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Abstract: The present study aimed to investigate the effects of HBSP on lipopolysaccharide (LPS)-induced oxidative
stress and cell apoptosis in renal tubular epithelial cells, and explore its signaling mechanisms. Cultured human
proximal tubule epithelial cell line HK-2 cells were treated with various concentrations of LPS and HBSP, and the
conditioned mediums were collected. Then, cell viability and apoptosis were detected by MTT and flow cytometry;
Reactive oxygen species (ROS) and lipid peroxidation were tested to study the oxidative stress response in renal
injury; Western bloting was used to detect the expression of several related proteins. SPSS 14.0 was employed to
perform statistical analyses. The results showed that HBSP attenuated LPS-induced injury in HK-2 cells in a dose-
dependent manner. Oxidative stress was involved in the tubular dysfunction and injury, and HBSP could reversed
and attenuated LPS-induced intracellular oxidative stress. Meanwhile, HBSP treatment resulted in the enhanced
level of nuclear translocation and transcriptional activity of Nrf2, and further induced the enhanced expression of
HO-1 and NQO1. Activation of HO-1 and NQO1 were regulated by Nrf2 via PI3K/Akt pathway. HBSP could be served
as a good candidate for renal protection. It can attenuate LPS-induced oxidant damage by activating antioxidative
protein via PI3K/Akt signaling pathway.
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Introduction gative bacteria, contributing to inflammatory
responses [9, 10], and could be constantly re-
leased by leukocytes at a low level throughout
infection [11]. Increasing proof demonstrates
that LPS is related to the pathogenesis of sep-
tic AKI [12, 13]. Recently, LPS has been widely
used as a model of experimental sepsis-

induced AKI.

Sepsis is a leading predisposing factor of acute
kidney injury (AKI), contributing to approximate-
ly 50% of AKI cases in critically ill patients [1,
2]. Septic AKI, a dire clinical situation, is associ-
ated with a very high hospital mortality rate,
partially due to the poor understanding for the
pathogenesis of AKI [3, 4]. Ample evidence has

put forward apoptosis and inflammation as
more critical players in the pathophysiology of
sepsis-induced AKI, rather than pure necrosis
[5-7]. During sepsis, inflammatory mediators
derived from bacterial products as well as
released by immune cells, such as lipopolysac-
charide (LPS) and cytokines, could guide the
immune system to fight infection and also can
potentially injure the renal function [8]. LPS is
the dominant cell wall molecule of Gram-ne-

Oxidative stress is a hallmark of septic AKI, and
this sepsis-induced oxidative stress may con-
tribute to the development of renal dysfunction
and injury [14, 15]. Biancone et al. [16] indicat-
ed that bacteria components or plasma from
patients with septic AKI could prompt cultured
tubular cells to produce reactive oxygen spe-
cies (ROS) and reactive nitrogen species (RNS).
These oxidants could lead to the degradation of
cellular components (such as DNA, proteins, lip-
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ids, etc.), thereby accelerating the loss of tubu-
lar function [17]. Moreover, increasing number
of studies have demonstrated that renal tubu-
lar epithelium is the major target of oxidative
stress, resulting in renal dysfunction as sepsis
progresses [18, 19].

Erythropoietin (EPO), a critical regulator of he-
matopoiesis, has been proven to play a reno-
protective effect in renal dysfunction and injury
[20], and can slow the progression of renal inju-
ry [21]. However, the hypertension and throm-
bosis adverse effects of EPO in vivo hinder its
application in clinic [22]. Therefore, helix B sur-
face peptide (HBSP), one EPO derivative derived
from the aqueous face of helix B of EPO, is
developed to resolve such problem, and has
been proven to exert tissue-protective activi-
ties [23].

In the present study, we hypothesized that
HBSP exerted renoprotective effects in sepsis-
induced AKI mediated through amelioration of
oxidative stress-induced cell injury. Thus, we
employed human proximal tubule epithelial cell
line HK-2 cells as cell model and LPS-mediated
oxidant injury as an in vitro model of septic AKI
to test the antioxidant activity of HBSP in HK-2
cells and explore the underlying intracellular
signaling mechanisms. This study will facilitate
our better understanding of the molecule
mechanisms underlying proximal tubular injury
during sepsis and might contribute to the devel-
opment of more efficient preventive and thera-
peutic strategies.

Materials and methods
Materials

HBSP (QEQLERALNSS) was purchased from
Scipeptide Biotechnology, Ltd, Shanghai, China.
LPS purchased from Sigma-Aldrich (St. Louis,
MO, USA). MTT is from Boster (Wuhan, China).
An-nexinV-FITC is from KeyGEN BioTECH (Nan-
jing, China). All antibodies in this study were
from Bioss (Beijing, China).

Cell culture

Primary human proximal renal tubular epithelial
cells (HK-2) were purchased from American
Type Culture Collection (Manassas, VA, USA).
The cells were cultured in a 1:1 mixture of Du-
Ibecco’s modified Eagle medium and Nutrient
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Mixture F12 (DMEM/F12) (Gibco, Eggenstein,
Germany) supplemented with 10% fetal bovine
serum (Gibco) at 37°C under 5% CO, humidified
atmosphere. Cultures were re-fed with fresh
media every 2 to 3 days. For experiments, cells
were grown in 6-well plates. To ascertain the
effects of LPS concentration, cells were firstly
incubated with various concentrations of LPS
for 24 hours. Then, HBSP was added under
various concentrations in the presence or
absence of LPS. The conditional media and
cells were obtained for further analysis.

Cell viability assay

The condition-specified HK-2 cells were pro-
cessed for cell viability assay by MTT test,
which is a sensitive measurement of the meta-
bolic status of cells. Briefly, HK-2 cells were
plated in 96 well plates for 24 h at a density of
2x102 cells/well. Afterwards, cells were washed
twice with phosphate-buffered saline (PBS)
and then exposed to 0.5 mg/ml MTT stock
solution at 37°C for 4 h. Then, MTT solution
was removed and replaced with 10% dimethyl
sulfoxide (DMSO) to solubilize the formazan
crystals. The absorbance of each sample was
measured at a wavelength of 570 nm with a
microplate reader (Molecular devices, Sunny-
vale, CA, USA).

Flow cytometric detection of cell apoptosis

Currently, flow cytometry is widely used to
quantify apoptotic cells by determining DNA
content of cells by propidium iodide (Pl) stain-
ing. Briefly, cells were treated at confluence on
6-well culture dishes, harvested by trypsiniza-
tion, and subsequently washed twice with PBS.
Then, cells were incubated in 50 yg/ml Pl in the
presence of 200 ug/ml RNase for 30 min at
room temperature, protected from light. The
analysis was performed on Becton Dickinson
FACS Calibur flow cytometer (Becton Dickinson,
Heidelberg, Germany) with laser excitation at
488 nm using a band-pass filter to collect red
Pl fluorescence. The percentages of cells in dif-
ferent phases of the cell cycle were analyzed
using CELLQuest software version 3.0 (Becton
Dickinson).

ROS accumulation and lipid peroxidation

HK-2 cells were initially plated in 6 well plates
for 24 h at a density of 5x10° cells/ml. To moni-
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Figure 1. Dose response of HK-2 cells to various concentrations of LPS exposure. HK-2 cells were cultured in me-
dium containing escalating doses of LPS for 24 hours. LPS exposure reduces cell viability and induces cell apoptosis
in a dose-dependent manner. The results show that 500 ng/ml of LPS exposure results in moderate cell injury, and
is selected for the subsequent study. A: Effect of various concentrations of LPS on cell viability by MTT assay. B:
Effect of various concentrations of LPS on cell apoptosis rate by flow cytometry. C: Flow cytometric analysis of HK-2
cells stained with various concentrations of LPS. *P < 0.05 compared to control group.

tor intracellular accumulation of ROS, the cul-
tured HK-2 cells were incubated with 10 uyM
DCFH-DA (GENios, USA) at 37°C for 30 min.
Cells were subsequently washed thrice with
medium to eliminate residual DCFH-DA. Fluo-
rescence intensity of 100 pL cell suspension
was quantified with a fluorometer (GENios)
using 488 nm excitation and 525 nm emission
filters. The results were given as percents rela-
tive to the oxidative stress of the control cells
set to 100%.

Malonyl dialdehyde (MDA) is a terminal product
of lipid peroxidation, which can be used to mea-
sure the content of intracellular lipid peroxida-
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tion. MDA concentration in cell homogenates
was determined with commercial kits purch-
ased from Jiancheng bioengineering Institute
(Nanjing, China), using the thiobarbituric acid
method. The assay was based on the conjuga-
tion ability of MDA with thiobarbituric acid, to
form a red product which has maximum absor-
bance at 532 nm.

Western blotting
In the present study, western bloting analysis
was used for the quantification of various pro-

tein expression. HK-2 cells were lysed with lysis
buffer [62.5 mM Tris-HCI (pH 6.8), 10% glycer-
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Figure 2. Effect of HBSP on cell injury caused by LPS exposure. HK-2 cells were pre-treated with HBSP for 2 h fol-
lowed by 24 h of 500 ng/ml LPS. Treatment of HK-2 cells with HBSP attenuates LPS-induced cell injury. A: Dose
response of cell viability to various concentrations of HBSP treatment against 500 ng/ml of LPS-induced cell vi-
ability reduction. B: Effect of various concentrations of HBSP on 500 ng/ml of LPS-induced cell apoptosis. C: Flow
cytometric analysis of HK-2 cells stained with various concentrations of HBSP and 500 ng/ml of LPS exposure. The
results show that pre-treatment with 50 ng/ml HBSP attenuates significantly LPS-induced cytotoxicity, and 50 ng/
ml of HBSP was chosen in further experiments. D: Effect of HBSP on intracellular ROS level in HK-2 cells following
LPS challenge. E: Effect of HBSP on the accumulation of lipid peroxidation induced by LPS exposure in HK-2 cells.
The results show that HBSP inhibits LPS-induced ROS and MDA accumulation. *P < 0.05 compared to the untreated
cells, #P < 0.05 compared to LPS group.

ol, and 2% sodium dodecyl sulfate (SDS)], and gation at 12,000 g at 4°C for 20 min. Protein
the supernatants were collected after centrifu- concentration was determined by a BCA protein
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assay kit (Sigma-Aldrich, Seelze, Germany). Eq-
ual amounts of protein (10 pg) were separated
on pre-casted a 10% SDS-PAGE and electro-
transferred onto the polyvinylidene fluoride
membranes. The membrane was blocked by
5% skim milk in Tris-buffered saline containing
0.1% Triton X-100 (TBS-T) at room temperature
for 2 h, and then incubated for 1 h with primary
antibodies of AKT (1:1000), phospho-AktS-
erd73 (1:1000), Nrf2 (1:1000), HO-1 (1:1000)
and NQO1 (1:1000). The membrane was wa-
shed with Tris-buffered saline (TBS) and then
incubated with horseradish peroxidase (HRP)-
conjugated secondary antibody (1:3000) at
room temperature for 1 h. In this paper, enha-
nced chemiluminescence system (ECL, Amers-
ham) was used for signal detection. Immunore-
active bands were scanned and densitometri-
cally analyzed by Scion Image software (Scion,
Frederick, Maryland, USA). The quantitative
analyses were normalized to 3-actin.

Statistical analysis

In the present study, all the data were present-
ed as mean z standard error of the mean
(SEM). Statistical analyses were performed
using the SPSS 14.0 (SPSS Inc., Armonk, NY,
USA). Statistical differences among groups
were assessed using one way ANOVA analysis.
P < 0.05 was considered as statistically sig-
nificant.

Results

HBSP attenuates LPS-induced injury in HK-2
cells

In the present study, to determine the appropri-
ate dose of exposure to LPS, we firstly incubat-
ed cells with various doses of LPS (0, 10, 100,
500, 1000, 10000 ng/ml) for 24 h. The results
showed that LPS could reduce cell viability in a
dose-dependent manner (Figure 1A), mean-
while, incubation of HK-2 cells with LPS induced
dose-dependent cell apoptosis, as shown in
Figure 1B and 1C. Based on the cell viability
and apoptosis test, treatment of HK-2 cells
with 500 ng/ml of LPS resulted in moderate
cell injury. Thus, 500 ng/ml of LPS was used in
the subsequent study.

To evaluate the dose-dependent effects of
HBSP against LPS-induced cellular injury, we
pre-treated HK-2 cells with HBSP at concentra-
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tion of O, 10, 25, 50, 125 ng/ml for 2 h followed
by 24 h of 500 ng/ml LPS, and tested the
effects of HBSP by cell viability and apoptosis
arrays. The results indicated that HBSP attenu-
ated LPS-induced cellular injury in HK-2 cells in
a dose-dependent manner. As illustrated, pre-
treatment with HBSP at concentration of 50
and 125 ng/ml significantly increased the via-
bility of HK-2 cells (Figure 2A) and reduced the
apoptosis of HK-2 cells against 500 ng/ml LPS-
induced cytotoxicity (Figure 2B and 2C). While
relative to 50 ng/ml of HBSP, 125 ng/ml of
HBSP could not present higher protective ac-
tion, and higher concentration of HBSP might
have somewhat side effects. Therefore, 50 ng/
ml of HBSP was chosen to define the renopro-
tective effects on LPS-induced oxidative stress
in HK-2 cells in further experiments.

HBSP inhibits LPS-induced ROS and MDA ac-
cumulation

In this work, in order to directly evaluate the
effect of HBSP on LPS-induced oxidative stress,
we tested the ROS production and lipid peroxi-
dation of HK-2 cells in vitro. To achieve this, we
pre-incubated HK-2 cells with 50 ng/ml of
HBSP for 2 h followed by 500 ng/ml LPS for 24
h, and then incubated cells in fresh medium for
24 h. Relative to untreated cells, LPS-treated
cells showed significantly high intracellular ROS
level, indicating that LPS could increase ROS
accumulation in HK-2 cells (Figure 2D). Pre-
treatment with HBSP significantly attenuated
the increase of ROS level induced by LPS expo-
sure in HK-2 cells (Figure 2D). Meanwhile, LPS
exposure could significantly increase lipid per-
oxidation of HK-2 cells, and pre-treatment with
HBSP significantly reduced LPS-induced MDA
in HK-2, as shown in Figure 2E. Interestingly, in
LPS-untreated cells, treatment with HBSP alo-
ne could slightly decrease the levels of intra-
cellular ROS and MDA, suggesting that cytopro-
tective effect of HBSP, as illustrated in Figure
2A-C, involved in the antioxidant ability to de-
crease intracellular ROS and MDA.

HBSP exerts cytoprotective effect by activation
of Nrf2 via PI3K/Akt pathway

PI3K/Akt signaling pathway is one of the most
important pathways for cell survival. In this
work, in order to investigate the necessity of
PI3K/Akt pathway in HBSP-induced cytoprotec-

Int J Clin Exp Med 2017;10(1):587-597
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Figure 3. HBSP-induced cytoprotective effect in LPS treated cells is PI3K dependent. HK-2 cells were pre-treated
25 uM LY294002 for 1 h, followed by 50 ng/ml of HBSP for 2 h, then treated with 500 ng/ml LPS for 24 h. A: HBSP
enhances the cell viability of LPS-treated HK-2 cells via PI3K/Akt pathway. B: HBSP reverses LPS-induced cell
apoptosis via PI3K/Akt pathway. C: Flow cytometric analysis of HK-2 cells stained with LY294002 in the presence
of HBSP and LPS. LY294002 reverses the cytoprotective effect of HBSP, suggesting that the cytoprotective effect
of HBSP is mediated by the activation of PI3K/Akt pathway. *P < 0.05 compared to the untreated cells, #P < 0.05
compared to LPS group, &P < 0.05 compared to LPS+HBSP group.

tive effect, we pre-treated HK-2 cells with 25
uM LY294002 (a PI3K/Akt inhibitor) for 1 h, fol-
lowed by 50 ng/ml of HBSP for 2 h, then treat-
ed with 500 ng/ml LPS for 24 h. The results
showed that LY294002 could significantly re-
verse the cytoprotective effect of HBSP (Figure
3), suggesting that the cytoprotective effect of
HBSP was mediated by the activation of PI3K/
Akt signaling pathway.

Moreover, as shown in Figure 4A, Akt, the key
player of PI3K/Akt signaling pathway, present-
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ed a stable expression level in each group. In
the present study, both LPS exposure and HB-
SP treatment could enhance the expression
of activated phosphorylated Akt (p-Akt), indi-
cating that LPS only might stimulate bodies to
response to oxidative stress via PI3K/Akt sig-
naling pathway activation. While, this kind of
activation was limited, and HBSP treatment
resulted in the marked enhancement of the
expression of p-Akt and the activation of PI3K/
Akt signaling pathway. When HK-2 cells were
pre-treated with LY294002, the PI3K inhibitor,

Int J Clin Exp Med 2017;10(1):587-597
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Figure 4. Western bloting analyzes the effects of HBSP treatment on the activation of PI3K/Akt pathway and the ex-
pression of antioxidant protein in LPS treated HK-2 cells. A: HBSP-induced Akt phosphorylation is PI3K dependent.
The activation of Akt is prevented by co-incubation with LY294002. B: HBSP promotes the translocation of Nrf2 from
cytoplasm to nuclear via PI3K/Akt signaling pathway. C: HBSP activates the expression of antioxidant proteins HO-1
and NQO1 in LPS-treated HK-2 cells via PI3K/Akt pathway. D: Specific Nrf2 siRNA inhibits the expression of Nrf2 in
untreated HK-2 cells. E: HBSP enhances the expression of HO-1 and NQO1 regulated by Nrf2 in HK-2 cells under
LPS exposure. The results shown are expressed as the ratio of specific proteins to B-actin. *P < 0.05 compared to
the untreated cells, #P < 0.05 compared to LPS group, &P < 0.05 compared to LPS+HBSP group.

before HBSP and LPS treatment, the protective ment was significantly reduced, confirming HB-
effects of HBSP were abolished obviously, and SP-induced Akt activation in a PI3K-dependent
the expression of p-Akt induced by HBSP treat- manner.

593 Int J Clin Exp Med 2017;10(1):587-597



Renoprotective effect of HBSP

Meanwhile, the activation of PI3K/Akt signaling
pathway promoted the translocation of Nrf2
from cytoplasm to nuclear. From Figure 4B, we
can easily find that LPS exposure increased the
nuclear translocation of Nrf2, and HBSP treat-
ment further promoted the translocation. Wh-
ile, pre-treatment with LY294002 could signifi-
cantly attenuated the nuclear translocation
behavior of Nrf2 induced by HBSP in HK-2 cells
(Figure 4B), suggesting that HBSP could acti-
vate the nuclear transition of Nrf2, which was
regulated by PI3K/Akt signaling pathway. Si-
milar to the content trend of nuclear Nrf2, the
expression levels of antioxidant proteins HO-1
and NQO1 were increased in LPS-treated HK-2
cells, and were further enhanced by HBSP
treatment (Figure 4C). Pre-treatment with LY-
294002 significantly attenuated the protein
expression levels of HO-1 and NQO1 induced by
HBSP (Figure 4C), indicating the important
roles of PI3K/Akt signaling pathway in antioxi-
dation effect.

Nrf2 regulates the expression of HO-1 and
NQO1

Nrf2 is an important upstream modulator of
peroxiredoxins HO-1 and NQOZ1. To verify the
correlation between them, we performed the
Nrf2 siRNA analysis. In untreated HK-2 cells,
specific Nrf2 siRNA significantly inhibited the
expression of Nrf2 (Figure 4D). Meanwhile,
silencing of Nrf2 by specific siRNA significantly
inhibited the expression of HO-1 and NQO1 in
untreated HK-2 cells, and significantly reversed
and attenuated LPS- and HBSP-induced high
level expression of HO-1 and NQO1 (Figure 4E),
indicating that HBSP enhanced the expression
of HO-1 and NQO1 regulated by Nrf2 in HK-2
cells under LPS exposure in response to oxida-
tive stress.

Discussion

Septic AKI is still an intractable clinical situa-
tion with poor prognosis. Recent research indi-
cated that sepsis-induced oxidative damage
contributed to the development of organ injury
[24], which was also confirmed by our work. In
the present study, LPS exposure of HK-2 cells
obviously increased intracellular ROS and lipid
peroxidation and further induced cell apoptosis
and inflammation, suggesting that oxidative
stress was involved in the tubular dysfunction
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and injury. While, HBSP could significantly re-
verse and attenuate LPS-induced intracellular
oxidative stress, presenting the cytoprotective
effect and antioxidant ability. Previous studies
have showed the meaningful antioxidative ef-
fects of EPO [25, 26], the origin of HBSP. Alth-
ough, few previous studies have proven the
direct antioxidative effects of HBSP, our work
indicated that HBSP reduced intracellular oxi-
dative stress, and activated the expression of
several peroxiredoxins (such as Nrf2, HO-1).
These findings suggested that HBSP may exert
renoprotective effect by reducing inflammatory
mediators-induced oxidative stress.

Numerous studies have indicated that the
PI3K/Akt signaling pathway plays important
roles in regulating a variety of cellular process-
es [27-29]. A growing body of evidence sug-
gests that the PI3K/Akt signaling pathway, as a
negative regulator, plays a crucial role in regu-
lating LPS-induced acute inflammatory respo-
nses [30, 31]. To further elucidate the intracel-
lular signaling mechanisms of HBSP against
LPS exposure, we focused on the PI3K/AKT
pathway. In the present study, treatment of
HBSP resulted in the marked enhancement of
the expression of p-Akt and the activation of
the PI3K/Akt signaling pathway; while, when
HK-2 cells were pre-treated with the PI3K inhib-
itor before HBSP and LPS treatment, the pro-
tective effects of HBSP were abolished obvi-
ously, indicating that the renoprotective effects
of HBSP were mediated by the activation of
PI3K/Akt signaling pathway. Meanwhile, treat-
ment of HBSP could significantly up-regulated
the content of nuclear Nrf2, and pre-treatment
with LY294002 could significantly attenuate
the nuclear translocation behavior of Nrf2
induced by HBSP in HK-2 cells. These findings
suggested that HBSP could activate the nucle-
ar translication of Nrf2, which was regulated via
PI3K/Akt pathway. In support of this conclu-
sion, PI3K/Akt pathway was proven to be a
downstream effector of NADPH oxidase, con-
tributing to the activation of Nrf2 in response to
hyperoxia [32].

Nrf2, also known as nuclear factor erythroid
derived 2-related factor 2, is a basic leucine zip-
per protein. In cellular injury and inflammation,
Nrf2 regulates the expression of antioxidant
proteins, and protects against oxidative dam-
age triggered by inflammatory mediators. Under

Int J Clin Exp Med 2017;10(1):587-597
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oxidative stress condition, Nrf2 is translocated
from cytoplasm into the nucleus to initiate the
expression of cytoprotective proteins. Liu et al.
[33] reported that Nrf2 was protective during
ischemic and nephrotoxic AKI in mice. Mean-
while, several clinical drug targets have focused
on the activation of Nrf2 and Nrf2 related path-
way [34, 35]. While the expression content of
Nrf2 is limited under untreated condition. As
shown in our study, HBSP treatment resulted in
the enhanced level of nuclear translocation,
antioxidant response element, and transcrip-
tional activity of Nrf2 via PI3K/Akt pathway,
and further induced the enhancement of down-
stream antioxidative protein expression.

Activation of Nrf2 contributes to the induction
of many target antioxidative proteins, such as
Heme oxygenase-1 (HO-1) and NADH quinone
oxidoreductase 1 (NQO1). HO-1 and NQO1 are
important antioxidant enzymes that exert cyto-
protective effects against oxidative stress.
Numerous studies have suggested the protec-
tive effects of HO-1 on a variety of pathologies,
including sepsis and renal injury [36, 37]. NQO1
is also considered as a desirable therapeutic
strategy to protect cells from oxidative damage
[38]. In our study, Nrf2 siRNA suppressed the
HBSP-induced activation of Nrf2, and resulted
in the decreased expression of HO-1 and NQO1,
indicating that the expression of HO-1 and
NQO1 enhanced by HBSP was regulated by
Nrf2. These findings were consistent with previ-
ous study [39], in which NQO1 and HO-1 were
significantly lower in Nrf2-knockout mice, sug-
gesting that Nrf2 regulated the induction of
antioxidative proteins in response to hypero-
Xla.

In conclusion, the present results suggested
that HBSP protected HK-2 cells against LPS-
induced oxidative stress. This behavior attrib-
uted to the activation of Nrf2 via PI3K/Akt path-
way and the induction of antioxidative proteins
HO-1 and NQO1. Relative to EPO, HBSP could
be served as a better candidate for renal pro-
tection. This work facilitates our better under-
standing of underlying mechanisms in septic
AKI and the development of more efficient ther-
apeutic targets.
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