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A B S T R A C T

This study was designed to investigate the function of 17b-estradiol (17b-E2) against oxidative stress on

the cell death of mice bone marrow mesenchymal stem cells (BMSCs) induced by hydrogen peroxide

(H2O2). BMSCs were treated with 17b-E2 for 24 h and then treated with 100 mM H2O2 for 1 h. Cell

viability, apoptosis, caspase-9 mRNA, JNKs (Jun N-terminal kinases) and c-Jun protein expression in

BMSCs were evaluated. Cell apoptosis of BMSCs were increased in a dose-dependent manner after

treated with H2O2 compared to control group. But pretreatment with 17b-E2 can inhibit apoptosis of

BMSCs, preserve the mitochondrial transmembrane potential, decrease caspase-9 mRNA, JNK1/2 and c-

Jun protein expression. In conclusion, 17b-E2 exerts antiapoptotic effects in BMSCs which related to the

mitochondria death pathway and JNKs pathway. The study revealed that 17b-E2 can reduce the donor

stem cells damage.
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1. Introduction

Stem cells are special cell types with the capacity for unlimited
self-amplification and for terminal differentiation into cell types
with specific functions. Now, stem cells to be realized for cell
replacement therapy for various diseases including myocardial
damage. Transplantation of mesenchymal stem cells (MSCs) has
been proposed as a strategy for cardiac repair following myocardial
damage [1]. However, the poor survival of MSCs transplanted into
infarcted heart has limited reparative capacity to improve heart
function and neovascularization after myocardial infarction [2].
The increased reactive oxygen species (ROS) resulted in sustained
oxidative stress in infarcted heart is one of the important factors
that challenged the survival of donor MSCs [3]. ROS may go
through many pathways to induce MSCs apoptosis.

Apoptosis is a complex and highly regulated form of cell death,
and believed to contribute to the decline of ventricular function in
heart failure [4]. Apoptotic cell death is observed in a variety of
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cardiovascular diseases. Cumulative evidence suggests that ROS
has been implicated in cardiac pathophysiology, can trigger
myocyte apoptosis by up-regulating pro-apoptotic proteins and
the mitochondria-dependent pathway [5,6].

Increased levels of ROS have been shown to cause inflammato-
ry, endothelial cell-cell interactions, mitochondrial swelling [7],
reduced mitochondrial transmembrane potential and calcium
overload [8], resulting in enhanced releasing of pro-apoptotic
genes from mitochondria. ROS can also activate the Jun N-terminal
kinases (JNKs) pathway, to induce cell apoptosis [9]. JNKs belong to
the superfamily of mitogen-activated protein (MAP) kinases
involved in the regulation of cell proliferation, differentiation,
and apoptosis. To date, multiple splice variants of JNKs encoded by
three distinct genes, namely JNK1, JNK2, and JNK3, have been
identified. The JNK1 and JNK2 genes are expressed ubiquitously.
Unequivocal evidenced that JNK1 and JNK2 are involved in
apoptotic signaling [10,11].

Under the oxidative stress circumstance, donor MSCs may
unavoidably lead to apoptosis. Therefore, it is urgently needed to
find promising drugs to improve the viability of donor stem cells
when transplanting. Growing evidence shows that estrogen has
direct antioxidant activities to protect various tissues from
oxidative damage [12,13]. But the protective effects of estrogen
on bone marrow mesenchymal stem cells (BMSCs) have not
ct of 17b-estradiol against hydrogen peroxide-induced apoptosis
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been well investigated. In view of the above lines of evidence,
the objective of the present work was to evaluate the effect of
17b-estradiol (17b-E2) against H2O2-induced cell death in mice
BMSCs and investigate the underlying antiapoptotic mechanism
of 17b-E2.

2. Materials and methods

2.1. Cell culture and treatment

The mice BMSCs (Cyagen Biosciences Inc., Guangzhou, China)
at the exponential growth phase were cultured in DMEM medium
supplemented with 10% fetal bovine serum, penicillin (100 U/ml),
and streptomycin (100 mg/ml) at 37 8C, in a humidified atmo-
sphere containing 5% CO2. The cells were randomly divided into
six groups: a negative control group, a positive control group
(treated with 0.1% Vitamin C, Vit C), 100 mM H2O2 treated group,
and groups that were treated with 17b-E2 (2.5, 5, and
10 nM) + H2O2. After incubated with 17b-E2 and VitC for 24 h
at 37 8C, H2O2 were added to cells except those in the control
group.

2.2. MTT assay

The cells were adjusted cell number to 2 � 104/L and then put
into 96-well plate and were allowed to attach for 24 h before
treatment. Different concentration of 17b-E2 (Sigma Chemical Co.,
St. Louis, MO, USA) was used from stock solution dissolved in
DMSO. It was added to culture media 24 h before H2O2 insult
except those in control group. Then the proliferation of the cells
was detected using MTT method at wavelength of 490 nm by
microplate reader (StakMax, Sunnyvale, California, USA).

2.3. Morphological detection of apoptosis

At 1 h post-H2O2 treatment, cells were mounted on glass slides
and fixed for 20 min in PBS containing 4% paraformaldehyde. After
air-drying, the cells were stained for 30 min in 10 mg/L Hoechst
33342 (KeyGEN Biotech, Nanjing, China). Apoptotic features of cell
death were identified by the chromatin condensation and/or
nuclear fragmentation under a fluorescence microscope. Images
were collected using a digital camera.

2.4. Annexin V and propidium iodide double staining assay

Apoptosis of BMSCs was detected by Annexin V–propidium
iodide (PI) labeling, according to the manufacturer’s instructions
(Beyotime Biotechnology, Jiangsu, China). Briefly, 1 � 106 cells
were labeled with 5 mL of AnnexinV–fluorescein isothiocyanate
(FITC) for 15 min. Then, 20 mg/mL of PI was added before analysis.
The cells were analyzed within 5 min by using a flow cytometer
(Becton-Dickinson, San Jose, CA). The fraction of cells in each
quadrant was calculated by using CELLQUEST software.

2.5. Measurement of mitochondrial transmembrane potential

The cells were washed twice and then resuspended cells in
PBS at a concentration of 1 � 106 cells/mL. We transferred
500 ml of the solution to a 5 ml culture tube and added
rhodamine 123 (Beyotime Biotechnology, Jiangsu, China) solu-
tion at a final concentration of 1 mmol/L. After incubation for
30 min at 37 8C, cells were washed twice with PBS, and then
analyzed using flow cytometer. Fluorescent signal intensity was
examined with Cellguest software. For each sample, 10,000
events were collected.
Please cite this article in press as: Chen H-Y, et al. The protective effe
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2.6. RNA extraction and caspase-9 mRNA expression analysis

RNA was isolated from BMSCs cell culture using TriZol
Reagent (KeyGEN Biotech, Nanjing, China) following the
manufacturer’s protocol. One microgram of RNA was reverse
transcribed to cDNA and amplification was performed using
EzOmicsTM One-Step qPCR Kit (Biomics Biotechnologies Co., Ltd.
Nantong, China). For determination of Caspase-9 expression,
SYBR Green detection was used and the values were normalized
using glyceraldehyde-3-phosphate dehydrogenase (GAPDH).
SYBR Green quantitative polymerase chain reaction (qPCR)
amplifications were performed in a 7300 Sequence Detection
System (Applied Biosystems). The thermal profile for the real-
time PCR was 95 8C for 10 min followed by 40 cycles of 95 8C for
20 s, 56 8C for 30 s, and 72 8C for 30 s. Data were collected during
the 72 8C. Primers sequences were as follow, 50-ACC ACA GTC
CAT GCC ATC AC -30 and 50-ATG TCG TTG TCC CCA CCA CCT-30 for
mice Caspase-9; 50-GAA GGT CGG AGT CAA CGG ATT T-30 and 50-
ATG GGT GGA ATC ATA TTG GA A C-30 for GAPDH. Relative
expression levels for each primer set were normalized to the
expression of GAPDH by the 2 �44CT method.

2.7. Immunocytochemistry

To detect the expression of JNK1/2 and c-Jun protein in BMSCs,
cells were smeared on slides and fixed with 4% formaldehyde in
PBS for 30 s, then treated with 0.2% Tween in PBS. After wash with
PBS, slides were first blocked with blocking buffer for 30 min, and
then incubated with primary antibodies against mice JNK1/2
(Boster Biological Technology, Wuhan, China) and c-Jun (Cell
Signaling Technology, Inc.) with 1:200 dilution was added
respectively. After incubate overnight at 4 8C, the slides were
rinsed with phosphate-buffered saline (PBS) the horseradish
peroxidase (HRP)-conjugated secondary antibody, at a working
dilution of 1:200, was added and incubate for 1 h. After washed
with PBS, incubated in a substrate solution containing 0.06 mM
3,3 -diaminobenzidine (DAB) chromogen for 3�5 min. The
reaction was stopped in water, and the slides were dehydrated
with alcohol. Finally, the slides were mounted with cover slips by
using neutral resin. BMSCs were quantified by two blinded
reviewers (Jingmiao Wang, Li Pan) who counted numbers of JNK1/
2 and c-Jun -stained BMSCs in 10 randomly selected � 40
microscopic fields.

2.8. Statistical analysis

Values were expressed as means � SD. The data were analyzed
by one-way ANOVA, followed by SNK-q test. A difference was
considered to be significant when P < 0.05.

3. Results

3.1. Effects of 17b-E2 on cell viability and apoptosis in bone marrow

mesenchymal stem cells (BMSCs) damaged by H2O2

Cell growth was inhibited after treated with H2O2, but 17b-
E2 (2.5-10 nM) pretreatment increase the BMSCs proliferation in
a concentration-dependent manner (P < 0.05, P < 0.01, Table 1).
Apoptosis of H2O2-treated cells was confirmed by nuclear
staining with Hoechst 33342. H2O2-treated cells exhibited
highly irregular staining in their nuclei; chromatin condensation
and nuclear fragmentation were detectable. In contrast, the
apoptosis and death rates decreased in 17b-E2 groups,
displayed highly organized and homogeneous nuclear staining
(Fig. 1).
ct of 17b-estradiol against hydrogen peroxide-induced apoptosis
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Table 1
Effects of 17b-E2 on BMSCs viability damaged by H2O2.

Group Absorbance (A490)

Control 0.753 � 0.015

H2O2 0.281 � 0.012c

H2O2 + 0.1% VitC 0.697 � 0.051f

H2O2 + 2.5 nM 17b-E2 0.406 � 0.019e,h,k

H2O2 + 5 nM 17b-E2 0.525 � 0.033f,h

H2O2 + 10 nM 17b-E2 0.653 � 0.030f

c P < 0.01 vs. control.
e P < 0.05.
f P < 0.01 vs. model.
h P < 0.05 vs. 10 nM 17b-E2.
k P < 0.05 vs. 5 nM 17b-E2
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3.2. 17b-E2 reduced apoptosis and necrosis in bone marrow

mesenchymal stem cells (BMSCs)

To further investigate whether the addition of 17b-E2 affected
cell apoptosis induced by H2O2, a flow cytometry analysis of
phosphatidylserine (PS) expression on early apoptosis was
conducted by using fluorescence-conjugated Annexin V. The vital
cells are negative for both fluorescence-conjugated Annexin V
binding and PI uptake (Annexin V�/PI�). The apoptotic cells are
positive for fluorescence-conjugated Annexin V binding but
negative for PI uptake (Annexin V+/PI�), while the necrotic cells
are positive for both fluorescence-conjugated Annexin V binding
and PI uptake (Annexin V+/PI+). The statistic data are shown in
Fig. 2. The percentage of apoptosis and necrosis increased in BMSCs
1 h after treatment with H2O2 alone (48.69%). However, pretreated
Fig. 1. Effect of 17b-E2 on H2O2-induced BMSCs morphological change. Morpholog

condensation.
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with increasing concentration of 17b-E2 reduced the rates of
apoptosis and necrosis in a concentration-dependent manner
(32.81%, 25.50%, 15.14%).

3.3. The loss of mitochondrial transmembrane potential in bone

marrow mesenchymal stem cells (BMSCs)

Mitochondrial transmembrane potential is one indicator of
cells undergoing the terminal phase of apoptosis. Using rhodamine
123 as a molecular probe can assay the mitochondrial transmem-
brane potential in BMSCs exposed to H2O2. As shown in Fig. 3, H2O2

dramatically reduced mitochondrial transmembrane potential
(56.81%), while the mitochondrial transmembrane potential in
5 nM and 10 nM 17b-E2 groups rose obviously (75.38%, 84.56%).
The effect of high concentration 17b-E2 is similar to 0.1% VitC
(89.33%).

3.4. Expression of caspase-9 mRNA in bone marrow mesenchymal

stem cells (BMSCs) inhibited by 17b-E2

BMSCs were treated with 17b-E2 for indicated time of
incubation. The levels of mRNA were normalized to the level of
GAPDH mRNA. After the normalization, the mRNA level was
expressed as the fold change compared to that in the control group
untreated with 17b-E2. Data are the mean � SD of three indepen-
dent experiments (Fig. 4). Dissociation curves of the qPCR caspase 9
and GAPDH gene amplification products from BMSCs are show in
Fig. 5A, 5B. The desired amplification was detected and no
contaminating products are present in this reaction by viewing a
dissociation curve.
ic changes of apoptosis cells signified by cytoplasmic shrinkage and chromatin

ct of 17b-estradiol against hydrogen peroxide-induced apoptosis
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Fig. 2. Annexin V and propidium iodide double staining assay. The locations in the quadrants of the flow cytometry dot plot denote the type of cells. Live cells do not take

either stain, and lie in the lower left quadrant, while the early apoptotic cell population takes FITC stain and lies in the lower right quadrant. All the cells in the late apoptotic

stage, which is sometimes referred to as secondary necrotic cells, is stained with both annexin V and PI, and therefore lie in the upper right quadrant. Necrotic cells stained

only by PI lie in the upper left quadrant. Experiments were repeated at least three times.
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3.5. The change of JNK1/2 and c-Jun protein expression in bone

marrow mesenchymal stem cells (BMSCs)

We also analyzed the expression of JNK1/2 and c-Jun protein by
immunocytochemistry in BMSCs. The numbers of positive cells in
10 randomly selected microscopic fields was quantified. In
contrast to model group, the numbers of positive cells in 17b-
E2 groups decreased significantly (Fig. 6A, B).
Fig. 3. Effect of 17b-E2 on H2O2-induced loss of mitochondrial transmembrane potent

cytometry. Cells with decreased mitochondrial transmembrane potential are less stained

shown.
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4. Discussion

ROS are harmful to the human body, and are believed to be
associated with the pathogenesis of many diseases, particularly
cardiovascular diseases [14]. Sustained oxidative stress can
decrease the survival of donor MSCs, leading to limited reparative
capacity of MSCs. Estrogens can regulate apoptosis in various
cellular systems. Protective effects of estrogen, such as 17b-E2, on
ial. Cells were stained with rhodamine 123 for 30 min and then subjected to flow

 with rhodamine 123. Representative data from three independent experiments are

ct of 17b-estradiol against hydrogen peroxide-induced apoptosis
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Fig. 4. Fold amplification for caspase 9 expression level. The fold-change for caspase

9 expression level was calculated using 2�44CT. The amount of target gene mRNA

relative to the internal control gene, GAPDH, was calculated using the 4CT method

as follows: the relative expression = 2�44CT, 4CT = CT (target gene)–CT (GAPDH).

Experiments were repeated at least three times, and the data were compiled and

presented as mean � S.D.
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oxidative stress have been indicated. However, it is not entirely
clear if 17b-E2 can sustain survival of BMSCs. In this study, we
examined the effects of 17b-E2 on H2O2-induced apoptosis in
BMSCs. We used H2O2 as an apoptotic model as ROS, the data
obtained in this work provides evidence that the 17b-b-E2

prevented H2O2-induced apoptosis in the BMSCs, which may
improve the survival and reparative capacity of donor BMSCs
under oxidative stress.

The BMSCs were led into apoptosis by exposure to H2O2 was
evidenced by the results of Hochest 33342 staining and Annexin V
and PI staining assay. Under these conditions, we observed that the
cells pre-incubated with 17b-E2, block the effects of H2O2 on the
number of apoptotic nuclei. This protective action of the 17b-E2

was dose dependent between 2.5 nM and 10 nM, maximal effects
being detected at 10 nM which similar to 0.1% VitC. These testified
that pretreatment with 17b-E2 can increase the viability of BMSCs.

It is known that mitochondria play diverse roles in cell
physiology and pathology including regulation of apoptosis,
participation in ion homeostasis and transport of metabolites
[15]. These important functions are highly dependent on the
transmembrane potential. In this study, we found that transmem-
brane potential was markedly reduced in H2O2 treated cells as
compared to control cells. Loss of transmembrane potential could
induce the opening of the permeability transition pore in the inner
mitochondrial membrane and consequent rupture of the outer
mitochondrial membrane, which may allow the release of proteins
Fig. 5. Caspase 9 (A) and GAPDH (B) dissociation curves in BMSCs. A single melting tem

caspase 9 gene amplification products from BMSCs; (B) Dissociation curves of the qPC
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that reside in the intermembrane space, including cytochrome c, to
activate the caspase cascade that executes the apoptotic program
[16]. In line with this notion, we found that caspase-9 is activated
greatly in H2O2 group, while 17b-E2 can preserve the mitochon-
drial transmembrane potential, decrease caspase-9 mRNA expres-
sion, implicating the mitochondrial death pathway in H2O2-
induced BMSCs apoptosis.

The present study suggests that JNK1/2 is involved in apoptotic
signaling, but 17b-E2 can attenuate H2O2-induced JNK1/2 activa-
tion in BMSCs. The JNKs signaling transduction pathway is
activated by numerous extracellular stimuli include H2O2

[17,18]. There is sufficient evidence that the nuclear activity of
JNK such as its translocation to nucleus [19] and the transactiva-
tion of c-Jun are required for its apoptotic activity [20]. In response
to H2O2, we find that the expression of phosphorylated JNK1/2 and
c-Jun protein is significantly increased. JNK1/2 phosphorylation
may be activated by the upstream MAP2Ks, then phosphorylated
JNK1/2 translocates to the nucleus where it phosphorylates and
transactivates c-Jun. Phosphorylation of c-Jun can lead to the
formation of AP-1 [21], which is involved in the transcription of a
wide variety of proteins, some of them being known pro-apoptotic
proteins. It has been noted that the JNK-AP-1 pathway is involved
in the increased expression of pro-apoptotic genes [22]. The results
obtained from BMSCs as target cell demonstrate that 17b-E2

decreased the protein levels of JNK1/2 and c-Jun, suggesting a
possible involvement of these proteins in 17b-E2-mediated
antioxidant defense in BMSCs.

In this study, Vitamin C as positive control to inhibit H2O2-
mediated apoptosis. Vitamin C also has a good anti-apoptotic
effect, but there is an advantage to use 17beta-E2 over other anti-
apoptosis agent such as vitamin C to prevent MSC from apoptosis.
We study the function of 17b-estradiol mainly considered that
sexual dimorphism in oxidant status in cardiovascular diseases.
These studies showed that sexual dimorphism in Na+ handling and
oxidant status. Gonadectomy decreased H2O2 excretion in males
and increased H2O2 excretion in females [23], suggesting that
testosterone stimulates total body oxidative stress and estrogen
can suppress levels of total body oxidative stress. Considering this
aspect, 17b-estradiol has some advantages than 0.1% vitamin C.

In summary, the results of the current study show that giving
estrogen can counteract cell damages which is induced by H2O2,
17b-E2 inhibits H2O2-induced apoptosis in BMSCs acting at least at
two different levels. One of them is inducing JNK1/2 activation and
then c-Jun expression. The other relates to a protective effect of
mitochondria integrity, suggested by the inhibition of 17b-E2

effects on loss of mitochondrial transmembrane potential upon
perature was found in samples of the BMSCs. (A) Dissociation curves of the qPCR

R GAPDH gene amplification products from BMCs.
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Fig. 6. Effect of 17b-E2 on JNK1/2 and c-Jun protein expression. The JNK1/2 (A) and c-Jun (B) positive expression was revealed by a brown color. The images are representative

results from three independent experiments.
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H2O2 treatment. Clearly, additional studies are then necessary to
further elucidate the signaling mechanisms which mediate the
antiapoptotic action of 17b-E2 in BMSCs. This knowledge may be of
relevance to develop therapies associated with stem cells
transplanting for prevention and treatment of diseases.
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