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Abstract: The application of mesenchymal stem cells (MSCs) for the treatment of ischemic diseases is promising.
However, the poor survival of transplanted MSCs has hindered their therapeutic efficacy. Oxidative stress-induced
apoptosis is one of the major reasons for their poor survival, while curcumin has the ability to protect cells against
oxidative damage. Therefore, we evaluated the effects of curcumin on the survival of MSCs exposed to oxidative
stress, and explored its underlying mechanism. Rat bone marrow derived MSCs (BM-MSCs) were treated with vari-
ous concentrations of hydrogen peroxide (H,0,) or curcumin, or they were exposed to H,0, after being pre-treated
with different concentrations of curcumin for 3 hours. Cell viability was analyzed by ATP assay, flow cytometry and
Hoechst 33258 staining. The expression of apoptosis-related proteins and key proteins in the Akt/mTOR/p70S6K
pathway were detected by Western blot. Our results showed that H,0, inhibited the proliferation and survival of BM-
MSCs in a concentration- and time-dependent manner. H,0, induced an obvious increase in ratio of Bax/Bcl-2 and
expression levels of cleaved caspase-9 and -3. Delightedly, these apoptotic processes could be inhibited or reversed
by a pre-incubation with curcumin. We further revealed that the protective effect of curcumin against oxidative injury
in BM-MSCs, which could be abolished by Akt inhibitor perifosine, was mediated by elevated phosphorylation of Akt,
mTOR and p70S6K. Our data suggest that curcumin is a promising candidate for improving the efficacy of MSC-
based therapy for ischemic diseases by activating the Akt/mTOR/p70S6K pathway.
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Introduction totic death, once they were engrafted into isch-
emia-reperfusion damaged tissues or organs.
Therefore, antioxidant treatments may be can-
proven in both preclinical and clinical studies, didate strategies to improve the survival rates
revealing a promising therapy for ischemic dis- and therapeutic potential of transplanted
eases and tissue damage [1, 2]. However, the MSCs.

low retention and poor survival of engrafted

The therapeutic potential of MSCs has been

MSCs has hampered their therapeutic efficacy
[3]. Oxidative stress-induced apoptosis is one
of the primary reasons for the poor viability of
engrafted MSCs [4]. The oxidative microenvi-
ronment, triggered by inflammation, nutrient
and oxygen deprivation or loss of cellular adhe-
sion to extracellular matrix (ECM), may induce
pro-apoptotic signaling and cause cells/tissues
damage. MSCs will suffer from an oxidative
microenvironment that may induce their apop-

Curcumin, a yellow pigmented substance and
component of turmeric, has been proven to
exert strong anti-oxidant, anti-inflammatory
and anti-cancer properties [5]. The antioxidant
capacity of curcumin is 100-fold stronger than
that of vitamin E or C [6], and it has been used
to function as an antioxidant and free-radical
scavenger both in vitro and in vivo [5, 7]. The
protective effect of curcumin against oxidative
damage and its mechanisms have been report-
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ed in various types of cells, including neuron
cells [8], endothelial cells [9, 10], epithelial
cells [11], and skin cells [12]. However, it is
largely unknown whether and how curcumin
affects the survival of MSCs exposed to oxida-
tive stress.

A number of signaling pathways have evolved
to protect cells against reactive oxygen species
(ROS)-induced damage. The notable amongst
them is the Akt/mTOR pathway which plays a
vital role in promoting cell survival in response
to oxidative stress [13, 14]. Although some
studies demonstrated that curcumin inhibits
Akt/mTOR pathway [15-17], this activity was
seen principally in tumor cells and the effects
may vary based on cell type; for example, cur-
cumin induced apoptosis in human breast car-
cinoma and hepatoma cell lines, but failed to
do so in normal rat hepatocyte primary cultures
[18]. Furthermore, a recent study even demon-
strated that H,0, treatment caused a sustained
inactivation of the PISK/Akt pathway in PC12
cells, while pre-treatment with curcumin could
significantly inhibit this inactivation [8]. There-
fore, we hypothesized that curcumin could
affect the survival of MSCs exposed to oxida-
tive stress through influencing the Akt/mTOR/
p70S6K pathway.

To test this hypothesis, we evaluated the sur-
vival of rat BM-MSCs exposed to H,O, treat-
ment with or without a curcumin pre-incubation
procedure and detected the expression of key
proteins in the Akt/mTOR/p70S6K pathway,
and the role of this pathway in mediating the
protective effects of curcumin was further con-
firmed by using the Akt inhibitor perifosine.

Materials and methods
Isolation and culture of BM-MSCs

All procedures in the present study were done
in accordance with the “Guide for the Care and
Use of Laboratory Animals, 8th Ed”. Primary
BM-MSCs were isolated from the long bones of
rats by using the simple plastic-adherent meth-
od. Briefly, the tibias and femurs were removed,
and then the bone marrow cells were harvested
and cultured in UltraCULTURE™ Serum-free
medium (LONZA; Walkersville, MD, USA) at
37°C in a humidified atmosphere of 5% CO,.
The non-adherent cells were removed 24 hours
later, and the culture medium was replaced
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every other day. Adherent MSC clones were dis-
sociated when they were visible to the naked
eye, and the single-cell suspensions were then
plated in new flasks and subcultured to 75%-
85% confluence. In this study, BM-MSCs were
used between the third and sixth passages.

Identification of BM-MSCs by flow cytometry
(FCM) analysis

The third-passage BM-MSCs were harvested
and suspended in PBS at a density of 2x10°
cells/ml. The cell suspension was then stained
with FITC-conjugated monoclonal antibodies
againstrat CD29, CD34, CD44 and CD45 (eBio-
sciences, San Diego, USA), as well as non-spe-
cific FITC-conjugated antibody, for 30 min at
4°C in the dark. After being washed twice
with PBS, samples were analyzed using a
FACSCalibur flow cytometer (BD Biosciences,
San Jose, USA).

Cell viability assay

Cell viability was assessed using the ATP assay.
Briefly, BM-MSCs were plated into 96-well
plates at a density of 1x10* cells/well. After 24
hours, they were treated with various concen-
trations of either H,0, (0-800 pmol/L; Sigma,
St Louis, MO, USA) or curcumin (0-100 ymol/L;
Sigma) for indicated time period, or they were
treated with 300 umol/L H,0, for 24 hours fol-
lowing a 3-hour pre-incubation with curcumin
(0-100 pmol/L), respectively. After that, the cul-
ture medium was removed and the cells in each
well were lysed by nuclear releasing buffer for 5
minutes at room temperature with gentle shak-
ing. Next, the lysate was transferred into a
standard opaque-wall 96-well plate for quantifi-
cation of ATP by using a Luminescent ATP
Detection Assay Kit (Jinzijing Bio-medicine
Technology Co., Ltd., Beijing, China). The lumi-
nescence intensity was determined using a
BHP9504 Luminometer (Hamamatsu, Japan).
The ATP content was analyzed by running an
internal standard, and was expressed as a per-
centage of untreated cells (control).

Cell proliferation assay

The xCELLigence Real-Time Cell Analysis (RT-
CA)-DP instrument (ACEA Biosciences, Hang-
zhou, China) was used to continuously monitor
the proliferation and survival of BM-MSCs.
First, 50 uyL of complete culture medium was
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Figure 1. Immunophenotyped characteristics of BM-MSCs and cell viability of BM-MSCs assayed by ATP. A. Flow
cytometry was used to determine the expression of surface markers on BM-MSCs. BM-MSCs expressed CD29 and
CD44, but not CD34 and CD45. B. The cell proliferation was determined by xCELLigence Real-Time Cell Analysis
(RTCA). C. BM-MSCs were incubated with the indicated concentrations of H,0, (150-800 uM) for 24 h, 48 h and 72
h. Cell viability was then measured by ATP assay. H,0, significantly decreased cell viability in BM-MSCs in a dose-
dependent and time-dependent manner. D. Cell viability was determined by ATP assay after treatment of curcumin
for 48 h. Each value represents the mean + SD of four independent experiments. *P<0.05, **P<0.01, compared
with the control group; A A P<0.01, compared with the 48 h group.

added to each well of E-Plate 16 (ACEA Bio-
sciences) for baseline inspection and quality
control. Next, 150 L of cell suspension was
added and cell attachment was allowed (stand-
ing for 20 min at room temperature). The
E-Plate 16 was then placed into the RTCA-DP
device to noninvasively monitor the changes in
electrical impedance at the bottom of the
E-plate 16. Measured changes in electrical
impedance were presented as cell index (Cl)
values, which evaluates cell proliferation for
adherent cells. When BM-MSCs were in the
logarithmic growth phase, the supernatant was
dumped and 200 pL of culture medium con-
taining different concentrations of H,0, were
added gently. Then, the Cl values in each well
were continuously monitored every 10 min.

Detection of cell apoptosis

Hoechst 33258 staining: Nuclear morphology
changes in apoptotic BM-MSCs were investi-
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gated by labeling cells with the nuclear stain
Hoechst 33258 (Sigma; St Louis, MO, USA).
Briefly, BM-MSCs plated on the coverslips were
treated with different concentrations of H,0,
for 24 h and then fixed with 4% paraformalde-
hyde (PFA) for 20 min at room temperature.
Next, the cells were washed with PBS and
stained with Hoechst 33258 (10 pg/ml) in dark-
ness at room temperature for 10 min. After
being washed three times with PBS, cells were
observed by using a fluorescence microscopy
(Olympus IX71, Japan).

Annexin V-FITC/PI staining followed by FCM
analysis: After being treated with various con-
centrations of H,0, for 24 h, both the adherent
and suspended BM-MSCs were collected and
double stained with Annexin V-FITC/PI (KeyGEN;
Nanjing, China) in darkness at 4°C. Then, cell
apoptosis was measured within 30 min by FCM.
Both early (Annexin V-FITC*PI) and late apop-
totic (Annexin V-FITC*PI*) cells were included.
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Figure 2. BM-MSCs apoptosis is induced by H,0,. BM-MSCs were treated with the indicated concentrations of H,0,
for 24 h. A. Nuclear staining with Hoechst 33258 was performed to examine the rate of apoptosis of BM-MSCs.
Scale bar =20 um. B. Cell apoptosis was evaluated by Hoechst 33258 staining. C, D. The apoptotic percentage of
BM-MSCs was analyzed by flow cytometry. Each value represents the mean + SD of five independent experiments.
E, F. Expressions of Bcl-2 and Bax were assessed by western blot analysis. G. Expressions of total and cleaved cas-
pase-3 and caspase-9 assessed by western blot analysis. Each value represents the mean + SD of three indepen-
dent experiments. *P<0.05, **P<0.01, compared with the control group.

Western blot analysis

BM-MSCs in the logarithmic growth phase were
treated with various concentrations of H,0,

6658

(0-500 pmol/L) for 24 h. For another set of
experiments, either a 3-hour pre-incubation
with curcumin or a 2-hour pre-incubation with
Akt inhibitor perifosine (Selleckchem; Houston,

Int J Clin Exp Pathol 2017;10(6):6655-6664
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TX, USA), or a combination of both procedures
was adopted, followed by treatment with H,0,
(300 umol/L) for 24 h. Cells were then collect-
ed and lysed in RIPA lysis buffer (Beyotime,
Haimen, China) to extract the total proteins,
and the protein concentrations were deter-
mined using a BCA Protein Assay Kit (Biosharp,
Hefei, China). Equal volumes of proteins (80 ug)
from each sample were separated by SDS-
PAGE (8%-12% gels) and transferred to PVDF
membranes. Then, the membranes were blo-
cked with 5% non-fat dry milk in Tris-buffered
saline for 60 min at room temperature and in-
cubated with primary antibodies (anti-Akt, anti-
p-Akt (Thr308), anti-mTOR, anti-p-mTOR (Ser-
2481), anti-p70S6K, anti-p-p70S6K (Thrd21/
Ser424), anti-Bcl-2, anti-Bax, anti-cleaved cas-
pase 9, and anti-cleaved-caspase 3; CST,
Beverly, MA, USA) overnight at 4°C. After incu-
bation with the corresponding HRP-conjugated
secondary antibodies (Zhongshan Goldenbri-
dge Bio-Tech Co., Beijing, China), the mem-
branes were detected by enhanced chemilumi-
nescence (GE Healthcare, USA). Band density
was analyzed using LabWorks 4.6 analysis
software.

Statistical analysis

All statistical analyses were performed using
SPSS13.0 software (SPSS Inc., USA). Data
were expressed as mean * standard deviation
(SD). Differences between multiple groups
were analyzed by analysis of variance (ANOVA),
while differences between two groups were
analyzed using a t test. A p value <0.05 was
considered statistically significant.

Results

Effect of H,0, and curcumin on the cell viabil-
ity of BM-MSCs

As shown in Figure 1A, the BM-MSCs used in
this study were positive for CD29 and CD44
and negative for CD34 and CD45, which con-
firms to the concept of MSC [19]. The continu-
ous RTCA results showed that the proliferation
and viability of BM-MSCs were inhibited gradu-
ally with the increase of H,0, concentration
over the tested concentration range (150-800
pumol/L) (Figure 1B). By using the ATP assay, we
further confirmed that H,0, decreased the
overall viability of BM-MSCs in a concentration-
and time-dependent manner (Figure 1C), while
curcumin (0-100 umol/L) has no obvious effect
on BM-MSC viability (Figure 1D).
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H.,0, induces apoptosis of BM-MSCs via mito-
chondrial pathways

We inferred that the H,O_-induced decrease in
overall cell viability of BM-MSCs was attributed
to cell apoptosis. As predicted, 24-hour treat-
ment with H,0, induced significant apoptosis in
BM-MSCs, as shown by Hochest 33258 stain-
ing (Figure 2A, 2B) and FCM analysis (Figure
2C, 2D). The balance of Bcl-2/Bax inhibits cell
apoptosis by maintaining mitochondrial mem-
brane stability and preventing mitochondrial
membrane depolarization and cytochrome ¢
release into the cytoplasm [20]. As shown in
Figure 2E, 2F, H,0, induced an obvious decre-
ase in Bcl-2/Bax ratios, in a dose-dependent
manner. Thus, we speculated that H,0, induced
BM-MSC apoptosis via mitochondrial pathway.
As caspase-9 and caspase-3 are two key medi-
ators of mitochondrial cell death [21], we then
examined the expression levels of caspase-
9/3 and cleaved caspase-9/3 in H,O -treated
BM-MSCs. The results showed that H,0O, indu-
ced an activation in both caspase-9 and cas-
pase-3 in a dose-dependent manner (Figure
2G), confirming our speculation.

Curcumin protects BM-MSCs against H,O -
induced apoptosis

To test the potency of curcumin in protecting
MSCs against oxidative stress-induced dam-
age, we pre-incubated BM-MSCs with curcumin
before they were exposed to H,0,. As shown in
Figure 3A, a 3-hour pre-incubation with cur-
cumin could largely improve the viability of
BM-MSCs exposed to H,0, (300 umol/L) in a
dose-dependent manner, and this protective
effect of curcumin reached the maximum at 25
pumol/L. The FCM analyses further confirmed
that pre-incubation with curcumin (6.25-25
pumol/L) could significantly inhibited apoptosis
of BM-MSCs challenged by 300 pmol/L H,0,
for 24 hours (Figure 3B, 3C). Therefore, in the
following experiments, the curcumin concentra-
tion was fixed at 25 ymol/L. We found that pre-
incubation with curcumin could significantly
improve the Bcl-2/Bax ratio and inhibit the acti-
vation of caspase-9 and caspase-3 in H,0,-
challenged BM-MSCs (Figure 3D).

Curcumin exerts its protective effects through
inhibiting H,0 -induced inactivation of Akt/
mTOR/P70S6K pathway

Next, we attempted to explore the underlying
molecular mechanism of inhibition of H,0,-

Int J Clin Exp Pathol 2017;10(6):6655-6664
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Figure 3. Cytoprotective effects of curcumin on H,0,-induced apoptosis in BM-MSCs. A. BM-MSCs were treated with 0-100 uM curcumin in the presence or absence
of 300 uM H,0, for 24 h. The cell viability was measured by ATP assay. Each value represents the mean + SD of four independent experiments. B, C. BM-MSCs
were pre-treated with the indicated concentrations of curcumin for 3 h before exposure to 300 pmol/L H,0, for 24 h. The rate of apoptotic cells was assayed by flow
cytometry. Each value represents the mean * SD of three independent experiments. D. Expression of Bcl-2, Bax, cleaved caspase-9 and caspase-3 was assessed
by western blot analysis. “P<0.05, ""P<0.01, compared with the control group (curcumin O pmol/L, H,0, O umol/L); *P<0.05, #P<0.01, compared with H,0, 300

umol/L group.
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Figure 4. The protective effect of curcumin is mediated by the activation of Akt/mTOR/p70S6k signaling. A. After 24
h treatment with different concentrations of H,O,, Western blot analysis was performed to examine total and phos-
phorylation of Akt, mTOR and p70S6K. B. After 2 h pre-incubation with 50 ng/ml rapamycin, BM-MSCs were treated
with 300 pmol/L H,0, in the absence or presence of curcumin for 24 h. Western blot analysis was performed to
examine total and phosphorylation of Akt, mTOR and p70S6K. C. Western blot analysis was performed to examine
the expression of Bcl-2, Bax and cleaved-caspase 3. D. The rate of Bcl-2/Bax. E, F. The rate of apoptotic cells was
assayed by flow cytometry. Each value represents the mean + SD of three independent experiments. "P<0.05,
""P<0.01, compared with the control group (curcumin O umol/L, H,0, O umol/L); #P<0.05, #*P<0.01, compared with
H,0, 300 umol/L group. AP<0.05, compared with the H,0, plus curcumin group.

induced apoptosis in BM-MSCs by curcumin. [13, 14], while curcumin can influence this
Akt/mTOR pathway plays a vital role in promot- pathway [8, 17], we thus focused our explora-
ing cell survival in response to oxidative stress tion on Akt/mTOR/p70S6K pathway. As shown
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in Figure 4A, although there was no obvious
alteration in the total levels of Akt, mTOR and
p70S6K in BM-MSCs after being treated with
various concentrations of H,0, for 24 hours,
the phosphorylation levels of these proteins
increased with increasing H,O, concentration,
indicating a H,0,-induced inactivation of the
Akt/mTOR/p70S6K pathway in BM-MSCs. We
then pre-incubated BM-MSCs with curcumin
alone or together with perifosine to evaluate
whether curcumin exert its protective effects
against oxidative damage through affecting
the Akt/mTOR/p70S6K pathway. The results
showed that a pre-incubation with curcumin
could largely prevent the H,0_-induced inactiva-
tion of Akt/mTOR/p70S6K pathway, while a
simultaneous pre-incubation with perifosine
significantly counteracted the effects of cur-
cumin (Figure 4B). Similarly, we found that pre-
incubation with curcumin largely inhibited the
H,0,-induced elevation of cleaved-caspase-3
and Bax/Bcl-2 ratio, while a simultaneous pre-
incubation with perifosine significantly reversed
the effects of curcumin (Figure 4C, 4D). By
using FCM analysis, we further confirmed that
the protective effect of curcumin against H,0,-
induced BM-MSC apoptosis was obviously
counteracted by perifosine (Figure 4E, 4F). We
concluded from these results that the protec-
tive effect of curcumin against oxidative stress-
induced BM-MSC apoptosis was mediated, at
least in part, through inhibiting the inactivation
of Akt/mTOR/p70S6K pathway.

Discussion

MSCs have been proposed to be a promising
cell population for use in cell therapy and
regenerative medicine [22]. However, the effi-
cacy of MSC transplantation therapy in isch-
emic disease is limited due to the poor survival
of implanted cells, and oxidative stress may be
a major reason for the poor survival of trans-
planted cells [23]. Curcumin is the principal cur-
cuminoid of turmeric with strong antioxidant
activity, which has been reported to inhibit
H,0,-induced oxidative damage in several
somatic cell types [8-12]. A recent study has
reported the protective effects of curcumin
against H,0,-induced cell death in adipose-
derived MSCs [24], but it needs more evidence
and the mechanisms need more investigation.
In the present study, we also found a pro-apop-
totic effect of H,0, and a protective effect of
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curcumin against H,0,-induced apoptosis in
bone marrow-derived MSCs, and we further
confirmed the pivotal role of Akt/mTOR/p70S6K
signaling pathway in mediating the pro-apoptot-
ic effect of H,0, and the protective effect of
curcumin.

H202, the most stable compound among ROS
and the most feasible molecule for ROS-
mediated signal transduction, is often used to
establish oxidative stress injury models in vitro
to study apoptosis and anti-apoptosis mecha-
nisms [25]. Our results showed that H,O,
strongly induced the apoptosis of BM-MSCs in
dose-dependent manner, suggesting the suc-
cessful nature of our acute oxidative stress
injury model. Sustaining the equilibrium bet-
ween the anti-apoptotic Bcl-2 and pro-apoptot-
ic Bax is essential for regulating mitochondrial
integrity and preventing cytochrome c release
into the cytoplasm. Cytochrome c released
from mitochondria will bind procaspase-9 and
Apaf-1, as well as dATP to cleave and activate
caspase-9. Activated caspase-9 directly clea-
ves and activates pro-caspase-3, initiating a
cascade of additional caspase activation that
culminates in cell apoptosis [26]. Here, we fo-
und an up-regulation in expression of Bax,
cleaved-caspase-9 and -3 and a down-regula-
tion in expression of Bcl-2 in H,O, treated
BM-MSCs, suggesting that H,O, induces BM-
MSC apoptosis through the mitochondrial path-
way, which shines light on exploring new drugs
capable of rescuing BM-MSCs from ROS-
induced apoptosis.

Curcumin has been shown to be a potent scav-
enger of ROS and to inhibit lipid peroxidation in
vitro and in vivo [6, 7]. In this study, we present-
ed new direct evidence demonstrating the cyto-
protective effects of curcumin against H,0,-
induced apoptosis in BM-MSCs, which were
accompanied by increased expression of Bcl-2
and decreased expression of Bax, cleaved-cas-
pase-9 and -3, suggesting that curcumin exerts
its anti-apoptotic effect through preventing the
mitochondrial apoptosis pathway mediated by
the disequilibrium between the Bcl-2 and Bax.

The Akt/mTOR/p70S6k pathway has been
shown to play a major role in the promotion of
cell survival and prevention of apoptosis in
response to oxidative stress [8, 14, 27, 28]. Akt
promotes cell survival and protects against
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apoptosis by both enhancing the expression of
anti-apoptotic proteins Bcl-2 and inhibiting the
activity of pro-apoptotic proteins Bad, Bax and
caspase-9 [29, 30]. We observed an obvious
decrease in phosphorylated Akt, mTOR and
p70S6K, indicating an inactivation of Akt/
mTOR/p70S6k pathway, in BM-MSCs after they
were treated with H,O,. The H,0,-induced in-
activation of Akt/mTOR/p70S6k pathway in
BM-MSCs was largely eliminated by a pre-incu-
bation with curcumin, and the specific Akt
inhibitor perifosine largely reversed the effects
of curcumin. Furthermore, the H,O,-induced
mitochondrial apoptosis of BM-MSCs was
closely bound up with the inactivation of Akt/
mTOR/p70S6k pathway. Therefore, we con-
clude that the restoration of the activity of Akt/
mTOR/p70S6Kk signaling pathway is necessary
for curcumin’s pro-survival functions. However,
it should be noted that there may be other sig-
naling pathways mediating the protective
effects of curcumin against H,O,-induced
apoptosis, which cannot be entirely excluded
based on the current results. Moreover, it
would be more integrated if the expression of
the upstream enzymes, such as PI3K and
ERK1/2, that are associated with the phos-
phorylation of Akt, mTOR, and p70S6k have
been investigated.

In summary, we demonstrated in this study
that curcumin can effectively inhibit H,0,-
induced inactivation of the Akt/mTOR/p70S6K
pathway and cell apoptosis in BM-MSCs, and
the Akt inhibitor perifosine can largely abolish
the protective effects of curcumin, which sug-
gests that curcumin protects BM-MSCs against
oxidative stress-induced damage through
inhibiting the inactivation of Akt/mTOR/p70S6K
pathway. We believe that pre-incubating BM-
MSCs with curcumin before they were trans-
planted into oxidative environment represents
a novel and promising strategy to improve the
survival and therapeutic efficacy of transplant-
ed cells.
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