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Abstract. Renal tubular epithelial cell apoptosis is an impor-
tant pathological mechanism of septic acute kidney injury 
(AKI). Endotoxin, also known as lipopolysaccharide (LPS), 
has a key role in septic AKI and can directly induce tubular 
epithelial cell apoptosis. The upregulation of receptor‑inter-
acting protein kinase 3 (RIPK3) in tubular epithelial cells has 
been reported in septic AKI, with RIPK3 mediating apoptosis 
in several cell types. In the present study, the effect of RIPK3 
on endotoxin‑induced AKI was investigated in mouse tubular 
epithelial cell apoptosis in vitro and in vivo. It was found 
that the expression of RIPK3 was markedly increased in 
endotoxin‑induced AKI. Endotoxin‑induced AKI and tubular 
epithelial cell apoptosis could be attenuated by GSK'872, a 
RIPK3 inhibitor. LPS stimulation also upregulated RIPK3 
expression in tubular epithelial cells in a time‑dependent 
manner. Both RIPK3 inhibitor and small interfering RNA 
(siRNA) targeting RIPK3 reduced LPS‑induced tubular epithe-
lial cell apoptosis in vitro. The expression of the proapoptotic 
protein Bax was induced by LPS and reversed by GSK'872 or 
RIPK3‑siRNA. The present study revealed that RIPK3 medi-
ated renal tubular cell apoptosis in endotoxin‑induced AKI. 
RIPK3 may be a potential target for the prevention of renal 
tubular cell apoptosis in endotoxin‑induced AKI.

Introduction

Acute kidney injury (AKI) is a clinical syndrome character-
ized by the rapid loss of kidney function and abrupt kidney 
damage. Septic AKI is the most common complication of 
sepsis, which substantially increases the risk of mortality (1‑3). 
The incidence of septic AKI is increasing, and mortality rates 
remain high. Septic AKI occurs in 16‑25% of patients with 
sepsis, with a mortality rate of 50‑60% in the USA and in 
Europe (3). Although the clinical management of septic AKI 
has improved, no specific or effective treatments are available 
to prevent or improve this disease, as its exact mechanism 
remains unclear (4,5). An understanding of the underlying 
molecular mechanisms is therefore important for the develop-
ment of novel therapies to treat septic AKI.

Lipopolysaccharide (LPS), the endotoxin of gram‑negative 
bacteria, is one of the major triggers of inflammatory responses 
in sepsis  (4,6,7). LPS not only triggers a large number of 
inflammatory cytokines, but can also directly induce renal 
tubular epithelial cell injury through the activation of Toll‑like 
receptor 4 (TLR4). Tubular epithelial cell apoptosis is one 
of the characteristic changes that occurs in LPS‑induced 
AKI (1,4,7,8), and accumulating evidence has demonstrated 
that tubular epithelial cell apoptosis has an important role in 
LPS‑induced AKI (6,9‑11). Inhibiting tubular epithelial cell 
apoptosis could be an effective strategy to prevent or treat 
LPS‑induced AKI. However, the mechanisms of LPS‑induced 
tubular epithelial cell apoptosis are not fully understood.

Receptor‑interacting protein kinases (RIPKs) are 
serine/threonine protein kinases that act as sensors of intracel-
lular and extracellular stress. In total, seven isoforms that share 
a homologous kinase domain with different functional domains 
have been identified (12). These isoforms have been shown 
to be involved in inflammation and the cell death signaling 
pathway (12‑14). RIPK3 was originally cloned from human 
fetal brain and the aortic endothelium, and subsequently char-
acterized as an N‑terminal serine/threonine kinase. RIPK3 is 
composed of an N‑terminal kinase domain similar to other 
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RIPKs, a receptor‑interacting protein homotypic interaction 
motif that mediates protein‑protein interactions and a unique 
C‑terminal domain (12,15,16). Previous studies have shown 
that the overexpression of RIPK3 induces apoptosis in certain 
cell lines (15,17‑20). RIPK3 expression in renal tubular epithe-
lial cells has been shown to be higher in murine models of 
septic and non‑septic AKI (21,22). In addition, plasma RIPK3 
is elevated in critically ill trauma patients with AKI  (23). 
These previous studies indicated that RIPK3 may be involved 
in LPS‑induced tubular epithelial cell apoptosis. However, 
the role of RIPK3 in LPS‑induced AKI is not well defined. 
The aim of the present study was to investigate the potential 
involvement of RIPK3 in LPS‑induced tubular epithelial cell 
apoptosis.

Materials and methods

Animals. All animal procedures conformed to the protocols 
of the Guangdong Academy of Medical Sciences and were 
approved by the ethics committee for the experimental use of 
animals at Guangdong Provincial People's Hospital. C57BL/6 
mice were purchased from the Nanjing Biomedical Research 
Institute of Nanjing University and housed at the animal center 
of Guangzhou Forevergen Biosciences Co., Ltd. All mice were 
administered a standard diet and water ad libitum, and were 
maintained at a temperature of 23±2˚C and an humidity of 
55±5% in a controlled room with a 12 h light/dark cycle. When 
the mice reached an age of 8‑12 weeks and a weight of 18‑22 g, 
the 18 male mice were randomly divided into three groups 
(n=6 per group): i) Control group, mice were intraperitoneally 
injected with vehicle (saline); ii) LPS group, mice were intra-
peritoneally injected with 10 mg/kg LPS; iii) LPS + GSK'872 
group, mice were intraperitoneally injected with 5 µM/kg 
GSK'872 for 30 min prior to LPS treatment. All mice were 
observed for 24 h after LPS/saline treatment and were then 
euthanized. Blood was collected through a puncture in the 
inferior vena cava and the kidneys were harvested.

Renal function test. Renal function was assessed by detecting 
serum creatinine (SCr) levels using a QuantiChrom™ 
Creatinine Assay kit (BioAssay Systems) and blood urea 
nitrogen (BUN) using a QuantiChrom™ Urea Assay kit 
(BioAssay Systems), according to the manufacturer's proto-
cols.

Periodic acid‑Schiff (PAS) staining of kidney tissues. Kidney 
tissues were fixed with 4% paraformaldehyde at 4˚C for 24 h 
and embedded in paraffin. Paraffin blocks were cut into 4 µm 
thick sections. Paraffin tissue sections were deparaffinized 
using xylene and descending ethanol series (100, 95, 85 and 
70%). Each incubation was performed for 10 min at room 
temperature. The sections were washed for 5 min in distilled 
water at room temperature, and the PAS Stain Kit (cat. 
no. ab150680; Abcam) was used. Sections were immersed in 
the periodic acid solution (included in the PAS kit), for 10 min 
at 20˚C. Tissue sections were then washed four times with 
distilled water and immersed in Schiff's solution (included in 
the PAS kit) for 30 min at room temperature and then washed 
using tap water for 15 min at room temperature. Slides were 
stained with hematoxylin for 2‑3 min at room temperature. 

Slide were washed with distilled water, dehydrated through 
ascending ethanol series  (80, 95 and 100%) for 5 min at 
room temperature, cleared by xylene for 5  min at room 
temperature and sealed with neutral balsam (cat. no. G8590; 
Beijing Solarbio Science & Technology Co., Ltd.). Tubular 
epithelial cell vacuolar deformation/hypertrophy and lumen 
occlusion occurred during renal tubular injury. The areas of 
the tubular epithelial cell vacuolar deformation, loss of brush 
border, tubular dilation, cast formation and cell lysis were 
calculated. A score of 0 indicated no change; scores of 1, 
2, 3 or 4 indicated an injury section involving <25, 25‑50, 
50‑75 or >75% of the area, respectively. A minimum of six 
different fields of vision were randomly selected using a light 
microscope (magnification x400) and an average score was 
calculated (24).

Electron microscopy. Renal tissue specimens were fixed 
with 2.5% glutaraldehyde, 4% paraformaldehyde and 0.02% 
picric acid in 0.1 M cacodylate buffer (pH 7.2) overnight 
at 4˚C. Following washing three times in cacodylate buffer, 
specimens were post‑fixed with 1% osmium tetroxide and 
1.5% potassium ferrocyanide for 2 h at 4˚C and then washed 
three times in cacodylate buffer. The specimens were dehy-
drated using a graded series of ethanol (50, 70, 80, 90 and 
100%) and 100% propylene oxide for 15‑20 min at each step, 
and then embedded in SPI‑PON 812 (Structure Probe, Inc.) 
for 12 h at 37˚C, 45˚C for 12 h and 60˚C for 48 h. Ultrathin 
sections were cut into 50‑60 nm using Accu‑Edge high‑profile 
blades (cat. no. 4685; Sakura Finetek Japan Co., Ltd.) on a 
Microm HM 355s (Thermo Fisher Scientific, Inc.). Sections 
were stained with 3% uranium acetate and lead citrate at 4˚C 
overnight. Renal tissue ultrastructure was observed using 
a transmission electron microscope (JEM‑100CX; JEOL 
Ltd.). Images were recorded using a Veleta 2K digital camera 
(Olympus‑SIS; Olympus Corporation).

TUNEL staining. TUNEL staining was performed using the 
in situ Cell Death Detection kit (Roche Diagnostics GmbH). 
Frozen tissue sections were placed on coverslips and fixed 
in 4% paraformaldehyde for 20 min at room temperature. 
Following washing in PBS, frozen tissue sections were blocked 
with 3% H2O2 in methanol for 10 min at room temperature and 
then permeabilized with 0.1% Triton X‑100 in 0.1% sodium 
citrate for 10 min at room temperature. The tissue sections 
were incubated with TUNEL reaction mixture for 60 min 
at 37˚C in a humidified atmosphere in the dark. Following 
washing three times with PBS, tissue sections were stained 
with 1 µg/ml DAPI for 5 min at room temperature. Using a 
confocal fluorescent microscope (Nikon Eclipse Ni‑E; Nikon 
Corporation), 10‑20 fields were captured for each kidney 
section (n=6 in each group) and positively stained cells were 
quantified. Images were analyzed using ImageJ software 
(version 1.49; National Institutes of Health).

Reverse transcription‑quantitative PCR (RT‑qPCR). Total 
RNA was extracted from cultured cells using TRIzol® reagent 
(Invitrogen; Thermo Fisher Scientific, Inc.), according to 
the manufacturer's instructions. RT was carried out using a 
PrimeScript RT Reagent kit (Takara Bio, Inc.) according to 
the manufacturer's protocol. The cDNAs were subjected to 
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qPCR using a Power SYBR Green PCR Master Mix (Takara 
Bio, Inc.). Data were analyzed using the 2‑ΔΔCq method (25) and 
GAPDH was used as the internal control. Primer sequences 
are listed in Table I.

Cell culture and reagents. Mouse proximal renal tubular 
epithelial primary cells were purchased from Cell Biologics, 
Inc. The cells were cultured in DMEM/F12 medium (Gibco; 
Thermo Fisher Scientific, Inc.) supplemented with 10% 
FBS (Gibco; Thermo Fisher Scientific, Inc.) in a humidified 
atmosphere of 5% CO2 at 37˚C and passaged every 3‑4 days. 
The cells were treated with 40 µg/ml LPS at different times 
(6, 12, 24 and 48 h). Cells were treated with 0.5 µM GSK'872 
(RIPK3 inhibitor; Selleck Chemicals) 1 h prior to the addi-
tion of 40 µg/ml LPS for 24 h. Control cells were treated 
with an equal volume of DMSO. Cells were transfected with 
50 nM negative control small interfering RNA (siRNA) or 
50 nM RIPK3 siRNA (Guangzhou RiboBio Co., Ltd.) by 
Lipofectamine 2000 (Thermo Fisher Scientific, Inc.) for 48 h 
before being exposed to LPS. The sequences of the siRNAs 
used in the present study are listed in Table II.

Western blot analysis. Total protein was extracted from 
kidney tissue using RIPA lysate buffer (Beyotime Institute of 
Biotechnology) supplemented with protease inhibitor cocktail 
tablets (Roche Diagnostics GmbH). The mouse proximal renal 
tubular epithelial cells were lysed using RIPA lysate buffer 
supplemented with protease inhibitor mixture (Beyotime 
Institute of Biotechnology). Protein concentrations were deter-
mined using a bicinchoninic acid protein assay kit (Thermo 
Fisher Scientific, Inc.). Proteins were separated by SDS‑PAGE 
on 10‑15% gels, with loaded with 30 µg of total protein. Gels 
were transferred onto PVDF membranes. The membranes were 
blocked with 5% non‑fat dry milk in TBS‑Tween 20 (TBST) 
for 1 h at room temperature. PVDF membranes were incubated 
overnight at 4˚C with antibodies against β‑actin (1:1,000; cat. 
no. 8457; Cell Signaling Technology, Inc.), RIPK3 (1:1,000; 
cat. no. ab56164; Abcam), cleaved caspase‑3 (C‑caspase‑3; 
1:1,000; cat. no. 9664; Cell Signaling Technology, Inc.) and 
Bax (1:1,000; cat. no. 2772; Cell Signaling Technology, Inc.). 
Membranes were then incubated with a horseradish peroxi-
dase‑conjugated goat anti‑rabbit secondary antibody (1:2,000; 
cat. no. 7074; Cell Signaling Technology, Inc.) for 1 h at room 
temperature. Following washing in TBST, protein bands were 
visualized using Pierce™ ECL Western Blotting Substrate 
(Thermo Fisher Scientific, Inc.) and band intensity was quanti-
fied using Tanon software (version 5200; Tanon Science and 
Technology Co., Ltd.).

Cell apoptosis detection. An Annexin V/propidium iodide 
(PI) double staining assay (Nanjing KeyGen Biotech Co., 
Ltd.) was used to determine the level of apoptosis, according 
to the manufacturer's instructions. Medium was removed 
from the cells following the different treatments for 24 h. 
Cells were washed three times with cold PBS and digested 
with 0.25% EDTA‑free trypsin. Cells were centrifuged for 
5 min at 805 x g at 4˚C and the supernatant was discarded. 
Cells were resuspended in 500 µl 1X binding buffer and 5 µl 
Annexin V‑FITC was added. The mixture was incubated 
for 15 min in the dark and 5 µl PI was subsequently added 

at 4˚C. The solution was incubated for a further 5 min in the 
dark at 4˚C. Cells were analyzed using a flow cytometer (BD 
Biosciences).

Statistical analysis. Results are presented as the mean ± SEM. 
All experiments were performed at least in triplicate. Statistical 
analysis of the data was performed using SPSS 20.0 (IBM 
Corp.). Comparisons among multiple groups were performed 
using one‑way ANOVA and the least square difference was 
used as a post hoc test. P<0.05 was considered to indicate a 
statistically significant difference.

Results

Effects of LPS on renal function and pathology. After 6 h 
of LPS intervention, mice exhibited symptoms of decreased 
food intake and increased salivation or tear secretion, consis-
tent with sepsis. These symptoms markedly increased over 
time (data not shown). Renal function and pathology were 
detected 24 h after LPS intervention. As shown in Fig. 1A, 
compared with the control group, LPS‑treated mice showed 
significantly higher levels of SCr (1.26±0.13  mg/dl in 
the LPS group vs. 0.44±0.03 mg/dl in the control group; 
P<0.001) and BUN (80.59±3.74 mg/dl in the LPS group vs. 
37.22±2.50 mg/dl in the control group; P<0.001). As shown 
in Fig. 1B, the pathological injury of the kidney, including 
vacuolar deformation, swelling of tubular epithelial cells 
and tubular lumen stenosis, mainly occurred in the cortex 
and outer stripe of the outer medulla in the LPS group. The 
tubular injury score of the LPS group was significantly 
higher than that in the control group (3.29±0.06 in the LPS 
group vs. 0.68 ±0.06 in the control group; P<0.001; Fig. 1C). 
In addition, mitochondrial injury in tubular epithelial cells, 
demonstrated by the disorder or disappearance of crista, and 
mitochondrial swelling and deformation, was aggravated in 
the LPS group compared with the control group (Fig. 1D).

Table I. Primers for reverse transcription quantitative PCR.

Gene	 Sequence (5'‑3')

GAPDH	 Forward AGGTCGGTGTGAACGGATTTG
	R everse TGTAGACCATGTAGTTGAGGTCA
RIPK3	 Forward TGGGCCTGCTAAGATGGCT
	R everse CTGCCAGAGTGTGGATTTGGT

RIPK3, receptor‑interacting protein kinase 3.

Table II. siRNA sequences.

Name	 Sequence (5'‑3')

RIPK3 siRNA‑1	 GCAGGAAATTTCAGGCCAA
RIPK3 siRNA‑2	CC TGCTGAATTTCAAGAAA

siRNA, small interfering RNA; RIPK3, receptor‑interacting protein 
kinase 3.
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LPS‑induced AKI increases tubular epithelial cell apoptosis 
and expression of RIPK3. C‑caspase‑3, a marker of apop-
tosis, was significantly increased in the kidney tissues of the 
LPS group (Fig. 2A). The expression of Bax, a proapoptotic 
member of the Bcl‑2 family, was also significantly increased in 
the LPS group (Fig. 2B). RIPK3 expression was significantly 
increased in the kidney tissues of LPS‑treated mice (Fig. 2C). 
In addition, the percentage of TUNEL‑positive tubular epithe-
lial cells in the LPS group was significantly higher than in the 
control group (7.28±0.39% in the LPS group vs. 1.60±0.12% 
in the control group; P<0.001; Fig. 2D and E). These results 
indicated that LPS induced tubular epithelial cell apoptosis.

Inhibition of RIPK3 reduces the level of apoptosis in tubular 
epithelial cells and improves renal function in mice with 
LPS‑induced AKI. To establish the potential effect of RIPK3 
on LPS‑induced tubular epithelial cell apoptosis and AKI, 
GSK'872, a selective RIPK3 inhibitor, was administered to 
mice following LPS intervention. As shown in Fig. 2A‑C, 
although LPS + GSK'872‑treated mice did not exhibit reduced 
RIPK3 expression compared with the LPS group, GSK'872 
significantly inhibited the expression of C‑caspase‑3 and 
Bax. Immunofluorescent staining showed that the number of 
TUNEL‑positive cells were signficantly decreased in the prox-
imal renal tubular epithelial cells of mice in the LPS + GSK'872 

Figure 1. Effect of GSK'872 on renal function and pathological changes in LPS‑induced acute kidney injury. C57BL/6 mice were randomly divided into 
three groups (n=6). Mice in the LPS group were treated with LPS intraperitoneally (10 mg/kg) for 24 h. Mice in the GKS'872 group were intraperitoneally 
injected with the RIPK3 inhibitor GSK'872 (5 µM/kg) for 30 min prior to LPS exposure. (A) Serum BUN and creatinine were determined in the three groups. 
(B) Representative images of periodic acid‑Schiff‑stained kidney sections. Magnification, x200 (inset, magnification, x400). The red arrows indicate vacuolar 
deformation and swelling of renal tubular epithelial cells. (C) Quantification of tubular injury. The percentage of injured renal tubules was determined for each 
animal by histology scoring as described in the materials and methods section. (D) Electron microscopy of mitochondria in mouse renal tubular epithelial cells 
(magnification x10,000). The red arrows point to swelling and deformation of mitochondria. *P<0.01 vs. CON; #P<0.01 vs. LPS. BUN, blood urea nitrogen; 
CON, control; LPS, lipopolysaccharide.
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group compared with those in the LPS group (4.97±0.22% in 
the LPS + GSK'872 group vs. 7.28±0.39% in the LPS group; 
P<0.001; Fig. 2D and E). Mice treated with LPS+GSK'872 
showed a visible improvement in histology (Fig. 1B). A semi-
quantitative evaluation of kidney sections showed that the 
tubular injury score decreased in the LPS + GSK'872 group 
(1.81±0.05 in the LPS + GSK'872 group vs. 3.29±0.06 in 
the LPS group; P<0.001; Fig. 1C). Mitochondrial injury was 
also alleviated by GSK'872 (Fig. 1D). GSK'872 significantly 
attenuated the increase in BUN (52.32±5.15  mg/dl in the 
LPS + GSK'872 group vs. 80.59±3.74 mg/dl in the LPS group; 
P=0.001) and SCr (0.78±0.05 mg/dl in the LPS + GSK'872 
group vs. 1.26±0.13 mg/dl in the LPS group; P=0.003) in mice 
that had undergone LPS intervention (Fig. 1A).

RIPK3‑mediates LPS‑induced apoptosis in cultured renal 
tubular epithelial cells. The effect of RIPK3 on LPS‑induced 
tubular epithelial cell apoptosis was assessed in vitro. It was found 
that the mRNA expression of RIPK3 was significantly increased 
in renal tubular epithelial cells as early as 6 h after LPS interven-
tion (Fig. 3A). The protein expression of RIPK3 was induced 12 h 

after treatment with LPS (Fig. 3B and C). Renal tubular epithelial 
cell apoptosis was determined using flow cytometry. The number 
of Annexin V‑positive cells (apoptotic cells) was significantly 
increased in the renal tubular epithelial cells that had undergone 
LPS treatment for 24 h (27.38±1.12% in the LPS group vs. 
8.55±0.61% in the control group; P<0.001; Fig. 4A and B). siRNA 
reduced the expression level of RIPK3 (Fig. 4E) and reduced 
tubular epithelial cell apoptosis (27.38±1.12% in the LPS group 
vs. 13.95±1.12 in the LPS + RIPK3‑siRNA group; P<0.001; 
Fig. 4A and B). LPS‑induced apoptosis could also be inhibited by 
GSK'872 (27.38±1.12% in the LPS group vs. 14.87±0.77% in the 
LPS + GSK'872 group; P<0.001; Fig. 4A and B). The expression 
levels of the proapoptotic factor Bax and the apoptotic marker 
C‑caspase‑3 were also determined. Bax and C‑caspase‑3 were 
induced by LPS and reversed by GSK'872 or RIPK3‑siRNA 
(Fig. 4C and D).

Discussion

In the present study it was found that renal tubular epithelial 
cell apoptosis, mitochondrial injury and RIPK3 upregulation 

Figure 3. LPS increases the expression of RIPK3 in renal tubular epithelial cells in a time‑dependent manner. (A) RIPK3 mRNA expression in renal tubular 
epithelial cells stimulated with 40 µg/ml LPS for 6, 12, 24 or 48 h. (B) RIPK3 protein expression in renal tubular epithelial cells treated with LPS for 6, 12, 
24 or 48 h. (C) Quantification of RIPK3 protein expression. *P<0.01 vs. respective CON. RIPK3, receptor‑interacting protein kinase 3; CON, control; LPS, 
lipopolysaccharide.

Figure 2. Expression levels of RIPK3 and tubular apoptosis in mice following LPS exposure (n=6). Mice in the LPS group were treated with LPS intraperitone-
ally (10 mg/kg) for 24 h. Mice in the GKS'872 group were intraperitoneally injected with the RIPK3 inhibitor GSK'872 (5 µM/kg) for 30 min prior to LPS 
exposure. (A) Western blot analysis for the expression of C‑caspase‑3 and full‑length caspase‑3 in mice from the different treatment groups. C‑caspase‑3 
and full‑length caspase‑3 were from different membranes. (B) Western blot analysis for the expression of Bax in mice from the different treatment groups. 
(C) Western blot analysis for the expression of RIPK3 in mice from the different treatment groups. (D) TUNEL staining of renal tissue frozen sections from 
the different treatment groups. (E) Quantification of TUNEL‑positive cells in the different treatment groups. *P<0.01 vs. CON; #P<0.01 vs. LPS. C‑caspase‑3, 
cleaved caspase‑3; CON, control; LPS, lipopolysaccharide; RIPK3, receptor‑interacting protein kinase 3.

https://www.spandidos-publications.com/10.3892/mmr.2019.10416
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were induced in LPS‑induced AKI. Inhibiting RIPK3 using 
GSK'872 or reducing RIPK3 expression using siRNA reduced 
LPS‑induced renal tubular epithelial cell apoptosis. GSK'872 
functions by inhibiting the kinase activity of RIPK3 and does 
not reduce the expression of RIPK3. GSK'872 was found to 
alleviate LPS‑induced renal tubular epithelial cell injury 
in vivo and in vitro by inhibiting the RIPK3 kinase activity. 
These results suggested that RIPK3 may mediate renal tubular 
epithelial cell apoptosis in LPS‑induced AKI.

AKI is a well‑documented complication of sepsis (1‑3). 
LPS, also known as endotoxin, is an outer membrane compo-
nent of gram‑negative bacteria and has been identified as a 
major factor associated with the development of AKI. Renal 
tubular epithelial cell apoptosis is increasingly recognized 
as having an important role in the pathogenesis of septic or 
endotoxic AKI (1,4,8). A previous study reported renal tubular 
epithelial cell apoptosis in septic AKI patients (26). In sepsis, 
LPS promotes the secretion of proinflammatory cytokines, 
nitric oxide and eicosanoids by binding to the monocyte differ-
entiation antigen CD14/TLR4/lymphocyte antigen 96 receptor 

complex in various cell types, especially immunocytes, 
resulting in multiple organ dysfunction and AKI (1). Previous 
studies have shown that LPS could directly lead to renal tubular 
cell injury and AKI by binding to TLR4 (6,27‑29). Consistent 
with previous studies (6,9‑11), the present study found that 
LPS induced renal tubular epithelial cell apoptosis in vitro 
and in vivo. However, the mechanisms of LPS‑induced tubular 
epithelial cell apoptosis are not completely understood. In 
the present study, a novel mechanism of LPS‑induced tubular 
epithelial cell apoptosis was investigated.

RIPKs are a group of threonine/serine protein kinases with a 
conserved kinase domain and distinct non‑kinase regions (12). 
RIPKs are known to be important sensors of intracellular and 
extracellular stresses and to participate in different biological 
processes, including cell death signaling and inflammation 
pathways (12‑14). RIPK3 is known to mediate necroptosis, 
a type of regulated necrosis. Activated RIPK3 could phos-
phorylate the mixed‑lineage kinase domain‑like protein, 
leading to plasma membrane rupture (30,31). RIPK3‑mediated 
necroptosis has been reported in ischemia/reperfusion and 

Figure 4. siRNA targeting RIPK3 and the RIPK3 inhibitor GSK'872 reduce the levels of apoptosis in renal tubular epithelial cells following LPS stimulation. 
Mouse proximal renal tubular epithelial cells in the LPS group were stimulated with 40 µg/ml LPS for 24 h. The RIPK3 kinase inhibitor GSK'872 was added 
to cells 1 h prior to LPS stimulation in the LPS + GSK'872 group. The LPS + RIPK3‑siRNA group was transfected with 5 nM RIPK3‑siRNA prior to LPS 
stimulation. The control group was treated with an equal volume of DMSO. (A) Levels of apoptosis were determined using flow cytometry. (B) Quantification 
of tubular epithelial cell apoptosis. (C) Western blot analysis for the expression of Bax in cultured tubular epithelial cells that have undergone different treat-
ments. (D) Western blotting for the expression of C‑caspase‑3 and full‑length Caspase‑3 in different groups. C‑caspase‑3 and full‑length caspase‑3 were from 
different membrane. (E) The expression level of RIPK3 in siRNA‑transfected renal tubular epithelial cells. *P<0.01 vs. CON; #P<0.01 vs. LPS. PI, propidium 
iodide; CON, control; LPS, lipopolysaccharide; RIPK3, receptor‑interacting protein kinase 3; siRNA, small interfering RNA; siNC, negative control siRNA; 
C‑caspase‑3, cleaved caspase‑3.
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cisplatin‑induced AKI  (21,32‑34). LPS activates RIPK3 
by binding to TLR4 in fibroblasts  (35). Consistent with a 
previous study on septic AKI (22), RIPK3 was upregulated 
in tubular epithelial cells in the present study. However, it 
was found that RIPK3 mediated renal tubular epithelial cell 
apoptosis. Several previous studies have also demonstrated the 
proapoptotic effect of RIPK3 (36‑41). The effect of the RIPK3 
inhibitor GSK'872 on apoptosis is concentration‑dependent. 
Similar to RIPK3 deficiency, low‑concentrations of GSK'872 
(0.04‑1 µM), which binds to the RIPK3 kinase domain and 
inhibits kinase activity with a high specificity, prevents apop-
tosis in mouse bone‑marrow‑derived macrophages, peritoneal 
macrophages and fibroblasts (35,42). However, previous studies 
reported that high‑concentrations of GSK'872 (3‑10  µM), 
resembling a RIPK3‑kinase‑inactive mutant (D161N), could 
induce apoptosis in mouse cells by altering the conformation 
of RIPK3 (15,18,19,36,42). In the present study, a low concen-
tration of GSK'872 (0.5 µM) significantly attenuated renal 
tubular cell apoptosis in vitro, consistent with the protective 
effect of RIPK3 knockdown. Therefore, the present study 
indicated that RIPK3 may be a new target for reducing renal 
tubular epithelial cell apoptosis and improving AKI.

To further explore the mechanisms of RIPK3‑mediated 
renal tubular cell apoptosis induced by LPS, the expression 
of Bax was also investigated. Bax is a proapoptotic member 
of the Bcl‑2 family. Previous studies have demonstrated that 
Bax translocates to the mitochondria and forms hetero‑ and 
homo‑oligomers within the mitochondrial outer membrane, 
leading to the release of apoptosis‑inducing proteins (43‑45). 
In addition, Bax‑deficient mice were found to be resistant to 
apoptosis (46). RIPK3‑induced Bax upregulation has been 
reported recently (47‑49). In the present study, Bax protein 
expression was significantly increased in renal tubular 
epithelial cells following LPS stimulation and this effect was 
abrogated by the downregulation of RIPK3 expression or the 
inhibition of RIPK3 kinase activity. It was therefore speculated 
that RIPK3 may mediate renal tubular epithelial cell apoptosis 
by upregulating the expression of Bax.

In conclusion, the present study demonstrated that the 
expression of RIPK3 was increased in LPS‑induced AKI and 
that this mediated LPS‑induced renal epithelial cell apoptosis. 
The proapoptotic effect of RIPK3 may function by upregu-
lating the expression of Bax. The present study also revealed 
that low concentration GSK'872 inhibited LPS‑induced renal 
epithelial cell apoptosis and attenuated AKI. Therefore, inhib-
iting RIPK3 may be a potential therapeutic strategy to treat 
septic AKI. However, further studies are required to deter-
mine the molecular mechanism underpinning the RIPK3/Bax 
pathway.
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