TGA​ACG​GAT​TTG-3′, reverse, 5′- TGT​AGA​
CCA​TGT​AGT​TGA​GGTCA-3′.

Cell culture and treatment

Human renal proximal tubular epithelial cells, HK-2 (Chi-
nese Academy of Science, Shanghai, China), were cultured 
in DMEM supplemented with 10% fetal bovine serum, strep-
tomycin (100 µg/ml), and penicillin (100 U/ml) in a humidi-
fied atmosphere containing 5% CO2 at 37 °C. When cells 
reached 80% confluence, an HK-2 cell-based hypoxia-reox-
ygenation (H/R) model was established to simulate in vivo 
IR. The cells in H/R group were cultured for 12 h under 
1%O2/94%N2/5%CO2 conditions and in serum/glucose-
free medium, followed by reoxygenation in normal com-
plete medium and normoxic condition for 12 h. The cells in 
DZNeP-treated groups and SB203580-treated group were 
pretreated with DZNeP (10 µM) or SB203580 (10 µM), a 
selective inhibitor of p38 MAPK, for 12 h before the H/R 
treatment, respectively.

Apoptosis analysis

Apoptosis was measured using an annexin V-FITC/ pro-
pidium iodide (PI) staining kit and flow cytometry (Bec-
ton Dickinson). Cells were harvested, washed with ice-cold 
PBS, and fixed with 70% ethanol at − 20 °C for 1 h. Then, 
cells were incubated with fluorescein-conjugated annexin 
V and PI in the dark for 15 min at room temperature. The 
samples were analyzed by flow cytometry and apoptosis was 
quantified.

EZH2 knockdown with siRNA transfection

For RNAi-mediated knockdown of EZH2, HK-2 cells were 
grown to 60% confluence in a 6-well plates at a density of 
2 × 105 cells/well and transiently transfected with siRNA tar-
geting EZH2 using lipofectamine 2000 (Invitrogen, USA) 
following the manufacturer’s instructions. The other groups 
were transfected with blank siRNA as control. Thereafter, 
cells were supplemented with complete medium and incu-
bated for 48 h.

EZH2 overexpression plasmid construction and cell 
transfection

The overexpression plasmid of EZH2 gene was synthesized 
by Mingshanshang Medical Biotechnology Corporation 
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(Guangzhou, China). The recombinant vectors were con-
firmed by the digestion analysis of restriction endonuclease. 
All the constructed plasmids were verified by DNA sequenc-
ing. The cells were seeded into 65 mm dishes (5 × 105 cells 
per well) and transfected at 80% confluence with pcDNA3.1-
EZH2 (overexpression of EZH2 gene) using Lipofectamine 
2000 (Invitrogen, USA) according to the manufacturer’s 
protocol.

Statistical analysis

Data were expressed as mean ± SEM. Multiple group com-
parisons were performed by ANOVA followed by the Bon-
ferroni procedure for comparison of means. A P value < 0.05 
was considered statistically significant.

Results

EZH2 is induced in the kidneys of mice following IR 
stress

A recent study has demonstrated that high expression of 
EZH2 in fibrotic kidneys of mice with unilateral ureteral 
obstruction [22]. Therefore, we first examined the level of 
EZH2 expression in kidneys tissue of mice following IR 
stress. We show that the protein levels of EZH2 were sub-
stantially induced in the kidneys of mice with IR compared 
with sham controls. On the contrary, DZNeP treatment mark-
edly down-regulated the protein levels of EZH2 in the IR-
treated kidneys of mice (Fig. 1a, b). Immunohistochemistry 

staining shows that EZH2 is localized in tubular epithelial 
cells after IR treatment (Fig. 1c).

Inhibition of EZH2 reduces IR‑induced renal injury

DZNeP, a specific inhibitor of EZH2, is capable of inducing 
EZH2 degradation [23, 24]. We next investigated whether 
pharmacological inhibition EZH2 by DZNeP reduces renal 
dysfunction and tubular injury. We found that the BUN and 
creatinine were profoundly decreased in DZNeP-treated 
mice under IR condition compared with vehicle-treated mice 
(Fig. 2a, b). Consistent with the data of kidney function, 
treatment with DZNeP markedly reduced IR-induced renal 
histological injury of mice (Fig. 2c–e). These data suggest 
that inhibition of EZH2 alleviates IR-induced kidney dys-
function and reduces renal injury.

Inhibition of EZH2 represses apoptosis of tubular 
cells and caspase‑3 activation

We next observed whether inhibition of EZH2 represses 
IR-induced tubular cells apoptosis. Using TUNEL assay 
and Western blot, we showed that the number of apoptotic 
cells and levels of cleaved caspase-3 was markedly elevated 
in the kidneys of mice following IR challenge. Conversely, 
administration of DZNeP significantly decreased the num-
ber of apoptotic cells and caspase-3 activation in the kid-
neys of mice with IR injury (Fig. 3a–d). These data suggest 
that inhibition of EZH2 protects renal tubular cells from 
IR-induced apoptosis by suppressing caspase-3 activation.

Fig. 1   EZH2 is induced in 
the kidneys after IR stress. a 
Representative Western blot 
shows EZH2 protein levels in 
the kidneys of vehicle-treated or 
DZNeP-treated mice after sham 
or IR treatment. b Quantita-
tive analysis of EZH2 protein 
expression. c Representative 
photomicrographs of kidney 
sections stained for EZH2 
(brown) and counterstained 
with hematoxylin (blue) in 
the kidneys of sham-treated 
or IR-treated mice. *P < 0.05 
vs. vehicle-sham, #P < 0.05 
vs. DZNeP-IR; +P < 0.05 vs. 
vehicle-IR. n = 6 in each group. 
IR, ischemia–reperfusion 
injury; GAPDH, glyceraldehyde 
3-phosphate dehydrogenase. 
Scale bar: 50 µm. (Color figure 
online)
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Inhibition of EZH2 impairs inflammation cells 
infiltration and proinflammatory molecules release

Inflammatory response is a major contributor to IR-induced 
AKI [19, 25]. After DZNeP treatment, the IR-treated kid-
neys of mice displayed a significant reduction of CD3 posi-
tive cells and F4/80-positive cells (Fig. 4a–d). In addition, 
treatment with DZNeP considerably decreased the mRNA 
levels of TNF-α, MCP-1, IL-6, and IL-18 in the kidneys of 
mice under IR condition (Fig. 4e-h). These data indicate 
that EZH2 inhibition impairs inflammatory response in the 
IR-treated kidneys of mice.

Inhibition of EZH2 decreases p38 phosphorylation 
in IR‑treated kidneys

A study shows that EZH2 inhibition decreases p38 sign-
aling [15]. We then investigated whether EZH2 inhibition 
decreases p38 phosphorylation. We showed that the levels of 
p38 phosphorylation in IR-treated kidneys of mice were sig-
nificantly decreased after DZNeP administration compared 
with vehicle-treated mice (Fig. 5a, b). These data suggest 

that inhibition of EZH2 suppresses IR-induced p38 phos-
phorylation in kidneys.

DZNeP treatment and EZH2 knockdown reduce 
apoptosis of HK‑2 cells induced by H/R

We show that H/R treatment obviously increased apoptosis 
rate of HK-2 cells, whereas DZNeP treatment considerably 
decreased cells apoptosis induced by H/R injury (Fig. 6a, 
b). In agreement with the results of DZNeP, we reveal that 
EZH2 knockdown significantly reduced cell apoptosis 
(Fig. 6c, d). These data suggest that the inhibition of EZH2 
suppresses IR-induced cells apoptosis.

DZNeP treatment and EZH2 knockdown inhibit 
p38 phosphorylation, caspase‑3 activation, 
and proinflammatoryproinflammatory molecules 
release

Our results show that DZNeP treatment down-regulated 
the levels of EZH2 protein (Fig. 7a, b). In agreement with 

#

+

d e
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a b

#
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Fig. 2   Inhibition of EZH2 reduces IR-induced renal injury. a, b The 
levels of serum BUN and creatinine in vehicle-treated or DZNeP-
treated mice after sham or IR treatment. c, d Representative photomi-
crographs of H&E staining and PAS staining for kidney sections from 

vehicle-treated or DZNeP-treated mice after sham or IR treatment. e 
Quantitative assessment of renal tubular injury. *P < 0.05 vs. vehicle-
sham, #P < 0.05 vs. DZNeP-IR; +P < 0.05 vs. vehicle-IR. n = 6 in each 
group. IR, ischemia–reperfusion injury. Scale bar: 50 µm
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mouse model, we revealed that H/R treatment profoundly 
increased the levels of p38 phosphorylation, whereas 
DZNeP treatment markedly reduced p38 phosphoryla-
tion in H/R-treated HK-2 cells (Fig. 7a, c). We also show 
that EZH2 knockdown substantially decreased EZH2 pro-
tein expression and p38 phosphorylation in H/R-treated 
HK-2 cells (Fig. 7e–g). Our results revealed that admin-
istration of DZNeP suppressed caspase-3 activation and 
proinflammatory molecules release in H/R-treated HK-2 
cells (Fig. 7a, c, d). Consistent with the results of DZNeP 
treatment, EZH2 knockdown inhibited cleaved caspase-3 
up-regulation and proinflammatory molecules production 
in H/R-treated HK-2 cells (Fig. 7e, g, h). These findings 
suggest that inhibition of EZH2 suppresses IR-induced p38 
phosphorylation, caspase-3 activation, and proinflamma-
tory molecules release.

EZH2 regulates caspase‑3 activation 
and proinflammatory molecules released 
by targeting p38 in H/R‑induced in HK‑2 cells

To clarify whether EZH2 regulates apoptosis and inflam-
mation by targeting p38 signaling, we next investigated the 
effects of EZH2 overexpression on p38 signaling in H/R-
treated HK-2 cells. The expression of EZH2 in cells treated 
with pcDNA-EZH2 was determined using Western blot 
analysis (Fig. 8a, b). We showed that EZH2 overexpres-
sion up-regulated the levels of p38 phosphorylation in H/R-
treated HK-2 cells (Fig. 8c, d). Of note, SB203580 treatment 
abolished H/R-induced caspase-3 activation in the context 
of EZH2 overexpression (Fig. 8e, f). We also show that 
EZH2 overexpression increased the production of TNF-α 
and IL-6 in H/R-treated HK-2 cells, whereas administration 
of SB203580 reversed proinflammatory molecules release 
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Fig. 3   Inhibition of EZH2 suppresses apoptosis of tubular cells and 
the activation of caspase-3. a Representative photomicrographs of 
kidney sections stained for apoptotic cells (brown) and counter-
stained with methylgreen (green) in the kidneys of vehicle-treated or 
DZNeP-treated mice after sham treatment or IR treatment. b Quan-
titative analysis of apoptotic cells. c Representative Western blot 

shows cleaved caspase-3 protein levels in vehicle-treated or DZNeP-
treated mice after sham or IR treatment. d Quantitative analysis of 
cleaved caspase-3 expression. *P < 0.05 vs. vehicle–sham, #P < 0.05 
vs. DZNeP-IR; +P < 0.05 vs. vehicle-IR. n = 6 in each group. IR, 
ischemia–reperfusion injury; GAPDH, glyceraldehyde 3-phosphate 
dehydrogenase; Scale bar: 50 µm. (Color figure online)
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Fig. 4   Inhibition of EZH2 
impairs inflammation cells 
infiltration and down-regulates 
proinflammatory gene expres-
sion. a Representative photo-
micrographs of kidney sections 
stained for CD3 (brown) and 
counterstained with hematoxy-
lin (blue) in vehicle-treated or 
DZNeP-treated mice after sham 
or IR treatments. b Quantitative 
analysis of CD3+-positive T 
cells. c Representative photo-
micrographs of kidney sections 
stained for F4/80 (brown) and 
counterstained with hematoxy-
lin (blue) in the kidneys of vehi-
cle-treated or DZNeP-treated 
mice after sham or IR treat-
ment. d Quantitative analysis 
of F4/80 positive macrophages. 
e–h Quantitative analysis of 
TNF-α, MCP-1, IL-6, and 
IL-18 mRNA expression in the 
kidneys. *P < 0.05 vs. vehicle–
sham, # P < 0.05 vs. DZNeP-IR; 
+P < 0.05 vs. vehicle-IR. n = 6 
in each group. IR, ischemia–
reperfusion injury; TNF-α, 
tumor necrosis factor-α; MCP-1, 
monocyte chemoattractant pro-
tein-1; GAPDH, glyceraldehyde 
3-phosphate dehydrogenase. 
Scale bar: 50 µm
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(Fig. 8g, h). These data implicate that EZH2 regulates cas-
pase-3 activation and proinflammatory molecules released 
by targeting p38 signaling.

Discussion

In light of the steadily increasing AKI epidemic, a better 
understanding of molecular mechanisms that are affected to 
develop potential novel therapeutic strategies is extremely 
required [3]. The histone methyltransferase EZH2 is a mem-
ber of polycomb repressive complex 2, which is specifically 
responsible for the trimethylation of H3K27me3, a well-
known histone mark involved in transcriptional repression of 
target genes [26, 27]. Mounting evidences have documented 
that EZH2 functions as a double-facet molecule in tumori-
genesis as an oncogene and tumor suppressor gene, depend-
ing on the different cellular contexts [28, 29]. Recently, 
accumulating data implicate that EZH2 has been involved 
in the pathogenesis of chronic renal fibrosis. Zhou et al. have 
observed that unilateral ureteral obstruction induces high 
expression of EZH2 in fibrotic kidneys of mice and inhibi-
tion of EZH2 by DZNeP impedes the progression of renal 
fibrosis [22, 30]. Moreover, EZH2 inhibition exerts a protec-
tive role against acute kidney injury via attenuation of the 
Raf-1/ERK1/2 pathway [14]. In this work, we demonstrate 
that pharmacological inhibition of EZH2 by DZNeP reduces 
kidney dysfunction and diminishes renal tubular injury via 
the regulation of apoptosis and inflammatory response. Of 
note, EZH2 inhibition attenuates IR-induced AKI by inacti-
vating p38 signaling.

A large number of studies have demonstrated that apop-
tosis of tubular epithelial cells during IR stress exacerbates 
AKI, resulting in kidney dysfunction [31, 32]. In the present 
study, our findings reveal that IR insult leads to a significant 

increment of apoptotic cells in the kidneys of mice. Con-
versely, treatment with DZNeP markedly decreases apop-
totic cells in the kidneys. Simultaneously, we show that the 
activation of caspase-3 is significantly induced in the kid-
neys of mice with IR injury, whereas DZNeP treatment obvi-
ously impairs the activation of caspase-3. Consistent with 
the results of mice, DZNeP treatment or EZH2 knockdown 
reduces apoptosis rates and caspase-3 activation in H/R-
treated HK-2 cells. These data indicate that EZH2 inhibition 
suppresses the apoptosis of tubular cells through regulation 
of caspase-3 activation in IR-induced AKI.

Infiltrating inflammatory cells have been implicated to 
play critical roles in the initiation and development of kidney 
dysfunction and tubular injury during IR-induced AKI [33, 
34]. In the current study, we show that IR stress substan-
tially promoted infiltration of T cells and macrophages into 
the kidneys. By contrast, the kidneys of mice treated with 
DZNeP present a markedly reduction of these inflamma-
tory cells. These data suggest that EZH2 inhibition impairs 
T cells and macrophage infiltration into the kidney of mice 
in response to IR injury. IR-induced AKI is also manifested 
by the release of a series of proinflammatory cytokines 
and chemokines such as TNF-α, MCP-1, IL-6, and IL-18 
[34–36]. These proinflammatory cytokines and chemokines 
causing tubular injury and apoptosis have been regarded as 
the major cause of IR-induced AKI [18, 35]. There is evi-
dence that EZH2 mediates proinflammatory gene expression. 
The absence of EZH2 diminishes the cytokine secretion and 
reduces inflammatory response in colitis and experimental 
autoimmune encephalomyelitis [17]. In addition, a study 
has reported that the inhibition of EZH2 suppresses gene 
expression of proinflammatory cytokine such as IL-6 and 
TNF-α in a mouse model of colitis-associated cancer [16]. In 
this study, our results show the gene expressions of TNF-α, 
MCP-1, IL-6, and IL-18 are increased considerably in the 
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+
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Fig. 5   Inhibition of EZH2 decreases p38 phosphorylation in IR-
treated kidneys. a Representative western blot shows p38 phospho-
rylation in the kidneys of vehicle-treated or DZNeP-treated mice after 

sham or IR treatments. b Quantitative analysis of the levels of p38 
phosphorylation. *P < 0.05 vs. vehicle–sham, #P < 0.05 vs. DZNeP-
IR; +P < 0.05 vs. vehicle-IR. n = 6 in each group
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kidneys after IR treatment, whereas application of DZNeP 
profoundly reduces these gene expressions in the kidneys. 
In agreement with the results of mouse IR model, DZNeP 
treatment or EZH2 knockdown decreases proinflammatory 
production in H/R-treated HK-2 cells. These data implicate 
that EZH2 inhibition diminishes the levels of proinflamma-
tory molecules during IR-induced AKI.

The p38 MAPK signaling plays a key role in the regula-
tion of apoptosis and inflammatory response [37, 38]. Recent 

data implicate that EZH2 regulates the activation of p38 sign-
aling pathway in cancer cells [15]. In this study, we reveal 
that inhibition of EZH2 decreases p38 phosphorylation in IR-
treated kidneys and H/R-treated tubular epithelial cells. EZH2 

c d 

a b 

Fig. 6   Inhibition of EZH2 reduces H/R-induced apoptosis of HK-2. 
a, b Representative photomicrographs of flow cytometry show apop-
tosis and quantitative analysis of apoptosis rates in vehicle-treated 
or DZNeP-treated HK-2 cells with or without H/R treatment. c, d 
Representative photomicrographs of flow cytometry show apoptosis 

and quantitative analysis of apoptosis rates in HK-2 cells of EZH2 
knockdown with or without H/R treatments. #P < 0.05 vs. Control 
group or si-Control group; *P < 0.05 vs. DZNeP + H/R group or si-
EZH2 + H/R group; +P < 0.05 vs. or H/R group or si-Control + H/R 
group
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overexpression up-regulates the levels of p38 phosphoryla-
tion in H/R-treated HK-2 cells. Of note, SB203580 treatment 
reverses H/R-induced caspase-3 activation and proinflamma-
toryproinflammatory molecule production in the context of 
EZH2 overexpression. These data suggest that EZH2 regulates 
apoptosis and inflammation during IR-induced AKI by target-
ing p38 signaling.

Collectively, we demonstrate that EZH2 plays a crucial role 
in ischemia–reperfusion-induced acute kidney injury via the 
regulation of p38 signaling. Targeting EZH2/p38 signaling 
pathway may offer novel strategies to protect kidneys from 
acute kidney injury induced by ischemia–reperfusion.

c 

e f 

d a b 

g h 

Fig. 7   Inhibition of EZH2 down-regulates p38 phosphorylation, cas-
pase-3 activation, and proinflamamtory molecules release. a–c Rep-
resentative Western blots and quantitative analysis of levels of EZH2, 
p38 phosphorylation, and cleaved caspase-3 in vehicle-treated or 
DZNeP-treated HK-2 cells with or without H/R treatments. d Quan-
titative analysis of TNF-α and IL-6 mRNA expression in vehicle-
treated or DZNeP-treated HK-2 cells with or without H/R treatments. 
e–g Representative Western blots and quantitative analysis of levels 

of EZH2, p38 phosphorylation, and cleaved caspase-3 in si-Control-
treated or si-EZH2-treated HK-2 cells with or without H/R treat-
ments. h Quantitative analysis of TNF-α and IL-6 mRNA expression 
in si-Control-treated or si-EZH2-treated HK-2 cells with or without 
H/R treatments. #P < 0.05 vs. Control group or si-Control group; 
*P < 0.05 vs. DZNeP + H/R group or si-EZH2 + H/R group; +P < 0.05 
vs. or H/R group or si-Control + H/R group
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