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Dynamic expression and roles of sequestome-1/p62
in LPS-induced acute Kidney injury in mice
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Abstract. Acute kidney injury (AKI) is one of the most common
complications of sepsis. The roles of autophagy in AKI have
been demonstrated in previous studies. Sequestosome-1 (p62)
has been demonstrated to serve essential roles in autophagy.
The dysregulation of autophagy causes p62 accumulation,
which is associated with increased inflammation and tumori-
genesis. However, the expression patterns and role of p62 in
septic AKI remain unknown. The present study detected the
renal autophagy level, and the expression and localization
of p62, in a lipopolysaccharide (LPS)-induced AKI mouse
model. The results demonstrated that autophagy was induced
in the kidneys of LPS-treated mice. The mRNA and protein
levels of p62 were decreased in whole renal tissue samples and
increased in mice treated with LPS. Immunohistochemistry
indicated that p62 protein was predominantly expressed in the
cytoplasm of proximal tubules under normal conditions and
was significantly decreased following LPS injection into the
cortex. In addition, p62 protein was gradually redistributed
to the outer and inner medullas following treatment with
LPS. In vitro experiments demonstrated that overexpression
of p62 significantly decreased the viability and increased the
lactate dehydrogenase (LDH) release and apoptosis rate, of
renal tubular epithelial cells. By contrast, interference with
p62 expression using small interfering RNA increased the
cell viability and decreased the LDH release and apoptosis
rate. The results of the present study demonstrated that p62
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may aggravate LPS-induced acute kidney injury in mice by
promoting apoptosis in renal tubular epithelial cells.

Introduction

Acute kidney injury (AKI) is one of the most common and
serious complications of sepsis (1). The morbidity of AKI
secondary to sepsis in the intensive care unit may reach
70% (2). The mortality rate for septic patients with AKI
is increased compared with patients with sepsis alone (3).
However, there are no effective therapeutic strategies to treat
this disease. Therefore, a better understanding of the molecular
basis of the disease may contribute to more targeted therapies
of septic AKI.

Autophagy is a protective mechanism of the body
against injury, which may maintain the homeostasis of the
body (4). Recent studies have demonstrated that autophagy
is activated during AKI (5,6). Leventhal et al (7), reported
that autophagy may be induced by lipopolysaccharide (LPS)
in renal tubular epithelial cells, and that the induction of
autophagy has a protective effect in AKI. As a selective
autophagy signaling adaptor, sequestosome-1 (p62) is one of
the indicators of the level of autophagy (8,9). The ablation of
important autophagy proteins has been observed to increase
p62 levels and to damage renal function. (6) p62 possesses a
number of important domains that facilitate interactions with
numerous signaling activators (10,11). It has been demon-
strated that p62-mediated selective autophagy is regulated
by its PB1 domain, light chain (LC) 3-interacting region and
ubiquitin-associated domain (12). The N-terminal PB1 domain
enables p62 to self-associate and polymerize in the cyto-
plasm to form aggregates and cytoplasmic inclusion bodies,
and these self-aggregates are degraded by autophagy (13).
The C-terminal ubiquitin-binding domain enables p62 to
recognize and bind to polyubiquitinated proteins (11). The
LC3-interacting region (LIR) facilitates p62 binding to LC3-11
(a marker of autophagy) and p62-bound polyubiquitinated
cargo to the autophagosomes for degradation (14). The selec-
tive turnover of p62 by autophagy serves an important role in
the formation of cytoplasmic proteinaceous aggregates, identi-
fied as a common hallmark of autophagy-deficient post-mitotic
cells (8,15). Since p62 is implicated in a number of signaling
pathways, its expression level is important. Recently, p62 has
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been demonstrated to serve essential roles in various diseases,
including liver and breast cancer (16,17), Paget's disease of
bone (18), obesity and insulin resistance (19,20). However,
little is known about the expression pattern and roles of p62
in septic AKI.

In the present study, a mouse model of endotoxemia was
developed via intraperitoneal injection of LPS, the most
common toxemia model. Kidney tissue was used to detect
the expression and location of p62. In addition, at the cellular
level, the present study overexpressed and knocked down p62
in renal tubular epithelial cells by transfection of p62 over-
expression plasmids and siRNA, respectively, to analyze the
possible roles.

Materials and methods

Animals and treatment. Male C57BL/6 mice at 8 weeks of
age, 20~25 g, were purchased from the Experimental Animal
Center of Central South University (Changsha, China), and
housed in a temperature (25°C) and humidity (40~60%)
controlled facility on a 12-h light/dark cycle with free access
to food and water. A total of 30 mice were divided into two
groups: The LPS group (n=20), injected with LPS (10 mg/kg;
intraperitoneal); and the control group (n=10), injected with
saline. Subsequently, the 72-h survival rate was observed. An
additional 40 mice were divided into five groups (n=8) and
injected with LPS (10 mg/kg; intraperitoneal) for O (control),
4,8, 12 and 24 h individually. The mice were anesthetized
and bled by heart puncture. Subsequently, the mice were sacri-
ficed, upper and lower parts of the left kidneys were collected
in liquid nitrogen and then stored at -80°C for reverse tran-
scription-quantitative polymerase chain reaction (RT-qPCR)
analysis and western blotting. Middle parts of the left kidneys
were collected and fixed in 4% paraformaldehyde at 4°C over-
night for paraffin embedded and 3 ym sections were cut and
stained with immunohistochemistry. The cortex and medulla
of the right kidneys were separated and collected in liquid
nitrogen and then stored at -80°C until for western blotting
analysis. All animal experimental protocols were approved by
the institutional ethics committee for animal experiments of
Central South University.

Assessment of renal function. Renal functional parameters
including blood urine nitrogen (BUN) and creatinine were
detected using a Synchron CX7 autoanalyzer (Beckman
Coulter, Inc., Brea, CA, USA).

Reverse-transcription-quantitative polymerase chain reaction
(RT-gPCR) analysis. The isolation of total RNA and the produc-
tion of cDNA was performed as previously described (21).
qPCR was performed using a 7500 Real Time PCR System
(Applied Biosystems; Thermo Fisher Scientific, Inc., Waltham,
MA, USA) with a Two Step SYBR® PrimeScript™ RT-qPCR
kit (Takara Bio, Inc., Otsu, Japan). The amplification was
performed over 40 cycles with conditions of 95°C for 30 sec,
95°C for 5 sec and 60°C for 34 sec. The relative quantitation
of mRNA was analyzed using the 2244 method (22) and
normalized by (-actin. The primers were as follows: [3-actin
sense, 5'-CATTGCTGACAGGATGCAGAAGG-3' and
antisense, 5"-TGCTGGAAGGTGGACAGTGAGG-3'; p62
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sense, 5-GCTCTTCGGAAGTCAGCAAACC-3' and anti-
sense, 5-GCAGTTTCCCGACTCCATCTGT-3.

Western blotting. Total protein from renal tissues was
extracted using radio immunoprecipitation assay (RIPA)
lysis buffer (1% Triton X-100, 150 mM NaCl, 5 mM EDTA,
and 10 mM Tris-HCI, pH 7.0) containing a protease inhibitor
cocktail (cat. no. WB-0071, Beijing Dingguo Changsheng
Biotechnology Co. Ltd, Beijing, China). Proteins were quanti-
fied using a bicinchoninic acid kit. Equal amounts of protein
from each sample (20-80 ug per lane) were mixed with SDS
sample buffer, heated to 100°C for 10 min to expose epit-
opes and subjected to electrophoresis on a 10% SDS-PAGE
gel. Proteins were transferred to a polyvinylidene fluoride
membrane (EMD Millipore, Billerica, MA, USA). Following
blocking in 2% bovine serum albumin (Gen-view Scientific
Inc., USA) in TBS with Tween 20 for 1 h at room temperature,
membranes were incubated with primary antibodies against
p62 (cat. no. 5114, 1:1,000 dilution, Cell Signaling Technology,
Inc., Danvers, MA, USA), LC-3B (cat. no. 3868, 1:1,000
dilution; Cell Signaling Technology, Inc.) and B-actin (cat.
no. A1978, 1:2,000 dilution, Sigma-Aldrich; Merck KGaA,
Darmstadt, Germany) at 4°C overnight. Following washing
three times, the membranes were subsequently incubated with
the HRP-conjugated goat anti-rabbit IgG (cat. no. BA1054,
1:3,000, Boster Biological Technology, Pleasanton, CA, USA)
or goat anti-mouse IgG antibody (cat. no. BA1050, 1:3,000,
Boster Biological Technology) for 1 h at room temperature.
Bands were determined using the enhanced chemilumines-
cence method (cat. no. 170-5061, Bio-Rad Laboratories, Inc.,
Hercules, CA, USA). The levels of proteins were quantitatively
analyzed using Imagel] software, version 1.48 (National
Institutes of Health, Bethesda, MD, USA) and normalized to
the B-actin band density.

Immunohistochemistry. Immunohistochemistry was
performed using EnVision (TM) FLEX Mini kit, according
to the manufacturer's protocol (cat. no. K8024, Dako; Agilent
Technologies, Inc., Santa Clara, CA, USA). Briefly, slides were
deparaffinized and hydrated in xylene and a graded series of
alcohol. Heat-induced antigen retrieval was performed and
endogenous peroxidase activity was blocked using a perox-
idase-blocking reagent (as part of the EnVision FLEX Mini
kit; cat. no. K8024-DMS821, Dako; Agilent Technologies, Inc.,
Santa Clara, CA, USA). Sequentially, the slides were incu-
bated with primary antibodies, HRP-conjugated secondary
antibody (as part of the EnVision FLEX Mini kit; cat.
no. K8024-DMS822, Dako; Agilent Technologies, Inc.), diami-
nobenzidine and hematoxylin for 30 sec, at room temperature.
Primary antibodies included p62 (cat. no. 5114, 1:50 dilution,
Cell Signaling Technology, Inc.), Na-K-2Cl cotransporter
(NKCC-2; cat. no. AB3562P, 1:200 dilution; EMD Millipore),
aquaporin-2 (AQP2, cat. no. 3487S, 1:200 dilution, Cell
Signaling Technology, Inc.), and aquaporin-1 (AQP1, cat.
no. M00865, 1:50 dilution; Boster Biological Technology).
Finally, the slides were analyzed using an optical microscope
(Olympus Corporation, Tokyo, Japan).

Cell culture. The HK-2 cell line from the American Type
Culture Collection (Manassas, VA, USA) was maintained in
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Dulbecco's modified Eagle's medium/F12 (Gibco; Thermo
Fisher Scientific, Inc.) supplemented with 10% fetal bovine
serum (Gibco; Thermo Fisher Scientific, Inc.) at 37°C in an
incubator supplemented with 5% CO,. Medium was renewed
every 2 days.

Transfection of plasmids and siRNA into HK-2 cells. pPENTER
eukaryotic plasmids expressing p62 and small interfering RNA
(siRNA) of p62 were purchased from Vigene Biosciences, Inc.
(Rockville, MD, USA) and Shanghai GenePharma Co., Ltd.
(Shanghai, China), respectively. The plasmid was extracted
using Plasmid Maxprep kit (Vigorous Biotechnology, Beijing,
China; www.vigorousbiol.com/), according to the manufactur-
er's protocol. Plasmid (2 pug/ul) and siRNA (5 pl) transfections
into HK-2 cells (50,000 cells/cm?) were performed using
Lipofectamine 3000™ (Invitrogen; Thermo Fisher Scientific,
Inc.), according to the manufacturer's protocol. After 48 h,
protein was extracted for western blot analysis. The siRNA
sequences were as follows: p62-siRNA sense, 5'-GAUCUG
CGAUGGCUGCAAUTT-3' and antisence, 5" AUUGCAGCC
AUCGCAGAUCTT-3"; control-siRNA sense, 5'-UUCUCC
GAACGUGUCACGUTT-3' and antisence, 5'-ACGUGACAC
GUUCGGAGAATT-3.

Cell grouping. Cells transfected with p62 overexpression
plasmids/siRNA were divided into four groups:
1) PBS+pENTER /negative; ii) PBS+p62-pENTER/p62-siRNA;
iii) LPS+pENTER/negative;andiv)LPS+p62-pENTER /p62-siRNA
groups. According to the preliminary results (23), cells
(50,000 cells/cm?) were treated with 1,000 ng/ml LPS for
12 h. The cells and supernatants were collected for subsequent
experiments.

Analysis of cell proliferation and lactate dehydrogenase
(LDH) level. The viability of cells cultured in 96-well
plates (4,000 cells/cm?) in each group was measured using
a Cell Counting Kit-8 kit (Bimake, Shanghai, China; www.
bimake.com/search?q=CCK-8), according to the manu-
facturer's protocol. The culture supernatants were used to
measure the LDH level using an LDH cytotoxicity test kit
(Nanjing Jiancheng Bioengineering Institute, Nanjing, China),
according to the manufacturer's protocol.

Apoptosis detection using flow cytometry. The cells in each
group were washed, digested and subjected to apoptosis analysis
using an Annexin V-Fluorescein Isothiocyanate/Propidium
Iodide Apoptosis Detection kit (BD Pharmingen; BD
Biosciences, Franklin Lakes, NJ, USA), according to the manu-
facturer's protocol. Subsequently, flow cytometric analysis
was performed using a flow cytometer (BD Biosciences). Data
were analyzed using FlowJo software (version 7.6.5; FlowJo,
LLC, Ashland, OR, USA).

Statistical analysis. All experiments were repeated at least
three times. The quantitative data are presented as the
mean =+ standard deviation. Comparisons among groups were
analyzed using one-way analysis of variance with Tukey's
post hoc test. Survival analysis was performed using the
Kaplan-Meier method and the log-rank test. Statistical analysis
was performed using GraphPad Prism 5 software (GraphPad
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Software, Inc., La Jolla, CA, USA). P<0.05 was considered to
indicate a statistically significant difference.

Results

Effects of LPS on the survival rate and renal function of mice.
As presented in Fig. 1A, the survival rate of the LPS group
was significantly decreased compared with the control group
(P<0.05). LPS administration additionally decreased renal
function at 8-24 h, as demonstrated by a significant increase
in BUN and creatinine levels compared with the control group
(Fig. 1B and C).

p62 and LC-3B expression in the kidneys of mice during
endotoxemia. As indicated in Fig. 2A, renal p62 mRNA
expression was apparent in the control group (0 h) compared
with B-actin mRNA. The p62 signal was gradually decreased
at 4 h subsequent to LPS injection, reaching the lowest level
at 8 h and thereafter increasing at 12-24 h. The protein
expression pattern of p62 was similar to that of p62 mRNA
(Fig. 2B and C). p62 protein was expressed at a relatively high
level in normal renal tissues, gradually decreasing to the lowest
level at 8 h following treatment with LPS, and subsequently
increased over time. p62 protein expression was increased
compared with the control group at 24 h.

In order to clarify the effect of LPS on renal autophagy,
the expression of the autophagy-associated protein LC3B was
additionally examined. The ratio of LC3-II/LC3-I has been
previously used to represent the level of autophagy (24). It was
identified that the ratio of LC3B-II/LC3B-I was significantly
increased at 4 h following treatment with LPS, reaching a peak
at 8 h, and was slightly decreased at 12 h, although signifi-
cantly higher than the control group. At 24 h, the ratio was
significantly reduced below the normal level (Fig. 2B and D).

Cellular localization of p62 protein in the renal cortex of mice
during endotoxemia. The renal cellular localization of p62 in
each group was determined by immunohistochemical staining at
various time points following LPS injection. The results demon-
strated that the expression pattern of p62 in mouse kidneys
during endotoxemia was dynamic. In the control group (0 h), p62
protein was predominantly localized in the renal cortex (Fig. 3A).
In addition, p62 was expressed primarily in renal cortical tubules
with a small amount in the glomeruli (Fig. 3A).

In mice treated with LPS, the pattern of p62 protein
expression in the renal cortex was consistent with findings
from RT-qPCR analysis and western blotting, demonstrating
minimal expression in mice treated with LPS for 8 h and
increasing in mice treated with LPS for 24 h (Fig. 3B). Fig. 3C
illustrates that AQP-1 was expressed primarily in proximal
tubular segments in the renal cortex, and it was used as a
marker of proximal tubules. Co-staining of kidney sections
for p62 and AQP-1 confirmed the localization of p62 in the
proximal tubules of the renal cortex. In addition, p62 protein
was primarily detected in the cytoplasm of the cortical tubules,
and little was detected in the nucleus.

Expression and cellular localization of p62 protein in the
renal medullas of mice during endotoxemia. The expression
and cellular localization of p62 protein in renal medullas
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Figure 1. Effects of LPS on the survival rate and renal function of mice. (A) The survival curves were plotted using GraphPad Prism 5 software. The survival
rate of the LPS group was 60% (n=20), significantly decreased compared with the saline group (n=10; P<0.05). (B) BUN and (C) creatinine measurements
in serum were performed at 0-24 h following treatment with LPS. The LPS groups (8-24 h) exhibited a significant increase in BUN and creatinine levels
compared with the control group. n=6. Data are presented as the mean + standard deviation. LPS, lipopolysaccharide; BUN, blood urea nitrogen.
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Figure 2. Expression of p62 and LC-3B in the whole kidneys of endotoxemic mice. (A) Renal p62 mRNA expression was detected in the whole kidneys of
mice at various time points by reverse transcription-quantitative polymerase chain reaction analysis. (B) p62 and LC-3B protein expression was detected in the
whole kidneys of mice at various time points by western blotting. (C) Densitometric analysis of p62 expression. (D) Densitometric analysis of LC-3B protein.
n=6. Data are presented as the mean + standard deviation. p62, sequestome-1; LC-3B, light chain-3B.

was LPS-dependent. From 8 h following treatment with
LPS, it was observed that p62 was redistributed from the
cortex to the outer medullas (Fig. 4A). In order to deter-
mine the exact location of p62, the present study detected
the expression of p62 and NKCC-2 (a marker of the thick
ascending limb) using consecutive kidney sections at 8 h
following LPS administration. The results demonstrated
that p62 and NKCC-2 were co-localized, confirming that
p62 was located in the thick ascending limb (Fig. 4B). In
addition, as a marker of collecting ducts, AQP2 was addi-
tionally detected using consecutive sections. By contrast,
the AQP2-positive regions exhibited a weak p62 signal
(Fig. 4C), indicating substantially decreased p62 expres-
sion in the collecting ducts in the outer medullas. It was
unexpected that p62 protein was primarily detected in the
nuclei of tubular cells in outer medulla.

The redistribution of p62 in the inner medulla (Fig. 5A) was
different compared with that in the outer medulla. In control
mice, the expression of p62 was low in the inner medullas.
However, in mice treated with LPS, high levels of p62 were
detected in the nuclei of tubular cells in the inner medulla
(Fig. 5A) from 12 h. Co-staining of kidney sections for p62
and AQP-2 confirmed the accumulation of p62 in collecting
ducts (Fig. 5B). The low level of p62 in AQP-1 (additionally
a marker of the thin limb of the loops of Henle)-positive cells
(Fig. 5C) indicated that little p62 protein was accumulated in
the thin limb of the loops of Henle.

In addition, the protein level of p62 in medullary tissue
was examined using western blotting. Fig. 6 illustrates the
increased level of p62 in LPS-treated mice compared with
control mice. The level of p62 reached a maximum level at
12 h, which was maintained until 24 h.
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Figure 3. Localization of p62 protein in the renal cortex of mice during endotoxemia. (A) Immunostaining of kidney slides with anti-p62 and anti-IgG antibody
in the renal cortex of normal controls (magnification, x40). (B) The localization of p62 protein in the renal cortex of mice was measured by immunostaining
at various time points (magnification, x200). (C) Double-immunohistochemical staining of p62 and AQP-1 in consecutive kidney slides in normal mice
(magnification, x400). n=6. IgG, immunoglobulin G; p62, sequestome-1; AQP-1, aquaporin-1.
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Figure 4. Localization of p62 protein in the outer medullas of mice during endotoxemia. (A) The localization of p62 protein in the outer medullas of mice was
measured by immunostaining at various time points (magnification, x200). (B) Double-immunohistochemical staining of NKCC-2 and p62 in consecutive
kidney slides at 8 h following treatment with LPS (magnification, x400). (C) Double-immunohistochemical staining of AQP-2 and p62 in consecutive kidney

slides at 8 h following treatment with LPS (magnification, x400). n=6. Out, outer; p62, sequestome-1; NKCC-2, Na-K-2Cl cotransporter; AQP2, aquaporin-2;
LPS, lipopolysaccharide.

Figure 5. Localization of p62 protein in the inner medullas of mice during endotoxemia. (A) Localization of p62 protein in the inner medullas of mice was
detected by immunostaining at various time points (magnification, x200). (B) Double-immunohistochemical staining of p62 and AQP-2 in consecutive kidney
slides at 12 h following treatment with LPS (magnification, x400). (C) Double-immunohistochemical staining of p62 and AQP-1 on consecutive kidney slides
at 12 h subsequent to treatment with LPS (magnification, x400). n=6. p62, sequestome-1; AQP, aquaporin; LPS, lipopolysaccharide.
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Figure 6. p62 protein expression in renal medullas of endotoxemic mice. p62
protein expression in renal medullas was detected in mice at various time
points using (A) western blotting and (B) densitometric analysis. n=6. Data
are presented as the mean + standard deviation. p62, sequestome-1.

Effects of p62 overexpression on LPS-induced injury in the
renal tubular epithelial cell line HK-2. Western blotting
results demonstrated that the levels of p62 protein were signifi-
cantly increased in HK-2 cells transfected with p62 plasmid
(Fig. 7A). In addition, these cells were treated with LPS to
explore the effects of p62 on LPS-induced viability, LDH level
and apoptosis. The results demonstrated that p62 overexpres-
sion significantly decreased cell viability and increased LDH
release (Fig. 7B and C). Flow cytometry analysis demonstrated
that p62 overexpression significantly increased the apoptosis
of HK-2 cells (Fig. 7D).

Effects of interference with p62 expression on LPS-induced
injury in the renal tubular epithelial cell line HK-2. The
expression of p62 was significantly inhibited in HK-2 cells
transfected with p62 siRNA at the protein level (Fig. 8A). In
contrast to the overexpression of p62 in HK-2 cells, p62 down-
regulation significantly increased cell viability, and decreased
LDH release (Fig. 8B and C). Flow cytometry demonstrated
that p62 downregulation significantly decreased the apoptosis
of HK-2 cells induced by LPS (Fig. 8D). These results demon-
strated that p62 is able to promote apoptosis and the release
of the toxic substance LDH, and to inhibit the proliferation of
renal tubular epithelial cells.

Discussion

The overall 72-h survival rate and the renal functional parame-
ters indicated that the AKI model was successfully established.
In the present study, the renal expression and location of p62
was examined in a mouse model of endotoxemia induced via
injection of LPS. In mice treated with LPS, the protein levels
of p62 significantly decreased and subsequently increased.
Previous studies have demonstrated that p62 is one of the selec-
tive mammalian autophagy cargo receptors (13). Under normal
conditions, p62 is incorporated into the autophagosome and
degraded by autophagy (25). Certain stimuli, including hunger
and hypoxia, may increase autophagy, which may induce
p62 degradation, resulting in decreased intracellular levels
of p62 (26). Therefore, the expression of p62 may indirectly
represent the level of autophagy. The decreased expression of
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p62 protein and the increased expression of LC3-II protein in
the results of the present study indicated that autophagy was
induced in the kidneys of LPS-treated mice, suggesting that
autophagy may serve a role in the mechanism of LPS-induced
AKI. A significant decrease in the mRNA levels of p62 was
additionally observed in the kidneys of mice treated with LPS.
The results of the present study demonstrated the inhibited
transcription and production of p62 in the kidney at the early
stages of endotoxemia, in addition to the degradation of p62,
which contributed to the reduction of p62 in LPS-induced
AKI. In addition, the expression level of p62, whether mRNA
or protein, was demonstrated to increase gradually and was
increased compared with the normal level at 24 h. It was
suggested that p62 may serve as an autophagy substrate and
may serve a role in septic AKI. It was reported that the accu-
mulation of p62 may additionally activate nuclear factor-xB,
increase interleukin-1p production, and promote the activation
of caspase-1 and caspase-8, which aggravate inflammation and
apoptosis (27,28). However, whether p62 may serve a role by
regulating signaling pathways in LPS-induced AKI remains
unknown.

Immunohistochemistry indicated that p62 protein was
predominantly located in the cytoplasm of proximal tubules
in the renal cortex under normal conditions. Consistent with
the expression of p62 in the whole kidney demonstrated by
RT-qPCR analysis and western blotting, p62 was observed to
be decreased in the cytoplasm of proximal tubules, followed by
an increase with a longer treatment with LPS. A previous study
demonstrated that the LIR domain enables p62 to combine
with LC3-II, and the UBA domain enables p62 to bind to ubiq-
uitin; consequently, ubiquitinated proteins may be degraded
by autophagy (8,29). Therefore, the intracellular level of p62
is regulated by autophagy through the interaction of LC3-II
with p62. Previously, the LPS-induced expression of LC3-II
was detected in mouse kidneys (30,31). Consistently, the results
of the present study demonstrated that LC3-II in the kidneys
increased during treatment with LPS, reaching a peak at 8-12 h;
thereafter, it decreased at 24 h. Despite the distinct time frame
of the expression of renal p62 and LC3-II, they exhibit the
same cellular localization (32). Following treatment with LPS,
the expression of LC3-II in the proximal tubules of the renal
cortex was significantly increased compared with normal mice,
indicating the formation of autophagosomes (30). However,
the expression of LC3-II in the renal medulla was not notably
increased (30). The results of the present study demonstrated
that autophagy was predominantly induced in the proximal
tubules of the renal cortex during LPS-induced AKI.

AQP-1 is a marker of proximal tubules. Co-localization
analysis of p62 and AQP-1 at proximal tubules using immu-
nohistochemistry demonstrated that p62 was localized in the
cytoplasm of renal tubular epithelial cells. Therefore, the roles
of p62 were examine using the renal tubular epithelial cell line
HK-2. The results of the present study demonstrated that the
overexpression of p62 aggravated LPS-induced injury to renal
tubular epithelial cells, however, interference with p62 expres-
sion decreased the damage to HK-2 cells. As a multifunctional
protein, p62 may be upregulated via autophagy deficiency or
inhibition (10). The inhibition of autophagy may upregulate
the accumulation of p62 and enhance caspase-8-dependent
apoptotic pathways (33-35). However, the role of p62 in
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Figure 7. Effects of p62 overexpression on injury in renal tubular epithelial cells treated with LPS. (A) The expression of p62 protein in HK-2 cells transfected
with control plasmid (pENTER) and p62 plasmid (pENTER-p62) following treatment with 1,000 ng/ml LPS for 12 h measured by western blotting (left panel).
The right panel exhibits the ratios of p62/p-actin. (B) Cell viability of different groups measured using a Cell Counting Kit-8 kit (n=3). (C) LDH cytotoxicity
in the different groups (n=3). (D) Ratios of cellular apoptosis (n=3). Data are presented as the mean + standard deviation. p62, sequestome-1; LDH, lactate

dehydrogenase; LPS, lipopolysaccharide.
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Figure 8. Effects of p62 interference on injury in renal tubular epithelial cells treated with LPS. (A) The levels of p62 expression in renal tubular epithelial cells
transfected with control siRNA and siRNA-p62 following treatment with 1,000 ng/ml LPS for 12 h measured by western blotting (left panel). The right panel
exhibits the ratios of p62/B-actin. (B) The viabilities of HK-2 cells in the different groups (n=3) measured using a Cell Counting Kit-8 kit. (C) LDH cytotoxicity
detection in the different groups (n=3). (D) The ratios of apoptotic cells in the different groups (n=3). Data are presented as the mean + standard deviation. p62,
sequestome-1; LDH, lactate dehydrogenase; LPS, lipopolysaccharide; siRNA, small interfering RNA.

LPS-induced AKI remains largely unknown. The results of
the present study demonstrated that the overexpression of p62
promoted the apoptosis of renal tubular epithelial cells. In
combination with the results of the animal experiments, it was
indicated that the degradation of p62 by activated autophagy at
the early stages of endotoxemia contributed to the inhibition of
apoptosis; however, at the late stages of endotoxemia, inhibi-
tion or dysfunction of autophagy resulted in p62 accumulation,
which increased the apoptosis of renal tubular epithelial cells
and accelerated renal injury.

In the present study, it was unexpected that p62 was observed
to redistribute to the nucleus of the tubule cells in the medulla

from 8 h subsequent to treatment with LPS. p62 has generally
been considered to be a cytosolic protein, and little attention
has been paid to the possible nuclear roles of this protein. In
eukaryotic cells, molecular trafficking between the nucleus and
the cytoplasm is highly regulated via cellular homeostasis and
signaling (36). However, such regulation may be disturbed under
stress through the disruption of nucleocytoplasmic transport
pathways, resulting in the nucleocytoplasmic redistribution of a
number of functional proteins (36). Consistent with the results of
the present study, Pankiv er al (37) demonstrated that p62 may
be shuttled between the cytoplasm and nucleus. p62 contains
two important domains, the nuclear localization signal and
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nuclear export signal domains, which may facilitate the shut-
tling of p62 between the cytoplasm and nucleus. Additionally,
Pankiv er al (37) additionally discovered that p62 may recruit
nuclear polyubiquitinated proteins or protein aggregates to
promyelocytic leukemia bodies and may aid in their proteasomal
degradation in the nucleus, indicating the potential nuclear roles
of this protein. However, the function of p62 transported into the
nucleus during endotoxemia is unknown.

At present, the majority of studies have focused on the
association between cytoplasmic proteins and AKI. Nuclear
autophagy has rarely been reported. Whether the increased
expression of p62 in the nucleus of renal medullar cells during
LPS-induced AKI is associated with nuclear autophagy
remains unknown. In addition to mediating selective autophagy
as an autophagy adaptor protein, p62 may act as an important
signaling hub to control cell survival and apoptosis (38,39).
For example, p62 may promote apoptosis by mediating the
aggregation of caspase-8 (39). Whether the enhanced p62
expression observed in the present study may promote the
apoptosis of medullar cells by activating an apoptotic pathway
remains unknown. Therefore, further studies are required to
better understand the role of p62 in LPS-induced AKI.

In conclusion, the mRNA and protein levels of p62
decreased in the kidney during early inflammation and
subsequently increased at 24 h following treatment with
LPS. Immunohistochemistry indicated that p62 protein was
predominantly expressed in the cytoplasm of renal tubules
in control mice, although it was redistributed to the medullas
following LPS injection. In vitro experiments demonstrated
that p62 overexpression was able to aggravate LPS-induced
injury in renal tubular epithelial cells. The results of the present
study supported a potential role of p62 in the kidney during
LPS-stimulated endotoxemia via alterations in the expression
level and location of p62. Further studies are required to eluci-
date the function of p62 in the cytoplasm and nucleus of renal
tubular epithelial cells during endotoxemia.
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