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Abstract

Bone marrow mesenchymal stem cell (MSC)-mediated regeneration is a promising treatment for degenerative
diseases and traumatic injuries. S-Adenosyl-L-methionine (SAM) is the principal biological methyl donor. We
hypothesized that the cytoprotective effect of SAM on oxidative stress-induced apoptosis in rat MSCs is due to
insulin-like growth factor-l (IGF-1) and nuclear factor erythroid 2-related factor 2 (Nrf2). SAM (10 uM) increased both
endogenous IGF-I levels and cell viability (p<0.05). In MSCs, 1 mM H,O, at 6 h significantly decreased cell viability
and IGF-I and Nrf2 activation, but increased ROS generation (p<0.05 and p<0.01, respectively). The decrease in
cell viability, endogenous IGF-1, and Nrf2 in H,O,-induced apoptosis was recovered by SAM (10 uM). Apoptosis
induced by H,0, also decreased Nrf2 activity, as determined by immunofluorescence staining, but the decrease was
also recovered by SAM. We demonstrated that H,O,-induced apoptosis was reduced by SAM through Annexin-V.
Using a specific small interfering RNA (siRNA), the increase in SAM-induced cell viability and endogenous Nrf2 in the
presence of H,0, was suppressed by IGF-I siRNA, but the endogenous IGF-I level was not changed by Nrf2 siRNA.
The increase in endogenous Nrf2 with exogenous IGF-I and H,O, treatment was also suppressed by Nrf2 siRNA, but
the IGF-I level was not inhibited (p<0.05). These results suggest that the cytoprotective effect of SAM against H,0,-
induced apoptosis is mediated by increased Nrf2 activity through IGF-I. These factors could regulate the metabolic

fate and survival of MSCs.
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Abbreviations: IGF-I: Insulin-like Growth Factor-I; MSC: Bone
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Introduction

Mesenchymal stem cells (MSCs) can differentiate into osteoblasts,
chondroblasts, adipocytes, pancreatic cells, and other functional cells
under appropriate cell culture conditions [1,2]. This multipotent
differentiation potential defines MSCs, and studies have suggested
their many possible therapeutic applications [3,4]. For example, the
transplantation of MSCs is an effective treatment for tissue injuries
including myocardial infarction, hind limb ischemia, acute renal
failure, and liver transplantation [5,6]. Despite the advantages of MSCs,
they have not shown satisfactory effects in some studies, mostly due to
poor survival after transplantation [7,8]. Inflammation, chemotherapy,
radiotherapy, and pro-apoptotic factors in the microenvironment
of the damaged tissue do not favor MSC survival. In addition, the
generation and maintenance of high levels of reactive oxidative species
(ROS) are seen in CNS diseases, which promote cellular apoptosis [9].
Hence, MSCs must be reinforced to withstand these stresses before
they can function as effective therapies. The exact cellular mechanisms
resulting in the survival-promoting effects of MSCs loss are not clear
[10,11]. Therefore, in this study, we investigated the cytoprotective
effects of SAM on oxidative stress-induced apoptosis in rat MSCs
through its effects on insulin-like growth factor-I (IGF-I) and nuclear
factor erythroid 2-related factor 2 (Nrf2).

S-Adenosyl-L-methionine (SAM) is the principal biological
methyl donor and is the precursor of the aminopropyl groups used
in polyamine biosynthesis. SAM is also important for nucleic acid
metabolism and regulation, as well as for the structure and function of

membranes and other cellular constituents [12,13]. SAM is particularly
important for reducing free radical toxicity from various toxins [14].
The cytoprotective effect of SAM is well-known [15,16]. However, the
cytoprotective effect of SAM on oxidative stress-induced apoptosis has
not been studied in murine MSCs.

Insulin-like growth factor-I (IGF-I) (a mitogenic and anti-
apoptotic peptide) is a growth hormone that plays an important role
in bone cell proliferation and apoptosis [17,18]. Furthermore, IGF-I is
a potent anabolic growth factor and anti-oxidative hormone [19,20].

Nuclear factor erythroid 2-related factor 2 (Nrf2) is a basic leucine
zipper transcription factor that binds to and activates anti-oxidative
response elements (AREs) [21-23]. Nrf2 is critical for protecting
against electrophilic and oxidative stress [24,25]. In vitro, Nrf2 has
been shown to be phosphorylated at Ser40 by protein kinase C [26].
Activated Nrf2 impairs liver regeneration in mice by activating genes
involved in cell-cycle control and apoptosis [27]. Many antioxidant-
and detoxification-related gene promoters, such as glutathione
transferases, HO-1, superoxidant dismutant, and thioredoxin, contain
ARE [28]. Activation of the Nrf2 transcription factor has been linked
to cytoprotection [22,23]. However, the relationship between SAM and
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endogenous Nrf2 and IGF-I in preventing oxidative stress is unclear
in rat MSCs. Therefore, this study investigated effects of SAM on the
expression of endogenous IGF-I and Nrf2 in murine MSCs in the
setting of oxidative stress. Our results can provide important insights
into methods for increasing MSC stability in order to improve the
efficacy of mesenchymal stem cell therapy for oxidative stress-induced
apoptosis.

Materials and Methods

Primary culture (MSC extraction and culture)

MSCs were isolated from long bones (femur and tibia) of 4-to-5-
week-old male Sprague-Dawley rats and cultured using a modification
of a previously described method [29]. Briefly, mononuclear cells were
isolated from bone marrow using density gradient centrifugation
(1600 rpm for 30 min) with Ficoll-Paque” plus (GE Healthcare Science,
Buckinghamshire, UK). Isolated cells were sorted using magnetic-
activated cell sorting (MACS) with a specific antibody (CD105-positive
selection). The cells were plated in a T-75 flask with basal culture
medium (Dulbecco’s Modified Eagle Medium, DMEM), 10% FBS, 2
mM L-glutamine, 100 IU/mL penicillin, and 100 mg/mL streptomycin
in a humidified atmosphere at 37°C with 5% CO,. MACS is the
trademarked name for a method to separate various cell populations
on the basis of surface antigens (CD molecules). A mixture of cells to
be separated is incubated with magnetic beads coated with antibodies
against a particular surface antigen. Cells expressing the antigen attach
to the magnetic beads, and the solution is transferred to a column
within a strong magnetic field. The cells attached to the beads (those
expressing the antigen) remain on the column, while the other cells
(not expressing the antigen) flow through. This method can select
and isolate cells positive for CD105 from a mixed population of cells.
Fluorescence-activated cell sorting (FACS) analysis was performed as
described previously [30]. After 10 min of incubation with a specific
antibody, the samples were diluted 1:5 in buffer and measured with
flow cytometric analysis using a FACSCalibur apparatus (Becton
Dickinson, Piscataway, NJ, USA).

Cell transfection and small interfering RNA (siRNA)

siRNAs targeting IGF-I were synthesized by Integrated DNA
Technology (Santa Cruz Biotechnology, Santa Cruz, CA, USA).
Adherent MSCs were incubated overnight in the aforementioned
medium containing 10% FBS until they were 80% confluent. Cells
were transfected with 10 nM siRNAs using Lipofectamine 2000 (Life
Technology, Carlsbad, CA, USA) according to the manufacturer’s
instructions. The mixture was incubated for 30 min to form a siRNA-
lipid complex, and the cells were added to the mixture. After incubating
for 6 h, cells were incubated with or without additional treatments in
medium containing 0.2% BSA for 24 h. Finally, target gene expression
was assayed using scrambled siRNA as a negative control.

Immunocytochemistry

For immunostaining, cells fixed with 4% paraformaldehyde
were washed three times with phosphate-buffered saline (PBS) and
permeabilized with 0.3% Triton X-100 and 0.2% bovine serum albumin
for 10 min. Cells were washed with PBS and incubated with the
monoclonal mouse Nrf2 antibody (1:200) for 2 h at room temperature.
The cells were incubated with a FITC-conjugated secondary antibody
(1:500) for 1 h at room temperature. Finally, cells were washed three
times with PBS (10 min each) and observed under an EVOS microscope
(Thermo Fisher Scientific, Waltham, MA, USA).

Immunoprecipitation and western blotting

Isolated cells were incubated in Triton X-100 lysis buffer at 4°C
for 30 min in an orbital shaker. To remove insoluble material, the
lysate was centrifuged at 14,000 rpm for 5 min at 4'C. Supernatants
were precleared by adding 50 pl of 20% pansorbin (Calbiochem,
San Diego, CA, USA) to each sample and incubating for 1 h at 4°C.
Aliquots of supernatant containing equal amounts of protein were
immunoprecipitated for 2 h at 4°C with either anti-IGF-I Ab/rabbit
anti-mouse 1gG (Gropep Bioreagents, Thebarton, SA, Australia),
protein A-Sepharose (Pharmacia LKB Biotechnology AB, Uppsala,
Sweden) conjugate, or anti-phosphotyrosine Ab-1 agarose conjugate.
The pellet was dissolved in a sample buffer for SDS-PAGE, heated for
10 min at 95°C, and analyzed using Western blot. Approximately 20-40
ug of each protein sample was subjected to 12% SDS-polyacrylamide
gel electrophoresis (SDS-PAGE), and the resolved proteins were
transferred to a PVDF membrane. The membrane was washed with
phosphate-buffered saline (PBS) containing Tween-20 (PBS-T)
and blocked with PBS containing 5% skim milk for 2 h at room
temperature. The blots were incubated with specific antibodies against
IGF-1, Nrf2, and B-actin (diluted to 1:1000) overnight at 4°C, followed
by incubation with anti-rabbit horseradish peroxidase-conjugated
secondary antibodies diluted to 1:3000. After washing, the specific
protein bands were visualized with an enhanced chemiluminescence
detection system (Santa Cruz Biotechnology, Santa Cruz, CA, USA).
Band intensities were quantified with densitometric analysis using
Alpha Imager Software (Alpha Innotech, San Leandro, CA, USA).

Reverse transcriptase-polymerase chain reaction (quantitative
real-time PCR)

RNA was extracted from the cells with TRIzol reagent (Invitrogen,
Carlsbad, CA, USA) according to the manufacturer’s protocol.
Three micrograms of total RNA was incubated at 60°C for 10 min,
and a mixture containing 2 pl of 5X first-strand buffer, 1 pl of 0.1
M dithiothreitol (DTT), 1 pl of 10 mM dNTPs, 0.1 pg of random
primer mix, RNase inhibitor, and M-MLV-reverse transcriptase
(Invitrogen) was added. Samples were then incubated at 42°C for 60
min. Second-strand ¢cDNA synthesis was conducted by combining
2 pl of each sample with 10 ul of SYBR Green qPCR Master mix
and 0.1pM primer (IGF-I sense, 5-CACAGGGTATGGCTC-3}
IGF-I antisense, 5-CTTCTGGGTCTTGGG-3; Nrf2 sense,
5'-GGGAGGTGGATGTAATGTGG-3'; Nrf2 antisense,
5-TGGGCCTGGAACTACAACTC-3'). Water was added to a final
volume of 20 ul. PCR was performed under the following conditions:
1 cycle of 95°C for 2 min, 40 cycles of 95°C for 15 sec, and annealing
at 61°C for 30 sec. The DNA binding dye SYBR Green I incorporated
into the double-stranded DNA during PCR amplification fluoresces
at increasing intensity with each cycle. After 40 cycles, the products
were quantified with the real-time PCR melting curve program (65°C
- 95°C with a heating rate of 0.1°C/s and continuous fluorescence
measurements) and cooling to 15°C. Glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) was used as a control.

Measurement of ROS

5-(and 6) Chloromethyl-2’,7’-dichlorodihydrofluorescein diacetate
acethyl ester (DCFH-DA) was used to measure ROS, as previously
described [31]. Cells were harvested by centrifugation, washed twice
with phosphate buffered saline (PBS), and suspended in PBS (1 x 106
cells/ml). 500 ml of cell suspension was placed in a polyethylene tube,
incubated in PBS containing DCFH-DA (5 mM) for 15 min in a light-
protected humidified chamber at 37°C, and were then rinsed in PBS.
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For the DCFH-DA assay, excitation was at 488 nm with an emission
at 540 nm. The fluorescence image was collected using a single rapid
scan with identical parameters for all samples and was measured with
a Fluorescence Microplate Reader (BioTek, Winooski, VT, USA).
Fluorescence levels are expressed as the percent increase over the
control. Experiments were performed in triplicate.

Cell lysis

The cells were rinsed twice with cold PBS and lysed in 20 mM
HEPES, pH 8.8, 136 mM NaCl, 1 mM EDTA, 1 mM EGTA, 10 g/ml
Triton X-100, 10 mM KCl, 2 mM MgCl, 1 mM phenylmethanesulfonyl
fluoride (PMSF), 1 mM sodium orthovanadate, 1 mM DTT, 1 mM
benzamidine, 10-B-glycerophosphate, 10 mg/ml aprotinin, 10 mg/
ml leupeptin, 1 mg/ml pepstatin A, and 1% phosphatase inhibitor
cocktail 1. The cell lysates were collected and sonicated for 5 min.
Each sample was centrifuged at 12,000 rpm for 10 min at 4°C, after
which the supernatant was collected, and protein concentrations were
estimated using a bicinchonic acid (BCA) protein assay kit (Pierce,
Bonn, Germany).

Cell viability

A standard 3-(4, 5-dimethylthiazol-2-yl)-2, 5-diphenyl tetrazolium
bromide (MTT) assay was used as previously described [10]. In brief,
MTT was dissolved in isotonic phosphate buffer (pH 7.4) solution at
5 mg/ml and filter-sterilized to remove any insoluble material. MSCs
were cultured in DMEM containing 10% FBS until they reached 80%
confluence. The cells were then incubated for 4 h at 37°C in serum-free
DMEM and cultured as described above. Cells were transfected with
10 nM of control siRNA or specific siRNA IGF-1 and pretreated with
or without SAM (10 pM) for 6 h. The absorbance was measured at 570
nm.

Statistical analyses

The statistical significance was evaluated using analysis of variance
(ANOVA) and Student’s t-test. A probability value of p<0.05 was
considered to indicate statistical significance.

Results

Characterization of MSCs

MSCs were isolated from bone-marrow cells based on adhesion to
tissue culture surfaces. The cell population was heterogeneous with a
predominant spindle-shaped morphology and formed fibroblast-like
colonies in phase-contrast micrographs. The MSCs in the rat bone
marrow cultured for three days and one, two, and three weeks were
photographed (Figure 1) and confirmed by fluorescence cell sorting
using MSC marker-specific antibodies. MSCs were identified based on
the expression of both CD29 and CD90.1 surface markers, as described
in our previous report [10].

Effects of SAM on cell viability and endogenous IGF-I

For this study, primary cultured cells from rat bone marrow were
used because they can differentiate into various cells types under specific
culture conditions. To confirm the effects of SAM on MSC survival,
we determined cell viability using the MTT method. Cell viability
increased after treatment with SAM in a dose-dependent manner,
with a significant increase in response to 10 pM SAM (Figure 2A,
p<0.05). Subsequently, to confirm whether SAM affected cell viability
through IGF-I, we determined the concentrations of endogenous
IGF-I mRNA and protein after SAM treatment using RT-PCR and

immunoprecipitation Western blotting, respectively. Endogenous
IGF-1, which is directly related to cell survival and proliferation, was
increased by SAM treatment in a dose-dependent manner (Figures
2B and C). In particular, IGF-I mRNA and protein concentrations
significantly increased in response to 1 pM and 10 uM SAM (Figures
2B and C, p<0.05 and p<0.01, respectively).

Effects of H,O,-induced apoptosis on cell viability, ROS
generation, and endogenous Nrf2 and IGF-I

To confirm that H,O, treatment induced MSCs to undergo
apoptosis, we measured cell viability, ROS production, and Nrf2 and
IGF-I mRNA and protein concentrations using Western blotting and
quantitative real-time PCR. We confirmed the effects of H,0, on cell
viability and ROS production with the MTT and DCFH-DA assays.
Treatment with H,O, for 6 h as an oxidant dose-dependently increased
ROS generation, with a significant increase at 0.5 and 1 mM (Figure
3A, p<0.05 and p<0.01, respectively). The cell viability of MSCs treated
with H,O, for 6 h decreased with increasing treatment concentration
(0.1, 0.5 and 1 mM), with a significant decrease at 1 mM compared to
the controls (Figure 3B, p<0.05). IGF-I and Nrf2 mRNA and protein
concentrations also decreased after treatment with H,O, in a dose-
dependent manner. In particular, treatment with 1 mM H,0, decreased
the mRNA expression of IGF-I and Nrf2 as compared to the control
(Figure 4A, B, C and D, p<0.05).

Effects of SAM on cell viability and Nrf2 and IGF-I activity in
H,0,-induced apoptosis

To investigate whether SAM has a cytoprotective effect against
H,0,-induced apoptosis, we assessed the cell viability and endogenous
IGF-Tand Nrf2 levels after co-treatment with 1 mM H,O, and increasing
SAM concentrations (0.1, 1, and 10 uM). Treatment of MSCs with 1
mM H,0, for 6 h significantly decreased cell viability as well as IGF-1
and Nrf2 mRNA and protein levels compared to those of the controls
(Figure 5A-E, p<0.01 and p<0.05, respectively). However, the H,O,-

MSCs were isolated from bone marrow at high purity. Cells expressing CD90.
1 and CD29 were identified using fluorescence-activated cell sorting. Cells
consisted of a heterogeneous cell population with a predominant spindle
morphology. Cells cultured for three days (A) and one (B), two (C), and three
weeks (D) were photographed, and MSCs proliferated to form a small colony
on day 3. A large colony of densely distributed spindle- and triangle-shaped
MSCs formed after three weeks.

Figure 1: Phase-contrast micrographs of MSCs at three days and one, two,
and three weeks of primary culture.
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Figure 2: Effects of SAM on cell viability and IGF-1 mRNA and protein levels.

induced decreases in cell viability and IGF-1 and Nrf2 mRNA and
protein levels were recovered back to control levels by SAM (Figure 5A-
E, p<0.01 and p<0.05, respectively). In particular, treatment with 10 uM
SAM significantly increased cell viability and IGF-1 and Nrf2 mRNA
and protein levels compared to the cells treated with H,O, alone (Figs.
5A, B, C, D and E, p<0.0 and p<0.05, respectively). To demonstrate
the cell survival effect of SAM on H,0,-induced apoptosis, we used the
Annexin-V assay to confirm oxidative stress-induced apoptosis in the
positive control after treatment with 1 mM for 6 h (Figure 6).

As shown Figure 6, the control group was not stained with PI or
FITC (95.06%), and neither was the group treated with 10 uM SAM
alone (97.19%). Treatment with 1 mM H,O, for 6 h resulted in PI and
FITC staining (21.89%). Co-treatment with H,0, and SAM reduced
staining to near-control levels (89.28%). We also confirmed the cell
survival effect of SAM on H,0O,-induced apoptosis of MSCs using
phase-contrast microscopy. This result showed that H,O,-induced
apoptosis in MSCs was recovered by 10 pM SAM (Figure 7). In the
immunofluorescence staining, endogenous Nrf2 activity in the MSCs
after 6 h of H O, treatment decreased more than the control and the
cells treated with 10 pM SAM alone, as illustrated in the fluoroscopic
photographs (Figure 8 panel A, B and C). Endogenous Nrf2 activity

in the controls was similar to those observed after treatment with 10
UM SAM alone (Figure 8 panel A and C). However, the H,0,-induced
decrease in Nrf2 activity was increased by 10 uM SAM (Figure 8 panel
B and D).
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Figure 6: Flow cytometric analysis indicates anti-apoptotic effects of SAM on
H,0,-induced oxidative stress.

O, for 6
h. Control (A), SAM 10 uM (B), H,0, for 6 h (C), and co-treatment with SAM
and H,0, (D). The effects H,O, treatment on cell morphology and confluency
were improved by SAM.

Figure 7: Effects of SAM on H,0,-induced apoptosis of MSCs according to
phase-contrast microscopy.

The cellular localization of Nrf2 was determined using immunofluorescence
staining with an antibody specific for Nrf2, which was fluorescently labeled
using secondary antibodies. Cells were treated with 1 mM H,0O, for 6 h.
Control (A), H,0O, for 6 h (B), SAM (C), and co-treatment with SAM and H,0,
(D). Representative microscopy images are shown (green).

Figure 8: Immunocytochemistry analysis indicates the effect of SAM on H,O,-
induced Nrf2 activation in MSCs.

Relationship between SAM and endogenous Nrf2 and IGF-I
in H,0 -induced apoptosis

To study the role of IGF-I and Nrf2 on the action of SAM in H,0,-
induced apoptosis, we first demonstrated successful IGF-I silencing
with siRNA transfection. Cells were transfected with siRNA targeting
IGF-I and Nrf2 at increasing concentrations (0.1, 1, and 10 nM).
Target-specific silencing was determined by comparison of transfection
with scrambled siRNA (control siRNA). Treatment with IGF-I and
Nrf2 siRNA dose-dependently decreased intercellular Nrf2 and IGF-I
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mRNA expression. Silencing was especially effective with 10 nM IGF-I
and Nrf2 siRNA as compared to the control (Figure 9A and B). We
next confirmed the relationship between SAM-induced regulation of
endogenous IGF-T and Nrf2 expression on H,0,-induced apoptosis.

Cell viability was inhibited after treatment with H,O, alone
compared to the viability of the control, and this decrement was blocked
by SAM (Figure 10A). An increase in SAM-induced cell viability in
the presence of H,O, was suppressed by treatment with IGF-I and
Nrf2 siRNA (Figure 10A, p<0.05). On the contrary, the generation of
ROS as an indicator of oxidative stress-induced apoptosis increased in
cells treated with H,O, alone, and this increase was blocked by SAM
(Figure 10B). The decrease in H,O,-induced ROS generation with SAM
treatment was increased by treatment with IGF-I and Nrf2 siRNA.
Endogenous Nrf2 and IGF-I expression was inhibited after treatment
with H,0, alone compare to in the control, and this decrement was
increased by 10 uM SAM (Figure 11). An increase in SAM-induced
endogenous Nrf2 after H,O, treatment was suppressed by IGF-I and
Nrf2 siRNA (Figure 11A and B, p<0.01 and p<0.05, respectively).
In particular, IGF-I siRNA reduced the increase in SAM-induced
endogenous IGF-I after H,O, treatment, but Nrf2 siRNA was not
reduced (Figure 11C and D, p<0.01).

To demonstrate the direct relationship of endogenous IGF-I and
Nrf2 on exogenous IGF-I-induced cell viability in H,O,-induced
apoptosis, cells were co-treated with exogenous IGF-I (10-7 M) and
Nrf2 siRNA in the presence of H,0,. The endogenous IGF-I and Nrf2
also decreased after treatment with H,O, alone compared to the control
(Figure 12A-D, p<0.05). In the control, the decrease in endogenous
Nrf2 and IGF-I expression was recovered back to the baseline after
treatment with exogenous IGF-I (Figure 12).

The increase in endogenous Nrf2 after exogenous IGF-1 with H O,
treatment was also suppressed by Nrf2 siRNA back to the baseline in the
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Cells were treated with IGF-I and Nrf2 siRNA at different concentrations (0.1,
1, and 10 nM). The control (control siRNA) is a negative control for RNA
interference (A, B). Cells were transfected with IGF-I and Nrf2 siRNA for 24
h. IGF-1 and Nrf2 mRNA expression was measured using real-time PCR.
Results are expressed as mean + SD of fold-increases over that of the control
(n=8). Statistical analysis: ‘p<0.05 vs. negative control (control media).
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Figure 9: Effects of IGF-I and Nrf2 siRNA on IGF-I and Nrf2 mRNA levels.
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Figure 10: Effects of IGF-I and Nrf2 silencing on SAM-induced cell viability
and ROS generation in H,0,-induced apoptosis.
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H,O, was measured using real-time PCR, and IGF-1 and Nrf2 protein levels
were measured using immunoprecipitation and Western blotting (A, B, C and
D). The mean intensity was measured using densitometry. The results are
expressed as mean * SD of the fold-increases over that of the control (n=8).
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Figure 11: Effects of IGF-I and Nrf2 silencing on SAM-induced IGF-I and Nrf2
activity in H,0,-induced apoptosis.
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presence of H,0, was measured using real-time PCR, and IGF-1 and Nrf2
protein levels were measured using immunoprecipitation and Western blotting
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Figure 12: Effects of endogenous IGF-I and Nrf2 on exogenous IGF-I and
Nrf2 silencing in H,O_-induced apoptosis.

cells that received H,0, alone, but endogenous IGF-I was not inhibited
(Figure 12A-D, p<0.05). This finding showed that the cytoprotective
effect of SAM against oxidative stress-induced apoptosis involves the
activation of endogenous IGF-I and Nrf2. Furthermore, the decrease
in endogenous Nrf2 activity during oxidative stress was up-regulated
by IGF-Iin MSCs.

Discussion

Despite the promise of MSCs for repopulating damaged tissue and
restoring function in the field of regenerative medicine [32], the poor
survival of MSCs following implantation has limited their therapeutic
efficacy [33]. The exact cellular mechanisms resulting in MSC loss
are unclear [10,11]. The present study demonstrated a cytoprotective
effect of SAM on rat MSCs against oxidative stress-induced apoptosis,
which was related to its effect on Nrf2 and IGF-1. We first generated
a high-purity culture by separating MSCs from rat bone marrow
on the basis of binding to CD90.1 and CD29 antibodies [10]. MSC
morphologies were consistent with those noted in other studies,
consisting of a heterogeneous cell population with a predominantly
spindle morphology, with cells forming fibroblast-like colonies [34].
We also confirmed that the MSCs in the rat bone marrow cultured for
three days and one, two, and three weeks were photographed, ensuring
that the MSC preparations were very pure. Using these primary MSCs,
we confirmed that cell viability and endogenous IGF-I levels dose-
dependently increased with SAM treatment, with a significant increase
in response to 10 pM SAM.

S-Adenosyl-L-methionine (SAM) is a methyl donor that exerts
anti-oxidative and cytoprotective effects under various conditions [14-
16]. SAM is particularly important for opposing the toxicity of free

radicals generated by various toxins [35]. Insulin-like growth factor-I
(IGF-I) also plays an important role in bone cell proliferation and
oxidative stress-induced apoptosis [17,18]. However, the cytoprotective
effect of SAM on oxidative stress-induced apoptosis and the role Nrf2
and IGF-I have not been studied in rat MSCs, despite their potential
to differentiate into endothelial cells, fibroblasts, adipocytes, and
osteogenic cells. Our results suggest that SAM affects cell viability and
endogenous IGF-I levels, which are directly related to cell survival and
proliferation in rat MSCs.

Various mechanisms have been implicated in MSC survival,
including the transduction of oxidative stress. The ROS-mediated
mechanism is one of the earliest-discovered and most important
cellular responses to many protective and oxidative stress-induced
signaling pathways [36]. Nrf2 overexpression in MSCs has been
reported to reduce oxidative stress-induced apoptosis and cytotoxicity
[11]. Nrf2 signaling might up-regulate certain anti-apoptotic genes
[37-40]. Activated Nrf2 impairs liver regeneration in mice by activating
genes involved in cell-cycle control and apoptosis [27]. Although the
protective and anti-oxidative effects of SAM are already known, the
roles of Nrf2 and IGF-I in the cytoprotective effects of SAM against
oxidative stress are not yet clear.

To demonstrate the effects of SAM on cell viability and endogenous
IGF-I and Nrf2 activity in oxidative stress-induced cell apoptosis, we
first treated MSCs with increasing concentrations of H,O, for 6 h. This
treatment dose-dependently decreased cell viability and endogenous
IGF-I and Nrf2 levels, with significant decreases after treatment with
1 mM H,0, for 6 h and increased ROS generation. Cell viability and
endogenous IGF-I and Nrf2 levels in the MSCs temporarily increased,
and then at 6 h decreased after treatment with H,O, (no data). This
temporarily increase in Nrf2 was consistent with the findings of a
previous report suggesting that transient H,O, treatment temporarily
induced a rapid accumulation of Nrf2 protein [24]. These results
suggest that short exposures to H,O, increases endogenous Nrf2 and
IGF-1 levels due to cellular responses to oxidative stress. However, H,0,
treatment for 6 h decreased endogenous Nrf2 and IGF-I levels because
itinduced apoptosis. The role of H O, concentration in oxidative stress-
induced apoptosis and its impact on cell viability and ROS generation
was confirmed at 1mM. Furthermore, the concentration of hydrogen
peroxide needed for oxidative stress differed based on the study because
it is dependent on the culturing conditions of the MSCs [11,41].

We examined the effects of a 6 h treatment with 1 mM H,0O,
and SAM on cell viability as well as the endogenous IGF-I and Nrf2
levels after oxidative stress-induced apoptosis. Decreases in H,O,-
induced cell viability, and Nrf2 and IGF-I levels were recovered by
SAM. An Annexin V assay demonstrated that H,O, treatment induced
MSC apoptosis, consistent with oxidative stress-induced apoptosis
and cytotoxicity [11], although this was also recovered by SAM.
Immunocytochemistry confirmed that Nrf2 was inactivated by H,0,
treatment and was recovery by SAM. These results suggested that
SAM not only increased cell viability, but also increased endogenous
Nrf2 and IGF-I levels during oxidative stress-induced apoptosis.
These collective observations suggest that SAM increases resistance to
oxidative stress and improves cell viability by producing endogenous
IGF-I and Nrf2 in murine MSCs.

In the current study, we used IGF-I and Nrf2 siRNA to investigate
the roles of Nrf2 and IGF-I on the action of SAM against oxidative stress-
induced apoptosis. The increases in SAM-induced cell viability and
endogenous IGF-I expression in the presence of H,O, were suppressed
by treatment with IGF-I siRNA, but was not blocked by Nrf2 siRNA.
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However, the decrease in SAM-induced endogenous Nrf2 was blocked
by IGF-I siRNA; this suggests that endogenous IGF-I is more important
than endogenous Nrf2 in cell survival against oxidative stress-induced
apoptosis. These results indicate that the cytoprotective effect of SAM
on oxidative stress-induced apoptosis increased endogenous Nrf2 and
IGF-I activity, and increases in Nrf2 activity protected cells via IGF-I in
rat bone marrow mesenchymal stem cells.

To demonstrate the direct relationship of endogenous IGF-I and
Nrf2 with SAM-mediated cell viability in H,O,-induced apoptosis, cells
were co-treated with exogenous IGF-I and Nrf2 siRNA in the presence
of H,0,. Nrf2 siRNA in the presence of H,O,, suppressed increases in
endogenous Nrf2 mediated by exogenous IGF-I to the baseline levels of
cells treated with H,O, alone; Nrf2 siRNA did not change endogenous
IGF-I levels. We further showed that the cytoprotective effect of SAM
against oxidative stress-induced apoptosis was related to endogenous
IGF-I and Nrf2 activation, and that decreases in Nrf2 activity in
conditions of oxidative stress-induced apoptosis were up-regulated by
IGF-I in rat bone marrow mesenchymal stem cells.

Nrf2, an anti-oxidative transcription factor, translocates to the
nucleus and binds ARE in response to oxidative stress [42,43]. The
cellular mechanism of Nrf2 activity is regulated by phosphorylation
by PI3 and extracellular signals regulated by kinases [44,45]. Hsp20-
engineered mesenchymal stem cells are resistant to oxidative stress via
the enhanced activation of Akt and the increased secretion of growth
factors [46]. IGF-1 also increases MSC migratory responses though
a PI3/Akt-dependent mechanism [47]. Our previous study reported
that short-term treatment with PTH had a protective effect against
oxidative stress by affecting endogenous IGF-I and Nrf2 levels in rat
bone marrow-derived mesenchymal cells [10]. This result implies
that the cytoprotective effects of SAM on H,0,-induced apoptosis are
mediated by increasing Nrf2 levels, consistent with the observation
that IGF-I promotes PI3/Akt phosphorylation; toward this point, Nrf2
and IGF-I expression have been assessed in benign, premalignant, and
malignant gastric lesions [48,49].

Taken together, these findings indicate that oxidative stress-
induced apoptosis in MSCs decreases cell viability and endogenous
Nrf2 and IGF-I levels, and that these negative effects are recovered
by SAM. Furthermore, this evidence indicates that the cytoprotective
effect of SAM occurs by increasing endogenous Nrf2 activity through
IGF-I.

Clinically, Nrf2 overexpression induced by SAM could be used
to prevent the death of transplanted graft cells, thus improving MSC
resistance to oxidative and apoptotic stimuli.
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