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Abstract. The aim of the present study was to explore the role
of ataxia‑telangiectasia mutated (ATM) in lipopolysaccharide
(LPS)‑induced in vitro model of septic acute kidney injury
(AKI) and the association between ATM, tubular epithelial
inflammatory response and autophagy. The renal tubular
epithelial cell HK‑2 cell line was cultured and passaged, with
HK‑2 cell injury induced by LPS. The effects of LPS on HK‑2
cell morphology, viability, ATM expression and inflammation
were observed. Lentiviral vectors encoding ATM shRNA were
constructed to knock down ATM expression in HK‑2 cells.
The efficiency of ATM knockdown in HK‑2 cells was detected
by western blot analysis and reverse transcription‑quantitative
PCR (RT‑qPCR). HK‑2 cells transfected with the ATM shRNA
lentivirus were used for subsequent experiments. Following
ATM knockdown, corresponding controls were set up, and the
effects of ATM on inflammation and autophagy were detected
in HK‑2 cells using RT‑qPCR, western blotting and ELISA.
After LPS stimulation, the HK‑2 cells were rounded into a
slender or fusiform shape with poorly defined outlines. LPS
treatment reduced cell viability in a partly dose‑dependent
manner. LPS increased the expression of tumor necrosis
factor‑α, interleukin (IL)‑1β and IL‑6, with the levels reaching
its highest value at 10 µg/ml. IL‑6 and IL‑1β expression

Correspondence to: Dr Jingye Pan, Department of Intensive Care
Unit, The First Affiliated Hospital of Wenzhou Medical University,
Fanhai West Road, Wenzhou, Zhejiang 325000, P.R. China
E‑mail: panjingye@wzhospital.cn

Dr Bicheng Chen, Zhejiang Provincial Top Key Discipline in Surgery,
Wenzhou Key Laboratory of Surgery, Department of Surgery, The
First Affiliated Hospital of Wenzhou Medical University, Fanhai
West Road, Wenzhou, Zhejiang 325000, P.R. China
E‑mail: bisonch@163.com
*

Contributed equally

Key

words: septic acute kidney injury, inflammation,
ataxia‑telangiectasia mutated, lipopolysaccharide, autophagy

increased with increasing LPS concentration. These findings
suggest that LPS reduced HK‑2 cell viability whilst increasing
the expression of inflammatory factors. Following transfection with ATM shRNA, expression levels of key autophagy
indicators microtubule associated protein 1 light chain 3α I/II
ratio and beclin‑1 in the two ATM shRNA groups were also
significantly reduced compared with the NC shRNA group.
In summary, downregulation of ATM expression in HK‑2
cells reduced LPS‑induced inflammation and autophagy in
sepsis‑induced AKI in vitro, suggesting that LPS may induce
autophagy in HK‑2 cells through the ATM pathway leading to
the upregulation of inflammatory factors.
Introduction
Sepsis is a systemic inflammatory response syndrome (SIRS)
caused by infection, which is an excessive inflammatory
response as a result of the uncontrolled release of inflammatory mediators (1). In SIRS and secondary tissue damage,
cytokines are released into the circulation in a dysregulated
manner, causing hemodynamic instability, extensive tissue
damage and fatal multiple organ dysfunction (2). The number
of organ failures in patients with sepsis is significantly
associated with mortality (3). The kidney is one of the most
vulnerable organs in the body to sepsis (4). Acute kidney
injury (AKI) is the most common and serious complication
of sepsis and it is often used as an independent risk factor
for predicting mortality (1). According to research statistics,
in the intensive care unit, ~42% of patients with sepsis are
afflicted with different degrees of AKI (5). AKI is a clinical
syndrome that results in severe tubular damage with mortality
rates ranging between 24 and 62% (6). In the case of AKI, the
mortality rate of sepsis can reach 70% due to a lack of effective
therapy strategies (7,8).
The pathogenesis of septic AKI is closely associated with
renal hemodynamic abnormalities, inflammatory injury, apoptosis and adaptive mechanisms. During adaptation, the host
reduces its sensitivity to inflammation‑induced tissue damage
which mainly affects metabolism, resists injury, guides tissue
repair and promotes organ recovery by altering cell signaling
pathways (9). In particular, the main cause of septic AKI is
the lipopolysaccharide (LPS)‑mediated apoptosis of renal
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tubular epithelial cells (RTEC) (10). LPS is a component of
the outer membrane of Gram‑negative bacteria that is involved
in the pathogenesis of sepsis‑induced AKI (11,12). LPS has the
ability to stimulate severe inflammatory reactions, frequently
resulting in the release of a large number of inflammatory cytokines, including tumor necrosis factor‑α (TNF‑α), interleukin
(IL)‑1β and IL‑6. The subsequent inflammatory reaction can
in turn lead to oxidative stress, mitochondrial damage and
energy depletion, and eventually the apoptosis of RTEC. It has
been previously reported that kidney injury in AKI animal
models can be markedly ameliorated by reducing the intensity
of inflammatory reactions; therefore, effective removal of the
inflammatory mediators, including TNF‑α, IL‑15 and IL‑6, as
an effective means of treating septic AKI (13,14).
RTEC death in septic AKI is manifested as necrosis,
apoptosis and autophagy. Cell necrosis is a cell lysis process
typically due to pathology or trauma, apoptosis is a cell death
mechanism occurring in an orderly, controlled manner, while
autophagy is a metabolic process of cell self‑defense that is
distinct from apoptosis, and is important for the turnover of
intracellular substances in eukaryotes (15). Autophagy is a
process in which cells form autophagic lysosomes to degrade
their own damaged organelles such as mitochondria, and
other macromolecules. Autophagy can satisfy cellular metabolic requirements and the renewal of organelles, and is an
important regulatory mechanism for cell growth, differentiation and death (16). Regulation of the balance of pro‑ and
anti‑inflammatory factors serves a pivotal role in the severity
of the inflammatory response. Studies have shown that
autophagy can antagonize apoptosis and protect RTECs from
LPS‑mediated damage, and the inhibition of autophagy can
aggravate LPS‑mediated AKI (17,18).
Ataxia‑telangiectasia mutated (ATM) belongs to the
phosphatidyl inositol‑3‑kinase‑like kinase family of proteins
in mammalian cells, which also includes ataxia telangiectasia
and rad3 related, DNA‑dependent protein kinase and mTOR.
Mutated or inactivated forms of ATM have been identified
in ataxia telangiectasia patients (19). ATM is one of the key
transducers of the DNA double‑stranded break response
and serves critical roles in early signal transduction through
cell cycle checkpoints. Homologs of ATM are present in all
eukaryotic cell types examined to date, including budding and
fission yeasts (20). A previous study suggested that persistent
inflammation leads to DNA damage in RTEC and further activation of ATM (21,22). In addition, another study in ischemia
reperfusion kidney injury models reported that AMP‑activated
protein kinase (AMPK) activated the ATM‑AMPK‑tuberous
sclerosis complex 2 (TSC2)‑mTOR pathway, triggering
autophagy (23). However, it remains unclear whether the
inflammatory reaction in septic AKI leads to increased ATM
expression or increased autophagy.
In the present study, changes in ATM expression and levels
of cell autophagy in an in vitro RTEC model of septic AKI
was assessed using lentiviral transfection to knock down ATM
expression in HK‑2 cells. The results of immunofluorescence
and western blotting suggest that in septic AKI, ATM expression is elevated, which increases autophagy in RTEC. In
addition, downregulation of ATM expression in HK‑2 cells
reduced the expression levels of inflammatory factors and
autophagy in LPS‑induced septic AKI cells. The aim of the

current study was to investigate the mechanism by which the
inflammatory response of septic AKI mediates RTEC damage,
thus providing a new strategy for the therapeutic intervention
of septic AKI.
Materials and methods
Cell lines. The human RTEC line HK‑2 was obtained from
Cell Culture Center of the Basic Institute of Medical Sciences,
Peking Union Medical College.
Cell culture and passage. The HK‑2 cell line was cultured
in DMEM (Gibco; Thermo Fisher Scientific, Inc.) containing
10% fetal bovine serum (FBS; Biochrom, Ltd.) and incubated
at 37˚C in a humidified atmosphere with 5% CO2. The cells
were sub‑cultured at 80% confluence, which were removed
from the incubator and the original medium in the dish was
discarded. Cells were rinsed using 3 ml PBS and digested by
treatment with 1 ml trypsin for 1‑2 min at 37˚C. Digestion was
terminated using 2 ml DMEM medium, and the cell suspension was subsequently centrifuged at 450 x g for 5 min at 4˚C.
Supernatant was discarded and cells were resuspended in
2 ml corresponding DMEM medium to obtain a single cell
suspension. Cells were seeded into different dishes/microplates at different densities for subsequent experimentation, as
described below.
Induction of HK‑2 cell injury using LPS. HK‑2 cells were
cultured under the above conditions. At 100% confluency, cells
were digested and centrifuged at 480 x g for 8 min at room
temperature. The supernatant was subsequently discarded and
the cells were resuspended in 10 ml PBS, counted and seeded
into six‑well plates. At 80% confluency the cells were washed
three times in PBS and then cultured in DMEM/F12 (Gibco;
Thermo Fisher Scientific, Inc.) medium without FBS for 6 h.
LPS (Sigma‑Aldrich; Merck KGaA) diluted in DMEM/F12
without antibiotics was then added to the cells at final concentrations of 1, 10, 20 and 30 µg/ml followed by further incubation
for 0, 6, 12, 24 h. Finally, the optimal concentration (10 µg/ml)
and the optimal stimulation time (24 h) were selected for
subsequent experiments. In the control group PBS was added
instead of LPS.
Cell proliferation assay. Cell proliferation was analyszd
using the Cell Counting Kit‑8 (CCK‑8; Dojindo Molecular
Laboratories, Inc.). The HK‑2 cells in the logarithmic
growth phase were seeded into a 96‑well plate at a density of
2x104 cells/well. Following incubation with different concentrations of LPS solution (1, 10, 20 and 30 µg/ml) and whole
medium (DMEM + 10% fetal bovine serum), HK‑2 cells were
continuously stimulated. The control group was treated with
an equal volume of PBS, whereas the blank control consisted
of medium only with no cells. After the completion of LPS
treatment, CCK‑8 solution (10 µl) was added into each well
and the mixture was incubated for 2 h. Absorbance values
(OD value) at 450 nm was measured in each well using an
enzyme‑labeled instrument. The results were obtained from
three independent experiments in triplicate. The OD value is
considered to be directly proportional to the number of viable
cells contained in the culture system.
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Table I. RT reaction solution.
Reagent
5X RT buffer
10 mM dNTPs
RNasin
M‑MLV‑RT
DEPC H2O
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Table II. Quantitative PCR reaction system.
Amount added per reaction
4 µl
2 µl
0.5 µl
1 µl
3.5 µl

RT, reverse transcription; dNTP, deoxynucleotide triphosphosphate;
M‑MLV‑RT, Molony‑urine leukemia virus reverse transcriptase;
DEPC, diethyl pyrocarbonate.

Inflammatory factor detection by reverse transcription‑quan‑
titative PCR (RT‑qPCR). HK‑2 cells in good condition were
first collected and cultured, and the levels of ATM, TNF‑α,
IL‑1β and IL‑6 mRNA expression in HK‑2 cells were detected
using RT‑qPCR. Following 24 h of LPS stimulation, total
RNA was extracted using TRIzol reagent according to the
manufacturer's protocol (Invitrogen; Thermo Fisher Scientific,
Inc.). The concentration of the extracted RNA was measured
using an ultraviolet analyzer. Reverse transcription of RNA
into cDNA was performed using M‑MLV reverse transcriptase
(Promega Corporation) in a reaction mix prepared according
to manufacturer's protocol (Table I), and the resultant cDNA
was stored at ‑80˚C. The setup of a qPCR reaction system
(SYBR® Premix Ex Taq™; Takara Biotechnology Co., Ltd.) is
provided in Table II. The sequences of the primer pairs used
for RT‑qPCR were as follows: ATM forward, 5'‑ATAGATTGT
GTAGGTTCCGATGG‑3' and reverse, 5'‑CATCTTGTCTCA
GGTCATCACG ‑3'; TNF‑ α forward, 5'‑ACCTCTCTCTAA
TCAG CCCTCT‑3' and reverse, 5'‑GGGT TTG CTACAACA
TGGG CTA‑3'; IL‑1β forward, 5'‑GCAATGAGGATGACT
TGTTCTT TG‑3' and reverse, 5'‑CAGAGGTCCAGGTCC
TGGAA‑3'; IL‑6 forward, 5'‑AGCCACTCACCTCTTCAG
AAC‑3' and reverse, 5'‑ACATGTCTCCTTTCTCAGGGC‑3',
β‑actin (reference) forward, 5'‑CCTGACTGACTACCTCAT
GAAG‑3' and reverse, 5'‑GACGTAG CACAGCTTCTCCTT
A‑3'. The following thermocycling conditions were used for
qPCR: Initial denaturation at 95˚C for 15 sec; 45 cycles of 95°C
for 5 sec and 60˚C for 30 sec. The absorbance values of the
fluorophores were read each time during the extension phase.
A melting curve was then prepared and an initial denaturation
of the template DNA at 95˚C for 1 min after the end of PCR.
It was then cooled to 55˚C to allow sufficient binding to the
DNA duplex. From 55˚C to 95˚C, each step was increased
by 0.5˚C for 4 sec while the absorbance was being read. The
2‑ΔΔCq method (24) was used to calculate the relative expression
of ATM, TNF‑α, IL‑1β and IL‑6 mRNA against β‑actin. All
samples were tested in triplicate.
ELISA. Changes in expression levels of inflammatory factors,
including IL‑1β, IL‑6 and TNF‑α, in response to LPS were
detected using ELISA kits (cat. nos. 558279, 555220 and
555212, respectively; BD Pharmingen; BD Biosciences).
Briefly, 50 µl of the capture monoclonal antibody (mAb) was
applied to the ELISA plate, and the plate was incubated at

Reagent
SYBR premix ex taq
ROX Reverse Dye (50X)
Forard primer (2.5 µM)
Reverse primer (2.5 µM)
cDNA
H2O

Amount added per tube
10 µl
0.4 µl
0.5 µl
0.5 µl
1.0 µl
7.6 µl

37˚C for 1 h and washed three times with PBS supplemented
with Tween‑20 (PBS‑T). The plate was then treated with 50 µl
bovine serum albumin (BSA; 10 mg/ml; Proliant, Inc.) and
50 µl FBS, followed by incubation at 37˚C for 1 h. A total
of 50 µl biotin‑conjugated detector mAb was added to each
well and incubated at 37˚C for 1 h, followed by probing using
an avidin‑horseradish peroxidase (HRP) solution (10 mg/ml).
After final rinsing with PBS‑T, 50 µl tetramethylbenzidine
substrate solution (10 mg/ml) was added to start the color reaction of the antigen‑antibody complex, which was then stopped
by adding 50 µl H 2SO 4 (10 µmol/ml). Final absorbance at
a wavelength of 450 nm was measured using an automated
ELISA reader (Bio‑Rad Laboratories, Inc.). The concentration
of each cytokine was determined by comparing the optical
densities at 450 nm to a standard curve. To further confirm the
role of autophagy in HK‑2 cell injury induced by LPS, HK‑2
cells were pretreated with 10 mol/l 3‑methyladenine (3‑MA;
Sigma‑Aldrich; Merck KGaA) at room temperature, followed
by treatment with 10 µg/ml LPS for 30 min.
Construction of lentivirus‑mediated ATM‑knockdown system.
The mRNA sequence of ATM was obtained from the NCBI
database (https://www.ncbi.nlm.nih.gov/gene/472) and four
shRNA sequences were designed according to Table III, and
the constructs were named accordingly: PLVE2142, PLVE2143,
PLVE2144 and PLVE2145. The double‑strand DNA oligonucleotide containing the interference sequence was synthesized
by Shanghai GeneChem Co., Ltd. and cloned into the pLV‑GFP
lentiviral vector (Hanheng Biotechnology Shanghai Co., Ltd.)
using EcoRI‑HF and AgeI‑HF restriction sites. The vectors
were prepared using a Plasmid Minipreparation kit (cat.
no. KL060; Shanghai Kang Lang Biological Technology Co.,
Ltd.) and detected using 2% agarose gel electrophoresis with
ethidium bromide staining.
The experiments were performed in five groups: Negative
control (NC), PLVE2142, PLVE2143, PLVE2144 and
PLVE2145 groups. Using the Lipofectamine® 3000 reagent
(Invitrogen; Thermo Fisher Scientific, Inc.) according to
manufacturer's protocol, DNA‑liposome complexes were
prepared at 4˚C to a final volume of 1 µg/µl and added to
HK‑2 cells (1 µg/ml), transfection was performed for 6 h at
room temperature. Further experiments were performed 48 h
post‑transfection.
Cellular infection with recombinant lentiviruses expressing
ATM shRNA. Cells were seeded into six‑well plates at a density
of 1x105 cells/well. Once cells reached 30% confluence, the
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Table III. Sequences of ATM shRNAs.
Primer
SH‑NC‑F
SH‑ATM‑R
SH‑ATM‑F1
SH‑ATM‑R1
SH‑ATM‑F2
SH‑ATM‑R2
SH‑ATM‑F3
SH‑ATM‑R3
SH‑ATM‑F4
SH‑ATM‑R4

Sequence (5'‑3')
CCGGGAGGTCAAACCTAGAAAGCTCCTCGAGGAGCTTTCTAGGTTTGACCTCTTTTTTG
AATTCAAAAAAGAGGTCAAACCTAGAAAGCTCCTCGAGGAGCTTTCTAGGTTTGACCTC
CCGGGAGGTCAAACCTAGAAAGCTCCTCGAGGAGCTTTCTAGGTTTGACCTCTTTTTTG
AATTCAAAAAAGAGGTCAAACCTAGAAAGCTCCTCGAGGAGCTTTCTAGGTTTGACCTC
CCGGGCTGCAGAGTCAATCAATAGACTCGAGTCTATTGATTGACTCTGCAGCTTTTTTG
AATTCAAAAAAGCTGCAGAGTCAATCAATAGACTCGAGTCTATTGATTGACTCTGCAGC
CCGGGAGCTCTTCAGGTCTAAATCACTCGAGTGATTTAGACCTGAAGAGCTCTTTTTTG
AATTCAAAAAAGAGCTCTTCAGGTCTAAATCACTCGAGTGATTTAGACCTGAAGAGCTC
CCGGGTCATATAGGAAGTAGAGGAACTCGAGTTCCTCTACTTCCTATATGACTTTTTTG
AATTCAAAAAAGTCATATAGGAAGTAGAGGAACTCGAGTTCCTCTACTTCCTATATGAC

ATM, ataxia telangiectasia mutated; F, forward; R, reverse; SH or shRNA, short harpin RNA.

recombinant lentiviruses PLVE2142, PLVE2143, PLVE2144
or PLVE2145 were used to transfect HK‑2 cells (8 µg/ml
Polybrene; Sigma‑Aldrich; Merck KGaA). The cells were then
transferred to DMEM containing 2% horse serum (Gibco;
Thermo Fisher Scientific, Inc.), and the lentivirus:polybrene
mixture was added to cells. The cells were subsequently
incubated in 37˚C for 6 h before the media was replaced with
media free of lentivirus. Following 48 h of further culture
at 37˚C, images of the cells were taken using a fluorescence
microscope. Western blot analysis and RT‑qPCR were used
to determine the efficiency of ATM knockdown HK‑2 cells,
and the appropriate multiplicity of infection of ATM lentiviral
interference vector was selected for subsequent experiments
after incubation of 24 h. After the ATM gene was silenced by
shRNA (MOI, 10), HK‑2 cells were stimulated with 10 µg/ml
LPS for 24 h at 4˚C, following which the effects of ATM
knockdown on the mRNA expression of cellular inflammatory
factors and autophagy was examined.
Immunofluorescence staining. HK‑2 cells were transfected
with pDSRed‑LC3 the lentivirus (MOI, 20) for 48 h and then
fixed with 4% paraformaldehyde (Sigma‑Aldrich; Merck
KGaA) for 15 min at room temperature, washed three times
with PBS for a total of 10 min each and permeabilized with
pre‑chilled (‑20˚C) 70% ethanol for 20 min. The cells were
then blocked with 8% BSA diluted in PBS for 1 h and washed
with PBS. Following incubation for 2 h, transfected HK‑2
cells were labeled with DAPI (5 mg/l) and incubated with
pDSRed‑LC3 (cat. no. 38171200626; purchased from REBIO;
Shanghai Shengwu Gongcheng Co., Ltd.) overnight at 4˚C.
Subsequently, the treated cells were washed three times with
PBS and incubated at room temperature with AlexaFluor ®
488‑conjugated anti‑rabbit secondary antibody (dilution
1:1,000; cat. no. A‑11008; Thermo Fisher Scientific, Inc) for
1 h. The cells attached to glass slides were removed from
the 24‑well plates in the dark room and placed faced up on
a blotting paper, where a drop of antifade mounting medium
(Invitrogen; Thermo Fisher Scientific, Inc.) was added. After
the cells were dried, they were imaged using a Leica TCS SP8
laser confocal microscope (Leica Microsystems, Inc.).

Western blot analysis of HK‑2 cells autophagy. Western blot
analysis was performed to measure the expression of beclin‑1
and LC3‑II/I, proteins associated with autophagy (25). HK‑2
cells were lysed using RIPA lysis buffer (Teknova, Inc.) at
4˚C for 10‑15 min. Protein concentration was determined
using bicinchoninic acid assay method. Equal amounts of
50 µg protein extract were separated by 10% SDS‑PAGE
and transferred onto polyvinylidene fluoride membranes.
The membranes were blocked with 5% nonfat milk diluted
in Tris‑buffered saline containing 0.1% Tween‑20 at room
temperature for 90 min. The membranes were then immunoblotted for Beclin1 (1:1,000; cat. no. ab55878; Abcam),
LC3 (1:1,000; cat. no. ab48394; Abcam), and β‑actin (1:1,000;
cat. no. ab3280; Abcam) at 20‑27˚C for 2 h before incubation with secondary antibodies conjugated to horseradish
peroxidase‑conjugated goat anti‑rabbit Immunoglobulin G
(1:5,000, cat. no. ab7074; Abcam) at 37˚C for 20 min and visualized with enhanced chemiluminescence reagent (Vazyme).
Immunoreactive bands were analyzed using Image Pro Plus
6.0 software (Media Cybernetics, Inc.).
Statistical analysis. Plots were constructed using GraphPad
Prism 7 (GraphPad Software, Inc.), and the statistical analysis
was performed using SPSS 19.0 (IBM Corp.) software.
Normally distributed data are presented as the mean ± SD.
The non‑normally distributed data are presented as the
mean ± interquartile range or as the median. One‑way and
two‑way ANOVA were used for comparisons between groups,
and the Bonferroni test was used for multiple comparisons.
P<0.05 was considered to indicate a statistically significant
difference. All experiments were repeated three times.
Results
Effect of LPS on the morphology of HK‑2 cells. The
morphology of HK‑2 cells changed following LPS treatment.
Under the microscope, the HK‑2 cells in the control group
exhibited good adherence, clear outlines, tight cell‑cell junctions and good cell growth (Fig. 1A). After the addition of
LPS, in a time‑dependent manner, HK‑2 cells were rounded
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Figure 1. Effect of LPS on the morphology and viability of HK‑2 cells. (A) Effect of LPS on the morphology of HK‑2 cells after 24 h. (A‑a) Control group.
(A‑b) LPS was 1 µg/ml. (A‑c) LPS 10 µg/ml. (A‑d) LPS 20 µg/ml. (A‑e) LPS 30 µg/ml. (B) Effect of LPS on the viability of HK‑2 cells. LPS, lipopolysaccharide. OD, optical density. **P<0.01, ***P<0.001, HK‑2 LPS 1 µg/ml vs. HK‑2 LPS 10, 20, 30 µg/ml.

into a slender or fusiform shape with poorly defined outlines,
weaker cell‑cell junctions, reduced adherence with reduced of
HK‑2 cell numbers (Fig. 1A). This finding suggested that LPS
inhibited the growth of HK‑2 cells.
Effects of LPS on the viability of HK‑2 cells. After treatment of HK‑2 cells with increasing concentrations of LPS
up to 30 µg/ml, CCK‑8 assay results indicated that HK‑2 cell
viability decreased in response to LPS in a dose‑dependent
manner after 72 h (P<0.01, P<0.001; Fig. 1B).
Effect of LPS on the expression of ATM in HK‑2 cells. Following
LPS stimulation, ATM mRNA expression increased in HK‑2
cells, with the magnitude peaking when the dose of 10 µg/ml
LPS was used. Increasing the dose of LPS to 20 and 30 µg/ml
produced no further increases in ATM expression (Fig. 2).
Effect of LPS on the expression of inflammatory factors in
HK‑2 cells. Following 24 h of LPS treatment, the IL‑6 and
IL‑1β mRNA expression levels increased in a dose‑dependent
manner compared with the control group (Fig. 3A and B).

Figure 2. Effects of increasing concentrations of LPS on the expression of
ATM mRNA in HK‑2 cells. **P<0.01 vs. control and ΔΔ P<0.01 vs. 1 µg/ml
LPS. ATM, ataxia telangiectasia mutated; LPS, lipopolysaccharide.

The expression level of TNF‑α mRNA was higher after 1 and
10 µg/ml LPS stimulation compared with the control group;
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Figure 3. Effects of different concentrations of LPS on the expression of (A) IL‑1β, (B) IL‑6, (C) TNF‑α mRNA in HK‑2 cells as detected using reverse
transcription‑quantitative PCR. *P<0.05 and **P<0.01 vs. control and Δ P<0.05 and ΔΔ P<0.01 vs. 1 µg/ml LPS. Effects of different concentrations of LPS and
concomitant 3‑MA treatment on the concentrations of (D) IL‑1β, (E) IL‑6 and (F) TNF‑α in HK‑2 cells as measured using ELISA. *P<0.05, **P<0.01 and
***
P<0.001, vs. BLANK, ##P<0.01 and ###P<0.001, vs. 10 µg/ml LPS. LPS, lipopolysaccharide; IL, interleukin; TNF‑α, tumor necrosis factor‑α.

however, the expression level of TNF‑α following treatment
with 20 and 30 µg/ml LPS was lower compared with treatment with 1 µg/ml LPS (Fig. 3C). The results of RT‑qPCR
analysis were subsequently verified using ELISA. LPS
treatment increased IL‑1β, IL‑6 and TNF‑α expression in a
dose‑dependent manner. The levels of the three inflammatory factors aforementioned peaked when a dose of 10 µg/ml
LPS used, and were reduced with the concomitant treatment
with the autophagy inhibitor 3‑MA (Fig. 3D‑F). These results
suggested that LPS induced an inflammatory response in
HK‑2 cells. Based on the findings of this experiment, LPS at a
concentration of 10 µg/ml was selected for subsequent experiments.
Effect of ATM lentiviral interference vector on ATM‑2
expression in HK‑2 cells. Following the construction of
lentivirus‑mediated ATM‑knockdown system and using
it to transfect HK‑2 cells, the linearization of the interference carrier and the carrier map are shown in Fig. 4A, and
the enzyme digestion map is shown in Fig. 4B. Lentiviral
vectors encoding shRNA2143 and shRNA2144 were more
efficient in knocking down ATM expression and compared
with shRNA2142 and shRNA2145 (Fig. 4C). To validate
this observation, HK‑2 cells were transfected with lentiviruses encoding shRNA2143 and shRNA2144, followed by
western blot analysis. ATM protein expression was significantly reduced following transfection with shRNA2143 and
shRNA2144 (P<0.05; Fig. 4D and E).
Effect of ATM knockdown on the levels of inflammatory
cytokines in HK‑2 cells. After transfection of HK‑2 cells with
shRNA2143‑ and shRNA2144‑encoding lentiviral particles,
no statistically significant differences between the shRNA2143
and shRNA2144 interference groups were observed in the
levels of IL‑1β, IL‑6 and TNF‑ α in the absence of LPS.
Following LPS stimulation and transfection with shRNA2143
or shRNA2144, the levels of IL‑1β, IL‑6 and TNF‑ α were

significantly lower compared with the NC shRNA group
(Fig. 5A‑C). The result suggested that downregulation of ATM
expression can partially reduce the expression of inflammatory cytokines caused by LPS.
Effect of downregulating ATM expression on in HK‑2 cell
autophagy. After HK‑2 cells were transfected with shRNA2143
and shRNA2144, of HK‑2 cell autophagy was detected using
immunofluorescence and western blotting following LPS
stimulation.
After LPS stimulation of HK‑2 cells for 24 h, immunofluorescence assay showed that the levels of autophagy
after transfection with shRNA2143 and shRNA2144 were
reduced compared with the control group (Fig. 6A). The result
suggested that downregulation of ATM expression can reduce
autophagy caused by LPS.
The protein expression levels of beclin‑1 in HK‑2 cells transfected with shRNA2143 and shRNA2144 were significantly
lower compared with the NC shRNA group (Fig. 6B and C).
Although the LC3I/II ratio exhibited a certain degree of
reduction in LPS‑treated shRNA2143 and shRNA2144 groups
compared with NC shRNA, no statistically significant differences were observed (Fig. 6D). These observations suggested
that downregulation of ATM expression can significantly
reduce the beclin‑1 expression. ATM may be involved in the
autophagy of HK‑2 cells induced by LPS.
Discussion
In the present study, a model of septic AKI was established
using LPS‑stimulated HK‑2 cells. Treatment with LPS
increased the expression of inflammatory factors in HK‑2 cells.
In HK‑2 cells with ATM expression knocked down, the levels
of autophagy and expression levels of inflammatory cytokines
were reduced. Therefore, it may be hypothesized that ATM
can increase the expression of inflammatory cytokines further
by promoting autophagy, resulting in HK‑2 cell damage.
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Figure 4. Construction of the ATM shRNA lentiviral vector and subsequent transfection. (A) Map of the lentiviral vector backbone used for cloning ATM
shRNA‑sequences. (B) Enzymatic digestion of the lentiviral vector to recover a 7.3 kb vector fragment. A 1 kb DNA ladder is provided next to the DNA gel
as reference. (C) Effect of transfection with ATM lentiviral interference vectors encoding four different custom‑designed ATM shRNAs on the expression
of ATM mRNA in HK‑2 cells. **P<0.01 vs. NC shRNA. (D) Western blot analysis of ATM protein expression following transfection with lentiviral vectors
encoding shRNA2143 and shRNA2144 targeting ATM. (E) Western blot analysis of ATM protein expression. *P<0.05 vs. NC shRNA. shRNA, short
hairpin RNA; ATM, ataxia telangiectasia mutated; 1st ATM, primary antibody; R, repeat.

AKI is a severe clinical condition with high rates of
morbidity and mortality due to a lack of effective treatment (26).
The mortality rate of patients with septic AKI is >70%, significantly higher compared with patients with sepsis but without
AKI (27). Conventionally the main pathophysiological mechanism of septic AKI was considered to be renal ischemia‑induced
hypoperfusion resulting from renal tubular perivascular
dysfunction and acute tubular necrosis (ATN). However, renal
pathology analysis in patients who succumbed to septic AKI
revealed that 70% of those patients exhibited no ATN; instead,
RTEC apoptosis was more common. In the case of constant or
even increased renal blood flow, RTEC still undergo apoptosis,
suggesting that renal hemodynamic changes are only part of
the cause of septic AKI (28). Inflammation serves a key role
in the pathophysiological mechanism of septic AKI and septic
AKI is directly associated with the inflammatory response (29).
However, the mechanism of this cycle remains unclear due to
the complexity of the mechanism involved.
Bacterial endotoxin and inflammatory cytokines have
been reported to be direct and important causes of renal
injury (30). Endotoxins, of which LPS is an example, can
stimulate severe inflammatory reactions in the body, resulting
in the production of a large number of inflammatory factors,
including TNF‑α, IL‑1β and IL‑6, in turn leading to oxidative stress, mitochondrial damage and energy depletion and

finally RTEC apoptosis (31). LPS induces AKI via the induction of tubular epithelial cell apoptosis (32). It is crucial to
explore therapeutic strategies to inhibit LPS‑induced RTEC
apoptosis in treating AKI. In the present study, LPS was used
to stimulate HK‑2 cells to establish a septic AKI model. After
LPS stimulation, the morphology of HK‑2 cells changed.
Untreated cells exhibited good adherence, clear outlines and
tight cell‑cell junctions. By contrast, cells treated with LPS
changed from round to shuttle shapes, the outline of the cells
becoming blurred with the cell‑ cell junctions appearing
loose. LPS‑treated cells also appear low confluency with the
number of cells reduced. The viability of HK‑2 cells after LPS
treatment was measured using CCK‑8 assay, and it was found
that LPS reduced cell viability in a dose‑dependent manner.
In addition, changes in the expression of inflammatory
factors TNF‑α, IL‑1β and IL‑6 were examined in this model.
It was found that LPS increased the expression of TNF‑ α,
IL‑1β and IL‑6 mRNA, with a dose of 10 µg/ml having the
most potent effect, consistent with previous reports (33‑35).
These results suggest that the LPS‑induced HK‑2 cell injury
model was successful, providing basis for further research.
Autophagy is a general term for the process by which intracellular materials are degraded by lysosomes under the regulation
of proteins associated with autophagy. It is the basic catabolic
mechanism that contributes to the routine recycling of cell mate-
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Figure 5. Effect of ATM knockdown on the expression of inflammatory cytokines in LPS‑treated and untreated HK‑2 cells. (A) Relative IL‑1β, (B) IL‑6 and
(C) TNF‑α mRNA expression levels. *P<0.05 and **P<0.01 vs. the NC shRNA group; ✩✩P<0.01 vs. shRNA2143. LPS, lipopolysaccharide; IL, interleukin;
TNF‑α, tumor necrosis factor‑α; ATM, ataxia telangiectasia mutated; shRNA, short hairpin RNA.

rials by the turnover of dysfunctional cellular components (36).
This process exists in physiological and pathophysiological
processes of a number of different diseases (37). Indeed,
autophagy occurs in most tissues under both physiological and
pathological conditions (16,38,39), which can be dramatically
upregulated by unfavorable stimulus, including hypoxia and
nutrient depletion (40). A previous study has demonstrated that
excessive autophagy may lead to programmed cell death (41).
However, autophagy is invariably linked with disease regardless
of whether it is excessively inhibited or activated, since it serves
a dual role in cell survival and death (42). In particular, similar
studies have found that autophagy serves an important role in
the pathogenesis of sepsis (43,44).
The pathogenesis of LPS‑induced AKI is closely associated
with excessive inflammation (45). Pro‑inflammatory cytokines are the major mediators of AKI induced by sepsis (46).
Controlling the production of pro‑inflammatory factors and
downstream pro‑inflammatory mediators may be an effective
approach in AKI therapy (47). Kong et al (48) demonstrated
that antithrombin III can ameliorate serum amyloid P
component‑induced renal damage by inhibiting inflammation,
oxidative stress and apoptosis. In addition, Lu et al (49) came
to the same conclusion in the medium contrast‑induced AKI. In
the present study, the role of ATM in LPS‑induced septic AKI

and its mechanism were explored. In a previous study, persistent
inflammatory response causes DNA damage in RTEC, further
activating the protein kinase ATM (21,22). In a model of ischemia‑reperfusion kidney injury, AMPK was found to activate the
ATM‑AMPK‑TSC2‑mTOR pathway, causing autophagy (23). In
the present study, it was found that LPS stimulated HK‑2 cells
and caused an increase in intracellular ATM mRNA levels. To
explore the role of ATM in LPS‑induced HK‑2 cell injury, an
ATM‑interfering lentivirus was constructed, which was used
to transfect HK‑2 cells to downregulate endogenous ATM
expression. Following ATM knockdown, LPS‑induced increase
in the expression of inflammatory cytokines IL‑6, IL‑1β and
TNF‑α was partially reversed. Likewise, beclin‑1 expression
was significantly reduced compared with NC shRNA group,
but no significant changes were observed in the LC3 II/I ratio.
The role of autophagy in AKI has not been previously determined. At present, some studies have supported the notion that
autophagy can protect RTEC cells and alleviate AKI deterioration (17,18,50), whilst other studies suggest that autophagy will
increase cell death (37,51). It remains unclear whether autophagy
protects RTEC against AKI and any associated mechanism.
A previous study using a mouse model of sepsis induced by
intraperitoneal LPS injection reported that the expression levels
of LC3, beclin‑1 and other genes associated with autophagy
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Figure 6. Effect of ATM on HK‑2 cell autophagy. (A) Immunofluorescence to assess the effect of ATM expression on autophagy in HK‑2 cells. Blue represents
DAPI staining and red represents LC3‑RFP staining. (B) Western blot analysis of beclin‑1 and LC3 II/I expression in LPS‑treated HK‑2 cells transfected with
shRNA targeting ATM. Quantified densitometry data for (C) beclin‑1 expression and (D) LC3 II/I ratio. **P<0.01 vs. NC shRNA. RFP, red fluorescent protein;
shRNA, short hairpin RNA; LPS, lipopolysaccharide; ATM, ataxia telangiectasia mutated.

were elevated, and the secretion of inflammatory factors IL‑1β
and IL‑18 was also significantly increased (52). It has also
been reported that reducing autophagy promotes inflammatory responses and subsequent cell death (53). Autophagy has
been shown to be upregulated in numerous AKI models (54).
In the present study, it was found that autophagy aggravated
the inflammatory response and cellular damage in HK‑2 cells
treated with LPS for 24 h. When shRNA2143 and shRNA2144
were used to knockdown ATM expression, it was found that
the levels of autophagy and inflammatory factors were also
significantly reduced following 24 h LPS treatment. This
suggests that the level of autophagy is reduced when ATM is
downregulated. Therefore, it can be hypothesized that LPS may
induce autophagy in HK‑2 cells through the ATM pathway,
resulting in the upregulation of pro‑inflammatory cytokines. To
the best of our knowledge, this was the first time that ATM was
found to increase the expression of inflammatory cytokines by
promoting autophagy, resulting in HK‑2 cell damage.
In conclusion, the present study revealed that LPS can
reduce HK‑2 cell viability, and increase autophagy and the
expression of inflammatory cytokines IL‑1β and IL‑6, ATM.
By contrast, downregulation of ATM levels in HK‑2 cells can
reduce the levels of inflammatory cytokines and autophagy in

LPS‑induced HK‑2 cells. Autophagy can exacerbate inflammatory responses and cellular damage, however, the mechanism by
which ATM affects LPS‑induced inflammatory response and
autophagy in AKI renal tubular epithelial cells remains unclear.
The present study provides a new direction and lays a foundation for the future treatment of AKI.
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