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Abstract. There is an urgent need to improve the quality of donor 
organs obtained after cardiac death. In the present study, we 
examined the potential mechanisms through which A20 protects 
renal cells against ischemia/reperfusion injury (IRI) following 
either hypothermic machine perfusion (HMP) or static cold 
storage (CS) of the kidneys in a rabbit model. The expression 
of markers of apoptosis, necroptosis and inflammation in frozen 
kidney tissues were detected by western blot analysis, RT-qPCR 
and ELISA. Compared with the CS group, A20 expression was 
significantly higher in the tissue from the HMP group (P<0.01). 
By contrast, the expression of nuclear factor-κB (NF-κB) and 
tumor necrosis factor-α (TNF-α) was significantly lower in 
HMP group (P<0.01), whereas IκBα expression was significantly 
higher (P<0.01). The expression of apoptosis signal-regulating 
kinase  1  (ASK1), phosphorylated  (p-)c-Jun N-terminal 
kinase (JNK) and activated caspase-3 in the HMP group was 
significantly downregulated compared with that in the CS group 
(all P<0.01). In addition, A20 inhibited receptor-interacting 
protein kinase 3 (RIPK3)‑mediated necroptosis in the kidney. 
RIPK3 expression in the HMP group was significantly lower 
than that in the CS group (P<0.01), although the levels in both 
groups were higher than those in the sham group (P<0.01). Based 
on these findings, we propose a novel mechanism underlying the 
anti-apoptotic effect of A20 in renal cells in which A20 binds 
to ASK1 and promotes the degradation of ASK1 leading to the 
suppression of JNK activation and eventually, to the blockade 

of apoptosis. Thus, HMP reduces inflammation, apoptosis and 
necroptosis by upregulating the expression of A20; this mecha-
nism may be responsible for protecting the kidney against IRI.

Introduction

Kidney transplantation is the optimal treatment for patients 
with end-stage renal disease (ESRD) (1); however, a severe 
shortage of organs is the permanent bottleneck which limits 
the availability of organ transplantation as a treatment. To 
increase the donor pool, novel and innovative means of 
increasing the number of suitable kidneys for transplantation 
have been established, including expanded criteria dona-
tion (ECD) and donation after cardiac death (DCD). However, 
the organs procured from DCD donors are at greater risk of 
serious ischemia‑reperfusion injury (IRI). IRI is known to be 
a risk factor for delayed graft function (DGF), rejection, renal 
fibrosis and both poorer short- and long-term graft function as 
well as reduced patient survival following transplantation (2-5). 
Thus, methods to optimize the quality of DCD kidneys and 
improve short-term and long-term outcomes are urgently 
required. Hypothermic machine perfusion (HMP) and static 
cold storage (CS) are methods that have been developed over 
the past 30 years in order to maximize the benefit of donated 
kidneys (6). In fact, HMP has been reported to obtain better 
transplantation outcomes compared with CS (7-10). Although 
this potential benefit of HMP remains poorly understood, it 
may provide an opportunity to improve organ quality in combi-
nation with pharmacological and gene transfer therapies (11).

Inflammation is an invariable finding in acute and chronic 
kidney injury (12) and is a critical initiating and aggravating 
factor in kidney damage  (13). A pivotal mediator of this 
inflammatory response is the transcription factor nuclear 
factor-κB (NF-κB), which regulates the expression of adhesion 
molecules, chemokines and other pro-inflammatory molecules 
in renal or endothelial cells (ECs) (14-16). The best-character-
ized signaling pathways that lead to NF-κB activation are those 
stimulated by members of the interleukin-1 (IL-1)/Toll‑like 
receptor family and tumor necrosis factor-α (TNF-α) (17).
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Traditionally, two forms of cell death have been identified: 
apoptosis (programmed cell death) and necrosis (18). However, 
another form of cell death, known as necroptosis, has recently 
been identified which has the characteristics of apoptosis 
and necrosis (19). Evidence suggests that apoptotic pathways 
contribute to renal tubular injury (20,21). Receptor-interacting 
protein kinase  3  (RIPK3)-mediated necroptosis in donor 
kidneys may promote inflammatory injury and has a major 
impact on renal IRI and graft survival (22).

A20, also known as tumor necrosis factor, alpha‑induced 
protein 3 (TNFAIP3), was originally identified as a TNF-inducible 
gene product of ECs (23). It has been demonstrated that A20 
mRNA is markedly upregulated in the mouse kidney in response 
to TNF-α treatment, and A20 knockout mice are hypersensitive 
to the pro-inflammatory effects of TNF-α and lipopolysaccha-
ride, which results in premature death due to severe multi-organ 
inflammation and cachexia (24,25). A20 is a potent anti-inflam-
matory protein associated with multiple human autoimmune 
diseases and human malignancies (26,27). A20 also enhances 
cell viability and has been shown to protect ECs, proximal 
tubular epithelial cells (TECs) and pancreatic islets from injury 
in response to various stimuli including TNF-α and oxidative 
stress (28-30). A20 is a cytoplasmic zinc-finger protein that has 
been characterized as a dual inhibitor of NF-κB activation and 
cell death (31). Furthermore, A20 inhibits RIPK3‑dependent 
necroptosis thereby attenuating inflammatory injury (32). Thus, 
measuring A20 at the mRNA and protein levels has the potential 
to be diagnostic and prognostic of transplantation outcomes and 
therefore may be important in determining timely therapeutic 
interventions in order to prolong graft survival (33). HMP is 
known to be superior to CS as a method of donor organ storage 
following cardiac death; therefore, in this study, we examined the 
molecular mechanism underlying the protective effects of HMP 
on donor organ storage.

Materials and methods

Animals. Eighteen healthy male rabbits (obtained from the 
Animal Experiment Center of Wuhan University/Wan Qian 
Jia He Experimental Animal Culture Center, Wuhan, China) 
weighing 3.1±0.2 kg (aged 12-13 weeks) were randomly allo-
cated to three groups (n=6/group).

All animal experiments were performed in accordance 
with the Experimental Animal Regulations established by The 
Ministry of Science and Technology of the People's Republic of 
China and the Guidelines for the Care and Use of Laboratory 
Animals published by the US National Institutes of Health. The 
study received ethics approval from the Ethics Committee of 
Zhongnan Hospital of Wuhan University. Prior to performing 
the experiments, all the animals were subjected to an overnight 
fast with unlimited access to water.

Establishment of the animal model. The rabbits were anes-
thetized and surgery was performed at the appropriate room 
temperature. In the sham group, the left kidney was subjected 
to warm ischemia for 25 min by clamping the left renal pedicle 
which was followed by reperfusion for 29 h. In the HMP 
group, the left renal pedicle was clamped for 25 min which 
was followed by recovered blood flow for 1 h. The kidneys 
were then hypothermically (4-8˚C) preserved in vivo for 4 h in 

HCA-II solution (Shanghai Chang Zheng Hospital,  Shanghai, 
China) using HMP (n=6) or CS (n=6). In the HMP group, the 
left kidneys were connected in vivo to the LifePort Kidney 
Transporter (Organ Recovery System, Chicago, IL, USA). 
A mean arterial pressure of 58±7.5 mmHg was maintained 
during the period of perfusion. Following anastomosis of the 
vessels, a right nephrectomy was performed and specimens 
were obtained 24 h later. All procedures were identical in 
both groups, with the exception that the kidneys were stored in 
polystyrene organ boxes (Zhejiang Zhenhua Plastic Co., Ltd.,  
Zhejiang, China) in the CS group.

Western blot analysis of A20, apoptosis signal-regulating 
kinase 1 (ASK1), c-Jun N-terminal kinase (JNK), phosphory-
lated  (p-)JNK, pro‑caspase-3, cleaved caspase-3, RIPK3, 
mucosa-associated lymphoid tissue lymphoma translocation 
gene 1 (MALT1), NF-κB and IκBα expression. The kidney tissue 
was homogenized in RIPA buffer containing a protease inhib-
itor and then centrifuged at 15,000 x g for 20 min at 4˚C in order 
to extract the total proteins. The supernatants were collected 
and the total protein concentrations were normalized using the 
BCA assay (Beyotime Institute of Biotechnology, Shanghai, 
China). The proteins were separated by 10-12%  sodium 
dodecyl sulfate (SDS)‑polyacrylamide gel electrophoresis and 
transferred to PVDF membranes (Millipore, Billerica, MA, 
USA). The blots were incubated with the antibodies specific 
for the following: A20 (RS‑92803R), ASK1 (RS‑90145R), 
MALT1 (RS‑96863R) and IκBα (RS‑90167R) (Shanghai Ruiqi 
Bio-Technology, Inc., Shanghai, China); caspase-3 (GB13009), 
and JNK (GB17018)/p-JNK (GB13019‑M) (Wuhan Goodbio 
Technology,  Inc., Hubei, China); NF-κB (bs‑0465R) and 
RIPK3 (bs‑3551R) (Bioss Bio Technology, Inc., Beijing, China). 
β-actin or GAPDH were used as controls. Following incuba-
tion with anti-IgG, the proteins were visualized using an ECL 
reagent followed by exposure to X-ray film. Quantification of 
band density was determined using the Quantity One software 
package (Bio‑Rad Laboratories, Hercules, CA, USA).

Reverse transcription quantitative-polymerase chain reac-
tion (RT-qPCR). Total RNA was extracted from tissue using 
TRIzol reagent (Invitrogen, Carlsbad, CA, USA) according to 
the manufacturer's instructions. cDNA was synthesized using 
PrimeScript RT reagent kit with cDNA eraser (Invitrogen) 
according to the manufacturer's instructions. After PCR 
amplification, the products of A20, XIAP, GADD45β, MnSOD 
and c‑FLIP were separated by agarose gel electrophoresis and 
visualized by ethidium bromide staining. One-step real‑time 
RT-PCR was performed using SYBR Premix Ex Taq™ 
(Takara, Hubei, China) in a real-time PCR machine (ABI 7900; 
Applied Biosystems, Carlsbad, CA, USA) according to the 
manufacturers' instructions. The primer pairs used are listed in 
Table I. GAPDH and β-actin were used as endogenous controls. 
The relative mRNA expression levels of each target gene were 
normalized to those of the controls using the 2-ΔΔCT method.

TdT-mediated biotin-16-dUTP nick-end labeling (TUNEL) 
assay. Apoptotic cell death was evaluated using the 
One-Step TUNEL Apoptosis assay kit (Beyotime Institute 
of Biotechnology). Briefly, the apoptotic cells were iden-
tified by the addition of digoxigenin-deoxynucleoside 
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triphosphate (dNTP) fragments to the 3'-OH DNA termini 
by TdT followed by labeling with peroxidase- or rhoda-
mine‑linked anti-digoxigenin antibodies and visualization 
with either diaminobenzidine (DAB; Beyotime Institute of 
Biotechnology) followed by light microscopy or fluorescence 
microscopy (Olympus Corporation, Tokyo, Japan). As a posi-
tive control, sections were incubated with DNase I for 10 min 
at room temperature (25˚C) prior to the fluorescent labeling 
procedure. The cells labeled with green fluorescence were 
described as apoptotic cells. The cells were labeled with 
4',6-diamidino-2-phenylindole (DAPI; Beyotime Institute of 
Biotechnology) for nuclear staining.

Immunohistochemical analysis of A20 and RIPK3 expression. 
The expression of A20 and RIPK3 in paraffin-embedded tissue 
sections was analyzed by immunohistochemistry (IHC). Following 
deparaffinization and antigen retrieval in 10 mM sodium citrate 
buffer (pH 6.0) using the pressure cooker method at full power 
for 4 min, the tissue sections were exposed to 3% H2O2 for 
10 min. The tissue sections were then blocked for 30 min at 
room temperature with 5% bovine serum albumin (BSA). The 
sections were incubated with anti‑A20 (1:40) and anti-RIPK3 
(1:200) antibodies overnight at 4˚C in a humid chamber and then 
incubated with the horseradish peroxidase (HRP)-conjugated 
secondary detection antibody for 30 min at 37˚C. The sections 
were then incubated with DAB chromogen, counterstained with 
hematoxylin (Beyotime Institute of Biotechnology) and finally 
dehydrated, cleared and mounted with neutral gum. The sections 
were washed with several changes of Tris-buffered saline (TBS)-
0.3% Tween buffer between each step.

Enzyme-linked immunosorbent assay (ELISA). TNF-α levels 
were measured using a specific ELISA kit (Elabscience 
Biotechnology Co., Ltd., Hubei, China) according to the manu-
facturer's instructions. The homogenates were first centrifuged 

at 10,000 x g for 25 min in order to remove solid tissue debris 
and the supernatant was collected and assayed.

Measurement of reactive oxygen species (ROS) and malo-
naldehyde (MDA) levels. The levels of ROS and MDA are 
established markers used to determine the extent of tissue 
oxidative damage and cell viability. The kidney tissues were 
thawed following homogenization according to the manufac-
turer's instructions. (Jiancheng Technology Co., Ltd., Nanjing, 
China). The supernatant was assayed using the Multiskan MK3 
(Thermo Fisher Scientific, Waltham, MA, USA).

Statistical analysis. The results are presented as the 
means ±  standard deviation  (SD). Statistical analysis was 
performed by one-way analysis of variance (ANOVA) after 
proving the assumption of normality (Shapiro-Wilk testing) 
and then followed by LSD multiple comparison tests when F 
was significant. The software SPSS  17.0 for Windows 
(SPSS, Inc., Chicago, IL, USA) was used. P<0.05 was consid-
ered to indicate a statistically significant difference.

Results

Expression of A20, but not of other NF-κB target genes signif-
icantly increases in the HMP group compared with that in 
the CS group. Fig. 1A shows the results of the analysis of A20 
and MALT1 expression obtained by western blot analysis and 
RT-qPCR in the different treatment groups. HMP treatment 
significantly increased A20 expression compared with that 
in the CS group (P<0.01). The expression of MALT1 (in the 
kidney), which cleaves A20 (34), in the HMP group was lower 
than that in the CS group (P<0.01). Fig. 1B and C show the 
results of RT-qPCR of A20, X-linked inhibitor of apoptosis 
protein (XIAP), manganese superoxide dismutase (MnSOD), 
growth arrest and DNA damage‑inducible 45β (GADD45β) 

Table I. Sequences of rabbit primers used for comparative RT-qPCR.

Gene	 Forward	 Reverse

A20	 5'-AGACCGAGGAAGATTTGAAGAC-3'	 5'-CGTTAATCAGATGCGTCGTG-3'
ASK1	 5'-GTTCGCCTTGGACAGTATCAT-3'	 5'-CTCGTGGTCATCTTCTACATCC-3'
IκBα	 5'-CCATCAACTACAACGGCCACA-3'	 5'-ACTTCAACAAGAGCGACACCAG-3'
XIAP	 5'-GAAGCCCAATGAAGACCCT-3'	 5'-CTCCCTGAAACTGAATCCC-3'
GADD45β	 5'-TCTTGGGTGATCGAGGACTGGC-3'	 5'-CGCCTCCTTCTTCTGTCTTTGCT-3'
MnSOD	 5'-CTTTGGGTCCTTTGACAAGTT-3'	 5'-AAGTGTCCCTGCTCCTTATTG-3'
c-FLIP	 5'-CCCAGCACCGAGACTATGA-3'	 5'-GCTTTGGCTTCCCTATGAG-3'
RIPK3	 5’-GACCTCAAACCCTCCAACATC-3’	 5’-CTAGACACTGCCTCTGCCAACT-3’
TNF-α	 5'-GCCGTCTCCTACCCGAACAAG-3'	 5'-CACAGGGCAATGATCCCAAAG-3'
β-actin	 5'-TGGCTCTAACAGTCCGCCTAG-3'	 5'-AGTGCGACGTGGACATCCG-3'
HMGB1	 5'-ATCCTGGCCTGTCCATTGGTG-3'	 5'-TTTCAGCCTTGACGACTCCCT-3'
MALT1	 5'-GCGATGCCTATGTCACCGATTT-3'	 5'-ACGTTCACCTCCTGCTTCTCCT-3'
GAPDH	 5'-GCTGAACGGGAAACTCACTG-3'	 5'-CGAAGGTAGAGGAGTGGGTG-3'

ASK1, apoptosis signal-regulating kinase 1; XIAP, X-linked inhibitor of apoptosis protein; GADD45β, growth arrest and DNA damage-induc-
ible 45β; MnSOD, manganese superoxide dismutase; c-FLIP, cellular FLICE-inhibitory proteins; RIPK3, receptor-interacting protein kinase 3; 
TNF-α; tumor necrosis factor-α; HMGB1, high mobility group box 1; MALT1, mucosa-associated lymphoid tissue lymphoma translocation 
gene 1.



YANG et al:  A20 PROTECTS RENAL CELLS AGAINST IRI FOLLOWING HMP164

and cellular FLICE-inhibitory proteins (c-FLIP) expression 
in the different treatment groups. It has been proposed that 
a subset of NF-κB target genes, including XIAP, MnSOD, 
GADD45β, and c-FLIP, are capable of antagonizing JNK 
signaling  (35-37). In the present study, the expression of 
XIAP and GADD45β were marginally or poorly induced 
whereas MnSOD levels were slightly lower in both the HMP 
and CS groups compared with those in the sham group. 
Although the expression of c-FLIP was increased in both the 
HMP and CS groups compared with that in the sham group, 
there was no significant difference among the three groups. 
Thus, these findings clearly indicate that A20 rather than the 
JNK inhibitors, plays a predominant role in the suppression 
of JNK signaling in apoptosis.

Immunohistochemical analysis reveals higher A20 expres-
sion in the HMP group compared with that in the CS group. 
The immunohistochemical analysis of the location and levels 
of A20 expression in the kidneys in the HMP and CS groups 
is shown in Fig. 2. A20 was expressed predominantly in the 
TECs, with significantly more abundant expression observed in 
the HMP group compared with that in the CS group (P<0.01).

Extent of kidney injury significantly decreases in the HMP group 
compared with that in the CS group. Renal cellular injury was 
detected by the measurement of ROS levels and MDA, which 
are important indicators of oxidative damage. Significantly 
higher levels of ROS and MDA were detected in the CS group 
compared with those in the HMP group (both P<0.01) (Fig. 3).

Inflammation of the kidneys decreased in the HMP group 
compared with that in the CS group. In the basal state, 
NF-κB is sequestered in the cytoplasm by inhibitory IκB 
proteins. When IκB kinase β  (IKKβ) is activated by pro-
inflammatory signaling, it triggers the degradation of IκBα, 
thereby promoting the nuclear translocation and activation of 
NF-κB. To verify the degree of inflammation in the kidney, 
we analyzed the levels of TNF-α by ELISA and RT-qPCR. 
Furthermore, we evaluated the expression levels of NF-κB and 
IκBα using western blot analysis and RT-qPCR. The HMP 
group showed significantly decreased levels of TNF-α and 
NF-κB compared with those in the CS group (both P<0.01), 
whereas there was no significant difference in the expression 
of TNF-α between the HMP and sham group (P>0.05). By 
contrast, the expression of IκBα in the HMP group was signifi-

Figure 1. (A) A20 and mucosa-associated lymphoid tissue lymphoma translocation gene 1 (MALT1) expression in the three groups were analyzed by western 
blot analysis and RT-qPCR. Representative blots are shown. Western blot analysis of (a) A20 and (b) MALT1 protein. β-actin was used as the control. RT-qPCR 
analysis of (c) A20 and (d) MALT1 mRNA levels. Graphs represent the statistical analysis of relative A20 mRNA levels after normalization against β-actin. In the 
hypothermic machine perfusion (HMP) group, A20 expression was increased compared with that in the cold storage (CS) and sham groups (both **P<0.01). By 
contrast, MALT1 expression was reduced compared with that in the CS group (**P<0.01). Results represent the means ± SD of three experiments, *P<0.05. (B and 
C) In the HMP group, the expression of A20, but not of other nuclear factor-κB (NF-κB) target genes was significantly increased compared with the levels in the CS 
group. Levels of particular transcripts were quantified by real-time PCR using gene-specific primers. The amount of each target transcript was normalized against 
the levels of GAPDH transcript. (B) The mRNA expression of A20, XIAP, GADD45β, MnSOD and c-FLIP was examined in renal tissue. After PCR amplification, 
the products were separated by agarose gel electrophoresis and visualized by ethidium bromide staining. (C-e-g) Compared with the sham group, X-linked inhibitor 
of apoptosis protein (XIAP) and growth arrest and DNA damage-inducible 45β (GADD45β) were marginally or poorly induced (all **P<0.01), whereas manganese 
superoxide dismutase (MnSOD) levels were slightly lower in both the HMP and CS groups compared with those in the sham group (both P>0.05). (h) Both the HMP 
and CS groups showed increased expression of cellular FLICE-inhibitory proteins (c-FLIP) compared with that in the sham group, although there were no significant 
differences among the three groups. Data represent the means ± SD of three experiments.
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cantly higher than that in the CS group (protein level, P<0.01; 
mRNA level, P<0.05) (Fig. 4).

Apoptosis of renal cells significantly decreases in the HMP 
group compared with that in the CS group. We detected apop-
tosis of renal cells using TUNEL assay. The rate of apoptosis 
was approximately 4-fold lower in the HMP group compared 
with that in the CS group (P<0.01) (Fig. 5), HMP 3.48±0.5%, 
and CS 13.77±2.0%.

Expression of ASK1, p-JNK and cleaved caspase-3 significantly 
decreases in the HMP group compared with that in the CS 
group. To evaluate whether A20 decreased apoptosis through 
the ASK1-JNK pathway, the expression of ASK1, JNK and its 
activated form p-JNK were evaluated by western blot analysis 

and RT-qPCR (Fig. 6). HMP treatment reduced the activation 
of ASK1, JNK, specifically reducing the expression of p-JNK 
compared with that in the CS group (all P<0.01). Compared 
with the CS group, pro-caspase-3 expression was decreased 
in the HMP group (P<0.05); furthermore, the expression of its 
activated form was more significantly decreased in the HMP 
group (P<0.01). Compared with the sham group, both the 
HMP and CS groups showed increased expression of p-JNK 
and cleaved caspase-3 (all P<0.01) (Fig. 6).

RIPK3 expression significantly decreases compared with that in 
the CS group. RIPK3 expression was evaluated by western blot 
analysis and RT-qPCR (Fig. 7). RIPK3 expression was signifi-
cantly lower in the HMP group compared with that in the CS 
group (P<0.01). Compared with the sham group, both the HMP 

Figure 2. Immunohistochemical analysis of the location and levels of A20 expression in the kidneys in the hypothermic machine perfusion (HMP) and cold 
storage (CS) groups. The HMP group showed significantly increased expression of A20 compared with that in the CS and sham groups (both **P<0.01). In the 
HMP and CS groups, A20 was predominantly expressed in the tubular epithelial cells. There were five slices in each group and positive cells were counted 
within three horizons for each slice. *P<0.05.

Figure 3. Measurement of reactive oxygen species (ROS) and malonaldehyde (MDA) levels in the three groups in order to evaluate the extent of kidney injury. 
(A) The cold storage (CS) group had significantly increased ROS levels compared with the those in the hypothermic machine perfusion (HMP) and sham 
groups (both **P<0.01). (B) The CS group showed significantly increased MDA levels compared with those in the HMP and sham groups (both **P<0.01). 
Results represent the means ± SD of three experiments.
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Figure 4. Ηypothermic machine perfusion (HMP) is associated with less kidney inflammation than cold storage (CS). (A) Nuclear factor-κB (NF-κB) expres-
sion was evaluated by western blot analysis. The HMP group showed significantly decreased NF-κB expression compared with that in the CS group (**P<0.01). 
IκBα expression was evaluated by (B) western blot analysis and (E) RT-qPCR. The HMP groups showed significantly increased IκBα expression compared 
with that in the CS group (**P<0.01, *P<0.05). Tumor necrosis factor-α (TNF-α) expression was detected by (C) RT-qPCR and (D) ELISA. The HMP group 
showed significantly decreased TNF-α expression at both the protein and mRNA levels compared with that in the CS group (**P<0.01) whereas there was 
no significant difference in the expression of TNF-α between the HMP and sham groups (P>0.05). Results represent the means ± SD of three experiments.

Figure 5. Detection of apoptosis of renal cells by the TdT-mediated biotin-16-dUTP nick-end labeling (TUNEL) assay. The kidney sections were stained with 
4',6-diamidino-2-phenylindole (DAPI) in order to identify the nuclei. The rates of apoptosis in the positive control group confirmed the validity of the TUNEL assay 
results. (A) Apoptosis was significantly decreased in the hypothermic machine perfusion (HMP) group compared with that in the cold storage (CS) group (**P<0.01). 
(B) A superimposed high power image. Nuclear counter staining by DAPI. (C) Quantitative analysis of apoptosis. *P<0.01. Results represent the means ± SD (n=5, 
magnification, x200).
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Figure 6. Evaluation of the expression of apoptosis signal-regulating kinase 1 (ASK1), c-Jun N-terminal kinase (JNK), phosphorylated (p-)JNK, pro-caspase-3 and 
cleaved caspase-3 by western blot analysis and RT‑qPCR. Representative blots are shown. β-actin or GAPDH were used as controls. Levels of particular transcripts 
were quantified by real-time PCR using gene-specific primers. The amount of each target transcript was normalized by measuring β-actin transcript levels. (A) Pro-
caspase-3 levels in the hypothermic machine perfusion (HMP) group were significantly reduced compared with those in the cold storage (CS) group (*P<0.05) and 
the cleaved caspase-3 levels in the HMP group were significantly lower than those in the CS group (**P<0.01). Compared with the sham group, both the HMP and 
CS groups showed increased expression of cleaved caspase-3 (both **P<0.01). (B and D) The HMP group exhibited reduced ASK1 expression at both the protein 
and mRNA levels compared with the CS group (**P<0.01). (C) Compared with the sham group, both the HMP and CS groups showed reduced expression of total 
JNK, although this effect was not statistically significant. The expression of p-JNK was significantly reduced in the HMP group compared with that in the CS group 
(**P<0.01). (E) Compared with the sham and CS groups, the mRNA expression of A20 was significantly increased in the HMP group (**P<0.01). Data represent the 
means ± SD of three experiments.
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and CS groups showed increased expression of RIPK3 (both 
P<0.01). We also measured high mobility group box 1 (HMGB1) 
release in order to confirm the necrosis of renal cells  (38). 
HMGB1 expression was significantly lower in the HMP group 
compared with that in the CS group (P<0.01). Both the HMP and 
CS groups showed increased expression of HMGB1 compared 
with that in the sham group (both P<0.01).

Immunohistochemical analysis of paraffin-embedded sections 
reveals low RIPK3 expression in the HMP group. The expres-
sion and location of RIPK3 in the kidney was analyzed by IHC. 
Only low levels of RIPK3 protein was expressed in the HMP 
group, whereas significantly higher levels were detected in the 
CS group (P<0.01). RIPK3 protein was expressed mainly in 
the TECs (Fig. 8).

Figure 7. Receptor-interacting serine-threonine kinase 3 (RIPK3) and high mobility group box 1 (HMGB1) expression significantly decreases in the hypo-
thermic machine perfusion (HMP) group compared with that in the cold storage (CS) group. RIPK3 expression was evaluated by western blot analysis and 
RT-qPCR using GAPDH as a loading control. The expression of HMGB1 expression was analyzed by RT-qPCR as a marker of necroptosis. The amount of 
transcript was normalized by measuring GAPDH transcript levels. (A and C) RIPK3 expression in the HMP group was significantly lower than that in the CS 
group (**P<0.01). Compared with the sham group, both the HMP and CS groups showed increased expression of RIPK3 (both **P<0.01). (B) The HMP group 
exhibited reduced HMGB1 expression compared with the CS group (**P<0.01). Results represent the means ± SD of three experiments.

Figure 8. Immunohistochemical analysis of the expression and location of RIPK3. Representative images are shown (magnification, x200). RIPK3 expression 
was significantly reduced in the hypothermic machine perfusion (HMP) group compared with that in the cold storage (CS) group (**P<0.01). RIPK3 protein 
was expressed mainly in the tubular epithelial cells. There were five slices in each group and positive cells were counted within three horizons for each slice.
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Discussion

The renal transplant waiting list continues to grow each year, as 
does the demand for donor organs. To expand the existing pool 
of organs, the use of kidneys obtained from donors after cardiac 
death is increasing in most countries. However, there is ongoing 
controversy regarding the quality of some DCD and ECD 
grafts compared with standard criteria organs. Such allografts 
are prone to higher rates of DGF, primary non‑function and 
decreased long-term graft survival (5,39,40). The findings of 
the multicenter Eurotransplant trial published in 2009 demon-
strated that HMP reduced the incidence of DGF (26.5% with 
CS to 20.8% with HMP) in kidneys obtained from the most 
common types of deceased donors (8). The three-year follow-up 
data from this trial also demonstrated improved graft survival 
with HMP (9). HMP is known to be more appropriate for donor 
organ storage after cardiac death than CS; however, clarification 
of the underlying mechanism is urgently required in order to 
further improve donor organ quality through HMP.

Kidney transplantation is invariably associated with 
organ damage, including IRI. Following an ischemic episode, 
the apoptosis and necrosis of TECs occurs initially, and 
the following EC injury further exacerbates ongoing isch-
emia of the tubular epithelium as well as the inflammatory 
response (41,42). TECs are known to be the most susceptible 
cell type to inflammatory injury, which results in tubular 
necrosis  (43). A previous study has shown the benefit of 
blocking necroptosis in renal IRI (44). In addition, apoptosis 
is one of the principal causes of cell death in isolated kidneys 
and cultured renal tubular cells following IRI (45). Therefore, 
controlling inflammation and cell death, particularly of TECs, 
is an attractive therapeutic strategy to reverse acute kidney 
injury, halt chronic disease and protect renal allografts.

The anti-inflammatory function of A20 is well documented 
in A20 knockout mice, which are cachectic at birth and die 
within 3 weeks of birth as a result of uncontrolled inflamma-
tion (24). Moreover, TNF-α markedly increases A20 mRNA 
expression in the kidney (24) and da Silva et al demonstrated 
that inflammation induces the NF-κB-dependent protein A20 
in human renal proximal TECs (RPTECs) (46). These find-
ings are consistent with our results demonstrating that A20 is 
expressed in rabbit TECs. Hypoxia stimulates NF-κB signaling 
in epithelial and macrophage cell lines by preventing the repres-
sion of IKKβ by oxygen-dependent prolyl hydroxylases (47). 
In addition, NF-κB may be activated during ischemia/reperfu-
sion (I/R) by changes in the cellular redox potential, which 
occurs in response to hypoxia (during ischemia) followed by 
re-oxygenation (during reperfusion) (48). NF-κB transcription 
factors act as central regulators of inflammation (16). NF-κB 
is usually sequestered in the cytoplasm in association with 
inhibitor of NF-κBα, IκBα. Pro-inflammatory signaling leads 
to IκBα degradation, thereby promoting the nuclear transloca-
tion and activation of NF-κB. It is well established that A20, 
as one of the NF-κB target genes, is involved in a negative 
feedback loop to block NF-κB activation (24,31). It has been 
demonstrated that A20 protects vascular ECs, hepatocytes and 
pancreatic β cells from inflammation (49-51). This is consistent 
with our results showing the potent anti-inflammatory effect of 
A20 in TECs. In the HMP group, A20 reduced the expression 
of NF-κB and TNF-α compared with that in the CS group.

A20 was initially characterized as an inhibitor of TNF-induced 
apoptosis  (52). As an anti-apoptotic protein, A20 has been 
demonstrated to protect breast cancer MCF-7 cells, fibrosarcoma 
WEHI164 cells, embryonic fibroblast NIH 3T3 cells, ECs and 
L929 cells from TNF-mediated apoptosis or necrosis (28,52-
54). A20 acts early in the TNF-α-induced signaling cascade 
by blocking both TNF-α-induced rapid activation of JNK and 
processing of the receptor-associated caspase-8 (55). Daniel et al 
also showed that A20 targets the TNF-α-induced apoptotic 
pathway by inhibiting the proteolytic cleavage of caspases-8 and 
-2 as well as caspases-3 and -6 (28). Caspase inhibition using 
shRNA in order to silence caspase-8 or transgenic overexpres-
sion of the endogenous caspase-8 inhibitor c-FLIP has been 
shown to protect renal TECs against TNF-α-induced apop-
tosis in vitro and ischemic kidney injury in vivo (56,57). As an 
alternative mechanism underlying the anti-apoptotic effects of 
A20, Won et al proposed that A20 binds to ASK1, an important 
mitogen-activated protein kinase kinase (MAPKK) kinase in 
the JNK signaling cascade, and mediates ASK1 degradation, 
leading to the suppression of JNK activation and eventually the 
inhibition of apoptosis (58). Moreover, A20 may inhibit apoptosis 
through the suppression of pro-inflammatory cytokines (59). 
The mitochondria, an organelle found in most cells, are key sites 
for integrating the death receptor and mitochondrial apoptotic 
pathway during exogenous stress (60). The caspase family plays 
an important role in mediating apoptosis. Among them, caspase-3 
acts as a key execution molecule that functions in many ways in 
the transduction of apoptotic signals (61). In the present study, we 
found that A20 expression in the HMP group was significantly 
increased compared with that in the CS group. Furthermore, the 
results of western blot analysis or RT-qPCR revealed that the 
expression of ASK1, p-JNK and cleaved caspase-3 was signifi-
cantly reduced compared with that in the CS group. Moreover, 
TUNEL assay analysis of apoptosis in our study showed that the 
rate of apoptosis was approximately 4-fold lower in the HMP 
group compared with that in the CS group. These results are 
consistent with those of a previous study showing 5-fold lower 
levels of myocyte apoptosis in the HMP group compared with 
those in the CS group in an ex vivo rat heart transplantation 
model (62). In the present study, we demonstrated that A20 is 
predominantly expressed in the TECs, with significantly more 
abundant expression in the HMP group compared with that in 
the CS group. This suggests that HMP decreased the rate of renal 
cell apoptosis and the subsequent apoptotic cell death pathway 
during IRI by suppressing the ASK1-JNK signaling cascade.

Generally, necroptosis is defined as cell death mediated 
through a pathway that depends on the RIPK1-RIPK3 complex 
that may be inhibited by necrostatin-1 (Nec-1) (63). Necroptosis 
is induced by a class of death receptors that includes tumor 
necrosis factor receptor (TNFR)1, TNFR2 and Fas. Among them, 
the TNF-α/TNFR-induced pathway is the most widely studied. 
Necroptotic death typically triggers inflammation in vivo due 
to the release of intracellular molecules from dying cells (19). 
Necrosis results in the loss of membrane integrity and the 
release of HMGB1 and other damage-associated molecular 
patterns (DAMPs) that promote inflammatory responses (64,65). 
The contribution of RIPK1‑dependent necroptosis to kidney 
failure has also been observed in models of I/R and it may 
rescued by Nec-1 inhibitor (44). A recently study showed that 
RIPK1/3 is a regulator of TNF-α-mediated necroptosis in renal 
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TECs and RIPK3‑deficient allografts had improved renal func-
tion and longer rejection-free survival compared with kidneys 
from wild-type mice (22). Recently Onizawa et al showed that 
A20 used its deubiquitinating motif to restrict RIPK3 ubiquitina-
tion and the formation of necroptotic RIPK1-RIPK3 complexes 
and also restricted RIPK3-dependent necroptosis in multiple 
cell types, although not in renal cells (32). In the present study, 
RIPK3 protein was expressed mainly in the TECs and in the 
HMP group, RIPK3 expression was significantly lower than that 
in the CS group. In addition the HMP group exhibited reduced 
HMGB1 expression compared with that in the CS group. These 
results indicate that, compared with CS, HMP induces greater 
A20 expression during IRI, hence restricting RIPK3-dependent 
necroptosis and inflammation in TECs.

In the present study, we have demonstrated that A20 may 
be induced at low temperatures, and that HMP significantly 
increases A20 expression compared with CS. Thus, we 
concluded that HMP significantly inhibits inflammation and 
decreases the apoptosis and necroptosis of renal cells during 
IRI by inducing the expression of A20. With regard to the 
mechanism, we suggest that the higher levels of A20 expres-
sion in the HMP group are due to the lower levels of MALT1, 
which cleaves A20 (34), compared with those in the CS group; 
however the detailed mechanism remains to be fully elucidated 
and further studies are required to better delineate the molec-
ular targets of A20 in organs stored using the HMP technique.
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