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Abstract. Previous studies have demonstrated that valproic 
acid (VPa), a histone deacetylase inhibitor, alleviates diabetic 
nephropathy (dn). However, the biological mechanisms under-
lying this protective effect remains unclear. This study aimed 
to investigate the effects of histone deacetylase inhibitor VPa 
on hyperglycemic induction of nrK-52e cell erS and apop-
tosis. endoplasmic reticulum stress (erS)-related apoptosis is 
involved in dn, and improving erS may delay the symptoms of 
dn. Histone deacetylase regulates gene transcription or expres-
sion of erS-related proteins. The present study established an 
erS model by treating the rat renal tubular epithelial cells 
nrK-52e with high glucose (HG) and investigated the effects 
of VPa on the apoptosis of the nrK-52e cells. HG stimulation 
significantly increased the protein levels of the ERS‑related 
proteins including glucose regulated protein 78 (GrP78), 
activating transcription factor 4 (aTF4), c/eBP homologous 
protein (cHoP), caspase-12 and phosphorylated (p)-JnK. 
VPa treatment further upregulated GrP78 expression and 
attenuated the levels of aTF4, cHoP, caspase-12 and p-JnK. 
notably, HG markedly promoted apoptosis of nrK-52e cells 
by regulating the protein levels of Bax, cleaved caspase-3 and 
Bcl-2, which was attenuated by simultaneous VPa treatment. 
Mechanistically, VPa increased the total acetylation levels of 
histone H4 in nrK-52e cells and increased the histone H4 
acetylation of the GrP78 promoter region. in conclusion, VPa 
attenuated HG-induced erS and apoptosis in nrK-52e cells, 
which may be due to the regulation of acetylation levels of 
erS-related proteins. in addition, the present study suggested 
that Hdacis are promising drugs for treating patients with dn.

Introduction

diabetes mellitus is one of the most common chronic diseases 
in nearly all countries (1,2), in 2010, which collectively killed 
globally an estimated 12.9 million people (3). according to 
the World Health organization Global report, approximately 
1.6 million people worldwide died due to diabetes in 2016, and 
it is estimated that 425 million people are living with diabetes 
worldwide, this number is predicted to rise to approximately 
629 million globally in 2045 (4). diabetic nephropathy (dn) 
is one of the most significant complications of diabetes and 
the main cause of end-stage renal failure (5), which seriously 
threatens the health of patients and brings a heavy economic 
burden to the families and society. Therefore, the treatment of 
dn has become a topic of concern.

The exact etiology of dn is unknown; however, various 
postulated mechanisms, including renal hemodynamic 
changes, abnormal glucose metabolism, genetic factors, 
cytokines, oxidative stress and other factors (6,7), have been 
proposed. recent research on the causes of dn has demon-
strated that dn is closely associated with apoptosis (8). The 
apoptosis of diabetic kidney tissue cells is related podocytes 
and mesangial cells, especially renal tubular epithelial 
cells are significantly associated with apoptosis (9‑11). The 
endoplasmic reticulum stress (erS) pathway is one of the 
apoptotic pathways. Studies have demonstrated that dn initi-
ates erS-related er-associated death (erad) and induces 
apoptosis (12-14). For example, the role of reactive oxygen 
species-mediated erS has been revealed in contrast-induced 
renal tubular cell apoptosis (15). during the diabetic process, 
erS is induced by factors such as high sugar, excess nutrients, 
increased free fatty acids and oxidative stress. These persistent 
and unmotivated stimuli eventually cause irreversible erS, 
initiate erad, and amplify the cascade effects of apoptosis in 
renal tubular epithelial cells (13). Qi et al have reported that the 
regulation of the ERS inflammatory response attenuates DN 
in diabetic rats (16). Therefore, effective intervention against 
ERS may benefit the treatment of DN.

chromatin structural changes affect the regulation of 
gene expression, and the acetylation of histones regulates 
gene transcription (17). it has been demonstrated that histone 
acetylation regulates the transcription of erS-related 
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genes (18,19). Valproic acid (VPa) is a representative drug of 
the non-selective histone deacetylase inhibitors (Hdacis) and 
is clinically used as anticonvulsant and sedative (16). Studies 
have demonstrated that VPa reduces the expression of trans-
forming growth factor (TGF)-β in dn, thereby reducing renal 
fibrosis (20-23). Studies have also demonstrated that VPa 
reduces mesenchymal transition of nrK-52e cells (24,25). 
Therefore, VPa mitigates dn; however, to the best of our 
knowledge, the specific mechanisms are not fully elucidated.

Our previous study demonstrated significant apoptosis of 
renal cell tissue and changes of erS-related proteins in renal 
tubular epithelial cells (26). a high concentration of glucose is 
an erS-inducing factor that mimics the natural, pathological 
process of clinical dn. Therefore, in the present study, the 
renal tubular epithelial cells nrK-52e were selected as the 
model cell line to evaluate the impacts of high concentration of 
glucose on erS and apoptosis. To determine whether and how 
the effect of VPa on dn is related to erS-related apoptosis, 
the present study investigated the regulatory mechanisms of 
VPa on histone acetylation.

Materials and methods

Cell culture. The rat renal tubular epithelial cell line nrK-52e 
(cat. no. aTcc® crl-1571™) was purchased from the 
american Type culture collection. The cells were cultured 
with either high-glucose (HG; 25 mM glucose) dMeM (Gibco; 
Thermo Fisher Scientific, Inc.) or low‑glucose (5 mM glucose) 
dMeM. culture medium, containing 10% fetal bovine serum 
(Gibco; Thermo Fisher Scientific, Inc.), was supplemented with 
100 U/ml penicillin (Gibco; Thermo Fisher Scientific, Inc.) 
and 100 µg/ml streptomycin (Gibco; Thermo Fisher Scientific, 
Inc.). The culture flasks (Beyotime Institute of Biotechnology) 
were placed in a humidified incubator (Sanyo Electric Co., 
Ltd.) at 37˚C with 5% CO2. The culture medium was changed 
every 1-2 days, and the cells were passaged every 2-3 days 
according to cell confluence.

Titration of VPA and cell treatment. nrK-52e cells were 
seeded in a 96-well plate (cat. no. JY92-2d Beyotime institute 
of Biotechnology) at a density of 1x104 cells/100 µl/well. 
The cells were cultured for 24 h to achieve a logarithmic 
growth phase and different concentrations of VPa (0.1, 1, 10 
and 100 nM) were administered. Three replicate wells were 
set for each concentration, and three negative control wells 
and blank control wells were also included. after culturing 
for 48 h, 10 µl MTT saline solution was added to each well, 
and the culture was continued for 4 h. The absorbance (a) 
value of each well was measured at a wavelength of 450 nm 
by a microplate reader (Tecan Group ltd.) to calculate the 
cell growth inhibition rate. cell growth viability rate (%) at 
different concentrations=(a value of VPa group-a value of 
blank group)/(a value of negative control group-a value of 
blank group) x 100%. The selected concentration of the drug 
was 10 nM (Fig. 1). The cells in the logarithmic growth phase 
were divided into four groups: i) control: cells were cultured 
with low glucose (5 mM) dMeM; ii) control+VPa: cells were 
cultured with low glucose (5 mM) dMeM supplemented with 
10 nM VPa (Sigma-aldrich: Merck KGaa); iii) HG: cells 
were cultured with HG (25 mM) dMeM; and iv) HG+VPa: 

cells were cultured with HG (25 mM) dMeM supplemented 
with 10 nM VPa.

Total cellular protein extraction. Harvested cells were 
washed twice with pre-cooled PBS, and transferred to a 
1.5-ml eP tube. after centrifugation at 1,000 g/5 min at 
4˚C, the supernatant was discarded and 150 µl RIPA protein 
lysis buffer (50 mM Tris-Hcl, pH 7.5, 150 mM nacl, 1 mM 
na2edTa, 1 mM edTa, 1% Triton, 2.5 mM sodium pyro-
phosphate, 1 mM β-glycerophosphate, 1 mM na3Vo4, 1 mM 
naF, 1 µg/ml leupeptin and 1 mM PMSF; Beyotime institute 
of Biotechnology) supplemented with cocktails of protease 
inhibitor and phosphatase inhibitor (amresco) were added 
to each eP tube. all the operations were performed on ice 
to avoid protein degradation. The cells were subjected to 
ultrasonication with an ultrasonic cell crusher (ningbo Xinzhi 
Technology co., ltd.) three times for 5 sec and then the cells 
were allowed to stand at 4˚C for 45 min. Next, the cells were 
centrifuged at 1,000 x g for 15 min at 4˚C, and the superna-
tant was taken and dispensed in eP tubes. after the protein 
concentration was measured with a Pierce Bca kit (Thermo 
Fisher Scientific Inc.), every 100 µl protein sample was mixed 
with 25 µl of 5x loading buffer. The mixture was boiled in 
water at 95˚C for 10 min and then incubated at 37˚C for 10 min 
in a water bath (Shanghai Bo Xun industrial co., ltd.). The 
samples that were not immediately used were stored at ‑20˚C.

Western blot analysis. Protein lysates (30-50 µg) were 
resolved by 12% SdS polyacrylamide gel electrophoresis 
(Beyotime institute of Biotechnology) and transferred onto 
immobilon-P transfer membranes (eMd Millipore). The 
membranes were blocked with 5% non-fat milk powder 
in buffer [10 mM Tris-Hcl, (pH 7.6), 100 mM nacl and 
0.1% Tween 20] for 2 h at room temperature and then 
incubated with the desired primary antibody, including 
polyclonal rabbit anti-human glycine-rich rna-binding 
protein 78 (GrP78; cat. no. ab21685, 1:1,000), polyclonal 
rabbit anti-human caspase-12 (cat. no. ab4051, 1:500), rabbit 
polyclonal anti-caspase-3 (cat. no. ab13847, 1:500), mouse 
anti-human monoclonal c/eBP homologous protein (cHoP; 
cat. no. ab11419, 1:500), monoclonal rat anti-human B-cell 
lymphoma 2 (Bcl-2; cat. no. ab182858, 1:2,000), rabbit mono-
clonal anti-Bcl-2-associated X protein (Bax; cat. no. ab32503, 
1:3,000), polyclonal rabbit anti-phosphorylated JnK (p-JnK; 
cat. no. ab4821, 1:1,000), monoclonal mouse anti-activating 
transcription factor 4 (aTF4; cat. no. ab23760, 1:1,000) or 
monoclonal mouse anti-β-actin (1:1,000; cat. no. ab6276; 
all antibodies were obtained from abcam) overnight at 
4˚C, followed by incubation with a horseradish peroxidase 
(HrP)-conjugated secondary antibody (Hangzhou Huaan 
Biotechnology co., ltd.) at a 1:2,000 dilution for 90 min at 
room temperature. The immunoreactive bands were visualized 
with 3,3'-diaminobenzidine (Sigma-aldrich; Merck KGaa). 
The representative bands were measured by a Tanon GiS gel 
imager system (Tanon Science & Technology co., ltd.) and 
analyzed. The levels of proteins were normalized to those of 
β-actin, and the ratios are presented as the mean ± standard 
deviation of three independent experiments. Protein levels 
were quantified by densitometry using the Quantity One 1‑D 
software (version 4.4.02; Bio-rad laboratories, inc.).
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Total histone H4 acetylation assay. The fast detection of total 
histone H4 acetylation in nrK-52e cells was performed using 
the epiQuik™ Total Histone H4 acetylation detection Fast 
kit (colorimetric) (cat. no. P-4032; epigentek Group inc.), as 
previously described.

Chromatin immunoprecipitation assay (CHIP). cHiP assays 
were performed using a cHiP assay kit (eMd Millipore), 
according to the manufacturer's instructions. Briefly, NRK‑52E 
cells were treated as indicated, cross-linked with formaldehyde 
and sonicated. resulting cell lysates (input) were immuno-
precipitated with the anti-acetylated-histone H4 antibody 
(cat. no. ab109463; abcam). The precipitated protein-dna 
complexes (iP) were subjected to proteinase treatment. The 
following primers were used: GrP78 forward, 5'-cTc GaG 
Gaa GGG caT aaG aGc aTc a-3' and reverse, 5'-ccG cTT 
cTc cTc aGG TTc cGG cTG T-3'; cHoP forward, 5'-acT 
Gac aac Gac aaG acc cc-3' and reverse, 5'-aGT cac aGc 
caG TaT cGa Gc-3'; and GaPdH forward, 5'-aca acc TGG 
Tcc Tca GTG TaG cc-3' and reverse, 5'-aaG GTc aTc cca 
GaG cTG aac GG-3'.

Statistical analysis. data are expressed as the mean ± standard 
error of the mean (SeM) of three independent experiments, 
each conducted in triplicate. one-way analysis of variance 
(anoVa) followed by a dunnett's multiple comparison test 
was performed to compare differences between multiple 
groups. all comparisons were performed with GraphPad Prism 
(version 5, GraphPad Software inc.). P<0.05 was considered to 
indicate a statistically significant difference.

Results

VPA attenuates HG‑induced ERS in NRK‑52E cells. First, a 
titration of VPa concentrations by MTT assays was performed 
to select the optimal concentration of VPa for treating 
nrK-52e cells. Following 48 h of culture, the cells treated with 
100 nM VPA had a significantly decreased viability compared 
with the control cells under normal glucose conditions (Fig. 1a; 
P<0.05). The viability of cells cultured with the HG medium 
significantly increased slightly with the addition of 10 nM 
VPA (P<0.05), but significantly decreased with the addition of 
100 nM VPa (P<0.05; Fig. 1B). Therefore, the optimal working 
concentration of VPa was determined to be 10 nM.

To investigate the effects of VPa on erS induced by HG 
in nrK-52e cells, the expression levels of the erS-related 
proteins GrP78, aTF4, cHoP and caspase-12 in nrK-52e 
cells cultured under HG conditions and treated with 10 nM 
VPa were determined. compared with the control group, the 
expression of the GRP78 protein in the HG group was signifi-
cantly increased (P<0.05), while supplementation of VPa 
further increased the protein levels of GrP78 (P<0.05; Fig. 2a). 
The expression of ATF4 was also significantly increased after 
stimulation with HG for 48 h, while supplementation of VPa 
(the HG+VPA group) significantly reversed this effect (P<0.05; 
Fig. 2a). a similar trend of cHoP or caspase-12 expression 
was obtained (Fig. 2a), and similar to aTF4, VPa was demon-
strated to significantly reduce the expression levels of CHOP 
and caspase-12 (P<0.05). By contrast, VPa at 10 nM did not 
affect the expression of these molecules under the low glucose 

condition. These results suggested that VPa attenuated the 
HG-induced erS in nrK-52e cells.

VPA attenuates apoptosis of NRK‑52E cells cultured under the 
HG condition. compared with the control group, HG stimula-
tion also significantly enhanced the ratio of p‑JNK/JNK in 
NRK‑52E cells, and VPA treatment significantly attenuated 
the increase of p-JnK/JnK upon HG culture (Fig. 2a). Since 
JnK activation is reported to be involved in er stress-induced 
cell death, and since both caspase-12 and cHoP are key 
erS-related apoptotic proteins, the present study hypoth-
esized that VPa may affect erS-induced apoptosis. To 
observe the effect of VPa on the apoptosis of nrK-52e cells 
induced by HG, western blotting was performed to detect the 
expression levels of apoptosis-related proteins, such as Bax, 
cleaved-caspase-3 and Bcl-2 (Fig. 2B). compared with the 
control group, HG stimulation in NRK‑52E cells significantly 
enhanced the expression of the apoptosis-promoting factors 
Bax and cleaved caspase-3, but reduced the expression of the 
apoptosis-inhibiting factor Bcl-2 (Fig. 2B). in addition, VPa 
exhibited no effects on the expression of these factors in cells 
cultured under low glucose condition, whereas VPa treatment 
in cells under HG condition significantly attenuated the effects 
of HG-induced changes in protein levels of these molecules 

Figure 1. optimizing the concentration of VPa for treating nrK-52e cells. 
nrK-52e cells seeded in a 96-well plate were cultured for 24 h to achieve 
a logarithmic growth phase, and different concentrations of VPa (0.1, 1, 10 
and 100 nM) were added to the culture medium. after culturing for 48 h, the 
cells were subjected to MTT assays for determining cell viability. (a) low 
(5 mM) glucose medium or (B) high (25 mM) glucose medium was used for 
cell culture. *P<0.05.  
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(Fig. 2B). Therefore, these results demonstrated that VPa is an 
antagonistic factor against HG-induced apoptosis in nrK-52e 
cells.

Investigating the role of VPA in histone acetylation on 
HG‑induced ERS and apoptosis in NRK‑52E cells. VPa inhibits 
histone deacetylase and promotes histone acetylation, which is 

Figure 2. Western blotting revealed that VPa attenuates er stress-induced apoptosis in nrK-52e cell upon high glucose treatment. nrK-52e cells were 
treated as indicated for 48 h, and cell lysates were collected to determine the protein levels of (a) er stress-related proteins (GrP78, aTF4, cHoP, caspase-12 
and p-JnK) and (B) apoptosis-related molecules (Bax, cleaved caspase-3 and Bcl-2) by western blot analyses. *P<0.05, **P<0.01, ***P<0.001. VPa, valproic acid; 
GPr78, aTF4, activating transcription factor 4; cHoP, c/eBP homologous protein; HG, high glucose; p-, phosphorylated.  
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involved in the transcriptional activity of genes (27). Thus, the 
role of VPa was evaluated by investigating whether and how 
it affected histone acetylation in nrK-52e cells under the HG 
(25 mmol/l) and low-glucose (5 mmol/l) culture conditions. First, 
a colorimetric assay was used to determine the total acetylation 
levels of histone H4 in nrK-52e cells. compared with the control 
group, the total histone H4 acetylation level in the HG group was 
significantly higher, while the treatment of HG in combination 
with 10 nM VPa (the HG+VPa group) further increased the 
total histone H4 acetylation levels (Fig. 3a and c). next, cHiP 
assays were performed to measure the histone H4 acetylation 
levels in the promoter region of the erS key protein GrP78. The 
acetylation level of histone H4 in the GrP78 promoter region 
was significantly increased in the HG group compared with that 
of the control group and was further increased in the HG+VPa 
group (Fig. 3B). Taken together, VPa exhibits a role of broad 
enhancement on histone H4 acetylation in nrK-52e cells.

Discussion

as a major chronic complication of diabetes, dn gains more 
and more attention as the number of dn cases increases as the 

incidence of diabetes increases. a total of 30-40% of patients 
with diabetes eventually develop dn (28); therefore, how to 
effectively treat dn has become a focus of concern. Studies 
have highlighted the crucial roles of erS and apoptosis in the 
pathogenesis of dn (12-14). in the present study, this notion 
is further strengthened by the findings that HG‑stimulated 
nrK-52e renal tubular epithelial cells underwent erS and that 
the Hdaci VaP attenuated the effects of HF, at least partially 
through the regulation on the acetylation of histone H4.

Various studies have demonstrated that dn is closely related 
to the apoptosis-associated erS pathway, and erS has become 
one of the pathogenic processes of dn (29,30). diabetes hyper-
glycemia stimulates erS in renal tubular epithelial cells or 
podocytes, and causes apoptosis (9,31,32). our previous study 
demonstrated increased expression of the erS-related protein 
GrP78 and increased expression of erS-related apoptosis 
proteins cHoP and caspase-12 in dn rat kidneys compared to 
wild type rats (26). renal apoptotic cells were mainly found in 
renal tubular epithelial cells (33). Knockout of the erS-related 
protein GrP78 in mice leads to phenotypes that include renal 
tubular atrophy, interstitial fibrosis and glomerular sclerosis (34). 
our previous study also demonstrated that erS and apoptosis of 

Figure 3. VPa enhances the acetylation levels of histone H4 in HG-induced nrK-52e cells. (a) Total histone H4 acetylation in nrK-52e cells was detected 
using an epiQuik™ Total Histone H4 acetylation detection Fast kit. n=3 for each group. (B) The effect of 10 nM VPa on histone H4 acetylation of the GrP78 
gene promoter was determined by the cHiP assay in the HG (25 mmol/l) and low glucose (5 mmol/l) groups. The upper images represent Pcr results from 
one of at least three independent experiments with similar results, while the lower bar graphs are summarized results by quantitative densitometry analyses. 
(c) Total histone H4 acetylation in nrK-52e cells was detected by western blotting. *P<0.05, **P<0.01, ***P<0.001. VPa, valproic acid; HG, high glucose; 
ac-H4, histone H4 acetylation.  
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dn rats mainly occurred in the renal tubules (26); accordingly, 
the present study investigated the effects of HG on erS of the 
nrK-52e renal tubular epithelial cells. The results of the present 
study demonstrated that compared with the control group the 
expression of the erS-related protein GrP78 was increased, 
and the expression of the erS-related apoptosis proteins 
cHoP and caspase-12 was also increased when nrK-52e cells 
were cultured under HG. This suggested that HG activates the 
erS-related apoptosis pathways in nrK-52e cells. consistent 
with other relevant research findings, the results of the present 
study suggested that erS-induced apoptosis may be one of the 
causes of kidney failure. Thus, we hypothesize that reducing 
erS-related apoptosis may attenuate the development of dn.

The regulation of expression of erS-related apoptotic 
proteins is related to chromatin structure, in addition to the 
regulation of genomic dna levels (35). Since the acetylation of 
histones is related to chromatin remodeling, it is also involved 
in the regulation of gene expression. it has been demonstrated 
that histone acetylation may be involved in the regulation of 
erS-related protein expression (36), and Hdacis are closely 
associated with cell proliferation, migration and apoptosis (37). 
VPa is a non-selective Hdaci; a recent study demonstrated that 
it reduces proteinuria in a rat model of renal ischemia-reperfu-
sion injury, thereby alleviating renal damage, and its mechanism 
may be related to the regulation of TGF-β (38). VPa also 
alleviates DN renal fibrosis (39). The results of the present 
study demonstrated that compared with those of the control 
group, the expression levels of the erS-related protein GrP78, 
which is an anti-apoptotic protein, was further increased after 
HG-induced nrK-52e cells were administered VPa, whereas 
the expression levels of erS-related pro-apoptotic proteins 
aTF4, cHoP, caspase-12 and p-JnK were reduced. in addition, 
VPa also reduced the expression of other pro-apoptotic related 
proteins such as Bax and cleaved-caspase-3, and increased the 
expression of the anti-apoptotic protein Bcl-2. in corroboration 
with the results of the present study, in a model of myocardial 
ischemia-reperfusion injury, trichostatin a (another type 
of Hdaci) was demonstrated to increase the expression of 
GrP78 and reduce the expression of the pro-apoptotic proteins 
cHoP and caspase-12 (40,41). Thus, VPa may impede the 
development of dn by attenuating erS-related apoptosis.

The present study also investigated the possible mechanisms 
of the regulation of erS-related protein expression by VPa. 
Zhang et al (42) demonstrated that VPa increases the expression 
of the erS-related protein GrP78 by increasing the acetylation 
level of histone H3, and reduce the expression of cHoP and 
caspase-12, thereby reducing ischemia-reperfusion-associated 
retinal injury. By contrast, the results of the present study 
demonstrated that VPa further increased the total acetylation 
level of histone H4. This may be due to the existence of relatively 
more acetylation sites of histone H4 than that of histone H3 (43). 
in addition, it has been revealed that Hdacis regulate the 
promoter of GrP78 in cancer cells and promote the transcription 
of GrP78 (44). Baumeister et al (45) demonstrated that histone 
acetyltransferase p300 binds to the GrP78 promoter to promote 
GrP78 transcription, and Bown et al (46) also demonstrated that 
VPa regulates the transcription of erS-related proteins. These 
studies suggest that histone acetylation may be involved in the 
transcriptional regulation of GrP78. accordingly, the cHiP 
method was performed to detect the specific H4 acetylation 

on the GrP78 gene, and the results demonstrated that the 
histone H4 acetylation levels of the GrP78 gene promoter were 
increased. This suggested that VPa may regulate the transcrip-
tion of the erS-related gene GrP78 and increases the ability of 
cells to resist apoptosis. unfortunately, the present study did not 
detect altered levels of histone H4 acetylation at the promoters 
of cHoP and caspase-12 genes despite repeated attempts. This 
may be due to the inability of histone acetylation to regulate 
the transcription of all genes. although Hdacis work in 
various tissues, they only regulate the transcription of ~20% of 
genes (47-49). Hdacis may be selective for the regulation of 
particular genes, and the underlying mechanisms require a large 
and complex panel to be explored in future research.

in summary, the results of the present study revealed that 
the Hdaci VPa attenuated HG-induced erS and erS-related 
apoptosis in nrK-52e cells, which is at least partially associ-
ated with VPa-regulated histone H4 acetylation; thus Hdacis 
are promising therapeutics for mitigating dn.
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