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Abstract Mesenchymal stem cells (MSCs) are multipo-

tent stem cells capable of differentiating into adipocytes in

the presence of a hormone cocktail. These cells thus pro-

vide a promising model for studying the early events

of adipogenesis. Here, we examine the involvement of

the PI3K/Akt and mTOR/p70S6K signaling pathways

in human MSC adipogenesis. We found that the two

pathways were strongly activated with a similar temporal

profile under the adipogenesis-inducing hormone cocktail

and this activation could be blocked by LY294002, a

specific inhibitor of PI3K. Furthermore, rapamycin, a

specific inhibitor of mTOR, blocked the activation of

mTOR/p70S6K but not PI3K/Akt. Both LY294002 and

rapamycin severely suppressed lipid accumulation, as well

as the expression of adipogenic markers, including PPARc2

and C/EBPa, two master adipogenic transcription factors.

Together, these data indicate that the mTOR/p70S6K

pathway acts downstream of the PI3K/Akt pathway

in mediating the adipogenic conversion of MSCs. In

conclusion, our data suggest that the PI3K/Akt and mTOR/

p70S6K signaling pathways are essential for adipogenesis

of human MSCs.
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Abbreviation

PI3K Phosphoinositide 3-kinase

mTOR Mammalin target of rapamycin

MSC Mesenchymal stem cell

LPL Lipoprotein lipase

aP2 Adipocyte-specific fatty acid-binding protein

PPARc Peroxisome proliferator-activated receptor c
C/EBPa CCAAT/enhancer binding protein a
AIM Adipocyte induction medium

AMM Adipocyte maintenance medium

PCNA Proliferating cell nuclear antigen

Introduction

Adipose tissue has been recognized as an active organ that

can store and release energy, maintain glucose homeosta-

sis, and secrete hormones and cytokines. There are growing

interests in understanding the molecular and cellular

mechanisms underlying human adipogenesis. The lack of

suitable in vitro models, however, has severely hampered

the research on such mechanisms. Most advances in the

understanding of adipogenesis mechanisms have relied on

experiments using immortal murine preadipocyte cell lines,

such as 3T3-L1 and 3T3-F442A [1–3] or primary cultures

of human preadipocytes [4]. There are a number of draw-

backs in using these cells for studying human adipogenesis.
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Murine cell lines display many species differences from

human cells [5]; human preadipocytes are very difficult to

expand and have limited life span [6]. Therefore, there is a

critical need for additional in vitro models of human

adipogenesis. Human mesenchymal stem cells (MSCs)

derived from bone marrow are multipotent and can be

induced to differentiate into adipocytes, chondrocytes, and

osteocytes under appropriate conditions [7]. Furthermore,

the multipotency of MSCs can be maintained during

extensive in vitro culturing [8]. Recently, it was reported

that human MSC-derived adipocytes are morphologically

and functionally identical to human mature fat cells [6].

As such, human MSCs may offer a promising model for

characterizing the early molecular events, including sig-

naling pathways, involved in human adipogenesis.

The intracellular signaling cascade involving phospho-

inositide 3-kinase (PI3K) and Akt is involved in the

regulation of many cellular processes. In particular, several

lines of evidences have implicated the PI3K/Akt pathway

as a positive regulator of terminal adipocyte differentiation

in murine preadipocytes. Disruption of PI3K function by

pharmacological inhibitors [2, 9] or dominant negative

mutations [1] abolishes adipocyte differentiation from

preadipocytes. Expression of constitutively active form of

Akt, the main downstream effector of PI3K, in 3T3-L1 has

been shown to cause spontaneous adipocyte differentiation

[10, 11].

Mammalian target of rapamycin (mTOR) is a member

of the phosphatidylinositol kinase-related family of serine/

threonine kinases. Rapamycin is an immunosuppressant

drug that interacts with mTOR and suppresses its kinase

activity [12]. A number of studies have been published

reporting inhibitory effects of rapamycin on adipogenesis

of murine preadipocyte cell lines 3T3-L1 and 3T3-F442A

[3, 13, 14], as well as human preadipocytes [4], sug-

gesting a role of mTOR in adipogenesis. mTOR activates

p70 S6 kinase (p70S6K) by either direct phosphorylation

or inhibition of a phosphatase [12]; p70S6K in turn reg-

ulates the transcriptional activity of cAMP response

element binding protein (CREB) [15], which has been

shown to be important for the adipocyte differentiation of

3T3-L1 [16].

The above studies implicate PI3K/Akt and mTOR/

p70S6K in the adipogenesis of preadipocytes. Neverthe-

less, it remains to be established whether these signaling

pathways play a role in the adipogenesis of human MSCs.

In this study, we investigate the contribution of PI3K/Akt

and mTOR/p70S6K in human MSC adipogenesis. We

show that PI3K/Akt and mTOR/p70S6K are strongly

activated in human MSCs under adipogenesis-inducing

conditions. LY294002 and rapamycin, which block the

activation of PI3K/Akt and mTOR/p70S6K, respectively,

result in pronounced inhibitory effects on adipogenesis.

Materials and methods

Materials

Cell culture reagents including Dulbecco’s modified

Eagle’s medium (DMEM), fetal bovine serum (FBS), and

trypsin were obtained from Hyclone (Logan, UT, USA).

Dexamethasone, 3-isobutyl-1-methylxanthine (IBMX),

insulin, indomethacin were purchased from Sigma

(St. Louis, MO, USA). LY294002 and rapamycin were

from Biomol Research Labs (Plymouth Meeting, PA).

Monoclonal antibody against proliferating cell nuclear

antigen (PCNA), rabbit polyclonal antibodies against

phospho-p70S6K, p70S6K, phospho-Akt, Akt, p42 C/

EBPa were purchased from Cell Signaling Technologies

(Beverly, MA). Monoclonal antibody against GAPDH was

supplied by Kangchen (Shanghai, China).

Cell culture

Heparinized bone marrow was obtained by iliac crest

aspiration from normal human donors after informed

consent. Human MSCs were isolated and cultured as pre-

viously described with some modifications [17]. Briefly,

bone marrow aspirates were diluted 1:1 with human MSC

growth medium consisting of low glucose DMEM sup-

plemented with 10% fetal bovine serum (FBS) from a

selected lot for the rapid growth of MSCs, layered over

Ficoll solution of 1.077 g/ml (Huajin, Shanghai, China).

After centrifugation at 800 g for 20 min, nucleated cells

were collected from the interface, washed, and resus-

pended in human MSC growth medium. These cells were

plated in two 75 cm2 flasks and incubated at 37�C in 5%

CO2. After 3 days, non-adherent cells were removed by

replacing the medium. Adherent cells were further cultured

with media change every 3 days. After reaching conflu-

ence, cells were detached by mild treatment with trypsin

(0.25%, 5 min, 37�C) and replated at 1/3 density for

continued passage.

Adipogenic differentiation of human MSCs

Adipocyte differentiation of human MSCs was performed

as described before [7]. Four-day post-confluent cells were

incubated in adipogenesis-inducing medium (AIM) con-

taining 1 lM dexamethasone, 0.2 mM indomethacin,

0.5 mM IBMX, 0.01 mg/ml insulin and 10% FBS in

DMEM. After 72 h, the AIM was changed to adipogenesis-

maintenance medium (AMM) containing 0.01 mg/ml

insulin and 10% FBS in DMEM for 24 h and then switched

to AIM again. Both AIM and AMM medium were
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purchased from Cyagen (Chicago, USA). Alternative

incubations with the two different media were repeated

thrice and then cells were maintained in AMM for a week.

Oil red O staining

Cells were washed twice with PBS and fixed with 3.7%

formaldehyde in PBS for 1 h at room temperature. Cells

were then stained for 1 h at room temperature with filtered

oil red O solution (0.3% oil red O in 60% isopropanol),

washed twice with distilled water, visualized using light

microscopy, and photographed. In order to extract incor-

porated oil Red O, 1 ml isopropanol was added to each

well followed by 15-min shaking at room temperature.

After appropriate dilution, triplicate samples were read at

510 nm.

Immunoblotting

Cells were washed with cold PBS and directly lysed in

Laemmli buffer. Lysate was sonicated and then centrifuged

at 16,000 g for 10 min at 4�C. Supernatant was recovered

as total cell lysate. Equal amount of proteins (10 lg) were

separated by 8–10% SDS-PAGE and then electrotrans-

ferred to 0.45 lm polyvinylidene difluoride membranes

(Millipore, Bedford, USA). Following transfer, membranes

were blocked with a solution of 0.1% Tween 20/TBS

(TBS/T) containing 5% non-fat milk for 1 h at room

temperature and then incubated with appropriate primary

antibodies overnight at 4�C. Specifically bound primary

antibodies were detected with peroxidase-coupled second-

ary antibody and enhanced chemiluminescence (Cell

Signaling Technologies, Beverly, MA).

Semi-quantitative RT-PCR

Total RNA was isolated using Trizol reagent (Life Tech-

nologies, Gaithersburg, MD, USA) according to the

manufacturer’s instructions. After digestion with DNase I

(Fermentas, Hunover, MD, USA), 2 lg total RNA was

reverse transcribed using RevertAidTM first strand com-

plementary DNA synthesis kit (Fermentas, Hunover, MD,

USA). The primer sequences were as follows: for lipo-

protein lipase (LPL), TCA ATC ACA GCA GCA AAA CC

and TGG ATC GAG GCC AGT AAT TC; for PPARc2,

CGA GAA GGA GAA GCT GTT GG and TCT GTG ATC

TCC TGC ACA GC; for adipocyte-specific fatty acid-

binding protein (aP2), GAA GTA GGA GTG GGC TTT

GC and CAT GAC GCA TTC CAC CAC CA; for b-actin,

GTG GGG CGC CCC AGG CAC CA and CTC CTT AAT

GTC ACG CAC GAT TTC. All PCRs were performed in

the linear range of cycle number for each set of primers.

Cell counting

Cells were washed with PBS and then incubated in trypsin–

EDTA solution. After 10 min with intermittent shaking,

95% of the cells were detached. Aliquots of cell suspension

were taken, and cell number was determined in duplicates

by a hemocytometer.

Statistical analysis

Data are presented as mean ± SEM, and the Student’s

t-test was used for testing statistical significance.

Results

Human MSCs were cultured and induced to differentiate

into adipocytes by a hormone cocktail, as described in

Materials and methods. As visualized by phase-contrast

microscopy and by oil red O staining, changes in cell

morphology was evident 1–2 days after induction and cells

started to accumulate lipids at 48–72 h of the first induction

(as shown in Fig. 1a, b). Three rounds of induction and

maintenance treatment resulted in increasing numbers of

rounded, lipid-laden adipocytes (Fig. 1c). During the last

week of differentiation when cells were maintained in

AMM medium, lipid accumulated progressively. More

than 60% of human MSCs were fully differentiated into

adipocytes within the three-week induction period.

In order to define the signaling pathways involved in the

adipocyte differentiation of human MSCs, the activities of

Akt and p70S6K during the early stage of adipogenesis

were first measured using phospho-specific antibodies. As

shown in Fig. 2a, the hormone cocktail induced a rapid and

marked activation of Akt and p70S6K within 10 min,

which remained elevated for up to 8 h. The kinetics of Akt

activation were similar to that of p70S6K (as shown in

Fig. 2b), suggesting a possible link between Akt and

p70S6K during the adipogenic conversion of human MSCs.

In order to verify that the activation of Akt in human

MSC adipogenesis is PI3K dependent, we investigated the

effect of LY294002, a selective inhibitor of PI3K, on

induced Akt activation. As shown in Fig. 3, treatment with

20 lM LY294002 caused a substantial repression of Akt

activation, with only a minimal reduction in the total Akt

protein level. Furthermore, we found that LY294002

caused a complete blockage of p70S6K, suggesting that the

mTOR/p70S6K pathway is a downstream target of the
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PI3K/Akt pathway. To further corroborate this, we inves-

tigated the effect of rapamycin, a selective inhibitor of

mTOR, on the activation of Akt and p70S6K. As shown in

Fig. 3, 1 nM rapamycin caused a complete repression of

p70S6K activation, but had no effect on Akt activation.

Together, these data indicate that PI3K/Akt functions

upstream of mTOR/p70S6K during the adipocyte conver-

sion of human MSCs.

To investigate whether the activation of PI3K/Akt

and mTOR/p70S6K plays a causal role in adipocyte

Fig. 1 Adipogenic

differentiation of human MSCs.

(a) Morphology of hMSCs

cultured for an additional 4 days

after confluence before

adipogenesis-inducing medium

(AIM) was added. (b)

Morphological changes and

small lipid droplets

accumulation after 2–3 days

induction. (c) Increase of

rounded, lipid-laden adipocytes

after three rounds of induction

and maintenance treatment

demonstrated by Oil Red O

staining. Original magnification

of all images 9200

Fig. 2 Hormone cocktail induction of Akt and p70S6K activation

during human MSC adipogenesis. (a) 4 days post-confluence, human

MSCs were serum starved overnight and then incubated with the

hormone cocktail for indicated periods of time. Equal amounts of cell

extracts were immunoblotted using antibodies specific for phospho

(p)-p70S6K, p70S6K, phospho (p)-Akt, Akt, and GAPDH.

Representative data from three separate experiments are shown. (b)

Quantification of data shown in (a). Results were normalized by the

level of GAPDH. Results are expressed as the mean ± SEM of three

independent experiments and are expressed as fold difference relative

to baseline (time 0 min)
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differentiation, the effects of LY294002 and rapamycin

treatment on the differentiation process were examined. As

demonstrated by oil red O staining shown in Fig. 4a (upper

panel), in the presence of 20 lM LY294002 or 1 nM

rapamycin, very few cells acquired the characteristic

morphology of rounded, lipid-filled adipocytes under

microscopic visualization. LY294002 or rapamycin

decreased adipogenesis by about 80% relative to cells

differentiated under the standard differentiation protocol,

as demonstrated by quantification of oil red O staining

shown in Fig. 4a (lower panel).

Since adipogenesis is accompanied by adipogenic gene

expression in addition to lipogenesis, we further examined

the effect of inhibiting PI3K/Akt and mTOR/p70S6K on

adipocyte-specific gene expression. LPL and aP2 are typi-

cally considered as early and late markers of adipocyte

differentiation, respectively. We examined changes in

mRNA expression levels of LPL and aP2 in the absence or

presence of 20 lM LY294002 or 1 nM rapamycin. Con-

sistent with the effect of LY294002 and rapamycin on lipid

accumulation, results from RT-PCR analysis of adipogenic

genes as shown in Fig. 4b demonstrated that the expression

of LPL and aP2 mRNA was substantially down-regulated

in LY294002-treated or rapamycin-treated cells as com-

pared to cells differentiated under the standard protocol.

These results indicate that the disruption of PI3K/Akt and

mTOR/p70S6K severely impaired the extent of adipogenic

gene expression.

PPARc2 and C/EBPa are two critical master regulators

controlling the transcription program of adipogenic genes

[18]. Recent studies have shown that PPARc2 and C/EBPa
are up-regulated during human MSC adipocyte differenti-

ation [19, 20], suggesting a possible role of these two

transcription factors in the adipogenic conversion of

human MSCs. As shown in Fig. 5a, 20 lM LY294002 and

1 nM rapamycin significantly blocked PPARc2 mRNA

expression. Results from Western blot analysis of C/EBPa
protein expression as shown in Fig. 5b also revealed that

LY294002 and rapamycin severely inhibited the induction

of C/EBPa at the protein level. These data argue that

PI3K/Akt and mTOR/p70S6K act on the early steps of

human MSC adipogenesis by inducing the expression of

these two major adipocyte-specific transcription factors.

An early critical event in adipogenesis of 3T3-L1 is

precursor expansion (mitotic clonal expansion), which

consists of 1–2 rounds of post-confluent cell division of

preadipocytes prior to the activation of adipocyte-specific

genes. The PI3K/Akt and mTOR/p70S6K pathways have

been shown to promote mitotic clonal expansion during

3T3-L1 adipogenesis [2, 3, 21]. To determine if PI3K/Akt

and mTOR/p70S6K promoted mitotic clonal expansion in

our human MSC culture system, we measured cell number

increase and PCNA expression. The hormone cocktail

Fig. 3 Akt activation is PI3K dependent and acts upstream of

mTOR/p70S6K. Four days post-confluence, human MSCs were

serum starved overnight and then pretreated with or without 20 lM

LY294002 or 1 nM rapamycin for 1 h followed by stimulation with

the hormone cocktail for 1 h. Cell extracts were immunoblotted using

antibodies specific for phospho (p)-p70S6K, p70S6K, phospho (p)-

Akt, Akt, and GAPDH. Representative data from three separate

experiments are shown. Abbreviations are as follows: Horm for

hormonal cocktail; LY for LY294002; and Ra for rapamycin

Fig. 4 Blocking of PI3K/Akt and mTOR/p70S6K inhibits human

MSC adipogenesis. (a) 4 days post-confluence, human MSCs were

induced to differentiate into adipocytes in the presence or absence of

1 nM rapamycin or 20 lM LY294002. At the end of culture, the

degree of adipocyte differentiation was determined by oil red O

staining. Upper panel shows the staining of whole dishes. Represen-

tative data from three separate experiments are shown. Incorporated

oil Red O was extracted with isopropanol and quantification

performed as described in Material and methods. Results are

expressed as the mean ± SEM of three independent experiments

(lower panel). Significant difference as compared to cells treated

under the standard differentiation protocol (P \ 0.05) is indicated by

*. (b) Human MSCs were treated as described in (a). On the eighth

day, RT-PCR was used to analyze the expression of LPL and aP2.

b-Actin was used as a loading control. Representative data from three

separate experiments are shown. Abbreviations are as follows: Horm

for hormonal cocktail; LY for LY294002; and Ra for rapamycin
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failed to induce significant cell number increase during the

adipocyte differentiation of human MSCs (Fig. 6a). Phar-

macological inhibition of PI3K/Akt and mTOR/p70S6K

also had no significant effect on cell number (Fig. 6b).

Western blot analysis showed that the expression of PCNA,

a nuclear protein required for cell proliferation, was not

increased under adipogenesis-inducing conditions and also

remained constant in the presence of LY294002 or rapa-

mycin (Fig. 6c). Furthermore, consistent with previous

report [20], we could barely detect BrdU-positive cells in

differentiating human MSCs. These data demonstrated the

lack of mitotic clonal expansion during the process of

human MSC adipogenesis.

Discussion

Adipogenesis is a complicated process including prolifer-

ation of precursor cells, commitment of these cells to

adipogenic lineage, and terminal differentiation. Despite

numerous investigations into the molecular mechanisms of

adipogenesis, relatively little is known about the signaling

pathways involved in the commitment of multipotent stem

cells into adipogenic lineage as well as the early stages of

adipogenesis. In view of the multipotency of human MSCs,

the adipogenic conversion of human MSCs provides a

unique system with which to interrogate the early events of

human adipogenesis.

In this study, we showed that the PI3K/Akt and mTOR/

p70S6K signaling pathways were activated during the

induction of adipogenesis of human MSCs, with mTOR/

p70S6K likely serving as the main downstream effector

of PI3K/Akt. Blocking these signaling pathways by

LY294002 and rapamycin curtailed human MSC

Fig. 5 PI3K/Akt and mTOR/p70S6K act on the early steps of

transcriptional regulatory cascade in adipogenic differentiation. (a)

4 days post-confluence, human MSCs were induced to differentiate

into adipocytes in the presence or absence of 20 lM LY294002 or

1 nM rapamycin. On the eighth day, RT-PCR was used to analyze the

expression of PPARc2. b-Actin was used as a loading control.

Representative data from three separate experiments are shown. (b)

Human MSCs were treated as described in (a). On the sixth day, cell

extracts were immunoblotted using anti-p42 C/EBPa antibody.

GAPDH was used as a loading control. Representative data from

three separate experiments are shown. Abbreviations are as follows:

Horm for hormonal cocktail; LY for LY294002; and Ra for

rapamycin

Fig. 6 Absence of proliferation during the adipogenic conversion of

human MSCs. (a) 4 days post-confluence, human MSC adipogenesis

was induced with the hormonal cocktail. Cell number was determined

at indicated time points after the induction of differentiation. Results

are expressed as the mean ± SEM of three independent experiments.

(b) Human MSCs were induced to differentiate into adipocytes in

the presence or absence of 20 lM LY294002 or 1 nM rapamycin. On

the eighth day, cell number was counted. Results are expressed as the

mean ± SEM of three independent experiments. (c) 4 days post-

confluence, human MSCs were serum starved overnight and then

pretreated with or without 20 lM LY294002 or 1 nM rapamycin for

1 h followed by stimulation with the hormone cocktail for 24 h. Cell

extracts were immunoblotted using anti-PCNA antibody. GAPDH

was used as a loading control. Representative data from three separate

experiments are shown. Abbreviations are as follows: Horm for

hormonal cocktail; LY for LY294002; and Ra for rapamycin
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adipogenesis, suggesting the importance of these signaling

pathways in promoting adipogenesis.

Of the hormone cocktail used to induce human MSCs

into adipocytes, insulin is well known to play a key role

in adipocyte differentiation [22]. Binding of insulin to its

receptor triggers the phosphorylation of insulin receptor

substrate (IRS), which in turn recruits and sequentially

activates PI3K and Akt [23]. It is well documented that

Akt promotes the activation of p70S6K through the

activation of mTOR [24, 25]. Our data are consistent with

this concept. LY294002 repressed the activation of both

Akt and p70S6K, whereas rapamycin only blocked the

activation of p70S6K but not Akt. Both drugs reduced the

adipocyte conversion of human MSCs to a similar mode.

These data are most consistent with mTOR/p70S6K

acting downstream of PI3K/Akt to promote adipocyte

differentiation.

In 3T3-L1 preadipocytes, the addition of insulin, glu-

cocorticoid and cAMP enhancer elicits a transcriptional

regulatory cascade that results in a gene expression profile

specific for adipocyte. It is generally believed that PPARc2

and C/EBPa, the two master regulators in adipogenesis,

form a positive feedback loop to reinforce and maintain

each other’s expression. This cooperative interplay acti-

vates essential adipogenic genes required for adipocyte

function and the terminally differentiated state [18].

PPARc2 and C/EBPa have been shown to be up-regulated

during the early induction process of adipocyte differenti-

ation of human MSCs [19, 20]. Our data showing the

suppression of PPARc2 and C/EBPa expression by

LY294002 and rapamycin thus provide evidence that PI3K/

Akt and mTOR/p70S6K act on the early steps of tran-

scriptional regulatory cascade in adipogenic differentiation.

The PI3K/Akt and mTOR/p70S6K signaling pathways

have been implicated in the regulation of mitotic clonal

expansion during 3T3-L1 differentiation [2, 3, 21]. Treat-

ment of 3T3-L1 preadipocytes with LY294002 impedes

precursor expansion and adipocyte differentiation. The

anti-adipogenic effect of rapamycin on 3T3-L1 has been

attributed to its blockage of precursor expansion [3].

Importantly, we showed that during the process of human

MSC adipocyte differentiation, LY294002 and rapamycin

exerted no effect on cell number increase or PCNA

expression level. Taken together, these data suggested the

lack of mitotic clonal expansion during the process of

human MSC adipogenesis.

Based on our study, we propose that the hormone

cocktail induces human MSCs to differentiate into adipo-

cytes by activating the PI3K/Akt/ and mTOR/p70S6K

signaling cascades. Our results set the stage for future work

aimed at delineating the exact mechanisms by which these

signaling pathways promote human MSC adipogenesis.
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