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Abstract. This study investigated whether autophagy is 
activated after sepsis‑induced acute kidney injury (AKI) and 
explored its biological role. Seventy‑two normal C57 mice 
were randomly divided into sham operation group, cecal liga-
tion and puncture (CLP) group and CLP+3‑MA (autophagy 
inhibitor) group; 24 mice in each group. Mice in CLP and 
CLP+3‑MA group were treated with cecal ligation to establish 
sepsis, while mice in sham operation group were treated with 
the same surgical operations, but not cecal ligation. Blood 
samples were collected from 12 mice of each group and the 
levels of serum creatinine (Cr) and blood urea nitrogen (BUN) 
were measured. The pathological changes were observed. 
The remaining 12  mice in each group were kept and the 
survival rate was recorded. Changes in the expressions of 
autophagy‑related proteins were detected by reverse transcrip-
tion‑semi‑quantitative PCR and western blotting. The results 
revealed that the levels of Cr and BUN in CLP and CLP+3‑MA 
group were significantly higher than those in sham operation 
group (P<0.05), and the levels of Cr and BUN in CLP+3‑MA 
group were higher than those in CLP group (P<0.05). The 
pathological score of renal injury in CLP+3‑MA group was 
significantly higher than that of CLP group (P<0.01). The 
expression levels of Beclin1 and LC3‑Ⅱ/I were significantly 
increased in CLP group compared to sham operation group 
(P<0.01), while the expression of p62 was decreased (P<0.01). 
After 3‑MA treatment the expression levels of Beclin1 and 
LC3‑II/I were decreased, compared with CLP group, but 
accumulation of p62 occurred, and the degree of renal injury 
was increased. In conclusion, AKI induced by sepsis in mice 
can induce apoptosis and activate autophagy. The activation of 
autophagy aggravates the renal injury in mice, which in turn 
inhibits AKI after sepsis.

Introduction

Sepsis, as one of the serious complications of trauma, 
shock, infection and major surgery in patients with clinical 
critical disease, can often lead to septic shock and multiple 
organ dysfunction (1,2). Sepsis combined with acute kidney 
injury (AKI) is an important risk factor for the poor prognosis 
of patients with critical disease. Sepsis‑induced AKI can 
promote and aggravate the damage of other organs, which in 
turn leads to death (3,4). Increasing number of recent studies 
have shown that sepsis‑induced AKI is affected by multiple 
factors. In addition to hemodynamic changes, changes in renal 
cell apoptosis, endotoxin‑induced complex inflammation, and 
immune network responses also play important roles in this 
process (5,6). However, the pathogenesis of sepsis‑induced AKI 
is still unclear. Thomas (7) found that macrophage apoptosis is 
the main cause of immune function inhibition in sepsis. AKI 
can lead to increased levels of renal cell apoptosis, significantly 
increasing the mortality rate of patients. Sharma et al (8) also 
found that sepsis can activate autophagy, leading to a nega-
tive impact on the body. As a lysosome involved catabolic 
process, autophagy mainly acts on the recycle of intracellular 
macromolecules, removal of damaged organelles and clear-
ance of intracellular pathogens, so as to maintain cell stability, 
ensure energy supply and protect cells. Autophagy can also 
assist antigen presenting cells to carry out antigen presenta-
tion. Autophagy is a linker between non‑specific and specific 
immune system, and has important roles in infection control 
and immune steady‑state maintenance. However, excessive 
activation brings damage to the body. Emergence of autophagy 
can affect the expression levels of autophagy‑degrading 
substrate p62, autophagy constituent proteins LC3‑II/I and 
autophagy‑related protein Beclin1 (9‑12). Autophagy activa-
tion and its role in AKI patients still have not been reported. 
Our study aimed to investigate the effects of autophagy on 
mice with sepsis‑induced AKI so as to provide new insights 
into the pathogenesis and clinical treatment of AKI.

Materials and methods

Instruments and materials. Creatinine  (Cr) assay kit and 
blood urea nitrogen (BUN) assay kit  (R&D Systems, Inc., 
Minneapolis, MN, USA), 3‑MA  (Sigma‑Aldrich; Merck 
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KGaA, Darmstadt, Germany); TRIzol kit and reverse transcrip-
tion kit (Invitrogen; Thermo Fisher Scientific, Inc., Waltham, 
MA, USA); semi‑quantitative PCR kit  (Vazyme Biotech 
Co., Ltd., Nanjing, China); horseradish peroxidase‑labeled 
anti‑rabbit secondary polyclonal antibody (#7074), rabbit 
anti‑mouse Beclin1, rabbit anti‑p62, rabbit anti‑mouse LC3‑II, 
rabbit anti‑LC3‑I and rabbit anti‑mouse GAPDH monoclonal 
antibodies (cat. nos. #3495, #39749, #3868, #4599, #2118; Cell 
Signaling Technology, Inc., Danvers, MA, USA); ECI lumi-
nous fluid and contrasting power (Invitrogen; Thermo Fisher 
Scientific, Inc.); pipettes (Eppendorf, Hamburg, Germany), PCR 
instrument (Applied Biosystems; Thermo Fisher Scientific, 
Inc., Waltham, MA, USA); UV imaging system (Biometra, 
Göttingen, Germany); electronic balance (BP121S, Sartorious, 
Göttingen, Germany); low temperature centrifuge (Thermo 
Fisher Scientific, Inc.); frozen slicer  (Leica Microsystems 
GmbH, Wetzlar, Germany).

Experimental animals and grouping. Seventy‑two male C57 
mice, weighing 22‑25 g, were purchased from Guangdong 
Medical Laboratory Animal Center [certificate no. SCXK 
(Guangdong) 2013‑0015]. The animals were raised for 1 week 
following the circadian rhythm in quiet environment at 25˚C 
with free access to water and food to adapt the feeding envi-
ronment. The 72 C57 mice were randomly divided into three 
groups (24 mice in each group): CLP group (cercal ligation), 
sham operation group (same operation as sepsis group except 
cecum ligation), CLP+3‑MA group (intraperitoneal injection 
of 3‑MA saline solution at a dose of 10 mg/kg before cercal 
ligation). Peripheral blood of 12 mice of each group was taken 
at 12 and 24 h after modeling, and the kidneys were taken 24 h 
after operation (13). The remaining 12 mice in each group were 
used to observe behavioral changes and survival rates at the 
4th and 7th day after surgery. The study was approved by the 
Ethics Committee of Xuzhou Municipal Hospital Affiliated to 
Xuzhou Medical University (Xuzhou, China).

Establishment of sepsis model. Mice in each group were 
fasted for 12 h before surgery to avoid obstructions of intes-
tinal tract. The mice were anesthetized with isoflurane (RWD 
Life Science, Shenzhen, China). After anesthesia, hair of the 
mouse abdomen was removed by hair removal cream, and 
abdomen was opened to find the cecum. One‑third of the 
cecum was ligated with 6‑0 suture. Needle puncture with 
18 gauge needle was performed and a little intestinal content 
was squeezed out. Then cecum was put back to the abdominal 
cavity without squeezing out intestinal contents to contami-
nate the surgical incision. Mice were injected with a small 
amount of saline to supplement body fluids. The incision was 
sutured and disinfected with iodophor (13). After waking up, 
the mice were reared in a cage with free access to food and 
water.

Sample collection and preparation. Peripheral blood was 
extracted from mice of each group at 12 and 24 h after surgery. 
Blood samples were centrifuged at 2,100 x g for 15 min at 
4˚C to collect the supernatant. The supernatant was stored 
in a refrigerator at ‑80˚C. After blood extraction, the right 
kidney was rapidly collected and fixed in 10% formalin for 
pathological examination.

ELISA to measure serum concentrations of Cr and BUN. 
ELISA kit (Wuhan Boster Biological Technology Co., Ltd., 
Wuhan, China) was used to detect the serum levels of Cr and 
BUN in strict accordance with the manufacturer's instructions. 
After incubation, a microplate reader was used to measure OD 
values at 450 nm to calculate the serum concentrations of Cr 
and BUN in each group of mice.

Renal tissue injury scoring. Histopathological sections of the 
kidneys were observed under an optical microscope (Olympus 
Corp., Tokyo, Japan) to evaluate the loss of renal tissue in each 
group. Scoring was performed according to the following 
criteria: normal renal tissue, 0 point; area of damaged renal 
tubules in renal tissue <25%, 1 point; area of damaged renal 
tubules in renal tissue between 25 and 50%, 2 points; area of 
damaged renal tubules in renal tissue between 50 and 75%, 
3 points; area of damaged renal tubules in renal tissue between 
75  and 100%, 4 points. The levels of Cr and BUN in the 
serum of each group were detected by Cr and BUN assay kits 
according to the manufacturer's instructions.

Reverse transcription‑semi‑quantitative PCR to detect the 
expression of mRNAs. Total RNA was extracted from renal 
tissue using TRIzol kit, the OD values of the RNA samples 
were measured and the integrity of RNA samples was checked 
by agarose gel electrophoresis. Only RNA samples with a ratio 
of A260/A280 between 1.8 and 2.0 and three clear bands of 
28S, 18S and 5S RNA (the signal of 28S is about twice higher 
than that of 18S) were used for subsequent studies. After 
cDNA synthesis through reverse transcription, the expression 
levels of Beclin1, p62, and LC3‑II were detected by reverse 
transcription‑semi‑quantitative PCR using GAPDH as the 
endogenous control. PCR reaction conditions were: 95˚C for 
5 min, followed by 40 cycles of 95˚C for 45 sec, 58˚C for 
30 sec and 72˚C for 45 sec, and a final step of 72˚C for 5 min. 
All primers used were synthesized by Tiangen Biotech Co., 
Ltd. (Beijing, China). Primer sequences are listed in Table I. 
PCR products were subjected to 15% agarose gel electro-
phoresis and the bands were observed using a UV imaging 
system  (Bio‑Rad Laboratories, Inc., Hercules, CA, USA). 
Relative expression levels of mRNA in each group were 
represented by the ratio of Beclin1/GAPDH, p62/GAPDH and 
LC3‑II/I/GAPDH.

Western blotting to detect the expression levels of related 
proteins. Renal tissue was mixed with RIPA lysate (Beyotime 
Institute of Biotechnology, Shanghai, China) to make the 
homogenate, and lysis was stopped when no visible tissue was 
observed. After centrifugation (10,800 x g, 4˚C) for 10 min, 
the supernatant was collected and BCA protein quantification 
kit (Invitrogen; Thermo Fisher Scientific, Inc.) was used to 
measure the protein concentration. Protein samples (20 µl) 
were subjected to 12% SDS‑PAGE gel electrophoresis under 
80  V for 120  min, followed by transmembrane to PVDF 
membrane under 100 V for 9 min. Membranes were blocked 
with TBST containing 5% skimmed milk at room tempera-
ture for 2 h, followed by incubation with Beclin1, p62, LC3‑I 
and LC3‑II monoclonal primary antibodies (1:1,000) at 4˚C 
for 12 h. After that, the membranes were washed 3  times 
with TBST, 5  min for each time, followed by incubation 
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with a secondary antibody (1:5,000) for 2 h. After that, the 
membranes were washed 3 times with TBST, 5 min for each 
time. The solutions A and B of ECL kit (EMD Millipore, 
Burlington, MA, USA) were added with a ratio of 1:1 to detect 
the signal. The results were scanned and ImageJ (National 
Institutes of Health, Bethesda, MD, USA) software was used 
to analyze gray values.

Statistical analysis. The data in this study are expressed 
as mean ± standard deviation. Data were processed using 
SPSS 19.0 software (SPSS, Inc., Chicago, IL, USA). Compa
risons between two groups were performed by t‑test and 
comparisons among multiple groups were performed by 
variance analysis. Test for homogeneity of variances was 
performed. If the variance was homogeneous, Bonferronic 
method was used for comparison between two groups. If 
the variance was heterogeneous, multiple comparisons were 
performed using Dunnett's T3 method. Kaplan‑Meier method 
was used for survival rate analysis and a log‑rank test was 
performed for comparison. P<0.05 was considered to indicate 
a statistically significant difference.

Results

Changes in renal function in mice. Levels of Cr and BUN in 
the urine of each group were detected by Cr and BUN detec-
tion kit. As shown in Figs. 1 and 2, the levels of Cr and BUN 
in CLP and CLP+3‑MA group were significantly higher than 
those in sham operation group (P<0.05), and the levels of Cr 
and BUN in CLP group were significantly lower than those in 
CLP+3‑MA group (P<0.05).

Pathological changes of renal tissue in mice. Pathological 
changes of renal tissue samples were observed under an 
optical microscope. No sepsis was observed in sham opera-
tion group, the tissue structure was clear and the structures of 
renal tubules and glomerulus were normal. Telangiectasia and 
severe congestion were observed in renal tissue sections of the 
CLP and CLP+3‑MA group, obvious edema was observed in 
renal tubular epithelial cells, and granule‑like degeneration or 
vacuolar degeneration was observed in the tissues (Fig. 3A). 
The tissues were scored using the same scoring criteria. The 
results showed that the scores of sepsis and CLP+3‑MA group 

were significantly higher than that of sham operation group 
(P<0.01), and the score of CLP+3‑MA group was significantly 
higher than that of the sepsis group (P<0.01) (Fig. 3B and 
Table Ⅱ).

Mouse survival rate. The mice were reared in the same environ-
ment after surgery, and the survival rates at the 4th and 7th day 
after surgery were recorded. As shown in Fig. 4 and Table Ⅲ, 
the survival rates of mice in CLP and CLP+3‑MA group were 
significantly lower than that in sham operation group at the 4th 
and 7th day after surgery (P<0.05). The survival rate of mice 
in CLP+3‑MA group was significantly higher than that in CLP 
group at the 4th and 7th day after surgery (P<0.01).

mRNA expression detected by reverse transcription‑semi‑ 
quantitative PCR. The expression of autophagy‑related genes 

Table I. Sequences of primers used in PCR.

Gene	 Sequences

Beclin1	 F:	 5'‑GGCCTAGCTAAGCTTAGCTACG‑3'
	 R:	 5'‑CCGTTGTACGTACTAGCTACC‑3'
p62	 F:	 5'‑CCGTGTGCATCGTAAACTGA ‑3'
	 R:	 5'‑GGCGTTCGATCGATCAAGTC‑3'
LC3‑II	 F:	 5'‑CCTGTGCATAGAATCAACT‑3'
	 R:	 5'‑CGTTGTCAGTCCAACTGAA‑3'
GAPDH	 F:	 5'‑GATGATTGGCATGGCTTT‑3'
	 R:	 5'‑CACCTTCCGTTCCAGTTT‑3'

F, forward; R, reverse.

Figure 1. Serum levels of Cr in each group of mice. The levels of Cr in CLP 
and CLP+3‑MA groups were significantly higher than that in sham operation 
group (**P<0.01, *P<0.05), and the levels of Cr in CLP+3‑MA group were 
significantly higher than that in CLP group (*P<0.05), n=6. Cr, creatinine.

Figure 2. Serum levels of BUN in each group of mice. The levels of BUN 
in CLP and CLP+3‑MA groups were significantly higher than that in sham 
operation group (**P<0.01), and the levels of BUN in CLP+3‑MA group were 
significantly higher than that in CLP group (*P<0.05), n=6. BUN, blood urea 
nitrogen.
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was detected by reverse transcription‑semi‑quantitative PCR. 
As shown in Fig. 5, the expression levels of autophagy‑related 
genes Beclin1 and LC3‑II were significantly increased in CLP 
group compared with the sham group (P<0.01), while the 
expression of p62 was significantly decreased (P<0.01). With 
3‑MA treatment, the expression levels of autophagy‑related 
genes Beclin1 and LC3‑II were decreased compared with CLP 
group (P<0.01 and P<0.05, respectively), but the expression 
level of p62 was increased (P<0.01).

Western blotting to detect the expression of related proteins. 
Western blotting was used to detect the expression of 
autophagy‑related proteins. As shown in Fig. 6, the expression 
levels of autophagy‑related proteins Beclin1 and LC3‑II were 
significantly increased in CLP group compared with that in the 
sham group (P<0.01), while the expression level of p62 protein 
was significantly decreased (P<0.05). With 3‑MA treatment, 
the expression of autophagy‑related proteins Beclin1 and 

Figure 3. H&E staining to detect renal damage in each group. (A) Compared with sham operation group, renal tissue glomerular capillary dilation, hyperemia, 
renal tubular epithelial cell edema, granulocyte degeneration or vacuolar degeneration, and lumen narrowing (arrows) were found in CLP and CLP+3‑MA 
group. (B) Scores of CLP and CLP+3‑MA group were significantly higher than that of sham operation group (**P<0.01); score of CLP+3‑MA group was 
significantly higher than that of CLP group (**P<0.01), n=6. H&E, hematoxylin and eosin.

Figure 4. Survival rate of mice after modeling. The survival rate of mice in 
CLP+3‑MA group was significantly higher than that in CLP group at the 4th 
and 7th day after surgery (**P<0.01). The survival rate of mice in CLP+3‑MA 
group was significantly lower than that in sham operation group at the 4th 
and 7th day after surgery (*P<0.05), n=12.

Table II. Pathological changes of renal tissues in each group 
of mice.

Groups	 12 h	 24 h

Sham operation	 0.68±0.19	 0.71±0.16
Sepsis	 1.78±0.26a	 1.86±0.19a

3‑MA	 1.95±0.21a,b	 2.06±0.27a,b

aP<0.01, compared with sham operation group; bP<0.01, compared 
with sepsis group.

Table III. The survival rate of mice in each group.

	 Survival rate	 Survival rate
Groups	 of 4 days (%)	 of 7 days (%)

Sham operation	 91.6	 87.5
Sepsis	 41.6a	 37.5a

3‑MA	 66.7a,b	 58.3a,b

aP<0.01, compared with sham operation group; bP<0.05, compared 
with sepsis group.
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Figure 5. Reverse transcription‑semi‑quantitative PCR to detect the expression of autophagy‑related genes. The expression levels of the autophagy‑related genes 
(A and C) Beclin1 and (A and D) LC3‑II were significantly increased in CLP group compared with those in the sham group (**P<0.01), while (A and B) the 
expression level of p62 was significantly decreased (**P<0.01). Compared with CLP group, the expression levels of (A and C) Beclin1 and (A and D) LC3‑II 
were decreased in CLP+3‑MA group (**P<0.01, *P<0.05), while (A and B) the expression level of p62 was increased (**P<0.01, *P<0.05), n=12.

Figure 6. Western blotting to detect the expression of autophagy‑related proteins. The expression levels of autophagy‑related proteins (A and C) Beclin1 and 
(A and D) LC3‑II/I were significantly increased in CLP group compared with the sham group (**P<0.01), while (A and B) the expression level of p62 protein 
was significantly decreased (*P<0.05). Compared with CLP group, the expression levels of (A and C) Beclin1 and (A and D) LC3‑II/I protein were decreased 
in CLP+3‑MA group (*P<0.05, **P<0.01), while (A and B) the expression level of p62 protein was increased (**P<0.01), n=12.



WU et al:  AUTOPHAGY IN SEPSIS-INDUCED AKI 321

LC3‑II was inhibited; compared with that in CLP group the 
expression levels were decreased (P<0.05 and P<0.01, respec-
tively), but the expression level of p62 protein was increased in 
CLP+3‑MA group (P<0.01).

Discussion

Sepsis can lead to multiple organ failures. Pathophysiological 
changes of sepsis are complex, and the specific pathogenesis 
is still unclear, which in turn brings great obstacles to the 
clinical treatment (14). AKI is a common complication of 
severe sepsis and is an important factor for the death of 
patients (15). At present, the basic research on sepsis mainly 
includes in vivo and in vitro experiments. The use of animal 
models can effectively simulate the pathological process of 
sepsis, which provides reference for elucidating the patho-
genesis of sepsis in human (16). In this study, cecal puncture 
was used to establish the mouse model of AKI induced by 
sepsis. The size of the selected puncture needle and the 
number of punctures can significantly affect the stability 
of the model. The position and number of the punctures in 
experiment were strictly in accordance with the standard to 
ensure the consistency of the experimental results. Infusion 
was performed after surgery to simulate the onset of clinical 
sepsis.

After model establishment, the degree of renal injury was 
evaluated by measuring serum Cr and BUN levels. Results 
showed that serum Cr and BUN levels in CLP group were 
significantly higher than those in Sham operation group, 
indicating the successfully established mouse sepsis model. 
3‑MA is a commonly used autophagy inhibitor that inhibits 
autophagy activity in vivo and is often used as a tool for 
studying the physiological significance of autophagy activity 
in the body (17). 3‑MA treatment before surgery can reduce 
damage to renal function in mice with sepsis‑induced AKI, 
indicating that the activation of autophagy plays a negative 
role in sepsis‑induced AKI, and can be protective through the 
inhibition of autophagy. The expression of autophagy‑related 
proteins was detected by reverse transcription‑semi‑quan-
titative PCR and western blotting. Results showed that the 
expression levels of autophagy‑related proteins Beclin1 and 
LC3‑II/I were significantly increased and the expression 
level of autophagy substrate p62 was decreased in CLP group 
compared to sham operating group, indicating that sepsis can 
activate the autophagy in the body. With 3‑MA treatment, 
the expression levels of Beclin1 and LC3‑II/I were decreased 
and the expression level of p62 was increased, compared 
to the CLP group, and thus the activation of autophagy in 
sepsis was further confirmed by this inhibitor. At the same 
time, compared with mice in CLP group, renal injury of 
CLP+3‑MA group was less serious, and the survival rates 
of CLP+3‑MA group at the 4th and 7th day after surgery 
were significantly higher than those of CLP group, indicating 
that the inhibition of autophagy can protect the body from 
AKI induced by sepsis. Autophagy in sepsis can be activated 
by a variety of cell stresses and the activated autophagy has 
protective effects on the body. Macdonald et al (18) found 
that macrophage apoptosis would occur after sepsis, leading 
to the dysfunction of the immune system. Macrophage apop-
tosis can also cause the production of inflammatory factors, 

leading to immunological suppression. Both autophagy 
and apoptosis present in sepsis‑induced AKI. Autophagy 
and apoptosis share the same regulatory factors, and there 
is a dynamic balance between apoptosis and autophagy in 
the body (19,20). Our study still has some limitations. The 
activation of autophagy and apoptosis in sepsis‑induced AKI 
was not deeply studied. The mechanism of the functions of 
autophagy and apoptosis was not elucidated. These will be 
the focus of future studies.

In summary, autophagy is activated in sepsis‑induced 
AKI and autophagy activation brings damage to the body. 
The survival rate of patients with sepsis‑induced AKI can be 
increased by inhibiting autophagy. This study provides a new 
direction for the clinical treatment of sepsis.
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