
Biochemical and Biophysical Research Communications 427 (2012) 125–132
Contents lists available at SciVerse ScienceDirect

Biochemical and Biophysical Research Communications

journal homepage: www.elsevier .com/locate /ybbrc
Lipopolysaccharide induces endothelial cell apoptosis via activation of Na+/H+

exchanger 1 and calpain-dependent degradation of Bcl-2

Yuxi Zhao, Guimei Cui, Nana Zhang, Zengshan liu, Wanchun Sun, Qisheng Peng ⇑
Key Laboratory for Zoonosis Research, Ministry of Education, Institute of Zoonosis, Jilin University, Changchun 130062, People’s Republic of China

a r t i c l e i n f o
Article history:
Received 29 August 2012
Available online 17 September 2012

Keyword:
Apoptosis
Bcl-2
Endothelial cell
Lipopolysaccharide
Na+/H+ exchanger
0006-291X/$ - see front matter � 2012 Elsevier Inc. A
http://dx.doi.org/10.1016/j.bbrc.2012.09.023

⇑ Corresponding author. Fax: +86 431 87836720.
E-mail address: Peng_Qi_sheng@yahoo.com (Q. Pe
a b s t r a c t

The calcium-dependent protease calpain is involved in lipopolysaccharide (LPS)-induced endothelial
injury. The activation of Na+/H+ exchanger (NHE) is responsible to increase intracellular Ca2+ (Ca2þ

i ) in
cardiovascular diseases. Here we hypothesized that activation of NHE mediates LPS-induced endothelial
cell apoptosis via calcium-dependent calpain pathway. Our results revealed that LPS-induced increases in
NHE activity are dependent on NHE1 in human umbilical vein endothelial cells (HUVECs). Treatment of
HUVECs with LPS increased the NHE1 activity in a time-dependent manner associated with the increased
Ca2þ

i , which resulted in enhanced calpain activity as well as HUVECs apoptosis via NHE1-dependent
degradation of Bcl-2.

� 2012 Elsevier Inc. All rights reserved.
1. Introduction

Lipopolysaccharide (LPS) is a component of the outer mem-
brane Gram-negative bacteria and elicits inflammatory responses
in immune and non-immune cells including endothelial cells [1].
The endothelial cell is a prime target of the LPS molecule, and vas-
cular complications of septic shock due to Gram-negative bacteria
are related to endothelial injury [2,3]. Indeed, LPS-induced sys-
temic organ failure is triggered initially by vascular endothelial in-
jury, characterized by vascular occlusion, perivascular
accumulation of leukocytes and cell death [4]. Recently, it has been
demonstrated that LPS induces endothelial cell injury by activating
calpain [5]. However, the molecular mechanism of LPS-induced
activation of the death pathway in endothelial cells is not com-
pletely understood.

Na+/H+ exchanger 1 (NHE1), a ubiquitously expressed protein
on mammalian plasma membranes [6], is known to involve cell
apoptosis [7,8]. NHE1 exchanges intracellular H+ for extracellular
Na+ to regulate intracellular pH (pHi) value and the concentration
of intracellular Na+ (Naþi ) [9]. The activation of NHE1 increases
Naþi concentration that leads to Ca2+ overload through the Na+/
Ca2+ exchanger, which is assumed to be the crucial factor in cell in-
jury [10]. The increased Ca2þ

i concentration automatically activates
calpain, a calcium-dependent protease [11]. Many proteins in cells
are the substrates of calpain, including anti-apoptotic family mem-
ber, Bcl-2 [12]. Previous studies have shown that inhibition of
NHE1 has anti-apoptotic effects and LPS-induced apoptosis is
ll rights reserved.
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dependent on changes in Bcl-2 [7,8,13]. These findings support
the hypothesis that LPS-induced apoptosis via Ca2+/calpain-depen-
dent Bcl-2 degradation is mediated by NHE1.

In this study, we demonstrate that LPS stimulates a calpain-
mediated apoptosis pathway in HUVECs, and the LPS-induced
apoptosis in endothelial cells is mediated through activation of
NHE1. The study provides new mechanisms underlying LPS-in-
duced apoptosis in endothelial cells.
2. Materials and methods

2.1. Materials

Zllal (benzyloxycarbonyl-leucyl-leucinal) was purchased from
Biomol Research Laboratories (Plymouth Meeting, USA). Calcium
chelator, BAPTA, was purchased from Invitrogen. 2-carboxyethyl-
5(6)-carboxyfluorescein (BCECF) was purchased from Calbiochem
(Billerica, USA). Pan-Caspase Inhibitor, Z-VAD-FMK, was purchased
from KAMIYA BIOMEDICAL (Seattle, USA). Cariporide and other
chemicals were purchased from Sigma (Shanghai, China).
Anti-Bcl-2, b-actin, caspase-3 and 2nd antibodies were purchased
from Cell Signaling. Anti-NHE1 antibody was purchased from
Santa Cruz.
2.2. Culture of human umbilical vein endothelial cells (HUVECs)

HUVECs were purchased from ATCC and cultured according to
the method described previously [14]. HUVECs were grown in
EBM (Clonetics Inc. Walkersville, MD) supplemented with
12.5 mg/mL ECGF, 10% FBS, 100 U/mL penicillin, 100 lg/mL
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streptomycin, and 1 mg/mL hydrocortisone. Cells were subcul-
tured when 80–90% confluent. Cells at passages 3–8 were used
for all experiments.
2.3. Experimental design

Eighty to ninety percent of confluent HUVECs were serum
starved overnight prior to stimulation with LPS (100 ng/ml) for 1,
4, 8, 16, 24, and 48 h. For the dose-course study of cariporide,
LPS-treated HUVECs were co-incubated with cariporide for 24 h
in different doses (1, 5, 10, 20 lM). For studying the intervention
of other drugs, HUVECs were treated with cariporide (10 lM), Zlla1
(50 lM), Z-VAD-FMK (20 lM), or BAPTA (0.5 mM) in presence or
absence of LPS (100 ng/ml) for 24 h. After treatment, cells were
subjected to detect NHE activity, Ca2þ

i concentration, calpain activ-
ity, the Bcl-2 protein level, Bcl-2 mRNA level, and cell apoptosis by
NH4Cl pulse method, Fluo-4 fluoresence, fluorogenic peptide sub-
strate, Western blot, RT-PCR, and TUNEL, respectively.
2.4. RNA interference

NHE1-RNAi experiments were performed according to the
method described by Mo et al. [15]. Briefly, the NHE1-targeted
double-stranded small interfering RNAs (NHE1-A, CGAAGAGAUC-
CACACACAGTT; NHE1-B, CUGUGUGUGGAUCUCUUCGTT) were
chemically synthesized by Invitrogen. When the HUVECs reached
80–90% confluence, transfection of the NHE1 SiRNA duplex (final
concentration, 40 nM) was carried out using Lipofectamine 2000
(Invitrogen). The negative control was set up using the 21-nucleo-
tide RNA oligonucleotide that corresponded to the coding sequence
of luciferase. Suppression of expression of endogenous NHE1 by
the SiRNAs was determined by Western blot. After 24 h transfec-
tion, HUVECs were used for further experiments.
2.5. Western blot

HUVECs were lysed in 1� cell-lysis buffer (Cell Signaling). The
protein content was assayed by BCA protein assay reagent (Pierce,
USA). Twenty micrograms of protein was loaded to SDS–PAGE and
then transferred to membrane. Membrane was incubated with a
1:1000 dilution of primary antibody, followed by a 1:2000 dilution
of horseradish peroxidase-conjugated secondary antibody. Protein
bands were visualized by ECL (GE Healthcare). The band densities
were measured by densitometry (model GS-700, Imaging Densi-
tometer; Bio-Rad). The background was subtracted from the calcu-
lated area.
2.6. RT-PCR analysis for Bcl-2 mRNA

Total RNA was extracted from cells by TRIZOL (Life Technolo-
gies, USA) reagent according to the manufacturer’s protocol.
RT-PCR analysis for Bcl-2 mRNA was performed following previous
described procedure [16]. Primer sequences were: Bcl-2 sense, 50-
GTGGATGACTGAGTACCTGAACC-30; Bcl-2 antisense, 50-AGCCAGG
AGAAATCAAACAGAG-30; GAPDH sense, 50-TCATTTCCTGGTATGA-
CAACG-30; GAPDH antisense, 50-TTACTCCTTGG AGGCCATGT-30.
The PCR protocol for Bcl-2 consisted of: (1) denaturation at 94 �C
for 5 min, (2) 30 cycles of denaturation at 94 �C for 30 s, annealing
at 55 �C for 30 s and extension at 72 �C for 2 min, (3) final exten-
sion at 72 �C for 15 min. The protocol for GAPDH was the same
as Bcl-2 except for 1 min annealing at 65 �C and amplification for
25 cycles.
2.7. Measurement of NHE activity in HUVECs

NHE activity in HUVECs was assayed with NH4Cl pulse method
[17]. Briefly, HUVECs were washed with HCO3

�-free HBS buffer
(mM: NaCl, 140; KCl, 5; CaCl2, 1; MgCl2, 1; glucose, 5; HEPES, 6.
pH 7.4). After incubation of HUVECs with HBS containing 10 lM
BCECF at 37 �C for 30 min and removal of free-BCECF by washing
with HBS, 40 mM NH4Cl was added into HBS, incubated for
5 min, and washed out with Na+-free HBS buffer. Cells were acid-
loaded and pHi decreased. When 100 mM NaCl was added, intra-
cellular H+ was pumped out via Na+/H+ exchange and pHi increased
linearly during the initial 40 s. This initial rate of pHi recovery
(dpHi/dt) was considered to reflect the Na+/H+ exchange activity.

2.8. Calpain activity assay

The calpain activity was measured by using the fluorogenic
peptide Suc-Leu-Leu-Val-Tyr-AMC as a substrate following the
procedure described previously with slight modification [18].
Briefly, cells were cultured in 24-well plates in medium with dif-
ferent treatments. After being washed twice with PBS, fluorogenic
peptide was added to a final concentration of 80 lM in PBS. Imme-
diately, fluorescence was recorded at 2 min intervals for 20 min at
excitation 360 nm and emission 460 nm by a Synergy HT Multi-
Detection Microplate Reader (BIO-TEK Instruments Inc.). The initial
rate of peptidyl-AMC hydrolysis was used as the velocity of en-
zyme activity.

2.9. Measurement of Ca2þ
i concentration

The Ca2þ
i concentration was measured by using a Fluo-4 NW kit

(Invitrogen) according to previous described procedure [19].
Briefly, the cell culture medium was aspirated after treatment,
washed with HEPES buffer (pH 7.4) once, and 1 ml of HEPES buffer
containing fluorescent dye was added to cultured cells. After
30 min incubation, fluorescence strength was measured in wave-
length of excitation/emission of 485/520 nm.

2.10. Apoptosis assay by TUNEL in HUVECs

HUVECs were fixed with 4% paraformaldehyde in PBS. Cell
apoptosis was assessed by terminal deoxynucleotidyl transferase-
mediated dUTP nick end labeling staining (TMR red) by using a
kit (Roche Applied Science) and following the procedure described
previously [20]. The percentage of apoptosis was calculated from
the number of terminal deoxynucleotidyl transferase-mediated
dUTP nick end labeling-positive cells divided by the total number
of cells counted.

2.11. Statistical analysis

Statistical analysis was performed using SPSS10.0 software.
Data are expressed as mean ± SEM. The statistical significance of
differences was evaluated by using one-way ANOVA followed by
the Student’s t-test. P < 0.05 was considered statistically
significant.

3. Results

3.1. LPS-induced increases in NHE activity are dependent on NHE1 in
HUVECs

Early studies have shown that LPS induces endothelial cell
apoptosis and endothelial dysfunction, which contribute to
cardiovascular disease [21]. The NHE plays an important role in
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myocardial damage during ischemia and reperfusion and has re-
cently been implicated as a mediator of cardiac hypertrophy [6].
We first determined whether LPS activates NHE in HUVECs. As
shown in Fig. 1A, LPS increased NHE activity beginning at 4 h.
The increased NHE activity induced by LPS reached the peak at
16 to 24 h, and began to go down from 48 h incubation. Consider-
ing that the NHE1 isoform exists on the plasma membrane of all
mammalian cells and is the predominant isoform in HUVECs
[15,22], we hypothesized that NHE activity depends on NHE1. To
Fig. 1. LPS-induced increases in NHE activity are dependent on NHE1 in HUVECs. HUVECs
tracing of pHi recovery was shown (control and LPS group at 8 h) (A, top), and NHE activ
presence or absence of cariporide (1, 5, 10, 20 lM) for 24 h, and NHE activity was mea
control oligonucleotide (SiNC) for 24 h. HUVECs were incubated with or without LPS
expression. Data are expressed as mean ± SEM (n = 5). The blot is a representative from 3
as no significant difference.
prove our hypothesis, LPS-treated HUVECs were co-incubated with
cariporide (a specific NHE1 inhibitor) for 24 h in different doses.
Our data indicated that cariporide inhibited the LPS-induced in-
crease of NHE activity in a dose-dependent manner and 10 lM car-
iporide could abolish NHE activity (Fig. 1B). In order to rule out the
potential off-target effects of cariporide, NHE1 knockdown was
performed to further investigate whether LPS-induced increases
in NHE activity is dependent on NHE1. As shown in Fig. 1C,
NHE1 activity with NHE1 SiRNA was far lower than that with
were incubated with LPS (100 ng/ml) for 1, 4, 8, 16, 24, and 48 h. The representative
ity was measured (A, bottom). (B) HUVECs were incubated with LPS (100 ng/ml) in
sured. (C) HUVECs were transfected with NHE1 SiRNA (SiNHE1) or NHE1 negative
(100 ng/ml) for another 24 h, and NHE activity was measured. (D) NHE1 protein
independent experiments.⁄P < 0.05 vs Control, #P < 0.05 vs LPS alone. NS is indicated
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control SiRNA. Interestingly, LPS did not alter NHE1 protein expres-
sion throughout the treatment period (Fig. 1D). These data suggest
that LPS-induced increases in NHE activity depend on NHE1 in
HUVECs.

3.2. LPS increases intracellular calcium level via activation of NHE1

The activation of NHE1 increases Naþi that leads to Ca2+ overload
through the Na+/Ca2+ exchanger, which is assumed to be the crucial
factor in many diseases, such as ischemia [23] and atherosclerosis
[24]. Here we further investigated whether activation of NHE1 by
LPS results in the increased intracellular calcium level. As shown
in Fig. 2A, LPS time-dependently increased intracellular calcium
levels in HUVECs. In addition, the LPS-induced increase of intracel-
lular calcium level was reversed by cariporide treatment in a
Fig. 2. LPS increases intracellular calcium levels and calpain activity via activation of NHE
were incubated with LPS (100 ng/ml) in presence or absence of cariporide (1, 5, 10 lM) fo
fluorescence. (C) HUVECs were incubated with LPS (100 ng/ml) for 1, 4, 8, 16, 24, and
presence of cariporide (10 lM). (E) HUVECs were incubated with LPS (100 ng/mL) for 24
by using the fluorogenic peptide substrate. Control group was defined as 100%. Data are
dose-dependent manner (Fig. 2B). These data reveal that LPS-en-
hanced intracellular calcium level is NHE1-dependent.

3.3. LPS-enhanced calpain activity is both NHE1 and calcium-
dependent

Calpains are a family of Ca2+-dependent cysteine proteases
found in mammals and many lower organisms [19,25]. In the pres-
ence of elevated Ca2þ

i concentrations, calpain is activated and regu-
lates wide range of cellular functions by degrading a variety of
proteins, such as HSP90 and Bcl-2 [12,26,27]. We next determined
whether LPS also induced calpain activity in HUVECs. As shown in
Fig. 2C, LPS time-dependently increased calpain activity in HUVECs.

In Fig. 2D and E, inhibition of NHE1 by cariporide or chelation of
intracellular Ca2+ by BAPTA effectively abolished the LPS-increased
1. (A) HUVECs were incubated with LPS (100 ng/ml) for 1, 4, 8, and 24 h. (B) HUVECs
r 24 h. The intracellular calcium concentration of A and B was determined by Fluo-4
48 h (D) HUVECs were incubated with LPS (100 ng/mL) for 24 h in the absence or
h in the absence or presence of BAPTA (0.5 mM). Calpain activity (C–E) was assayed

expressed as mean ± SEM (n = 5). ⁄P < 0.05 vs control, #P < 0.05 vs LPS alone.



Fig. 3. LPS induces NHE1 activation-dependent Bcl-2 degradation. HUVECs were incubated with LPS (100 ng/mL) for 24 h in the absence or presence of Zllal (50 lM) (A) or Z-
VAD-FMK (20 lM) (B). Cells were subjected to detect Bcl-2 protein level by Western blot. (C, D) HUVECs were incubated with LPS (100 ng/mL) for 24 h in the absence or
presence of cariporide (10 lM) Cells were subjected to detect Bcl-2 protein level by Western blot and Bcl-2 mRNA level by RT-PCR. (E) HUVECs were transfected with SiNHE1
or SiNC for 24 h. HUVECs were incubated with or without LPS (100 ng/mL) for another 24 h. Cells were subjected to detect Bcl-2 protein level by Western blot. Data are
expressed as mean ± SEM. The blot is a representative from 3 independent experiments. ⁄P < 0.05 vs control, #P < 0.05 vs LPS alone, NS is indicated as no significant difference.
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Fig. 4. NHE1 activation is required for LPS-induced HUVECs apoptosis. HUVECs were incubated with cariporide (10 lM) or Zllal (50 lM) for 24 h in presence or absence of LPS
(100 ng/mL), or HUVECs transfected with SiNHE1 or SiNC were incubated with or without LPS (100 ng/mL) for 24 h. The cells apoptosis was assayed by TUNEL method (A) and
cleaved Caspase-3 assay by Western blot (B). The number of TUNEL positive cells was from total 100 cells (scale bar = 20 lm). Data are expressed as mean ± SEM (n = 5).
⁄P < 0.05 vs control, #P < 0.05 vs LPS alone. The blot is a representative from 3 independent experiments. (C) Proposed scheme of LPS-induced endothelial cell apoptosis via the
NHE1/calcium/calpain/Bcl-2 pathway.
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calpain activity. Taken together, these data indicate that LPS
induces activation of NHE1, resulting in elevations of Ca2þ

i , and
causing activation of calpains.

3.4. LPS induces NHE1 activation-dependent Bcl-2 degradation

Considering that calpain activation promotes decrease of Bcl-2
proteins thereby triggering the intrinsic apoptotic pathway [12],
HUVECs were treated with LPS in the absence or presence of
calpain specific inhibitor, Zllal, to identify whether NHE1-induced
calpain activation mediates Bcl-2 degradation. As shown in
Fig. 3A, inhibition of calpain by Zllal abolished the LPS-decreased
Bcl-2 protein levels, in contrast to Zllal treated HUVECs, LPS in-
duced significant degradation of Bcl-2 in naïve cells, suggesting
that LPS-decreased Bcl-2 protein is calpain-dependent.

It has been proved that caspase activation play an essential role
in cells apoptosis [28]. We next tested whether decrease in Bcl-2
protein is a secondary effect of caspase activation and not a direct
effect of calpain on Bcl-2. Our data indicated that Z-VAD-FMK,
Pan-Caspase Inhibitor, did not block the LPS-induced reduction of
Bcl-2 protein (Fig. 3B). Thus, Bcl-2 is degraded in a caspase-inde-
pendent manner in LPS treated HUVECs.

Because LPS-induced NHE1 activation results in enhanced cal-
pain activity, we then determined whether degradation of Bcl-2
depends on NHE1 activation. As shown in Fig. 3C, treatment of HU-
VECs with LPS reduced the protein levels of Bcl-2. Inhibition of
NHE1 by cariporide abolished the LPS-decreased Bcl-2 protein
levels.

Reductions in BCL-2 protein could be due to LPS-induced
repression of Bcl-2 gene transcription. In order to exclude this pos-
sibility, we checked the mRNA of Bcl-2 during HUVEC treatment.
As indicated in Fig. 3D, LPS alone did not change Bcl-2 mRNA level.
Cariporide did not alter the mRNA level of Bcl-2 in basal condition
or LPS-treated HUVECs, either. These data suggested that LPS de-
creased Bcl-2 protein levels, likely via protein degradation, and
not by decreasing the mRNA biosynthesis.

To further confirm that LPS-induced Bcl-2 degradation is depen-
dent on NHE1, HUVECs were transfected with SiRNA NHE1 to test
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the effect of Bcl-2 expression changes in response to LPS stimula-
tion. Bcl-2 degradation observed with knockdown of NHE1 in HU-
VECs agrees with the data that inhibition of NHE1 activation
abolishes LPS-induced down-regulation of Bcl-2 protein. Consis-
tently, Bcl-2 protein was significantly degraded in HUVECs trans-
fected with negative control of SiRNA NHE1 (Fig. 3E). Taken
collectively, NHE1 activation is required for LPS-induced Bcl-2 deg-
radation in HUVECs.
3.5. NHE1 activation is required for LPS-induced HUVECs apoptosis

Given the LPS-induced degradation of anti-apoptotic protein
Bcl-2, we analyzed apoptosis rates in LPS-treated HUVECs. As
shown in Fig. 4A, LPS increased the apoptotic rate of HUVECs trans-
fected with SiNC detected by TUNEL staining. Knockdown of Bcl-2
by SiNHE1 significantly inhibited LPS-induced apoptosis of HU-
VECs while having no effects on LPS untreated cells. Cariporide
alone did not affect the apoptosis in basal condition, but inhibited
LPS-induced apoptosis in HUVECs. Consistent with the effect of
cariporide, Zllal obviously inhibited LPS-induced apoptosis of HU-
VECs. Cleavage of caspase-3 assay also verified that LPS-induced
HUVEC apoptosis is dependent on NHE1 activation (Fig. 4B).
4. Discussion

The current study demonstrates that LPS induces vascular endo-
thelial cell apoptosis by triggering calpain-dependent degradation
of Bcl-2 via activating NHE1. Inhibition of NHE1 reverses LPS-in-
duced increase of calcium concentration and calpain activity. In
addition, inhibition of NHE1 by cariporide or RNA interference
blocked the decrease of Bcl-2 degradation caused by LPS. These re-
sults strongly suggest that NHE1 is required for LPS-induced endo-
thelial cell apoptosis via calcium-dependent protease calpain
(Fig. 4C).

The calpains are a family of calcium-dependent protease that
acts independently of the proteasome pathway and cleave a num-
ber of cellular substrates, including kinases, phosphatases, tran-
scription factors, and cytoskeletal proteins [29]. In this study, we
found that LPS increased intracellular calcium as well as calpain
activity in vascular endothelial cells. In addition, chelation of intra-
cellular free-calcium by BAPTA inhibited the activation of calpain.
So we speculated that LPS-induced calpain activation is calcium-
dependent because it has been reported that calpain is activated
in response to large calcium fluxes [11].

NHE1 is the predominant isoform in endothelial cells, we as-
sume that LPS produced NHE activation dependently of NHE1. A
potential mechanism of LPS-induced increase of NHE1 activity is
possibly a phosphorylation-dependent increase in the activity of
existing exchangers or the activation of dormant membrane-asso-
ciated exchangers. In fact, Sardet et al. have demonstrated that
NHE is rapidly phosphorylated in response to various mitogens
and concluded that this phosphorylation of NHE is temporally cor-
related with its activation [30].

The anti-apoptotic Bcl-2 protein is localized on outer mitochon-
drial membrane, and functions to prevent cytochrome C release
from mitochondria [28,31]. In our results, LPS decreased the level
of Bcl-2 protein but not mRNA in HUVECs, however, cariporide or
Zllal reversed the effect of LPS. All the results indicate that calpain
may play some roles in LPS-induced degradation of Bcl-2, however,
which calpain isoform is involved in the degradation of Bcl-2 and
whether Bcl-2 is the direct substrate of calpain in LPS-treated HU-
VECs needs further investigations. In addition, it has been reported
that calpain can activate caspase-9, which in turn can cleave and
activate effector caspase-3 [32]. However, our data indicated that
inhibition of caspase activity still resulted in degradation of
Bcl-2, whereas inhibition of calpain completely abolished LPS-de-
creased Bcl-2 and caspase-3 cleavage, suggesting that Bcl-2 degra-
dation is upstream executioner of HUVECs apoptosis.

In conclusion, NHE1 activation facilitates LPS-induced apopto-
sis, mediated by calpain-dependent Bcl-2 degradation in HUVECs.
Inhibition of NHE1 could be a promising novel approach to halt
or even reverse endothelial dysfunction in diabetes or hyperten-
sion patients.
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