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Abstract

Objective

The increase in adipocytes induced by chemotherapeutic drugs may play a negative role in

hematopoietic recovery. However, the mechanism underlying adipocyte differentiation of

mesenchymal stem cells (MSCs) in hematopoietic stress is still unknown. Hence, the in-

volvement of reactive oxygen species (ROS) in adipocyte differentiation under hematopoi-

etic stress was investigated in vitro and in vivo.

Methods

The roles of cellular ROS in adipogenesis were investigated in vivo through an adipocyte

hyperplasia marrow model under hematopoietic stress induced by arabinosylcytosine (Ara-

C) and in vitro via adipocyte differentiation of human MSCs. ROS levels were detected

using the CM-H2DCFDA probe and Mito-SOX dye. Adipogenesis was evaluated by histopa-

thology and oil red O staining, whereas detection of mRNA levels of antioxidant enzymes

and adipogenesis markers was performed using quantitative real-time polymerase chain

reaction analysis.

Results

ROS were found to play an important role in regulating adipocyte differentiation of MSCs by

activating peroxisome proliferator-activated receptor gamma (PPARγ,) while the antioxidant

N-acetyl-L-cysteine acts through ROS to inhibit adipocyte differentiation. The elevated ROS

levels induced by Ara-C were caused by both over-generation of mitochondrial ROS and re-

duction of antioxidant enzymes (Cu/Zn Superoxide dismutase and catalase). Our findings

suggest that a mitochondrial-targeted antioxidant could diminish adipocyte differentiation.
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Introduction
Long-term chemotherapy and hematopoietic stem cell transplantation (HSCT) are effective
treatments for hematologic malignancies. Nevertheless, delayed hematopoietic recovery and
related complications, including infection, anemia, and hemorrhage, occur in a considerable
number of patients and seriously affect patient survival [1]. The reasons and mechanisms of de-
layed hematopoietic recovery are still not clear. More recently, in addition to hematopoietic
stem cells (HSCs), the bone marrow (BM) hematopoietic microenvironment, which represents
an important niche for HSCs, has been reported to be impaired after long-term chemotherapy
and HSCT [2–6]. Several studies have uncovered the role of adipocytes in actively suppressing
hematopoiesis rather than passively filling the space of damaged BM [7,8]. In addition, previ-
ous studies by our research group have demonstrated that adipocyte hyperplasia can be in-
duced by arabinosylcytosine (Ara-C) treatment, while bisphenol A diglycidyl ether (BADGE),
a peroxisome proliferator-activated receptor gamma inhibitor), contributes to improved he-
matopoietic recovery after chemotherapy by inhibiting adipogenesis [9]. Therefore, the in-
crease in adipocytes induced by chemotherapeutic drugs may play a negative role in
hematopoietic recovery following chemotherapy and HSCT. Adipocytes in BM are derived
from the differentiation of mesenchymal stem cells (MSCs) [10]. Thus, further understanding
of the mechanism underlying adipocyte differentiation fromMSCs might facilitate the cogni-
tion of adipogenesis induced by chemotherapy.

ROS is a heterogeneous group of molecules that are free radicals derived from diatomic
oxygen and exhibit a wide spectrum of reactivity. ROS generated by the mitochondria or
nicotinamide adenine dinucleotide phosphate (NADPH) oxidases have been shown to influ-
ence cell-cycle progression, cell motility, and growth factor signaling in a variety of normal
cell types [11]. Recently, some studies have illustrated that the generation of ROS is not sim-
ply a consequence of differentiation, but also a causal factor in promoting adipocyte differen-
tiation [12–14], whereas adipocyte differentiation is diminished in the presence of
antioxidants. Moreover, clinical research suggests that chemotherapy with DNA-damaging
agents may cause mitochondrial DNA (mtDNA) mutations in primary leukemia cells, which
are associated with increased ROS generation [15]. Hence, we speculate that adipogenesis in-
duced by chemotherapy is most likely associated with the ROS level in MSCs. The use of an
antioxidant may be a potential way to inhibit adipogenesis that in turn improves hematopoi-
etic recovery.

To confirm our hypothesis, the role of cellular ROS in adipogenesis was investigated in vivo
through an adipocyte hyperplasia marrow model under hematopoietic stress induced by Ara-C
and in vitro via adipocyte differentiation of human MSCs. Meanwhile, the effect of the antioxi-
dant NAC on ROS and adipocyte hyperplasia were also studied in vivo and in vitro. Further-
more, the potential mechanism of the elevated ROS levels induced by Ara-C was investigated.

Materials and Methods

Animals
C57BL/6J female mice (6–8 weeks old) were purchased from the Experimental Animal Center
of Military Medical Sciences Academy (Beijing, China). Mice were housed in a controlled envi-
ronment (12 h light/dark cycles at 21°C). Animal experiments were approved by the Animal
Ethics Committee of Peking University Health Science Center (permit number: 2013–16). At
each time point, mice were euthanized by cervical dislocation under sodium pentobarbital an-
esthesia (50 mg/kg).

Mitochondrial ROS Regulate Adipocyte Differentiation of MSCs

PLOSONE | DOI:10.1371/journal.pone.0120629 March 13, 2015 2 / 14



Animal treatments
Control group animals were injected with the same volume of phosphate-buffered saline (PBS,
vehicule) for four consecutive days. Each group (Control, Ara-C, NAC or Ara-C+NAC) was
composed of 10 animals. Ara-C group animals were treated by 0.5 g/Kg per day of Ara-C
(Sigma, USA) via intraperitoneal injection for four consecutive days to induce hematopoietic
stress. The NAC treatment method was performed according with the method published re-
cently by Hu et al [16]. NAC (Sigma, USA) was administered at a dose of 0.1 g/Kg per day via
intraperitoneal injection for four consecutive days. The NAC-injected mice also received NAC
in their drinking water at a dose of 6 μM until the termination of the experiments to reduce in-
tracellular ROS. Animals in the Ara-C+NAC group were administered both Ara-C and NAC
reagents as described above.

Bone marrow extraction
After the mice were sacrificed, their femurs and tibias were carefully cleaned to remove the ad-
herent soft tissue. Bone marrow was harvested by inserting a syringe needle into one end of the
bone and flushing with PBS containing 2% (v/v) fetal bovine serum (FBS; Gibco, USA). Bones
were crushed with a scalpel in PBS containing 2% (v/v) FBS. Suspensions were digested with
3 mg/ml collagenase I (Sigma, USA) for 30 minutes, filtered through a 70 μm nylon filter cell
strainer (BD, USA) and washed with PBS.

Cell culture
BM-derived MSCs were isolated by a previously published method with slight modifications
[17]. Cells harvested from human BM were seeded in T25 flasks (Corning, USA) with low glu-
cose Dulbecco’s modified Eagle’s medium (DMEM; Gibco, USA) containing 10% (v/v) FBS, 2
mM L-glutamine, 100 U/ml penicillin and 100 μg/ml streptomycin. and were cultured at 37°C
with 5% CO2. After adhering for three days, the medium was thoroughly replaced to maintain
the adherent cells and remove the non-adherent cells. The medium was changed every
three days.

Adipocyte differentiation, NAC treatment and oil red O staining
At passage three, human BM-derived MSCs were cultured with the Adipogenesis Differentia-
tion Kit (Gibco, USA) according to the manufacturer’s instructions. At day 14 of differentia-
tion, oil red O staining was carried out. Briefly, cells were washed with PBS and fixed in 4%
paraformaldehyde for 30 minutes. After washing twice with PBS, cells were stained with 0.3%
oil red O solution (Sigma Aldrich, USA) for 20 minutes at room temperature. Staining was
quantified by extracting oil red O from the stained cells with isopropanol, followed by deter-
mining the optical density (OD) values of the solution at 518 nm. The NAC treatment meth-
od was performed according to the method published by Tormos et al [13]. The NAC
treatment was started on Day 2 of differentiation and lasted until Day 14. On Day 1, the dif-
ferentiation and NAC+differentiation groups were treated with the Adipogenesis Differentia-
tion Kit, while the undifferentiated and NAC-treated groups were not subjected to adipocyte
differentiation. On Day 2, cells were exposed for 4 hours prior to ROS measurement to NAC
treatment (5 mM) or to PBS for control group.

Histopathology
After the mice were sacrificed, tibias were collected followed by fixation in 4% (w/v) parafor-
maldehyde for 24 h. Tissues were decalcified in 20% (w/v) ethylenediaminetetraacetic acid
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(EDTA) (pH 7.5) for 7 days at 4°C and then paraffin embedded. Sections (4 μm thick) were
mounted on slides, deparaffinized, and stained with hematoxylin and eosin (HE).

Measurement of cellular ROS
Total and mitochondrial ROS levels were quantified by fluorescence-activated cell sorting
(FACS) using the 5-(and-6)-chloromethyl-2,7-dichlorodihydrofluorescein diacetate CM-
H2DCFDA probe and MitoSOX dye, respectively (Molecular Probes, USA). Briefly, after tryp-
sinization with 0.25% (w/v) Trypsin–EDTA (Gibco, USA), cells were collected and rinsed with
PBS. Cells were then resuspended and incubated in pre-warmed PBS containing 10 μMCM-
H2DCFDA or 5 μMMitoSOX in the dark for 20 min at 37°C. Intracellular fluorescence was
then quantified using a BD Calibur flow cytometer (Becton Dickinson, USA). For evaluating
the contribution of NADH oxidase (NOX) and mitochondria on ROS production induced by
Ara-C in vitro, cells were pretreated for 24 h with 100 mM Ara-C and for 1 hour with 500 nM
of diphenyleneiodoniumchloride (DPI; Sigma Aldrich, USA), a NOX inhibitor, or 500 nM of
the mitochondria-targeting antioxidant Mito-Tempo (Sigma Aldrich, USA). Afterwards, total
ROS produced by cells were measured as described above for the CM-H2DCFDA probe.

Detection of mitochondrial ROS in live cells
ROS produced by mitochondria were detected using a MitoSOX Red superoxide indicator
(Molecular Probes, USA) according to the manufacturer’s instructions. Live human MSCs
were labeled with MitoSOX Red reagent, which fluoresces when oxidized by superoxide, and
nuclei were stained with the blue fluorescent dye Hoechst 33342 (Sigma Aldrich, USA).

Antioxidant enzyme activity assays and glutathione levels
The activity of superoxide dismutase (SOD) and catalase (CAT) was assessed using the Cu/Zn-
SOD and Mn-SOD Assay Kit (Beyotime, China), and the CAT Assay Kit (Beyotime, China) re-
spectively according to the manufacturers’ instructions. Glutathione (GSH) levels were quanti-
fied using a Glutathione Assay Kit (Beyotime, China) according to the
manufacturer’s instructions.

Quantitative polymerase chain reaction analysis
Total RNA was isolated from pooled marrow cells or cultured MSCs using TRIzol Reagent
(Invitrogen, USA). RNA (1 ug) was reverse-transcribed using a High Capacity cDNA Reverse
Transcription Kit (Applied Biosystems, USA) according to the manufacturer’s instructions.
Quantitative polymerase chain reaction (qPCR) assays were performed using an ABI 7500 Fast
Real-Time PCR System, Power SYBR Green PCRMaster Mix (Applied Biosystems, USA), and
primers (see Table 1 for primer sequences). Human GAPDH and mouse GAPDH served as en-
dogenous controls. Data were analyzed using 7500 Fast System SDS version 2.0.6 software (Ap-
plied Biosystems, USA). Relative quantification of the target genes were normalized to
endogenous control levels and calculated with the 2-ΔΔCt method.

Immunoblot analysis
Whole cell lysates were obtained using RIPA lysis buffer (Solarbio, China). The protein con-
centration was determined using the BCA Protein Assay Reagent Kit (Solarbio, China). Equal
amounts of samples were separated by sodium dodecyl sulfate-polyacrylamide gel electropho-
resis and transferred to polyvinylidene fluoride membrane (Millipore, USA). The membrane
was incubated with 5% non-fat skim milk in Tris-Buffered Saline and Tween 20 (TBST) for
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2 h, followed by hybridization at 4°C overnight with primary antibodies for PPARγ (rabbit
polyclonal, cat no. ab19481, diluted 1:100; Abcam, UK) and GAPDH (rabbit polyclonal, cat no.
ab37168, diluted 1:5000; Abcam, UK). After washing with TBST, the membrane was incubated
with horseradish peroxidase-conjugated goat anti-rabbit IgG secondary antibody (cat no.
sc2004, diluted 1:10000; Santa Cruz, USA) for 1 h. The bands were detected by enhanced
chemiluminescence substrate (Thermo Fisher Scientific, USA). Relative expression of the target
proteins was normalized to GAPDH levels.

Statistical analysis
Data are presented as mean ± standard deviation (SD) or mean ± standard error of the mean
(SEM). Statistical differences between two groups were evaluated by the Student’s t test. For
multiple group comparisons, data were analyzed by one-way analysis of variance (ANOVA). A
value of P less than 0.05 was considered statistically significant.

Results

ROSmediate adipocyte differentiation of MSCs in vitro
To investigate the role of ROS in adipocyte differentiation of MSCs, the change in ROS produc-
tion during differentiation and the effect of the antioxidant NAC on differentiation in vitro was
examined. The NAC treatment started on Day 2 of differentiation and lasted until Day 14. An-
tioxidant treatment began on Day 2 to avoid interference with mitotic clonal expansion during
adipocyte differentiation, as previously described [18]. As shown in Fig. 1A, an increase in

Table 1. Sequences of primers used for qPCR.

Primers Sequences (5’!3’)

Human PPARγ, forward TTCAAGACAACCTGCTACAAG

Human PPARγ, reverse CGTGTTCCGTGACAATCT

Human adiponectin, forward GGCTATGCTCTTCACCTATG

Human adiponectin, reverse TCCATTACGCTCTCCTTCC

Human NOX2, forward TAACGCCACCAATCTGAAGC

Human NOX2, reverse CATCCCAGCCAGTGAGGTAG

Human NOX4, forward GAAGAGCCCAGATTCCAAGC

Human NOX4, reverse TGACCGAAATGATGGTGACTG

Human MnSOD, forward CCTGGAACCTCACATCAACG

Human MnSOD, reverse CCAACGCCTCCTGGTACTTC

Human Cu-ZnSOD, forward GGGCAATGTGACTGCTGAC

Human Cu-ZnSOD, reverse ACAAGCCAAACGACTTCCAG

Human CAT, forward GCCTTTGGCTACTTTGAGGTC

Human CAT, reverse GAGAACCGAACTGCGATGG

Human GAPDH, forward AGAAGGCTGGGGCTCATTTG

Human GAPDH, reverse AGGGGCCATCCACAGTCTTC

Mouse PPARγ, forward CGAGGACATCCAAGACAAC

Mouse PPARγ, reverse GTGCTCTGTGACGATCTG

Mouse adiponectin, forward GCCGCTTATGTGTATCGCTCAG

Mouse adiponectin, reverse GCCAGTGCTGCCGTCATAATG

Mouse GAPDH, forward TCAATGACAACTTTGTCAAGCTCA

Mouse GAPDH, reverse GTGGGTGGTCCAGGGTTTCTTACT

doi:10.1371/journal.pone.0120629.t001
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cellular ROS was observed in human MSCs on Day 2 of differentiation compared to Day 0.
And this increase was abolished by treatment with the antioxidant NAC. The change in ROS
levels was examined at Day 7 and Day 14. It was found that the generation of ROS in the early
stage of differentiation was gradually attenuated at Day 7 and Day 14 (Fig. 1B-C) compared to
Day 2, whereas NAC treatment had no effect. After cells were cultured with the Adipogenesis
Differentiation Kit for 14 days, a significant increase in fat droplets and lipid accumulation was
observed in differentiated cells compared to undifferentiated cells. Meanwhile, an inhibition ef-
fect on lipid accumulation was observed after NAC treatment (Fig. 1D-E). In conjunction with
lipid accumulation, mRNA levels of the major adipogenic transcription factor PPARγ and its
target gene adiponectin were also significantly decreased at Day 7 and Day 14 in the presence
of NAC (Fig. 1F). These results indicate that ROS play an important role in regulating adipo-
cyte differentiation of MSCs that can be regulated by the antioxidant NAC.

NAC diminishes adipogenesis induced by Ara-C in vivo
Our group has previously investigated adipogenesis induced by Ara-C and the effect of PPARγ
inhibitor on hematopoietic recovery after chemotherapy [9]. As ROS mediate adipocyte differ-
entiation in vitro and adipocytes in BM are derived from the differentiation of MSCs, whether
the antioxidant NAC diminishes adipogenesis induced by Ara-C treatment was further exam-
ined in the current study. Compared to the control group, adipocyte hyperplasia and a signifi-
cant increase in adipocyte counts was observed in the tibias of Ara-C-treated mice, in
accordance with the results of our previous study. Furthermore, adipogenesis in tibias follow-
ing Ara-C treatment was obviously inhibited by NAC (Fig. 2A-B). In addition, in the same
samples, over-expression of PPARγ and adiponectin, as measured by qPCR, was suppressed by
NAC treatment (Fig. 2C). Meanwhile, the protein level of PPARγ, which was increased by Ara-
C treatment, was similarly decreased after NAC exposure (Fig. 2D-E). These data demonstrate
that adipogenesis induced by Ara-C can be inhibited by the antioxidant NAC.

Next, the levels of ROS in mouse BM-derived MSCs were examined. Flow cytometry analy-
sis revealed that Ara-C significantly increased the mean fluorescence intensity (MFI) of treated
cells compared to the control group. In addition, this increase was attenuated by treatment
with the antioxidant NAC (Fig. 2E). However, treatment with NAC alone had no effect on

Fig 1. ROSmediate adipocyte differentiation of MSCs in vitro. (A) Fold increase in ROS on Day 2/Day 0
of differentiation. “NAC” and “NAC+diff” groups were treated with 5 mMNAC for 4 h prior to ROS
measurement on Day 2. The NAC treatment was administered daily and lasted to Day 14. (B) Fold increase
in ROS on Day 7/Day 0 of differentiation. (C) Fold increase in ROS on Day 14/Day 0 of differentiation. (D, E)
NAC diminished lipid accumulation. Cells were fixed and stained with oil red O on Day 14. The oil red O was
extracted with isopropanol and absorbance was measured at 518 nm. (F) Gene expression of PPARγ and
adiponectin was decreased in the presence of NAC at Day 7 and Day 14 of differentiation compared to
control. *P< 0.05.

doi:10.1371/journal.pone.0120629.g001
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reducing the basal production of ROS, possibly because of the low basal level of intracellular
ROS in the normal cell status. These data suggest that an increase in intracellular ROS level was
induced by Ara-C and could be abolished by the antioxidant NAC.

The potential mechanism for the elevated ROS levels
Since ROS were found to mediate adipocyte differentiation of MSCs in vitro and in vivo, the
potential mechanism for the elevated ROS levels induced by Ara-C in MSCs was further inves-
tigated. Enhanced generation and/or reduced scavenging may result in increased ROS levels.

First, ROS generation induced by Ara-C was investigated. Intracellular ROS are often gen-
erated via the catalytic action of NOX and/or the mitochondrial respiratory chain, which is
cell type-dependent. Using MitoSOX, a probe that selectively detects mitochondrial superox-
ide, it was found that mitochondrial ROS were significantly increased in MSCs treated with
Ara-C compared with the control group (Fig. 3A-B). Meanwhile, the total ROS were also sig-
nificantly increased in the Ara-C group. As shown in Fig. 3C, Ara-C treated cells exhibited an
approximate 60% increase in total ROS compared to the control, while mito-SOX exhibited a
48% increase in total ROS compared to the control. To examine the involvement of NOX in
the rise of ROS levels induced by Ara-C, real-time PCR was performed to evaluate the NOX
isoforms NOX2 and NOX4, which are the main catalytic subunits of the NOX family, in
MSCs treated with (100 μM for 24 h) or without Ara-C. As shown in Fig. 3D, expression of
both NOX2 and NOX4 was significantly lower in the Ara-C treated- group than in the con-
trol. Mitochondrial ROS is another source of intracellular ROS. To further dissect the

Fig 2. NAC diminishes adipogenesis induced by Ara-C in vivo. (A) BM section of the tibia from four
groups on Day 7. Scale bar = 200 μm. (B) Adipocyte counts per mm2 in tibia BM sections. (C) Gene
expression of PPARγ and adiponectin in the long bone BM on Day 7. (D) Western blot analysis of PPARγ
protein on Day 7 of treatment in the long bone BM. (E) Mean fluorescence intensity of ROS in mouse BM-
derived MSCs. ROS was quantified by FACS using the CM-H2DCFDA probe. *P< 0.05.

doi:10.1371/journal.pone.0120629.g002
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respective role of NOX and mitochondria as the ROS generator, Ara-C-treated cells were also
exposedto DPI and Mito-Tempo, respectively. DPI at the dose used in our experiment
(500 nM) was found to block NOX enzymes without affecting mitochondrial ROS production
[19], while Mito-Tempo is a well-known mitochondria-targeted antioxidant [13]. As shown
in Fig. 3E, only Mito-Tempo led to a significant reduction in mitochondrial ROS and total
ROS production. These data indicate that mitochondria, not NOX, are responsible for the
over-generation of ROS induced by Ara-C.

Suppression of antioxidant enzymes and molecules can also lead to increased cellular ROS
levels. The expression and activity of major antioxidant enzymes, including Mn-SOD, Cu/Zn-
SOD and CAT, were assessed by qPCR. A significant reduction in antioxidant enzymes was ob-
served in the Ara-C-treated group compare to control (Fig. 3F). There was no difference in the
level of the antioxidant molecule GSH between the control or Ara-C groups (Fig. 3G). These

Fig 3. The potential mechanism for the elevated ROS levels. (A) Detection of mitochondrial ROS in live cells. Live MSCs were treated with Ara-C
(100 mM for 24 hours) or without. Red fluorescence indicates the presence of mitochondrial ROS, while blue fluorescence indicates nuclei stained with
Hoechest 33342. (B) Median Fluorescence Intensity (MFI) of mitochondrial ROS in the control and Ara-C groups. (C) MFI of total ROSmeasured by the CM-
H2DCFDA probe in the control and Ara-C groups. (D) Gene expression of NOX2 and NOX4 in the control and Ara-C groups. (E) The mean increase/
decrease of mitochondrial ROS and total ROS in Ara-C cells treated with DPI or Mito-Tempo. (F) The expression and activity of major antioxidant enzymes,
including Cu/Zn-SOD, Mn-SOD and CAT. (G) The level of the antioxidant molecule GSH in the control and Ara-C groups. (H) The expression of major
antioxidant enzymes in vivo. (I) The expression of major antioxidant enzymes on Day 7 and Day 14 of MSC differentiation induced by adipose differentiation
medium. *P< 0.05.

doi:10.1371/journal.pone.0120629.g003
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data suggest that reduction of antioxidant enzymes also contributes to elevated ROS levels in
MSCs treated with Ara-C.

As the antioxidant enzymes were decreased in MSCs treated with Ara-C in vitro, the
change in antioxidant enzymes was also investigated in vivo using mice BM-derived MSCs ex-
posed to Ara-C treatment. In addition, MSCs submitted to adipogenesis differentiation in
vitro using the Adipocyte Differentiation Kit were also investigated for any change in antioxi-
dant enzymes. Thus, the expression of antioxidant enzymes was measured by qPCR and their
relative mRNA levels evaluated. As shown in Fig. 3H, compared to the control group, the ex-
pression of Cu/Zn-SOD and CAT were significantly reduced in BM-derived MSCs treated by
Ara-C, NAC and Ara-C+NAC, while the expression of Mn-SOD was only significantly
changed by NAC treatment. However, there was no difference in the expression of these three
antioxidant enzymes in Ara-C, NAC or Ara-C+NAC treatment groups. Interestingly, these re-
sults were consistent with those obtained in MSCs in vitro and suggest that the reduction in
antioxidant enzymes may contribute to elevate ROS levels in the Ara-C treatment group. The
expression of antioxidant enzymes during MSC differentiation induced by adipose differentia-
tion medium was also detected. There was no significant difference in the Mn-SOD, Cu/Zn-
SOD or CAT gene expression among the different treatment groups at Day 7 or Day 14,
which may be due to the balance of ROS generation and antioxidant levels in cells undergoing
adipogenesis (Fig. 3I).

Mito-Tempo diminishes adipocyte differentiation
To further specify the role of ROS produced by mitochondria in adipocyte differentiation, the
effect of Mito-Tempo on adipocyte differentiation of MSCs was investigated in vitro. The
Mito-Tempo antioxidant is a combination of piperidine nitroxide and the lipophilic cation tri-
phenylphosphonium (TPP), giving Mito-Tempo the ability to pass through lipid bilayers with
ease and accumulate several hundred-fold inside the mitochondria. Human MSCs were treated
with control TPP and Mito-Tempo starting on Day 2 of differentiation. As shown in Fig. 4A,
the increase in ROS in the early stage of differentiation was attenuated in the presence of Mito-
Tempo. Furthermore, Mito-Tempo significantly reduced lipid accumulation (Fig. 4B) as well
as the expression of PPARγ and adiponectin (Fig. 4C-D). These results demonstrate that mito-
chondrial ROS are required for adipocyte differentiation of MSCs.

Discussion
As an element of the hematopoietic niche, the adipocyte has historically been considered as
merely a passive storage tissue filling marrow cavities [20]. More recently, several studies re-
vealed that adipocytes in the niche may play a negative role in hematopoiesis, while antagoniz-
ing adipogenesis in the BMmay promote hematopoietic recovery. In lipoatrophic A-ZIP/F1
“fatless”mice, which are genetically incapable of generating adipocytes, treatment with the
PPARγ inhibitor BADGE inhibits adipogenesis induced by irradiation or chemotherapy, thus
accelerating marrow engraftment compared to wild type or untreated mice [7]. In addition, as
shown in recent real-time imaging studies in vitro [21] and in vivo [22], hematopoiesis is main-
tained in balance by support from osteoblasts and suppression by adipocytes. If BM undergoes
stress (such as irradiation or chemotherapy) or senesces, adipocytes predominantly suppress
hematopoiesis. Therefore, the increase in adipocytes induced by chemotherapeutic drugs may
play a negative role in hematopoietic recovery following chemotherapy and HSCT. As adipo-
cytes in BM are derived from the differentiation of MSCs, the current study was focused on the
effect of the chemotherapy drug Ara-C on adipocyte differentiation.
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It has been shown that ROS take part in a variety of processes, including cell motility, differ-
entiation, cell-cycle progression and growth factor signaling [11]. Chronic elevated levels of
ROS within a cell have been attributed to disease, including chronic lymphocyte leukemia [23],
acute myeloid leukemia [24], obesity [25] and diabetes [26]. Interestingly, several studies have
demonstrated that ROS levels are increased during adipogenesis [14,27,28]. Moreover, recent
studies have revealed that the increase in intracellular ROS not only acts as byproducts of the
differentiation process, but also may be involved in mediating differentiation of MSCs into adi-
pocytes [12,13]. Therefore, the role of ROS in adipogenesis in vitro and in vivo was investigated.
In our current study, an increase in intracellular ROS was observed during the early stage of ad-
ipocyte differentiation, accompanied by over-expression of the transcription factor PPARγ,
which is required to initiate adipocyte differentiation. The use of the antioxidant NAC effec-
tively inhibited the increase in ROS and the expression of PPARγ. By using a mouse adipocyte
hyperplasia model, the interactions between ROS generation and chemotherapy-induced

Fig 4. Mito-Tempo diminished adipocyte differentiation. (A) ROS levels in human MSCs on Day 0 and Day 2 of differentiation. Cells were treated with
500 nM of TPP or Mito-Tempo for 4 h prior to measurement on Day 2. (B) Mito-Tempo diminished lipid accumulation. Human MSCs were treated with 500 nM
of Mito-Tempo starting on Day 2 of differentiation. Cells were fixed and stained with oil red O on Day 14. The oil red-O was extracted with isopropanol and
absorbance was measured at 518 nm. (C, D) Gene expression of PPARγ and adiponectin was decreased in the presence of Mito-Tempo on Day 7 and Day
14 of differentiation.*P< 0.05.

doi:10.1371/journal.pone.0120629.g004
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adipogenesis were examined. Our results demonstrate that Ara-C-induced adipogenesis is as-
sociated with an increase in intracellular ROS level, as the antioxidant NAC could diminish
adipogenesis via scavenging of ROS induced by Ara-C exposure. These results indicate that
ROS are involved in adipogenesis induced by hematopoiesis stress. However, the blocking ef-
fects of NAC on ROS and adipogenesis are not significant in homeostatic conditions, which
may due to the low basal level of ROS in homeostasis. Hence, integrating in vivo and in vitro re-
sults, the elevation of ROS induced by hematopoiesis stress may participate in the activation of
PPARγ transcriptional machinery during adipocyte differentiation of MSCs, thereby leading to
adipogenesis in the BM.

Furthermore, there is an inverse relationship between adipogenic differentiation and osteo-
genic differentiation [29], while the mechanisms controlling the differentiation of MSCs are
not fully clear. Interestingly, different levels of ROS may regulate osteoblast differentiation ver-
sus adipocyte differentiation of MSCs[13,30]. The fate of MSCs, especially for adipogenic dif-
ferentiation, seems to be regulated by PPARγ, a type of nuclear hormone receptor [31]. The
activation of PPARγ promotes adipogenesis as well as inhibits osteogenesis [32]. Our results
clearly suggest that the increase in ROS may contribute to the PPARγ transcriptional machin-
ery and then promote adipogenesis after Ara-C treatment. In accordance with previous reports,
intracellular ROS levels drive MSCs toward adipocyte differentiation by regulating specific
transcription factors [12,13]. On the other hand, it has been reported that a dramatic decrease
in intracellular ROS was observed during osteogenic differentiation of human MSCs [30].
Moreover, osteoblast differentiation at the expense of adipocyte differentiation was shown to
be mediated by hypoxia-inducible factor 1-alpha in human stromal precursors [33]. Taken to-
gether, we suggest that ROS may play a role in regulating the differentiation direction of MSCs.

Because the mechanism responsible for the elevation of ROS levels in MSCs treated with
Ara-C and the differentiation process of MSCs remains unclear, the mechanism was investigat-
ed in our experimental models. Enhanced generation and/or reduced scavenging may result in
an increase in cellular ROS generation. Our results demonstrate that mitochondria, but not the
NOX family, is the main source of ROS production in MSCs treated with Ara-C. Furthermore,
the use of the mitochondrial targeted antioxidant Mito-Tempo significantly diminished adipo-
cyte differentiation. However, the source of ROS may be specific due to different cell types and
conditions. Knocking down NOX4 by RNA interference inhibited ROS production and adipo-
cyte differentiation in a murine MSC line, which was treated with differentiation-inducing
agents [12]. Another study has reported that although NOX4 generated ROS leading to the reg-
ulation of proliferation and migration of adipose-derived MSCs, the use of NOX4 inhibitor or
NOX4 silencing alone was not sufficient to inhibit hypoxia-induced adipocyte differentiation
[34]. However, the modulation of mitochondrial ROS increased in hypoxia as mitochondrial
ROS scavengers significantly reduced hypoxia-induced adipocyte differentiation of adipose-de-
rived MSCs [34]. Indeed, Carriere et al. found that pharmacologic inhibition of complex I and
III of the mitochondrial respiratory chain by inhibitors, such as rotenone and antimycin-A, re-
duced adipocyte differentiation of 3T3-F442A pre-adipocytes and adipose-derived stromal
cells by triggering hypoxia-dependent inhibition of adipose differentiation [35,36]. The group
described a specific regulation by mitochondrial ROS of the expression of the adipogenic re-
pressor CHOP-10/GADD153, considered as anti-adipogenic signaling molecules [35,36]. Im-
portantly, Tormos et al. found that antimycin-A, which is known to diminish respiratory chain
function and to maintain superoxide production from complex III [37], did not increase the
PPARγ-dependent gene targets at Day 7 of human MSCs differentiation into adipocytes [13].
Accordingly with our results, mitochondrial-targeted antioxidants abolished the increase in
PPARγ-mediated transcription in the presence of antimycin A [13]. All of these results clearly
demonstrate that mitochondrial ROS are a positive regulator of adipocyte differentiation.
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However, the specific and in-depth mechanism of how ROS regulate MSC differentiation still
needs to be investigated further. Interestingly, the regulation of cellular redox state involved in
this MSC differentiation, did not only concerns ROS generation but also the cellular level of
antioxidant systems.

The reduction in the main cellular antioxidant enzymes, Mn-SOD, Cu/Zn-SOD and CAT,
may also contribute to the increase in ROS in MSCs treated with Ara-C, even if this reduction
was not observed in MSCs treated with the Adipogenesis Differentiation Kit. Interestingly, the
changes in antioxidant enzymes and molecules during adipocyte differentiation of 3T3-L1 pre-
adipocytes, human BM-derived MSCs, and human adipose-derived stem cells seem complex
due to the various results obtained in different studies [30,38–40]. However, we speculate that
there is a balance between ROS generation and antioxidant enzymes in cells undergoing adipo-
genesis. The different treatments used to induce this differentiation, the various detection
methods used to measure adipogenesis, ROS generation methods, cell antioxidant systems and
the diversity of cell types used in these investigations may contribute to complicate the under-
standing of the cellular signaling pathways involved.

In summary, the present study demonstrates that ROS are required to participate in the acti-
vation of PPARγ transcriptional machinery during adipogenic differentiation of MSCs, which
is induced by Ara-C, while NAC inhibits adipogenesis through decreasing intracellular ROS
levels. Mitochondrial ROS are required for adipocyte differentiation and responsible for the
over-generation of ROS induced by Ara-C. Reduction in cellular antioxidant enzymes may also
contribute to elevate levels of ROS in MSCs treated with Ara-C. Our data suggest that inhibi-
tion of ROS may improve hematopoietic recovery after long-term chemotherapy and HSCT,
which may be a potential therapeutic target in the clinic.
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