
Introduction

Diabetes mellitus (DM) is a major risk factor for the development
of cardiovascular diseases that are commonly grouped into
microvascular diseases (like retinopathy, nephropathy and neu-
ropathy) and macrovascular disorders (including ischaemic heart
disease, peripheral vascular and cerebrovascular diseases) [1–5].

However, the macrovascular complications are the major contrib-
utors to the morbidity and mortality in diabetes and are associated
with high incidence of cardiovascular diseases including stroke
[6], myocardial infarction [7] and diabetic foot ulceration [8].
Although the mechanisms for the development of diabetic
macrovasculopathy are complex and remain poorly understood,
one of the key components is considered to be endothelial dys-
function and impaired vascular repair and regeneration with inad-
equate collateral vascular formation [9, 10]. Improving endothelial
function and angiogenesis could serve as a new important thera-
peutic strategy for diabetic macrovascular diseases.

Vascular endothelial growth factor (VEGF) plays a critical role
in the function and structural integrity of endothelial cells and
angiogenesis [11, 12]. Bone marrow mesenchymal stem cells and
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Abstract

This study was to investigate the effect of high glucose (HG) on vascular endothelial growth factor (VEGF) expression in bone marrow
stem cells and JAK2/STAT-3 signalling. Adult rat bone marrow multipotent progenitor cells (rMAPCs) were cultured to evaluate VEGF
expression (both mRNA and protein) with or without exposure to HG for up to 48 hrs using RT-PCR and ELISA. JAK2 and STAT3 phos-
phorylation in rMAPCs was analysed by Western blotting. With cells in normal media, VEGF mRNA level after 24 hrs of culture was sig-
nificantly increased by 15 times over baseline (day 0) with detectable level of VEGF protein intracellularly using immunofluorescence
staining. Although there was no measurable VEGF in the media after 24 hrs of culture, a significant amount of VEGF was detected in the
media after 48 hrs of incubation. VEGF expression was associated with constitutive activation of JAK2 and STAT3 in rMAPCs. However,
VEGF mRNA level was significantly reduced without detectable VEGF in the media when rMAPCs exposed to HG for 48 hrs. Tyrosine-
phosphorylation of JAK2 and STAT3 and nuclear translocation of phosphorylated STAT3 were significantly decreased in the cells
exposed to HG for 48 hrs. When JAK2 and STAT3 phosphorylation was blocked by the selective inhibitor AG490, VEGF mRNA level was
significantly decreased in rMAPCs in normal media by 80% with no detectable VEGF in the media. VEGF expression was significantly
suppressed in rMAPCs cultured in HG media that was further reduced by AG490. VEGF expression in rMAPCs is impaired by HG pos-
sibly through inhibition of JAK2/STAT3 signalling.
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other progenitor cells are important sources of VEGF [13, 14].
Recently, bone marrow mesenchymal stem cells including multi-
potent adult progenitor cells (MAPCs) have been shown to pro-
mote vascular regeneration, enhance neovascularization and
improve myocardial function in the setting of ischaemic injury at
least partially through their paracrine/autocrine actions including
secretion of VEGF after cellular transplantation [15, 16]. Signal
transducer and activator of transcription 3 (STAT3) is a member of
the STATs family and is expressed in a variety of normal cells
(such as B cells, endothelial cells, cardiomyctes and bone marrow
stem cells) and cancer cells (like M1 leukaemia cells) [17–19].
STAT3 is activated when it is phosphorylated at tyrosine 705 by
janus-activated kinase (JAK) like JAK2, leading to the dimerization
of STAT3 followed by translocation into nucleus and initiation of
various biological responses [20, 21]. STAT3 signalling is impor-
tant in the regulation of VEGF expression and function in vascular
endothelial cells and cardiac myocytes as well as cancer cells [22].
On the other hand, existing evidence suggests that VEGF also pro-
motes the activation of STAT3 in vascular endothelial cells [23,
24], indicating an interactive relationship between STAT3 and
VEGF. Recently, it is reported that STAT3 signalling mediates VEGF
production in mouse bone marrow stem cells [19]. VEGF expres-
sion in bone marrow mesenchymal stem cells is also reported to
be enhanced when Akt is overexpressed in the cells [25].

Adult bone marrow multipotent progenitor cells (MAPCs) are a
type of special cells that are isolated and cultured from postnatal
human and rodent tissues including bone marrow, muscle and
brain [26–28]. These cells have been well characterized and are
able to differentiate into multiple cell lineages including endothe-
lial cells and neurons [27, 28]. MAPCs have been shown to secret
VEGF and significantly contribute to the angiogenesis and revas-
cularization in the setting of ischaemia [29]. In the present study,
experiments were designed to investigate the effects of high glu-
cose (HG) on VEGF expression in bone marrow stem cells and
JAK2/STAT3 signalling. Rat MAPCs (rMAPCs) were used as the
source of bone marrow stem cells. We found for the first time that
VEGF expression in rMAPCs was dramatically decreased by high
level of D-glucose, but not by mannitol. The decreased VEGF
expression was associated with significant suppression of
JAK2/STAT3 phosphorylation in these cells. The selective inhibitor
of JAK2/STAT3 signalling AG490 significantly suppressed JAK2
and STAT3 phosphorylation as well as VEGF expression. These
data indicate that VEGF expression in rMAPCs is significantly
impaired by HG very likely via inhibition of JAK2/STAT3 signalling
pathway.

Materials and methods

Dulbecco’s Modified Eagle medium (DMEM) and streptomycin were pur-
chased from Gibco BRL (Carlsbad, CA, USA). MCDB-201, 1� insulin-
transferrin-selenium (ITS), 1� linoleic-acid-bovine-serum-albumin (LA-
BSA), dexamethasone, ascorbic acid 3-phosphate, fibronectin (FN), mouse

epidermal growth factor (EGF), D-glucose, mannitol and JAK2 inhibitor
AG490 were obtained from Sigma Chemicals (St Louis, MO, USA). Human
platelet-derived growth factor (h-PDGF) was from R&D Systems
(Minneapolis, MN, USA). Foetal calf serum (FCS) was from Hyclone
Laboratories (Logan, UT, USA). Mouse leukaemia inhibitory factor (LIF)
was purchased from Chemicon (Temecula, CA, USA). Anti-phospho-spe-
cific (Tyr705) STAT3 monoclonal antibody, anti-phospho-specific
(Tyr1007/1008) JAK2 monoclonal antibody, anti-phospho-specific
(Ser473) Akt monoclonal antibody, anti-STAT3 monoclonal antibody, anti-
JAK2 monoclonal antibody, anti-Akt monoclonal antibody, anti-rabbit
horseradish peroxidase (HRP) antibody were from Cell Signaling
Technology (Beverley, MA, USA), and anti-mouse horseradish peroxidase
(HRP) antibody was from Santa Cruz Biotechnology (Santa Cruz, CA,
USA). TACS Annexin V-FITC Apoptosis Detection kit and ELISA Kit materi-
als for VEGF measurement were from R&D systems (Minneapolis, MN,
USA). Cell proliferation ELISA Brdu (colorimetric) kit was obtained from
Roche Applied Science (Penzberg, Germany). Supersignal west pico
chemiluminescent substrate kit and BCA protein assay kit were from Pierce
(Rockford, IL, USA). Rat spleen total RNA was obtained from Ambion
(Austin, TX, USA).

Cell culture

Rat MAPCs (rMAPCs) were isolated and cultured as previously described
[28]. After isolation and purification, the cells were cultured in expansion
media consisted of 60% DMEM and 40% MCDB-201 with 1� ITS, 1� LA-
BSA, 10�9 M dexamethasone, 10�4 M ascorbic acid 3-phosphate, 100
units of penicillin, 100 units of streptomycin, 2% FCS, 10 ng/mL human
PDGF, 10 ng/ml mouse EGF, and 1000 units/ml mouse LIF in FN-coated
plates. The cells were kept at 37�C, 5% O2 and 95% N2 at a density of 2–4 �
102 cells/cm2 in 10-cm petrie dish, and split every 48 hrs. To determine the
level of VEGF expression and JAK2/STAT3 phosphorylation, the cells were
reseeded at 4.5 � 104 cells/cm2 in 24-well plate or 6-well plate without
growth factors or LIF in the media. To investigate the effects of high level
of D-glucose or AG490 on VEGF expression and JAK2/STAT3 signalling in
rMAPC, D-glucose (15 and 30 mM, final concentration) or AG490 (50 �M,
final) was added into the culture media. Of note, the concentration of 
D-glucose in normal culture media was 5.5 mM. Mannitol (24.5 mM) was
used as a control to rule out any effect of hyperosmolarity (HO) on the
cells. The cells and media were collected at 24 and 48 hrs after high-den-
sity culture for measurement of VEGF mRNA and protein, and analysis of
total and phosphorylated JAK2, STAT3 and Akt as described below.

Apoptosis assay

The rate of cell apoptosis was determined by using the TACS Annexin V-
FITC apoptosis detection kit according to the manufacturer’s protocol. The
cells were harvested after 48 hrs of incubation and washed with cold phos-
phate-buffered saline (PBS) with 2% BSA. The rMAPCs were then collected
by centrifugation and gently resuspended in the Annexin V incubation
reagent containing 1 �l annexin V-FITC and 10 �l propidium iodide in a
total volume of 100 �l with cell density of 1 � 105 cells/100 �l. The cells
were then incubated in dark for 15 min. at room temperature, and mixed
with 400 �l binding buffer. The preparations were analysed by flow cytom-
etry within 1 hr for maximal signal. The cells were separated into three dis-
tinct populations: (i) viable cells that were negative for both annexin V and
propidium iodide; (ii) apoptotic cells that were labelled only with annexin
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V-FITC and (iii) necrotic cells that were positive for both annexin V and pro-
pidium iodide.

Proliferation assay

BrdU incorporation ELISA immunoassay was performed to assess the pro-
liferation of rMAPCs as per the manufacturer’s protocol. All the samples
were prepared in quadruplet. OD was measured at 370 nm (reference
wavelength 492 nm) using VERSAmax Microplate Reader (Molecular
Devices, Sunnyvale, CA, USA).

Quantitative RT-PCR analysis for VEGF expression

VEGF gene expression in rMAPCs was assessed after 24 and 48 hrs of cul-
ture. Total RNA was extracted from rMAPCs with RNeasy Micro kit
(Qiagen; Valencia, CA, USA) as per manufacturer’s instruction and quanti-
fied by spectrophotometry at 260 nm. Reverse transcription was per-
formed using a TaqMan Reverse Transcription Reagents Kit (Applied
Biosystems; Branchburg, NJ, USA), and the cDNA underwent 40 rounds of
amplification (ABI PRISM 7900; Perkin Elmer/Applied Biosystems) with
the following reaction conditions: 40 cycles of a two-step PCR (95�C for 
15 sec., 60�C for 60 sec.) after initial denaturation (95�C for 10 min.) with 
1 �l cDNA solution and 2� SYBR Green PCR Master Mix (Applied
Biosystems, Warrington, UK). The primers used were: for VEGF: 5�-
AAAAACGAAAGCGCAAGAAA-3�; 5�-TTTCTCCGCTCTGAACAAGG; and for
GAPDH: 5�-TGCACCACCAACTGCTTAG-3�; 5�-GATGCAGGGATGATGTTC-3�.
The mRNA levels were normalized using GAPDH as housekeep gene.

VEGF measurement using ELISA

The rMAPCs-conditioned media were collected and stored at –80�C until
analysis. VEGF concentration in the rMAPCs-conditioned media was deter-
mined by enzyme-linked immunosorbent assay (ELISA) using a commer-
cially available ELISA kit as per manufacturer’s instructions. All samples
and standards were prepared in duplicate.

Western immunoblot analysis for Akt, JAK2 
and STAT3 phosphorylation

Western immunoblot analysis was performed to determine the phosphory-
lated and total levels of JAK2, STAT3 and Akt proteins as described in detail
previously [30]. Briefly, cell lysates (40 �g protein/lane) were loaded on a
10% gradient SDS-PAGE gel and transferred to a polyvinylidene difluoride
membrane after electrophoresis. The membranes were incubated in 5%
non-fat milk for 1 hr and then exposed to the primary antibodies (Abs,
1:1000) against phosphorate-JAK2 (Tyr1007/1008), JAK2, phosphorate-
STAT3 (Tyr 705), STAT3, phosphorate-Akt (Ser 473) and Akt overnight at
4�C. The preparations were washed with TBST, and blocked in 5% milk for
1 hr, followed by incubation with horseradish peroxidase-conjugated goat
anti-rabbit or anti-mouse IgG secondary Ab (1:3000). The protein levels
were determined using supersignal west pico chemiluminescent substrate
kit. The films were developed using Kodak Biomax film by Kodak X-OMAT
2000A processor; and the band density was analysed using Scion Image
software (Scion, Frederick, MD, USA).

Immunofluorescence staining

Intracellular VEGF and the nuclear translocation of phosphorylated STAT3
were analysed with immunofluorescence staining. Rat MAPCs were cultured
in the media with normal glucose (NG), HG and HO (mannitol) for 24 hrs, then
fixed with 2% paraformaldehyde for 10 min. followed by membrane perme-
abilization with 0.1% triton X-100 at room temperature for 10 min. Cells
were washed three times with PBS, and blocked with 1.5% goat serum in
PBS for 1 hr at room temperature. The preparations were then incubated
with the primary Abs (1:100) in blocking solution overnight at 4�C. After
washing three times with PBS, the cells were exposed to the second FITC-
conjugated Ab (1:200) in blocking solution for 60 min. at room temperature
in dark. The preparations were then examined under Nikon Eclipse TE 2000-
S fluorescence microscope (Nikon Instruments, Melville, NY, USA).

Data analysis

All data were expressed as mean � S.E. and analysed by paired Student’s
t-test or one-way ANOVA using SPSS 13.0 software (SPSS, Chicago, IL,
USA). The results were representative of four independent experiments.
The difference was considered to be significant when P 	 0.05.

Results

Effects of HG on VEGF expression in rMAPCs

We first evaluated the transcriptional expression of VEGF gene as
reflected by mRNA level in rMAPCs with RT-PCR under normal
culture condition. As shown in Fig. 1A, the transcriptional expres-
sion of VEGF was readily detectable in rMAPCs after 24 hrs of cul-
ture in normal media with a D-glucose concentration of 5.5 mM.
The VEGF mRNA level was over 15 times (15.5 � 1.7 versus 1, 
n 
 4, P 	 0.05) that of control (d0). When the cells were incu-
bated with 30 mM D-glucose, VEGF mRNA level was significantly
decreased by 49% to 7.9 � 1.6 (n 
 4, P 	 0.01). There was no
change in VEGF mRNA level in the cells when incubated in the
media with 15 mM D-glucose (data not shown), suggesting that
the suppression of VEGF expression by HG is dose-dependent.
However, when the cells were cultured in high osmolarity media
(24.5 mM manntiol � 5.5 mM D-glucose), no significant change
in VEGF mRNA was observed in rMAPCs (18.4 � 0.7, n 
 4, 
P � 0.05 versus normal media), indicating that the decreased
VEGF gene expression by HG in rMAPCs was independent of HO.

VEGF protein released from rMAPCs was then determined in the
conditioned media using ELISA. As shown in Fig. 1B, a significant
amount of VEGF protein (627.7 � 67.7 pg/ml, n 
 4) was detected
in the media with normal D-glucose level after 48 hrs of culture. No
detectable VEGF was released in the media after 24 hrs of incuba-
tion (data not shown). However, detectable intracellular VEGF was
present in rMAPCs after 24 hrs of culture with immunofluorescence
staining (Fig. 2A). When rMAPCs were cultured in the media with 
30 mM D-glucose, the VEGF production was dramatically decreased
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with a VEGF concentration below the detectable level by ELISA 
(P 	 0.001) in the media after 48 hrs of incubation. The intracellu-
lar VEGF level was also significantly decreased on immunofluores-
cence staining in the cells exposed to HG media after 24 hrs of incu-
bation (Fig. 2B). As expected, VEGF production in rMAPCs was not
affected by mannitol with a VEGF concentration of 519.8 � 64.3
pg/ml (n 
 4, P � 0.05 versus normal media) in the conditioned
media after 48 hrs of incubation. The presence of intracellular VEGF
was also confirmed by immunofluorescence staining in the cells
after 24 hrs of culture in the media with mannitol (Fig. 2C). These
data suggested that suppression of VEGF production by high level
of D-glucose was not secondary to HO.

Effects of HG on apoptosis and proliferation
of rMAPCs

To rule out the possibility that suppression of VEGF production
was due to a reduction of viable cell number in the setting of HG

level, the effects of elevated D-glucose on cell apoptosis and pro-
liferation of rMAPCs were evaluated. As shown in Fig. 3A, there
was a low level of cell apoptosis (5.5 � 0.4%, n 
 4) when the
cells were cultured in the normal expansion media with D-glucose
concentration of 5.5 mM. The apoptosis level of rMAPCs was not
changed when cultured in the media with D-glucose concentration
of 30 mM for 48 hrs (5.3 � 0.4%, n 
 4, P � 0.05). The prolif-
eration rate of rMAPCs was also not affected by 30 mM D-glucose
or mannitol (Fig. 3B). However, when D-glucose concentration
was increased to 50 mM or above, the proliferation rate of
rMAPCs was significantly decreased as shown in Fig. 3C. These
data indicate that HG or mannitol is not toxic to rMAPCs under our
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Fig. 1 High glucose suppresses VEGF expression in rMAPCs independent
of hyperosmolarity. (A) VEGF mRNA level was significantly decreased in
rMAPCs when exposed to 30 mM D-glucose for 24 hrs as analysed using
real-time PCR. (B) The amount of VEGF protein released in the rMAPCs-
conditioned media was dramatically reduced to undetectable level as
measured by ELISA after 48 hrs of incubation with 30 mM D-glucose.
NG: rMAPCs were incubated in the media with 5.5 mM D-glucose (nor-
mal media);
HG: rMAPCs were incubated in the media with 30 mM D-glucose; and
HO: rMAPCs were incubated in the media with 24.5 mM mannitol (hyper-
osmalarity).
*P 	 0.01 compared with NG (5.5 mM D-glucose), n 
 4.

Fig. 2 Effect of high glucose on intracellular production of VEGF in
rMAPCs. Intracellular accumulation of VEGF in rMAPCs was significantly
decreased by high glucose independent of hyperosmolarity as evaluated
by immunofluorescence staining after 24 hrs of incubation with 30 mM
D-glucose.
NG: rMAPCs were incubated in the media with 5.5 mM D-glucose (nor-
mal);
HG: rMAPCs were incubated in the media with 30 mM D-glucose; and
HO: rMAPCs were incubated in the media with 24.5 mM mannitol.
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experimental conditions when their concentrations are below 
50 mM, and that the reduction of VEGF production by HG is indeed
not due to reduced cell proliferation or increased cell apoptosis.

Effects of HG on Akt phosphorylation in rMAPCs

To determine whether Akt phosphorylation in rMAPCs was
affected by HG, the cells were cultured in the media with NG 
(5.5 mM) or HG (30 mM) or high osmolarity with mannitol 
(30 mM). Western immunoblot analysis demonstrated that the
total and phosphorylated Akt levels in rMAPCs were the same for
all three groups as shown in Fig. 4A and B, suggesting that Akt
expression and activation were not affected by HG or HO.

Effects of HG on phosphorylation
of JAK2 and STAT3 in rMAPCs

As shown in Fig. 5, constitutive activation of JAK2 (Tyr-
1007/1008) and STAT3 (Tyr-705) was observed in rMAPCs cul-
tured in normal media with D-glucose concentration of 5.5 mM for
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Fig. 3 Effect of high glucose on the apoptosis and proliferation of
rMAPCs. The rates of apoptosis (A) and proliferation (B) of rMAPCs were
not affected by high glucose (30 mM D-glucose) or hyperosmolarity after
48 hrs incubation as evaluated by flow cytometry and BrdU colorimetric
immunoassay, respectively. However, the cell proliferation rate was sig-
nificantly decreased when the cells were incubated with 50 mM D-glu-
cose (C).
NG: rMAPCs were incubated in the media with 5.5 mM D-glucose;
HG: rMAPCs were incubated in the media with 30 mM D-glucose; and
HO: rMAPCs were incubated in the media with 24.5 mM mannitol.

Fig. 4 The expression and activation of Akt in rMAPCs were not altered
by high glucose or hyperosmolarity after 48 hrs incubation as analysed
by Western blot. (A) Representative Western blot for Akt (both total and
phosphorylated). (B) Bar graph showing the relative band intensity of the
tyrosine-phosphorylated Akt. Results represented the mean � S.E. of 4
independent experiments.
NG: rMAPCs were incubated in the media with 5.5 mM D-glucose;
HG: rMAPCs were incubated in the media with 30 mM D-glucose; and
HO: rMAPCs were incubated in the media with 24.5 mM mannitol.
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24 hrs. The tyrosine phosphorylation of both JAK2 (Fig. 5A and C)
and STAT3 (Fig. 5B and D) were dramatically inhibited in rMAPCs
when cultured in the media with high D-glucose concentration of
30 mM by 70% and 68%, respectively (P 	 0.05). No changes in
the tyrosine phosphorylation of either JAK2 or STAT3 were
observed in rMAPCs when exposed to mannitol, indicating that
HG inhibits the activation of JAK2/STAT3 signalling pathway inde-
pendent of HO.

Effects of HG on nuclear translocation 
of phosphorylated STAT3 in rMAPCs

STAT3 phosphorylation at tyrosine 705 followed by nuclear
translocation is required to initiate various biological responses
[20, 21]. Rat MAPCs cultured in normal media with D-glucose
concentration of 5.5 mM for 24 hrs showed the presence of sig-
nificant amount of phosphorylated STAT3 (skyblue) in the cyto-
plasma and nuclei (blue) as shown in Fig. 6A, confirming that the

phosphorylated STAT3 was successfully translocated into the
nuclei. The level of phosphorylated STAT3 in the cytoplasma and
nuclei was not altered in the cells when cultured in the media with
mannitol as expected (Fig. 6C). However, the phosphorylated
STAT3 protein content was dramatically decreased in the cyto-
plasma and nuclei of rMAPCs cultured in the media with high 
D-glucose of 30 mM (Fig. 6B), further confirming that STAT3
phosphorylation and its subsequent nuclear translocation were
suppressed by HG.

Effects of AG490 on JAK2/STAT3 signalling 
and VEGF expression in rMAPCs

To refine the relationship between VEGF expression and
JAK2/STAT3 signalling pathway in rMAPCs, the cells were pre-
treated with the selective JAK2 phosphorylation inhibitor AG490
(50 mM) for 2 hrs. As expected, AG490 significantly inhibited
STAT3 tyrosine phosphorylation in the cells cultured in normal
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Fig. 5 High glucose significantly inhibited the phosphorylation of JAK2 and STAT3 in rMAPCs after 24 hrs of incubation. (A) Tyrosine phosphorylation
of JAK2 was dramatically suppressed by high glucose independent of hyperosmolarity as evaluated by Western blot analysis. The bar graph (C) showed
the relative band intensity of phosphorylated JAK2. (B) Phosphorylation of STAT3 was markedly blocked by high glucose independent of hyperosmo-
larity as evaluated by Western blot analysis. The bar graph (D) showed the relative band intensity of phosphorylated STAT3.
NG: rMAPCs were incubated in the media with 5.5 mM D-glucose;
HG: rMAPCs were incubated in the media with 30 mM D-glucose; and
HO: rMAPCs were incubated in the media with 24.5 mM mannitol.
*P 	 0.01 compared with NG (5.5 mM D-glucose), n 
 4.
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media (5.5 mM D-glucose) by 80.9% (P 	 0.01), and in the cells
in the media with mannitol (24.5 mM) by 44.4% (P 	 0.05) as
shown in Fig. 7A and B. There was a significant decrease in STAT3
phosphorylation in the cells incubated in the media with HG 
(30 mM) by 57.1% compared to that in normal media (P 	 0.05)
(Fig. 7A and B). When pre-treated with AG490, there was a trend
of further reduction in STAT3 phosphorylation in the cells cultured
in HG media, but the change was not significant statistically 
(P � 0.05).

In parallel to a decrease in STAT3 phosphorylation, pretreat-
ment of the cells with AG490 significantly suppressed VEGF gene
expression as indicated by a dramatic reduction in mRNA levels as
demonstrated in Fig. 7C. The VEGF mRNA was significantly
decreased by 67% and 87% in the cells cultured in normal media

and in the media with mannitol in the presence of AG490 (P 	 0.01),
respectively. The VEGF gene expression was suppressed in the
cells cultured in HG media (30 mM D-glucose) with 50% reduc-
tion in mRNA level (P 	 0.05) as expected. The VEGF mRNA was
further reduced significantly by 62% when the cells were pre-
treated with AG490 (P 	 0.05) as shown in Fig. 7C. No measura-
ble VEGF protein was released in the conditioned media after 24
and 48 hrs of culture in the presence of AG490 (50 mM) using
ELISA in all the cells cultured in normal media or with HG or man-
nitol (data not shown). These data strongly suggest that VEGF
expression in rMAPCs is mediated via JAK2/STAT3 signalling
pathway.

Discussion

Cardiovascular dysfunction is a major and yet challenging compli-
cation in the patients with DM with reduction in coronary collateral
vessel formation and angiogenesis [31, 32]. The mechanisms are
complex and still poorly defined. VEGF plays an essential role in
the processes of angiogenesis and maintenance of endothelial
integrity (both structurally and functionally) [11, 12]. In the pres-
ent study, we demonstrated for the first time that HG suppressed
VEGF expression and inhibited JAK2/STAT3 signalling pathway 
in rMAPCs.

VEGF is expressed in many different cell types including car-
diomyocytes, fibroblasts, retinal percytes and bone marrow mes-
enchymal stem cells as well as human bone marrow-derived pro-
genitor cells [13, 19, 33–35]. In the present study, we showed that
rMAPCs produced a significant amount of VEGF in culture that
was confirmed by both mRNA transcription and protein expres-
sion. These cells may represent an important source of VEGF
especially in the setting of cellular therapy for ischaemic diseases
when bone marrow stem cells are delivered in the ischaemic areas
like myocardial infarction [14, 36]. This may provide a molecular
explanation (at least in part) for the beneficial effects of bone mar-
row stem cell transplantation in experimental ischaemic animal
models [15, 16, 37]. Indeed, detectable VEGF protein was present
in the areas surrounding the injection sites with mouse MAPCs in
a mouse ischaemic limb model [38]. The increased vascularity
and improved left ventricular function after myocardial infarction
was not due to differentiation and direct contribution of mouse
MAPCs to the vascular or cardiomyocyte compartment after cell
transplantation. Instead, the beneficial effects were largely con-
tributed by secreting vascular growth factors like VEGF and TGF-b
by the stem cells, resulting in increased angiogenesis and cardio-
protection [39]. In addition to bone marrow, MAPCs were present
in many tissues including fat tissue, muscle and brain [40]. The
initial release of VEGF from the local ischaemic tissue (like mus-
cle) may be important to tissue regeneration and repair since
VEGF helps to recruit bone marrow-derived progenitor cells to
ischaemic tissue [41]. Once the bone marrow progenitor cells
arrive at the ischaemic area, they produce more VEGF, and in
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Fig. 6 Effect of high glucose on nuclear translocation of phophorylated
STAT3 in rMAPCs. Phosphorylated STAT3 was present in both cyto-
plasma and nuclei of rMAPCs after 24-hr culture in normal media as eval-
uated by immunofluorescence staining with antibody against phosphor-
STAT3 (FITC, green) in combination with DAPI (blue) to stain the nuclei
(A). The phosphorylated STAT3 in the cytoplasma and in the nuclei was
significantly decreased in the cells after incubation in the media with 30
mM D-glucose (B). However, the phosphorylated STAT3 in the cyto-
plasma and in the nuclei was not affected in the cells cultured in the
media with mannitol (C).
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return more stem cells are attracted to the area. This positive rein-
forcement process will continue until the local ischaemia resolves.

The regulation of VEGF expression or production is complex
and involves many factors, including (but not limited to) hypoxia,
nitric oxide and TGF-b [26, 42, 43]. STAT3 is an important regula-
tor for the expression of VEGF in cardiac myocytes, bone marrow
mesenchymal stem cells and the majority of malignant cells [19,
44, 45]. Activation of STAT3 enhances the transcription of VEGF
promoter in cancer cells [46], thus leading to an increased pro-
duction of VEGF and promotion of endothelial cell proliferation,
migration and vascular formation [44]. Interestingly, VEGF also
stimulates tyrosine phosphorylation of STAT3 rapidly and induces
its nuclear translocation in endothelial cells [23, 24]. Thus, bi-
directional interactions are present between STAT3 and VEGF.

Plasma VEGF is elevated in DM patients in general [47].
However, the vascular responses to hyperglycemia in diabetic
microvascular diseases and macrovascular disorders are totally
opposite (increased neovascularization versus decreased vascular
formation) [1–5]. This mystery is explained at least partially by the
finding that VEGF and its receptors are differentially expressed in
different organ systems in DM [35]. Thus, the microenvironment
is the crucial determinant for the development of diabetic vascu-
lopathy. One important finding in the present study is that HG sig-
nificantly inhibits VEGF gene expression and production in
rMAPCs. There is adequate evidence suggesting that bone marrow
stem cells like MAPCs are important contributors to angiogenesis
and vascular re-endothelialization after injury [26], and likely local
production of VEGF. It has been reported that HG leads to deficient
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Fig. 7 Effect of the specific JAK2 phos-
phorylation inhibitor AG490 on STAT3
phosphorylation and VEGF expression in
rMAPCs. (A) Tyrosine phosphorylation of
STAT3 was significantly decreased as
evaluated by Western blot analysis in
rMAPCs cultured either in normal or high
glucose or mannitol media in the pres-
ence of AG490. (B) Bar graph showed the
relative band intensity of phosphorylated
STAT3. (C) The transcriptional expression
of VEGF was significantly decreased in
rMAPCs by AG490 in all three groups
after 24 hrs of incubation as analysed
using real-time PCR.
*P 	 0.01; #P 	 0.05 compared with
control (without AG490), n 
 4.
NG: rMAPCs were incubated in the media
with 5.5 mM D-glucose;
HG: rMAPCs were incubated in the media
with 30 mM D-glucose; and
HO: rMAPCs were incubated in the media
with 24.5 mM mannitol.
AG490: cells were treated with AG490 (50
uM).
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endothelial cell proliferation [48] and impaired survival [49], thus
leading to reduced cell number. To rule out the possibility that the
reduced VEGF production was due to reduced number of rMAPCs,
we observed that the rates of cell apoptosis and proliferation of
rMAPCs were not affected by D-glucose when its concentration
was below 50 mM. Our data may serve as a molecular explanation
for the development of macrovascular diseases in diabetic
patients. These results may also have important clinical impact on
the selection of patients for cell therapy with bone marrow stem
cells especially diabetic patients with poor glucose control.

To investigate the role of STAT3 in the regulation of VEGF
expression in rMAPCs, we monitored the status of activation of
JAK2/STAT3 signalling pathway in these cells with or without HG.
We observed that the expression of VEGF in rMAPCs was associ-
ated with phosphorylation of both JAK2 and STAT3 as well as
nuclear translocation of phosphorylated STAT3. Suppression of
VEGF expression in these cells by HG was associated with signif-
icant inhibition of both JAK2 and STAT3 phosphorylation and the
nuclear translocation of phosphorylated STAT3, suggesting a
close relationship between VEGF expression and STAT3 signalling
in these cells. To further define the role of STAT3 signalling in
VEGF expression in rMAPCs, the activation of JAK2/STAT3 was
blocked with the selective inhibitor AG490. As expected, VEGF
expression was significantly suppressed in the cells when the
JAK2/STAT3 signalling pathway was inhibited by AG490 to a level
that is comparable to that in the setting of HG exposure. These
results support the rationale that HG suppresses VEGF expres-
sion in rMAPCs very likely through the blockage of JAK2/STAT3
signalling pathway. Our finding that JAK2/STAT3 signalling in

rMAPCs is impaired by HG is consistent with a previous report
that STAT3 signalling is defective in diabetic mice [50]. However,
further studies using STAT3 overexpression are needed to further
confirm the involvement of this pathway in VEGF expression in
rMAPCs. It is also interesting to investigate the mechanism(s)
involved in the regulatory control of JAK2/STAT3 signalling by HG
in these cells in the future. Of note, the inhibitory effects of HG on
JAK2 and STAT3 phosphorylation and VEGF expression in
rMAPCs were achieved at a glucose concentration that was seen
clinically in patients with DM. Another potential mechanism for
the regulation of VEGF expression is PI3k/Akt signalling [51].
However, in our study no change in Akt phosphorylation was
observed by HG in rMAPCs, suggesting that PI3K/Akt signalling
is not essential for VEGF expression in rMAPCs.

In summary, our data showed that HG suppressed VEGF
expression in rMAPCs in association with inhibition of
JAK2/STAT3 signalling pathway. These results may offer an expla-
nation for the development of macrovasculopathy in diabetes.
Future in vivo studies are needed to investigate the effects of HG
on bone marrow stem cells.

Acknowledgements

This work was supported by NIH K08 HL075410 (ZGL), HL63744 (JLZ),
and Davis/Bremer Medical Research Grant (ZGL) at the Ohio State
University Medical Center. The authors thank Mr. Dennis E Mathias for his
expertise graphic assistance.

© 2008 The Authors
Journal compilation © 2009 Foundation for Cellular and Molecular Medicine/Blackwell Publishing Ltd

References

1. Cooper ME, Bonnet F, Oldfield M, et al.
Mechanisms of diabetic vasculopathy: an
overview. Am J Hypertens. 2001; 14:
475–86.

2. Cull CA, Jensen CC, Retnakaran R, et al.
Impact of the metabolic syndrome on
macrovascular and microvascular out-
comes in type 2 diabetes mellitus: United
Kingdom Prospective Diabetes Study 78.
Circulation. 2007; 116: 2119–26.

3. Kanwar YS, Wada J, Sun L, et al. Diabetic
nephropathy: mechanisms of renal disease
progression. Exp Biol Med. 2008; 233: 4–11.

4. Rahman S, Rahman T, Ismail AA, et al.
Diabetes-associated macrovasculopathy:
pathophysiology and pathogenesis.
Diabetes Obes Metab. 2007; 9: 767–80.

5. Asakawa H, Tokunaga K, Kawakami F.
Comparison of risk factors of macrovascular
complications. Peripheral vascular disease,
cerebral vascular disease, and coronary
heart disease in Japanese type 2 diabetes
mellitus patients. J Diabetes Complications.
2000; 14: 307–13.

6. Shah IM, Ghosh SK, Collier A. Stroke
presentation in Type 2 diabetes and the
metabolic syndrome. Diabetes Res Clin
Pract. 2008; 79: e1–4.

7. Klein L, Gheorghiade M. Management of
the patient with diabetes mellitus and
myocardial infarction: clinical trials update.
Am J Med. 2004; 116: 47S–63S.

8. Tapp RJ, Shaw JE, de Courten MP, et al.
Foot complications in Type 2 diabetes: an
Australian population-based study. Diabet
Med. 2003; 20: 105–13.

9. Guerci B, Böhme P, Kearney-Schwartz A,
et al. Endothelial dysfunction and type 2
diabetes. Part 2: altered endothelial func-
tion and the effects of treatments in type 2
diabetes mellitus. Diabetes Metab. 2001;
27: 436–47.
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