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 Background: Histone deacetylase (HDAC) inhibitors can attenuate acute kidney injury (AKI)-mediated damage and reduce 
fibrosis in kidney disease models. The aim of the present study was to investigate the effects of the HDAC in-
hibitor MS-275 on lipopolysaccharide (LPS)-induced AKI and the associated mechanisms.

 Material/Methods: A LPS-induced model in 6–8 weeks-old mice was established by intraperitoneal injection of LPS (10 mg/kg), 
with pre-treatment of MS-275 (2 mg/kg/day) administered intraperitoneally for five days. In addition, HK-2 
cells were exposed to LPS (1 μg/mL) at 0.1 nM, 1 nM, 10 nM, and 100 nM. For our in vitro MS-275 study, detec-
tion programs included histology, biochemical, immunohistochemistry, mRNA and protein expression as well 
as apoptosis.

 Results: MS-275 ameliorated renal damage, enhanced the survival rate of the LPS-induced sepsis model, decreased 
the expressions of TNF-a, IL-1b, IL-6, COX-2, and NF-kBp65 nucleus translocation, suppressed the HDAC activ-
ity which was enhanced in septic AKI mice, and enhanced the acetylation of histone H3 and H4. Reactive ox-
ygen species (ROS) production was enhanced in the kidney of LPS mice compared to control mice, while MS-
275 suppressed the production of ROS in kidney tissue. In the in vitro studies, MS-275 reduced the LPS-induced 
apoptosis of HK-2 cells, inhibited ROS and MDA production, increased the production GSH and SOD activity, 
decreased the expressions of CHOP, GRP78, caspase3, and capase12, which was related to endoplasmic retic-
ulum stress in LPS stimulated HK-2 cells.

 Conclusions: MS-275 pre-treatment improved renal function and ameliorated histological alterations, inflammation, and ROS 
production in LPS-induced AKI mice and may act through inhibiting ROS-oxidative stress and endoplasmic re-
ticulum stress.

 MeSH Keywords: Acute Kidney Injury • Endoplasmic Reticulum Stress • Oxidative Stress • Sepsis

 Full-text PDF: https://www.medscimonit.com/abstract/index/idArt/906362

Authors’ Contribution: 
Study Design A

 Data Collection B
 Statistical Analysis C
Data Interpretation D

 Manuscript Preparation E
 Literature Search F
Funds Collection G

1 Department of Infectious Diseases, Renmin Hospital of Wuhan University, 
Wuhan, Hubei, P.R. China

2 Department of Pharmaceutical, Renmin Hospital of Wuhan University, Wuhan, 
Hubei, P.R. China

e-ISSN 1643-3750
© Med Sci Monit, 2018; 24: 2620-2630 

DOI: 10.12659/MSM.906362

2620
Indexed in: [Current Contents/Clinical Medicine] [SCI Expanded] [ISI Alerting System]  
[ISI Journals Master List] [Index Medicus/MEDLINE] [EMBASE/Excerpta Medica]  
[Chemical Abstracts/CAS]

LAB/IN VITRO RESEARCH

This work is licensed under Creative Common Attribution-
NonCommercial-NoDerivatives 4.0 International (CC BY-NC-ND 4.0)



Background

Sepsis is defined as a type of systemic inflammatory response 
syndrome caused by the invasion of pathogenic bacteria or 
conditional pathogenic bacteria in the blood. The development 
of sepsis involves inflammatory cytokines and reactive oxy-
gen species (ROS) production, which is caused by the migra-
tion of lymphocytes, leukocytes, and platelets to the infected 
areas and induces endothelial damage, microvascular perme-
ability, platelet aggregation, local blood flow reduction, and 
then ischemia/reperfusion injury, leading to multiple organ fail-
ure [1–5]. Sepsis is often accompanied by acute kidney injury 
(AKI), which increases the risk of mortality during the uncon-
trolled systemic inflammatory response [6]. Exacerbated ROS 
production leads to AKI through ROS-induced abnormal signal 
pathway, inflammatory infiltration, cellular dysfunction, and 
renal cell death [7,8]. ROS generation may induce three types 
of programmed cell death: pyroptosis, apoptosis, and autoph-
agy. Abnormal apoptosis of renal tubular epithelial cells may 
affect the occurrence and progression of AKI [9,10]. ROS in-
duces apoptosis by activating Bax expression/caspase-3 ac-
tivity/poly-(ADP-ribose)-polymerase (PARP) fragments [7]. At 
present, effective prevention and treatment for septic AKI is 
limited. Studies have indicated that inhibition of apoptosis/
autophagy or induction of autophagy is a potential new tar-
get for therapeutic exploration of sepsis [11–13]. Endoplasmic 
reticulum (ER) stress occurs when unfolded proteins accumu-
late and the homeostasis of the ER is lost. Numerous studies 
have reported the relationship between ER stress and kidney 
diseases; ER stress response has become a major focus of kid-
ney disease research [14,15].

Histone deacetylase (HDAC) inhibitors have a pivotal effect on 
nerve protection, anti-oxidation, viscera protection, and anti-
inflammatory response [16–19]. HDACs play multiple roles dur-
ing both kidney development and the pathogenesis of kidney 
disease [20–23]. Liu and Zhuang reported that HDAC inhibitors 
protect against chronic kidney disease through multiple mech-
anisms involving anti-inflammation, immunosuppressive, pre-
vention of apoptosis, prevention of proliferation, reduction of 
vasculitis and anti-fibrosis [24]. In the present study, we used 
MS-275 (selectively inhibiting class I HDACs activity), to in-
vestigate the effects of HDAC inhibitors on the AKI in a LPS-
induced septic model and explored the underling mechanisms.

Material and Methods

Reagents included: MS-275 (Selleck, USA); LPS (Sigma-Aldrich 
Co., USA); BUN, and creatinine commercially obtained kits 
(Jiancheng Bioengineering Institute, Nanjing, China); TNF-a, IL-
1b, and IL-6 ELISA kits (eBioscience, California, USA); reverse 
transcription and PCR assay kit (Takara Bio Inc., Japan); SYBR 

Green real-time PCR kit (Takara Bio Inc., Japan); PCR primers 
(Biofavor Biotech, China); ROS fluorescent probe-dihydroethid-
ium (Vigorous Biotechnology Beijing Co., Ltd., China); primary 
antibody of NF-kBp65, H3, H4, growth arrest, and DNA damage 
inducible 153 (CHOP), GAPDH (Cell Signaling Technology, Inc, 
Danvers, MA, USA); b-actin (Boster Biological Technology Co. 
Ltd., China); glucose-regulated protein 78 (GRP78) and caspase12 
(Abcam, UK); caspase3 (Proteintech Group, Inc, China); second-
ary antibody (rabbit and mouse) (LICOR Co., USA); BCA protein 
concentration determination kit (Biosharp, China); reactive ox-
ygen species (ROS) assay kit, malondialdehyde (MDA) assay kit, 
super oxide dismutase (SOD) assay kit and glutathione (GSH) 
assay kit (Naijing Jiancheng Bioengineering Institute, China); 
Annexin V-FITC apoptosis detection kit (KeyGen BioTech Co. Ltd., 
China); DMEM/F12 (HyClone, USA); and FBS (Gibico, Australia).

Animal models

Specific pathogen free (SPF) C57BL/6 mal mice, 6–8 weeks old, 
weighing 20 to 25 g, were purchased from the Experimental 
Animal Center of Hubei Province. All animals were fed with a 
standard laboratory diet and acclimatized for five days before 
the experiment. The mice were given humanistic concern ac-
cording to the animal laboratory guidelines.

Mice were divided into three groups at random: the MS-275 
group with pre-treatment with MS-275 at 2 mg/kg/day by in-
traperitoneal injection for five days before LPS 10 mg/kg, intra-
peritoneal injection (n=32); the model LPS group with 10 mg/kg 
by intraperitoneal injection (n=32); and the control group with 
no injection (n=32). Half of the mice in each group were used 
to observe the survival rate in the 72 hours following LPS in-
traperitoneal injection; the rest of the mice were sacrificed, 
and serum and renal tissues were harvested at 24 hours and 
used for further study.

Cell cultures

Human renal proximal tubular cells (HK-2 cells), donated by 
Dr. Qi You in Renmin Hospital of Wuhan University, were cul-
tured in 10% FBS-containing DMEM/F12 medium at 37°C in 
humidified atmosphere of 5% CO2. HK-2 cells were pre-treat-
ed with MS-275 in concentrations of 0.1 nM, 1 nM, 10 nM, and 
100 nM at two hours before treatment with LPS (1 μg/mL). 
Then 24 hours later, supernatant and cells were harvested for 
further analysis.

Histopathology and kidney function

Renal tissue was incised for 5 μm paraffin sections that were 
stained with hematoxylin and eosin (H&E) stain. The path-
ological changes were evaluated by BX51 light microscope 
(OLUMPUS, Japan).

2621
Indexed in: [Current Contents/Clinical Medicine] [SCI Expanded] [ISI Alerting System]  
[ISI Journals Master List] [Index Medicus/MEDLINE] [EMBASE/Excerpta Medica]  
[Chemical Abstracts/CAS]

Zhang H. et al.: 
The nephroprotective effect of MS-275 on LPS-induced…
© Med Sci Monit, 2018; 24: 2620-2630

LAB/IN VITRO RESEARCH

This work is licensed under Creative Common Attribution-
NonCommercial-NoDerivatives 4.0 International (CC BY-NC-ND 4.0)



The serum BUN, creatinine, TNF-a, IL-1b, and IL-6 levels in mice 
were determined using ELISA kits according to the kit instruc-
tions, and assayed were performed using a microplate reader.

ROS expression in kidney tissue and HK-2 cells

The ROS expression in kidney tissue was evaluated by ROS 
fluorescent probe-dihydroethidium staining, according to the 
product instructions, then detected by fluorescence microsco-
py (Olympus BX51 DP73), with blue or green light excitation. 
ROS positive cells in the nuclear area were dyed red, and with 
ultraviolet excitation, the unoxidized dihydrogen in the cyto-
plasm emitted blue fluorescence.

The ROS production in HK-2 cells was detected using the di-
chloro-dihydro-fluorescein diacetate (DCFH-DA) method accord-
ing to the ROS assay kit instructions and then the analysis was 
performed using a quantitative method via flow cytometry.

The detection of MDA, SOD, and GSH in HK-2 cells

MDA was detected by TBA method according to the MDA as-
say kit instructions. The expression of MDA was calculated 
using the following formula: MDA (nmol/mL)=[(ODtested value–
ODcontrol value)/(ODstandard value–ODblank value)] × sample concentra-
tion × sample dilution ratio.

SOD was detected by WST-1 method according to the SOD 
assay kit instructions. The SOD inhibition ratio (%)=[(ODcontrol 

 value–ODcontrol-blank value)/(ODtested value–ODtested-blank value)]/(ODcontrol value–
ODcontrol-blank value). Then the SOD activity was calculated using 
the formula: SOD activity (U/mL)=SOD inhibition ratio/50% × 
dilution ratio × sample dilution ratio.

GSH was detected by micro-method according to the GSH as-
say kit instructions. The GSH expression was calculated us-
ing the following formula: GSH (µmol/L)=[(ODtested value–ODblank 

value)/(ODstandard value–ODblank value)] × sample concentration × sam-
ple dilution ratio.

The distribution of NF-kB p65

The distribution of NF-kBp65 in the kidney was determined by 
immunohistochemistry. The method was described in a previ-
ous study [23]. The positive staining of NF-kBp65 was recog-
nized as brown-yellow granules in cytoplasm or nuclei.

HDACs activity detection

The activity of HDACs in blood samples of mice were mea-
sured using an HDAC activity colorimetric assay kit (BioVision, 
Inc., Milpitas, CA, USA) according to the manufacturer’s proto-
col. We then detect HDACs activity using a microplate reader.

Flow cytometry

The apoptosis of HK-2 cells was detected by flow cytometry 
(FCM) with Annexin V-FITC apoptosis detection kit, the expres-
sion of ROS in HK-2 cells was detected by FCM with ROS as-
say kit according to the kit instructions.

Quantitative real-time polymerase chain reaction

KIM-1, NGAL, and COX-2 in renal tissues were detected by quan-
titative real-time polymerase chain reaction (qPCR).

Total RNA was extracted from renal tissue, and reverse tran-
scribed using Prime Script RT reagent kit with gDNA eraser. 
The q-PCR was performed with cDNA using the SYBR Green 
kit, gene-specific primers and a 7500 Sequence Detector 
System (Applied Biosystems, Foster City, CA, USA). The prim-
ers (Table 1) were developed with Primer Express software 
(Applied Biosystems). The relative quantification of RNA was 
calculated by 2–DDct.

Western blotting

Protein extracts from renal tissue samples and HK-2 cells were 
performed to detect protein concentration using BCA protein 
concentration determination kit, then subjected to sodium do-
decyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE), 
transferred to a polyvinylidene difluoride (PVDF) membrane 

Gene
Primer sequence 

Forward Reverse

COx-2 GGTCTGGTGCCTGGTCTGATGATG GTCCTTTCAAGGAGAATGGTGC

KIM-1 GGGTCTCCTTCACAGCACATT AAGCACTGGGTACAGATCCAAA

NGAL GGAAGAACCAAGGGGCTGTC CGCTCACCGTCTGTTCAGTT

GAPDH AGGAGCGAGACCCCACTAACA AGGGGGGCTAAGCAGTTGGT

Table 1. List of primer sequences used for quantitative polymerase chain reaction.
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(Millipore, Merck KGaA, Darmstadt, Germany) then sealed 
with 5% skim milk powder at room temperature for one hour, 
and washed with PBS three times (five minutes per time). The 
membrane was sequential incubated with antibody of H3, H4, 
CHOP, caspase3, caspase12, and GRP78 at 4°C overnight, then 
washed with PBST three times (five minutes per time), and 
incubated with secondary antibody in the dark for one hour, 
washed with PBST three times (five minutes per time), and 
then detected by Odyssey infrared imaging system (LI-COR 
Co.). The gray-scale values reflected the expression of protein.

Statistical analysis

All measurement data were expressed as mean ± standard 
deviation (SD). Differences between groups were calculated 
by using one-way ANOVA with repeated measurements, fol-
lowed by an Independent-Samples t-test. Results were con-
sidered statistically significant at p<0.05.

Results

The survival rate, histopathology, and kidney function

The 72-hour survival rate of LPS-induced mice was decreased to 
37.5%; MS-275 enhanced the survival rate to 62.5% (Figure 1A). 
The histological changes in renal tissue were evaluated using 
H&E staining. Swollen tubular epithelial cells and indistinct 
brush border were present in the sepsis-induced AKI mice; 
MS-275 reduced swelling and vacuolar degeneration in LPS-
induced sepsis mice (Figure 1B). MS-275 reduced the levels of 
BUN and creatinine in LPS-induced AKI mice (Figure 1C). KIM-
1 and NGAL were considered markers of renal tubular injury. 
Compared to normal mice, mRNA expressions of KIM-1 and 
NGAL in the kidney of LPS-induced AKI mice were enhanced 
(Figure 1D). Implying that MS-275 ameliorated the renal inju-
ry in LPS-induced sepsis mice.

Inflammatory mediators

The expression of serum TNF-a, IL-1b, IL-6, and transcription of 
COX-2 in the renal tissue of sepsis-induced AKI mice were high-
er than normal mice. MS-275 significantly reduced TNF-a, IL-1b, 
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Figure 1.  The survival rate and changes of histopathology and kidney function in 48 mice (16 mice in each group). (A) In the 72 hours 
after the intervention, the survival rate in the control group was 100%, in the LPS-induced AKI group it was 37.5% (6/16), in 
the MS-275 pre-treatment group it was 62.5% (10/16). MS-275 pre-treatment enhanced the survival rate of the LPS-induced 
AKI mice. (B) Swollen tubular epithelial cells and indistinct brush border were present in the LPS-induced AKI mice; MS-275 
reduced swelling and vacuolar degeneration in the LPS-induced sepsis mice (magnification: 400×, calibration bar 20 μm). 
(C) BUN and creatinine were increased in LPS-induced AKI mice, but were suppressed by MS-275; * p<0.05 versus the control 
group; # p<0.05 versus the LPS group. (D) The expression of KIM-1 and NGAL in renal tissue was detected by qPCR. KIM-
1 and NGAL were increased in the LPS group and MS-275 reduced the expression of KIM-1 and NGAL; * p<0.05 versus the 
control group; # p<0.05 versus the LPS group.
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IL-6, and COX-2 levels in sepsis-induced AKI mice (Figure 2A). 
The distribution of NF-kBp65 in renal tissue was detected by 
immunohistochemistry. In normal mice, NF-kBp65 was mainly 
detected in the cytoplasm of renal tissue. The density of NF-
kBp65 was higher in both the nucleus and cytoplasm in LPS-
induced AKI mice. MS-275 reduced the density of NF-kBp65 
in the nucleus of sepsis-induced AKI mice (Figure 2B). As a 
consequence, MS-275 reduced the inflammatory response in 
LPS-induced AKI mice.

The generation of ROS in mice

Dihydroethidium is free to enter the cell through the living 
cell membrane, and is oxidized by ROS in the cell to become 
ethylene oxide. Ethylene oxide can be incorporated into chro-
mosomal DNA, producing red fluorescence, while, with ultra-
violet excitation, the unoxidized dihydrogen in the cytoplasm 
can emit blue fluorescence. In the fluorescent images, the red 
fluorescence was more enhanced than the blue fluorescence 
in the kidneys of LPS mice compared to control mice, while 
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Figure 2.  Inflammatory mediator expression in serum of 24 mice (six mice in the control group, eight mice in the LPS group, and 10 
mice in MS-275+LPS group) and ROS expression in kidney tissues of three mice in each group. (A) The serum TNF-a, IL-1b, 
and IL-6 were detected by H&E; transcription of COX-2 in renal tissue was detected by qPCR. The inflammatory mediators 
were increased in LPS-induced AKI mice, but were suppressed by MS-275; * p<0.05 versus the control group; # p<0.05 versus 
the LPS group. (B) The expression of NF-kBp65 in renal tissue was detected by immunohistochemistry. In normal mice, NF-
kBp65 was mainly detected in the cytoplasm of renal tissue; the density of NF-kBp65 was higher in both the nucleus and 
cytoplasm of sepsis-induced AKI mice; MS-275 reduced the density of NF-kBp65 in the nucleus of sepsis-induced AKI mice 
(400×). (C) The ROS expression presented as red fluorescence in the nuclei of cells, the blue fluorescence reflected the 
absence of ROS. The control group mainly manifested blue fluorescence; while, the red fluorescence was obviously stronger 
than blue fluorescence in the kidney of LPS mice, which implied substantial ROS generation; MS-275 attenuated the red 
fluorescence, indicating suppression of ROS generation (400×).
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MS-275 weaken the red fluorescence in LPS mice (Figure 2C). 
This implied that MS-275 suppressed the generation of ROS 
in the kidneys of LPS-induced AKI mice.

HDAC activity and acetylation levels of histone H3 and H4

HDAC activity in sepsis-induced AKI mice was higher than in 
normal mice. MS-275 inhibited the HDAC activity of sepsis-in-
duced AKI mice but was still higher than that of normal mice 
(Figure 3A). The expression of acetylated H3 and H4 were in-
creased in LPS-induced AKI mice, and were enhanced further 
by MS-275 (Figure 3B).

Apoptosis of LPS-stimulated HK-2 cells

Apoptosis was detected by Annexin V-FITC apoptosis detection 
kit. The ratio of apoptosis was higher in LPS-stimulated HK-2 
cells (Figure 4D) compared to the negative control (Figure 4A 
and 4B) and the normal control (Figure 4C). In the pre-treat-
ment with the MS-275 group, with the increased concentration 
of MS-275 (0.1 nM, 1 nM, 10 nM, and 100 nM), early apopto-
sis began to decline at the concentration of 10 nM (Figure 4G); 
the late apoptosis began to decline at the concentration of 0.1 
nM (Figure 4E), but increased at the concentration of 100 nM 
(Figure 4H). The apoptosis of LPS-stimulated HK-2 cells was 
suppressed by the increased concentration of MS-275 (within 
a certain range); when the concentration of MS-275 was 100 
nM, the late apoptosis started to increase. We selected the 10 
nM MS-275 for further study in the preliminary experiment.

The generation of ROS in HK-2 cells

The expression of ROS in HK-2 cells was represented by 
the mean fluorescence intensity (FITC-A) in the region of 
P1 (Figure 5A). The mean FITC-A in the LPS cells (13673095; 
Figure 5D) was higher compared to the negative control cells 
(1830.8; Figure 5B) and the normal cells (3917932; Figure 5C). 

MS-275 suppressed ROS in LPS-stimulated HK-2 cells (7580892; 
Figure 5E).

Oxidative stress in LPS-stimulated HK-2 cells

MDA, one maker of oxidative stress, was enhanced in LPS-
stimulated HK-2 cells, but suppressed by MS-275 (Figure 
6A). Antioxidants, GSH expression, and SOD activity were de-
creased in LPS-stimulated HK-2 cells, but enhanced by MS-
275 (Figure 6B, 6C).

Endoplasmic reticulum stress in LPS-stimulated HK-2 cells

CHOP and GRP78, which were considered important mediators 
and markers of ER stress, were enhanced in LPS-stimulated 
HK-2 cells, but were suppressed by MS-275 (Figure 7A). The 
expression of caspase3 (17KD) and caspase12 (36KD), which 
are the activated forms of caspase3 and caspase12 and in-
volved in ER-induced apoptosis pathway, were enhanced in 
LPS-stimulated HK-2 cells, but were suppressed by MS-275. 
We did not find significant differences in caspase3 (32KD) and 
caspase12 (55KD) expression (inactivated forms of caspase3 
and caspase12) between groups (Figure 7B).

Discussion

AKI is a leading cause of morbidity and mortality in patients 
with severe sepsis. Hence, there is an urgent need to investi-
gate novel pharmacological interventions to treat or prevent 
AKI [24]. The generation of ROS and pro-inflammatory cyto-
kines play key roles in sepsis AKI [25,26]. There is consider-
able evidence that oxidative damage to renal tissue and tubu-
lar cells is linked to AKI. Studies in sepsis patients with kidney 
injury or renal insufficiency have shown increased circulating 
biomarkers of lipid oxidation and protein that connected with 
markers of pro-inflammatory, pro-oxidative mediators, and 
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Figure 3.  HDAC activity in serum and acetylation levels of histone H3 and H4 in kidney tissue of 24 mice (six mice in the control group, 
eight mice in the LPS group, and 10 mice in the MS-275+LPS group). (A) The HDAC activity in blood samples was enhanced 
in the LPS group, but was inhibited by MS-275. (B) The acetylation levels of H3 and H4 in renal tissue was enhanced by LPS 
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cytokines [27]. In the present study, we found the histological 
damage and dysfunction of the kidney accompanied the rise 
in inflammatory cytokines (TNF-a, IL-1b, IL-6, and COX-2) and 
ROS generation in LPS mice. ROS may induce signal transduc-
tion and then evoke apoptosis, necrosis, autophagy of sever-
al renal cells, and further exacerbate damage to the kidney. 
Abnormal apoptosis of renal tubular epithelial cells may affect 
the occurrence and progression of AKI. When cells are stimu-
lated by harmful stimulus, large numbers of ROS are produced 
and the balance between oxidation and anti-oxidation system 

is destroyed, and eventually oxidative stress occurs, promot-
ing cell apoptosis and even pathological damage. Studies have 
shown that many kidney disease models are at the status of 
oxidative stress. Extracellular stimulus induces mitochondrial 
dysfunction and affects the activity of enzymes in the mito-
chondrial respiratory chain, which ultimately produces many 
oxygen radical. The production of active oxygen can also acti-
vate many pathways producing ROS, and active oxygen induces 
lipid oxidation, DNA damage, and protein degeneration [28,29].
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Figure 4.  Apoptosis of LPS-stimulated HK-2 cells. (A, B) Negative control. (B) Normal control. (C) Apoptosis of LPS-stimulated HK-2 cells. 
The ratio of apoptosis was higher in HK-2 cells stimulated with LPS. (D) Pre-treatment with MS-275 at the concentration of 
0.1 nM. (E) Pre-treatment with MS-275 at the concentration of 1 nM, (F) Pre-treatment with MS-275 at the concentration of 
10 nM. (G) Pre-treatment with MS-275 at the concentration of 100 nM. With pre-treatment with MS-275 of LPS stimulated 
HK-2 cells, the apoptosis began to decline within a certain range. MS-275 suppressed apoptosis of LPS-stimulated HK-2 cells 
severely at the concentrate of 10 nM.
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ROS as an intracellular messenger activates many signaling 
pathways, such as the apoptosis pathway, and induces cell 
damage indirectly, resulting in more ROS being produced. As 
a result, oxidative stress is an important pathophysiological 
mechanism of kidney injury and participates in the development 
of kidney disease. Oxidative stress to the ER usually results in 
an accumulation of unfolded or mis-folded proteins, activat-
ing a coordinated adaptive program called unfolded protein 
response (UPR). The UPR is part of the process of cadmium-in-
duced apoptosis in renal cells. Cross-talk was present between 

damaged ER and mitochondria; the damaged ER causes overall 
cellular stress which puts all organelles under threat, includ-
ing mitochondria. Additionally, the activation of ER resident 
trans-membrane proteins by stimulating endogenous and ex-
ogenous harmful substances can activate transcription factor 
6, PKR-like ER stress kinase, inositol-requiring enzyme 1, and 
regulate the ER stress signaling pathway [30,31]; activation of 
NF-kBp65 is also regulated by these pathways. Therefore, ame-
lioration of ER stress may inhibit the inflammatory response 
and even improve the prognosis of septic AKI. In our study, 
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Figure 5.  The generation of ROS in LPS-stimulated HK-2 cells. The production of ROS was detected by ROS assay kit and was present 
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cells. ROS was enhanced in the LPS group (mean FITC-A: 13673095.0) compared to the normal control group (mean FITC-A: 
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Figure 6.  Oxidative stress in LPS-stimulated HK-2 cells. (A) The production of MDA in HK-2 cells. MDA was enhanced in LPS stimulated 
HK-2 cells, but suppressed by MS-275. (B) The production of GSH in HK-2 cells. GSH was decreased LPS stimulated HK-2 
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Figure 7.  Endoplasmic reticulum stress and apoptosis in LPS-stimulated HK-2 cells. The expression of CHOP, GRP78, caspase3 (17KD), 
and caspase12 (36 KD) were enhanced in LPS-stimulated HK-2 cells, but were suppressed by MS-275; * p<0.05 versus the 
control group; # p<0.05 versus the LPS group.
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the expression of NF-kBp65 in the nucleus was enhanced in 
LPS mice, which implied activity of NF-kBp65 in the kidney of 
LPS mice. NF-kB plays a key role in regulation of inflammato-
ry cytokines transcription stimulated by LPS. Exposure to LPS 
leads to the activation of IKKs, phosphorylation and degrada-
tion of IkBa, and nuclear translocation and transcriptional ac-
tivation of NF-kB, then activates the downstream inflamma-
tory response pathways.

Many studies have demonstrated the significance of HDACs in 
LPS-inducible gene expression [32–35]. The assumed mechanism 
is that HDAC inhibitors may affect these processes: nucleosomal 
remodeling, transcription factor binding, and formation of the 
transcription initiation complex or transcription itself. Generally, 
histone acetylation is a dynamic process, which is regulated by 
histone acetyl transferases (HATs) and HDACs. Not only histone 
proteins, but transcription factors such as p53, GATA, Smad7, 
and NF-kB, are also subject to acetylation [36]. Nevertheless, 
the effect of acetylation in non-histones is not definite at this 
present time. It has been reported that HDACs play multiple 
roles during both kidney development and the pathogenesis 
of kidney disease. In our study, the HDAC inhibitor MS-275 at-
tenuated the injury of renal tissue, and suppressed the genera-
tion of inflammatory cytokines and ROS in LPS mice, which im-
plied a nephroprotective effect of MS-275 on LPS-induced AKI.

To further investigate the mechanism of nephroprotective ef-
fect of MS-275 on sepsis-induced AKI, we pretreated with MS-
275 at different concentrations (0.1 nM, 1 nM, 10 nM, 100 nM) 
two hours before LPS-stimulus and detected the ROS genera-
tion and the related apoptosis in HK-2 cells. In the preliminary 
experiment, we found a low dose of MS-275 suppressed LPS-
induced apoptosis in HK-2 cells; and within certain concentra-
tion ranges of MS-275, the apoptosis inhibition presented a 
dose-dependence. We selected the most suitable concentration 
of MS-275 of 10 nM for further study. In MS-275 pre-treated 
HK-2 cells, the generation of ROS was suppressed, the mark-
ers of oxidative stress (MDA) were also suppressed, and the 
antioxidants (SOD activity, GSH) were enhanced. Caspase3, 
the key factor in the apoptosis pathway, was suppressed by 
MS-275 compared to LPS-stimulated HK-2 cells. This demon-
strates the effects of MS-275 in suppression of oxidative stress 
in LPS-stimulated HK-2 cells.

Beside oxidative stress, ER stress can also be triggered by ROS 
via GRP78/BiP mediated phosphorylation of IRE1 and activat-
ed CHOP, JNK, ATF4, and caspase12 to subsequently promote 
apoptotic cell death. GRP78, CHOP, and caspase12 are impor-
tant elements in the pathway of ER-mediated apoptosis. To 
further verify the apoptotic pathway of HK-2 cells, we detect-
ed the protein expression of caspase12, GRP78, and CHOP in 
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HK-2 cells. It showed that MS-275 attenuated the LPS-induced 
apoptosis via ER stress-dependent pathway other than the 
mitochondria.

Besides apoptosis, autophagy also occurring in LPS-induced 
sepsis. Autophagy is an intracellular degradation system for 
keeping cellular homeostasis. The increased ROS also enhance 
autophagy by activating Beclin-1/Atg5-Atg12/LC3-II pathway 
in LPS-induced AKI mice. Autophagy can suppress sepsis-in-
duced kidney injury through regulation of infection and through 
targeting inflammasome and type I interferon (IFN) respons-
es [37–39]. Thus, autophagy suppresses key innate immune 
responses and activates a type I IFN response and promotes 
IL1b secretion, simultaneously. Both pro- and anti-inflamma-
tory roles of autophagy might prevent or promote cell death 
through the formation of autophagosome in the kidney inju-
ry due to systemic inflammation. It is reported that there is 
cross-talk between autophagy and apoptosis via blc-2 family 

[40,41], while, the effects of MS-275 on autophagy in sepsis 
need further study.

Conclusions

In conclusion, the selective class I HDAC inhibitor MS-275 sup-
pressed the release of inflammatory medium, ameliorated the 
renal damage, enhanced the survival rate of LPS-induced sep-
sis model, and played the role of nephroprotective in sepsis-
induced acute kidney injury. In our in vitro study, MS-275 sup-
pressed the apoptosis of LPS-stimulated HK-2 cells, which may 
act through inhibiting the ROS-oxidative stress and endoplas-
mic reticulum stress.
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