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Polyphenols Suppress Hydrogen Peroxide-Induced
Oxidative Stress in Human Bone-Marrow Derived
Mesenchymal Stem Cells
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ABSTRACT

Human mesenchymal stem cells (hMSCs) are considered a highly promising candidate cell type for cell-based tissue engineering and
regeneration because of their self-renewal and multi-lineage differentiation characteristics. Increased levels of reactive oxygen/nitrogen
species (ROS/RNS) are associated with tissue injury and inflammation, impact a number of cellular processes, including cell adhesion,
migration, and proliferation, and have been linked to cellular senescence in MSCs, potentially compromising their activities. Naturally
occurring polyphenolic compounds (polyphenols), epigallocatechin-3-gallate (EGCG), and curcumin, block ROS/RNS and are potent
inflammation-modulating agents. However, their potential protective effects against oxidative stress in hMSCs have not been examined.
In this study, we carried out a systematic analysis of the effects of polyphenols on hMSCs in their response to oxidative stress in the form of
treatment with H,0, and S-nitroso-N-acetylpenicillamine (SNAP), respectively. Parameters measured included colony forming activity,
apoptosis, and the levels of antioxidant enzymes and free reactive species. We found that polyphenols reversed H,0,-induced loss of colony
forming activity in hMSCs. In a dose-dependent manner, polyphenols inhibited increased levels of ROS and NO, produced by H,0, or SNAP,
respectively, in MSCs. Notably, polyphenols rapidly and almost completely blocked H,0,-induced ROS in the absence of significant direct
effect on H,0, itself. Polyphenols also protected the antioxidant enzymes and reduced apoptotic cell death caused by H,0, exposure. Taken
together, these findings demonstrate that EGCG and curcumin are capable of suppressing inducible oxidative stress in hMSCs, and suggest a
possible new approach to maintain MSC viability and potency for clinical application. J. Cell. Biochem. 114: 1163-1173, 2013.
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|\ /I esenchymal stem cells (MSCs) are adult stem cells, first

identified in bone marrow stroma, with capacity for self-
renewal and multi-lineage differentiation such as adipogenesis,
chondrogenesis, and osteogenesis [Pittenger et al., 1999]. MSCs with
similar characteristics are also found in virtually all tissues of the
body. From a therapeutic perspective, because of their easy
preparation and immunologic privilege, MSCs have emerged as a
highly promising therapeutic agent for tissue regeneration and

repair, as evidenced by the large number of active clinical trials
involving MSCs (http://clinicaltrials.gov/).

Reactive oxygen species (ROS), including hydroxyl radical,
superoxide anion radical, hydrogen peroxide (H,0,), and peroxide,
have been implicated in a number of diseases such as cancer [Van de
Bittner et al., 2010], heart failure [Melov et al., 1998], osteoarthritis
[Tiku et al., 2000], and neurodegenerative disorders [Wu et al.,
2003]. Although excessive levels of ROS are deleterious, a basal level
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of ROS is required for multiple cellular functions. Cells can normally
defend themselves against ROS damage through the use of specific
ROS reducing mechanisms that can be enzymatic (involving
dismutases, catalases, and peroxidases) or non-enzymatic (involv-
ing vitamins A, C and E, urate, and bilirubin). For example,
superoxide dismutase (SOD) catalyzes the dismutation of 03
(superoxide anion radical) into H,0,, which in turn is converted
to water and oxygen by glutathione peroxidase (GPX) and catalase.
In this manner, the levels of different ROS are buffered to regulate
intracellular redox balance while avoiding excessive oxidation of
cellular components [Giorgio et al., 2007]. Oxidative stress is known
to play a role in stem cell self-renewal and differentiation. Several
groups have shown the relationship between oxidative stress level
and the proliferative capacity of stem cells and increased number of
differentiated cells by the presence of antioxidants such as
tocopherol [Geissler et al., 1994], and epicathechin gallate [Chen
et al., 2005]. However, the response of stem cells to oxidative stress is
not well understood.

Polyphenolic compounds, or polyphenols, are widely distributed
in plants from the roots to the seeds. These compounds are
widespread in nature and range from simple structures with one
aromatic ring to highly complex polymeric substances such as
tannins and lignins. Polyphenols are classified as flavonoids and
non-flavonoids, according to their chemical composition [Quideau
et al., 2011]. Polyphenols have been shown to exhibit a variety of
biological properties, including anticarcinogenic [Lu et al., 2002],
anti-inflammatory [Ahmed et al., 2004; Ghanim et al., 2011], and
estrogenic activities [Gehm et al., 1997], as well as cardiovascular
protection [Morimoto et al., 2008], free radical scavenging [Katiyar
et al., 2001; Kao et al., 2010], DNA damage protection [Anderson
et al., 2001], inhibition/induction of apoptosis [Townsend et al.,
2004; Hastak et al., 2005], and inhibition of platelet aggregation
[Freedman et al., 2001]. Also, polyphenols are generally considered
pharmacologically safe in humans [Cheng et al., 2001; Chow et al.,
2001; Boocock et al., 2007]. Therefore, polyphenols may act as
powerful modulators of MSCs via their antioxidant activities.
Such applications would require characterization of the effect
of polyphenols on oxidative stress in hMSCs, which is poorly
understood.

In this report, we have selected epigallocatechin gallate (EGCG,
from green tea) and curcumin (from turmeric), in view of their
popularity as daily foods, to study their effects on oxidative stress in
hMSCs. Our results showed that EGCG and curcumin reversed H,0,-
induced loss of colony forming number of MSCs in bone marrow
environment. Polyohenols also suppressed the production of both
intracellular ROS and NO in hMSCs, and protected the cells from
antioxidant enzymes and apoptosis resulting from the action of
H,0,-induced oxidative stress.

CHEMICALS

EGCG and curcumin (Fig. 1A) were purchased from LKT Laborato-
ries, Inc (St. Paul, MN). N-acetyl-L-cysteine (NAC) as a ROS inhibitor,
dimethyl sulfoxide (DMSO) and 2,2-diphenyl-1-picrylhydrazyl
(DPPH), and hydrogen peroxide (H,0,) were obtained from
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Fig. 1. EGCG and curcumin inhibited H,0,-induced failure of CFU ability in

BM-MNCs. A: Chemical structures of EGCG and curcumin (CUR). B: Experi-
mental protocol for CFU assay. C: BM-MNCs (1 x 10% cell/ml) were treated
with 5 .M polyphenols or 100 WM NAC for 5min and then exposed to
10 uM H,0, for 15min, and then analyzed for colony forming activity as
described in Materials and Methods Section. Relative fold value was calculated
polyphenol untreated groups designated as 1. Results are expressed as
means +SD (N =4). Significant differences relative to untreated controls:
*P< 0.05. MSCs from two patients were used.

Sigma-aldrich (St. Louis, MO). Dulbecco’s modified eagle medium
(DMEM), o-minimum essential medium (MEM), antibitotic-
antimycotic (anti-anti), ethylenediaminetetraacetic acid (EDTA),
penicillin-streptomycin (pen-strep), fetal bovine serum (FBS),
phosphate buffered saline (PBS), 2’,7’-dichlorodihydrofluorescein
diacetate (H,DCFDA), 4-amino-5-methylamino-2',7’-difluorofluor-
escein diacetate (DAF-FM diacetate), Amplex Red Catalase activity
assay kit, N,,-Nitro-L-arginine methyl ester hydrochloride (.-NAME)
as a NO inhibitor, and S-nitroso-N-acetylpenicillamine (SNAP) were
purchased from Invitrogen (Carlsbad, CA). Fibroblast growth factor-
2 (FGF-2) was obtained from RayBiotech, Inc. (Norcross, GA). HT
Titer TACS was obtained from R&D System (Minneapolis, MN).

1164

POLYPHENOL INHIBITED OXIDATIVE STRESS IN hMSCs

JOURNAL OF CELLULAR BIOCHEMISTRY



Glutathione peroxidase assay kit was purchased from BioVision
(Milpitas, CA). Bradford protein assay reagent was purchased from
Bio-Rad (Hercures, CA). PeroXOquantTM Quantitative Peroxide
Assay kit was obtained from Pierce (Rockford, IL). Ficoll-Paque was
obtained from GE Healthcare Biosciences (Pittsburgh, PA).

Stock solutions of 100mM EGCG and 100 mM curcumin were
prepared in DMSO and stored at —20°C until use. One molar solution
of NAC and 1-NAME were prepared in DMSO and stored at —20°C
until use. H,DCFDA was prepared as a stock solution in DMSO at
10 mM, and was diluted in PBS to give H,DCFDA at 20 .M prior to
use. DAF-FM diacetate was prepared as a stock solution in DMSO at
5mM, and was diluted in PBS to 10 wM prior to use. DPPH was
dissolved in methanol at 250 mM prior to use.

CELL CULTURE

Human bone marrow was obtained from femoral heads of patients
undergoing total hip arthroplasty with Institutional Review Board
(IRB) approval (University of Washington School of Medicine) as
tissue culture plastic adherent cell populations [Lin et al., 2012].
Human hips from five different patients, ages of 51 (Female; F),
57 (F), 60 (Male; M), 61 (F), and 63 (F), were obtained. Trabecular
bone was cored out using curette or rongeur and flushed with
rinsing medium (a-MEM, 1% antibiotic/antimycotic) using 18-
gauge hypodermic needles. After mincing with scissors, the bone
chips were flushed, and the flushed medium was passed through
40 pm mesh filters to remove debris, and cells pelleted by
centrifugation for 5min at 300g. Cell pellets were washed twice
with rinsing medium and resuspended in MSC growth medium (GM,
o-MEM) containing 10% fetal bovine serum, 1% Anti-anti
(Invitrogen) and 1 ng/ml FGF-2 and plated into two 150 cm? tissue
culture flasks. On Day 4, cells were washed with PBS and fresh GM
was added. GM was changed every 3-4 days. Once 70-80%
confluence was reached, cells were removed with 0.25% trypsin
containing 1 mM EDTA and passaged by re-plating. Populations of
MSCs isolated from each patient were routinely validated as capable
of differentiating into bone, fat, and cartilage (data not shown). All
experiments were performed with passage three to five MSCs from at
least two patients indicated above.

Primary human bone marrow mononuclear cells (BM-MNCs)
were harvested from the hips of consenting patients (following IRB
approval, University of Washington School of Medicine; age 53
and age 57, male) using Ficoll-Paque density gradient separation
according to the manufacturer’s protocol. BM-MNCs were washed
twice with PBS and the total number of viable cells counted using
trypan blue dye exclusion, and then resuspended in basal medium
(DMEM) containing 10% fetal bovine serum, 1% Penicillin-
streptomycin (Invitrogen, Carlsbad, CA). Immediately after resus-
pension, cells were co-treated with polyphenols and H,0, for CFU
assay.

DPPH RADICAL QUENCHING ASSAY IN VITRO

2,2-Diphenyl-1-Picrylhydrazyl (DPPH) radical quenching activity
of polyphenols was determined according to the method of Yoshida
et al. [1989]. Aliquots (10wl) of different concentrations of
polyphenols were incubated with 0.25 mM DPPH in 90 .l methanol
for 10 min at room temperature. DPPH products were measured by

spectrophotometrically based on As,q using a Bio-Tek microplate
reader (Winooski, VT).

COLONY FORMING UNIT (CFU) ASSAY

CFU potential of BM-MNCs was determined by plating aliquots of
cells (1 x 10%cells/10cm? dish) in basal medium (10% FBS in
DMEM) at 37°C with 5% humidified CO, and grown under
previously described conditions [Baksh and Tuan, 2007]. Briefly,
BM-MNCs were co-treated with EGCG or curcumin for 5min
followed by exposure to H,0, for 15 min, and then incubated for
2 weeks without exposure to polyphenol and H,0,. Basal medium
was changed every 3 days. After 2 weeks, CFU cultures were
terminated and stained with 0.5% crystal violet solution (in
methanol), and number of colonies counted.

DETECTION OF REACTIVE OXYGEN SPECIES (ROS) PRODUCTION

IN MSCs

Production of cellular ROS was evaluated by analyzing changes in
fluorescence intensity resulting from the oxidation of the
intracellular fluoroprobe H,DCFDA. H,DCFDA enters cells passively
and is de-acetylated by esterase to the non-fluorescent dichloro-
dihydrofluorescein (DCFH). DCFH reacts with ROS to form
dichlorofluorescein (DCF), a fluorescent product. 1.0 X 10* MSC
cells were seeded on 96-well plates. Cells were co-incubated with
different concentrations of polyphenols and 10 uM H,0, for 30 min.
H,DCFDA was added 25 min before treatment with polyphenols and
H,0,. NAC was used for positive control as a ROS inhibitor. The
fluorescence was read using a Bio-Tek microplate reader (Ex:
485 nm; Em: 528 nm). For cell imaging, 1.0 x 10° MSCs were plated
on 12-well plates, and then co-treated with 10 uM H,0, in
combination with EGCG, curcumin, or 1mM NAC for 30 min.
H,DCFDA was added 25 min before adding H,0, and polyphenols.
Cell images under phase contrast and fluorescence optics were taken
with a 40 objective on an OLYMPUS CKX41 microscope (Olympus,
Tokyo, Japan) in combination with a LEICA DFC320 digital camera
(LEICA Microsystems, Buffalo Grove, IL) and processed with Adobe
Photoshop (Adobe System).

DETECTION OF NO PRODUCTION IN MSC

Production of cellular NO was evaluated by analyzing changes in
fluorescence intensity resulting from the oxidation of the
intracellular fluoroprobe DAF-FM-diacetate. DAF-FM-diacetate
enters cells passively and is de-acetylated by esterase to the weakly
fluorescent DAF-FM. DAF-FM reacts with NO to form benzotriazole
derivative, a fluorescent product. 1.0 x 10* MSCs were seeded on
96-well plates and incubated with different concentrations of
polyphenols and 500 uM SNAP for 30 min. DAF-FM were added
25 min before treatment with polyphenols and SNAP. .-NAME was
used for positive control as a NO inhibitor. Fluorescence intensity
was read at 485nm (Ex) and 528 nm (Em). For cell imaging,
1.0 x 10° MSCs were plated on 12-well plates, and then co-treated
with 10 puM H,0, in combination with EGCG, curcumin or 1 mM
NAME for 30 min. DAF-FM was added 25 min before adding SNAP
and polyphenols. Cell images under phase contrast and fluorescence
optics were taken with a 40x objective on an OLYMPUS CKX41
microscope (Olympus) in combination with a LEICA DFC320 digital
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camera (LEICA Microsystems) and processed with Adobe Photoshop
(Adobe System).

PEROXIDE ASSAY

Peroxide assay was performed using PeroXOquant™ Quantitative
Peroxide Assay kit (Pierce) according to the manufacturer’s
protocol. Briefly, 10 pl of samples, containing different concentra-
tions of polyphenols with or without 10 wuM H,0,, were incubated
with 100 ul of reaction mixture (25mM ammonium ferrous (II)
sulfate, 100 mM sorbitol, 125 uM xylenol orange) for 20 min,
and Asgo Was measured.

DNA DAMAGE BASED APOPTOSIS ANALYSIS

1.0 x 10* MSCs were seeded on 96-well plates. Cells were co-
incubated 10 wM H,0, and polyphenols or ROS inhibitor (0.5-1 mM
NAQ) for 3 days. Apoptosis was quantified as the percent of cells
with hypodiploid DNA, as assessed using a colorimetric quantitative
assay, the HT titer TACS assay (R&D System).

CATALASE ACTIVITY

0.5 x 10° MSCs were seeded on 6-well plates, and then co-incubated
with 10 .M H,0, and polyphenols or ROS inhibitor (0.5-1 mM NAC)
for 3 days. Cells were extracted with 0.5% Triton X-100 solution in
PBS for 20 min at room temperature (r.t.) [Yokota and Fahimi, 1978],
and the supernatant after centrifugation at 10,0009 for 10 min at 4°C
was used for catalase assay using the Amplex Red Catalase Assay Kit
(Invitrogen) according to the manufacturer’s protocol. In brief,
reaction mixtures containing 50 pl of 100 wM Amplex red/0.4 U/ml
HRP working solution, 25pl of 40uM H,0, 0.2 units/ml
horseradish peroxidase, and 25 pl of cell lysate were incubated at
37°C for 30 min. Catalase activities were determined by spectro-
photometrically based on As;, and normalized with respect to
protein concentration of each sample.

GPX ACTIVITY

0.5 x 10° MSCs were seeded on 6-well plates. Then, cells were co-
incubated with 10 wuM H,0, and polyphenols or ROS inhibitor (0.5-
1 mM NAC) for 3 days. The activity of GPX was measured with the
glutathione peroxidase activity assay Kit (BioVision, Milpitas, CA)
according to the manufacturer’s protocol. GPX activity was
determined by spectrophotometrically based on As,, and normal-
ized with respect to protein concentration of each sample.

STATISTICAL ANALYSIS
Significant differences was assessed with two-tailed Student’s #-test
for two-group comparisons. “P < 0.05 and "*P < 0.1.

EGCG AND CURCUMIN INHIBITED H,0,-INDUCED FAILURE OF
COLONY FORMING ABILITY IN BM-MNCs

Oxidative stress has been previously shown to affect growth and
differentiation potential of MSCs [Stolzing and Scutt, 2006]. In this
study, we employed a suspension culture approach, simulating
the bone marrow (BM) cellular environment [Baksh and Tuan, 20071,
to study the effects of polyphenols on BM-MNCs immediately

after isolation, prior to adherent culture on tissue culture plastic
(Fig. 1B). The ROS that are generated by mitochondrial respiration,
including H,0,, are potent inducers of oxidative damage. Therefore
we used H,0, as an ROS to examine the effects on BM-MNCs. We
observed that cultures grown in the presence of 10 uM H,0, for
15min and then incubated for 2 weeks without exposure to H,0,,
showed a 35% loss of total colony numbers (Fig. 1C). To test whether
polyphenols are able to reverse the loss of colony numbers induced
by H,0,, we treated BM-MNCs with EGCG or curcumin for 5 min
followed by exposure to H,0, for 15 min, and then incubation for 2
weeks without exposure to polyphenol and H,0, (Fig. 1B). A
significant reversal of H,0,-induced loss of colony numbers was
observed when stressed cells were treated with EGCG and/or
curcumin (Fig. 1C). These effects are comparable to treatment with
N-acetyl-L-cysteine (NAC) at 500 wM. As control, incubation with
EGCG and curcumin as well as NAC, did not affect the activity of
unstressed cells.

EGCG AND CURCUMIN SUPPRESSED H,0,-INDUCED
INTRACELLULAR ROS IN MSCs

The accumulation of ROS in cells leads to various forms of reversible
and irreversible oxidative modifications of proteins (carbonylation
or nitro-modifications), lipids (hydroperoxide lipid derivatives), and
DNA (adducts and breaks) that eventually lead to loss of biological
functions [Giorgio et al., 2007]. To investigate whether EGCG and
curcumin can inhibit intracellular ROS, hMSCs were co-treated
with EGCG or curcumin at varying concentrations, and then
exposed to H,0,. A fluorescence protocol based on H,DCFDA
was used to measure intracellular ROS. Both EGCG and curcumin
suppressed H,0,-induced intracellular ROS accumulation in a dose-
dependent manner (Fig. 2A-C), with complete suppression upon
co-treatment with polyphenols at 25puM for 30 min. Again, in
comparison, these effects were similar to those seen with 1 mM NAC
treatment (Fig. 2A-C). Cell viability was not affected with these
treatments.

LACK OF OR MINIMAL DIRECT INTERACTION BETWEEN
POLYPHENOLS AND HYDROGEN PEROXIDE

In order to investigate whether the effects observed above could
have resulted from direct interactions between polyphenols
and H,0,, ROS levels were measured after adding polyphenols in
the absence of cells. The results in Figure 3A,B clearly showed that
the rapid and almost complete ROS blocking effect of EGCG and
curcumin was a cell-dependent effect, as there was minimal direct
effect on H,0, itself, with only curcumin observed to scavenge 10-
20% of H,0, directly. Interestingly, EGCG itself produced peroxide
in a dose-dependent manner (Fig. 3A).

EGCG AND CURCUMIN SUPPRESSED SNAP-INDUCED
INTRACELLULAR NO IN MSCs

We next investigated whether EGCG and curcumin could inhibit NO
accumulation. hMSCs were co-treated with EGCG or curcumin at
varying concentrations, and then exposed to SNAP as an NO donor.
Intracellular NO was measured using DAF-FM in a fluorescence-
based protocol. Our results showed that EGCG and curcumin
suppressed SNAP-induced intracellular NO in a dose-dependent
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results. C: Cell images under phase contrast (left panels) and fluorescence optics (right panels) to visualize intracellular ROS levels. Bar = 200 um. hMSCs from two patients were

used and showed similar results.

manner (Fig. 4A-C). Complete suppression was observed with 10 pM
EGCG and 100 pM curcumin after 30 min treatment. However, in
comparison, 1 mM L-NAME treated cells failed to show suppression
after 30 min treatment (Fig. 4A-C). Cell viability was not affected by
these treatments.

EGCG AND CURCUMIN PROTECTED H,0,-INDUCED DNA DAMAGE
IN MSCs

If DNA damage, such as that produced upon ROS exposure, is not
properly repaired, cells will progress to cellular senescence or
apoptosis. Indeed, recent reports showed that H,0, induced
apoptosis of MSCs in a dose- and time-dependent manner [Wei
et al., 2010]. Therefore, we next investigated whether EGCG and

curcumin could act to protect MSCs from apoptotic cell death
induced by H,0,. Cells were co-treated with 10 uM H,0, and
different concentrations of polyphenols for 3 days and then
analyzed for DNA fragmentation. We observed that H,0, induced
apoptosis of MSCs at a two-fold higher level compared to vehicle
control cells (Fig. 5). Upon polyphenol treatment, an inhibitory
effect on H,0,-induced apoptotic cell death in hMSCs was seen,
based on comparison between treated control cells and polyphenols
treated cells under H,0, (Fig. 5A,B). Curcumin and H,0, co-treated
cells maintained ROS level as in the curcumin control after 3 days,
but EGCG did not (data not shown). NAC suppressed apoptosis at
0.5-1mM (Fig. 5C). It should be noted that polyphenol treatment
alone showed slightly elevated apoptotic cell death, especially with
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EGCG, compared to vehicle control cells (data not shown). The
results reported here are based on comparison with polyphenol
treated control cells.

EGCG AND CURCUMIN SUPPRESSED H,0,-INDUCED CYTOSOLIC
CATALASE ACTIVITY IN MSCs

To assess the accumulated damage to MSCs upon ROS elevation, we
next measured activities of antioxidative enzymes responsible for
ROS deactivation, such as catalase and GPX [Yu, 1994]. Cells were
co-treated with H,0, and EGCG or curcumin for 3 days and cytosolic
catalase activities were measured. Because polyphenols alone
suppressed catalase activity, the results we obtained were compared
to the polyphenol-treated control cells instead of vehicle control
cells. OQur results showed that both EGCG and curcumin suppressed
H,0,-induced cytosolic catalase activity in hMSCs (Fig. 6A,B). As a
control, treatment with NAC also suppressed catalase activity at
0.5-1 mM (Fig. 6C).

CO-TREATMENT WITH EGCG AND H,0, ENHANCED GPX ACTIVITY
IN H,0, TREATED MSCs

To investigate the effect of EGCG and curcumin on GPX in hMSCs,
cells were co-treated with H,0, and EGCG or curcumin for 3 days.

We observed that exposure to H,0, slightly reduced GPX activity in
hMSCs compared to vehicle control cells. Because polyphenols
alone suppressed GPX activity, the results were compared to the
polyphenol-treated control cells instead of vehicle control cells.
EGCG and curcumin treatment reversed the effect of H,0, and
resulted in enhanced GPX activity in H,0, treated hMSCs (for
curcumin, effect observed at 5-10 uM; Fig. 7A,B). As a control,
treatment with NAC at 0.5-1 mM also reversed the effect of H,0,,
and enhanced GPX activity (Fig. 7C).

In this investigation, our findings showed that treatment of hMSCs
with polyphenols, specifically EGCG and curcumin, inhibited
intracellular ROS/NO, protected the cells from H,0,-induced DNA
damage, enhanced antioxidant enzyme activities in hMSCs and
reversed the H,0,-induced loss of colony forming of hMSCs induced
in a stimulated bone marrow microenvironment.

An important characteristic of MSCs that renders them a
promising cell types for therapeutic applications is their capacity
to home to target tissues and proliferate. However, the functional
applications of MSCs are limited by a variety of factors, including
the resident tissue microenvironment, that affect their proliferative
capacity [Izadpanah et al., 2006, 2008; Kretlow et al., 2008;
Neuhuber et al., 2008]. To improve cell therapy efficacy, it is
therefore necessary to modulate MSCs in a manner to enhance their
survival upon environmental insults such as oxidative stress.

We initiated our studies by first examining the antioxidant
capacity for several polyphenols (EGCG from green tea, curcumin
from turmeric, resveratrol from grapes, genistein from soybean)
against inducible ROS production in hMSCs (data not shown) and
DPPH radical quenching activity in vitro (Table I). DPPH is a stable
free radical at room temperature and its quenching assay is easy to
perform to show in vitro antioxidant capacity [Yoshida et al., 1989].
In both studies, EGCG, curcumin, and resveratrol acted as
antioxidants; however, genistein did not, and most likely, acted
as pro-oxidant. Therefore, we selected the polyphenols, curcumin,
and EGCG, which showed strong effects, for further investigation.

In this study, we employed a suspension culture approach to
simulate the three-dimensional BM cellular environment [Baksh and
Tuan, 2007] to study the effects of polyphenols on MSCs directly
after isolation from BM. Our results showed that EGCG and
curcumin reversed the H,0,-induced loss of colony formation
ability in BM-MNCs in vitro (Fig. 1C), suggesting that the presence of
EGCG and curcumin in vivo could be effective in protecting MSCs
from oxidative stress in situ. The rapidity of the effects of these
polyphenols is remarkable: a 5min incubation was sufficient to
suppress oxidative stress in BM-MNCs (Fig. 1C). In previous studies,
approximately 75% of exogenously added [*H]-EGCG was found in
the cytosolic fraction in HT-29 human colon adenocarcinoma cells
when the cells were incubated with 0.5-20 uM [*H]-EGCG for
15min [Hong et al., 2002]. Wahlang’s group also found that
curcumin was accumulated in Caco-2 cells [Wahlang et al., 2011].
Other studies on polyphenol-cell interactions also showed rapid
incorporation into cells and binding of polyphenols to cell
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EGCG and curcumin suppressed SNAP-induced intracellular NO in MSCs. 1.0 x 10* hMSCs were seeded on 96-well plates. Cultures were co-treated with 500 .M SNAP

in combination with EGCG (A), curcumin (B), or 1 mM -NAME (N) for 30 min and intracellular NO measured using DAF-FM as described in Materials and Methods Section.
Results are expressed as means + SD (N = 3). Significant differences relative to untreated controls: “P < 0.05, “*P < 0.1. hMSCs from three patients were used and showed
similar results. C: Cell images under phase contrast (left panels) and fluorescence optics (right panels) to visualize intracellular NO levels. Bar =200 um. hMSCs from two

patients were used and showed similar results.

membrane with concomitant and anti-oxidative effects [Zenda
et al., 1997; Jaruga et al., 1998; Yano et al., 2007]. However, we also
observed that colony forming activity was significantly reduced when
the polyphenol treatment was carried out at 10 wM (data not shown).
The relevance of polyphenols on cell cycle has been reported
previously: (1) EGCG treatment resulted in G(0)/G(1)-phase arrest of
the cell cycle in human prostate carcinoma [Gupta et al., 2000, 2003]
and G2/M arrest in PC-9 lung cancer cells [Okabe et al., 1997]; and (2)
curcumin caused GO/G2 arrest in vascular smooth muscle cells [Chen
and Huang, 1998] and G2/M phase arrest in HCT-116 colon cancer
cells [Jaiswal et al., 2002]. Thus, high concentrations of polyphenols
appear to cause cell cycle arrest in hMSCs.

To assess the mechanistic pathway of polyphenol effect on MSC
colony formation under oxidative stress, we examined changes in
intracellular ROS/NO levels, DNA damage, and antioxidant enzyme
activity. Our results showed that co-incubation with polyphenols
suppressed levels of both intracellular ROS/NO in hMSCs induced
upon H,0, treatments, in a dose dependent manner. Specially, EGCG
inhibited intracellular ROS/NO significantly compared to curcumin
(Figs. 2 and 4). The effects of polyphenols were seen after 30 min
(Figs. 2 and 4) and earlier (data not shown). Although the exact
target of this rapid effect of polyphenols remains to be identified,
one candidate may be the enzyme, NADPH (nicotinamide adenine

dinucleotide phosphate) oxidase (NOX), a major source of
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Fig. 5. EGCG and curcumin protected H,0,-induced DNA damage. 1.0 x 10*
hMSCs were seeded on 96-well plates, and co-treated with 10 .M H,0, in
combination with EGCG (A), curucumin (B), or NAC (C) for 3 days. Apoptosis
was quantified as percentage of cells with hypodiploid DNA, as assessed using a
HT titer TACS assay kit. Fold changes were calculated between (1) untreated
cells (value designated as 1) and H,0, treated cells, (2) polyphenol treated cells
(value designated as 1) and polyphenol + H,0, treated cells. Results are
expressed as means & SD. Indicated results were averages from four patients
for EGCG and curcumin treated groups, three patients for NAC treated group.
Significant differences relative to untreated controls: “P< 0.05, **P<0.1.

intracellular ROS production [Babior, 1999; Bedard and Krause,
2007]. We are currently examining the possibility that EGCG and
curcumin suppress ROS production thorough rapid suppression of
NOX and members of its protein family in hMSCs.

Co-incubation with polyphenols also affected H,0,-induced
apoptotic cell death in hMSCs (Fig. 5). Specifically, curcumin
treatment for 3 days protected the cells from apoptosis. On the other
hand, our preliminary results showed that MSCs treated with EGCG
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Fig. 6. EGCG and curcumin protected H,0,-induced cytosolic catalase ac-
tivity. 0.5 x 10° hMSCs were seeded on 6-well plates, and co-treated with
10 .M H,0, in combination with EGCG (A), curcumin (B), or NAC (C) for 3
days. Catalase activity was measured using the Amplex Red Catalase Assay Kit.
Fold changes were calculated between (1) untreated cells (value designated as
1) and H,0, treated cells, and (2) polyphenol treated cells (value designated as
1) and polyphenol + H,0, treated cells. Results are expressed as means = SD.
Indicated results were averages from two patients. Significant differences
relative to untreated controls: “P< 0.05, “*P< 0.1. MSCs from five patients
were used and showed similar results.

resulted in enhanced intracellular ROS after 6 h, suggesting pro-
oxidant activity (data not shown). EGCG is generally considered as
an antioxidant; however, there is increasing evidence that this tea
constituent can be cell damaging and pro-oxidant under certain
conditions. These effects were suggested to be due to spontaneous
H,0, generation by polyphenols in solution [Elbling et al., 2005; Li
etal., 2010]. These reports support our results from DNA damage and
enzyme activity assays. Therefore, care should be exercised when
applying EGCG to animal models, clinical trials, and cell culture
models in the future.

Protection of cells against oxidative stress depends on an
antioxidant system consisting of enzymes such as superoxide
dismutase (SOD), CAT, and GPX, that are capable of scavenging

1170

POLYPHENOL INHIBITED OXIDATIVE STRESS IN hMSCs

JOURNAL OF CELLULAR BIOCHEMISTRY



A *
e k%
T 3, EGCG [
g ——
_é‘ 2 % %k
= r 1
=
S
x
o
Qo
- 25 5 10 - 25 5 10 (M)
B H,0,
) Curcumin *%
[ 1
5 *
> 2 * I I
= [ |
2
: i
x
1) ; : : ; ] - ; .
© - 25 5 10 - I; 5 10 (M)
H,0,
C
* %k
T 3 ] NAC
[
—
22 *
2 (———
Rl
311
X
?5 0 T \ | ! T |
- 05 1 - 05 1 (mMm)
H,0,
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hMSCs were seeded on 6-well plates, and co-treated with 10 wM H,0, in
combination with EGCG (A), curcumin (B), or NAC (C) for 3 days. The activity of
GPX was measured using the glutathione peroxidase activity assay Kit. Fold
changes were calculated between (1) untreated cells (value designated as 1)
and H,0, treated cells, and (2) polyphenol treated cells (value designated as 1)
and polyphenol + H,0, treated cells. Results are expressed as means + SD.
Indicated results were averages from four patients for EGCG and curcumin
treated groups, three patients for NAC treated group. Significant differences
relative to untreated controls: “P< 0.05, “*P<0.1.

different kinds of free radicals, including lipid peroxide, hydroxyl
radical, and superoxide anion radical. These scavengers are not only
distributed in the cytosol but are also localized in the mitochondria,
where most of the intracellular free radicals are produced [Laroff
et al., 1972; Ji et al., 1988]. In our study, both EGCG and curcumin
inhibited H,0,-induced catalase activity. Interestingly, EGCG
enhanced the activity of GPX, whereas curcumin did not show
marked effect, indicating that EGCG and curcumin have different
effects on H,0,-induced oxidative stress in hMSCs. Taken together,
these results suggest that treatment with polyphenols may act on the
defense system of the cell to avoid any accumulation of cell damage.

In our study, NAC and .-NAME were used as positive control. Our
results showed that polyphenols (<10 uM) exhibited significant

TABLE 1. EGCG Inhibited DPPH Quenching In Vitro™

Compounds ICso (1M)
EGCG 2.5
Curcumin 100
Resveratrol 250
Genistein 0

N-acetylcysteine N/A (IC,, = 500)

“10 ul of different concentrations of EGCG, curcumin, resveratrol, genistein, or
NAC were incubated with 0.25 mM DPPH in 90 pl methanol for 10 min at room
temperature. DPPH products was measured as As,o. Polyphenol concentrations at
50% inhibition (ICsp) are presented.

effects at considerably lower concentrations compared to the
positive controls (NAC and .-NAME, both at 1 mM).

In conclusion, we report here that EGCG and curcumin effectively
reversed H,0,-induced loss of colony forming activity of hMSCs in
stimulated bone marrow environment. The polyphenols inhibited
both intracellular ROS and NO in hMSCs and protected antioxidant
enzymes and reduced apoptotic cell death in hMSCs caused by H,0,-
induced oxidative stress. These findings demonstrate that EGCG and
curcumin are capable of suppressing inducible oxidative stress in
hMSCs, and suggest a possible new approach to maintain the
viability and potency of hMSCs for clinical application.
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