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Abstract: Reduced placental growth factor (PLGF) during pregnancy is known to be a reason for developing pre-
eclampsia (PE) and gestational diabetes mellitus (GDM), but the underlying mechanisms remain unclear. Recently, 
it has been shown that reduced PLGF may induce GDM through suppressing beta-cell mass growth in a PI3k/Akt 
signalling-dependent manner. Here, we dissected the interaction between beta-cells and islet endothelial cells in 
this model. We analysed proliferation of beta-cells and islet endothelial cells at different time points of gestation 
in mice. We cultured mouse islet endothelial cells (MS1), with or without PLGF. We cultured primary mouse beta-
cells in conditioned media from PLGF-treated MS1. We cultured MS1 cells in conditioned media from proliferating 
beta-cells that were activated with conditioned media from PLGF-treated MS1 cells. We analysed cell proliferation 
by BrdU incorporation. We analysed cell growth by a MTT assay. We found that during mouse gestation, the in-
creases in cell proliferation occurred earlier in beta-cells than in islet endothelial cells. In vitro, PLGF itself failed to 
induce proliferation of MS1 cells. However, conditioned media from the PLGF-treated MS1 cells induced beta-cell 
proliferation, resulting in increases in beta-cell number. Moreover, proliferation of MS1 cells significantly increased 
when MS1 cells were cultured in conditioned media from proliferating beta-cells activated with conditioned media 
from PLGF-treated MS1 cells. Thus, our data suggest that gestational PLGF may stimulate islet endothelial cells to 
release growth factors to promote beta-cell proliferation, and proliferating beta-cells in turn release endothelial cell 
growth factor to increase proliferation of endothelial cells. PE-associated reduction in PLGF impairs these processes 
to result in islet growth impairment, and subsequently the onset of GDM.
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Introduction

A successful pregnancy needs significantly 
augmented systemic metabolism to meet the 
requirements for nutrition and support for the 
embryo growth. Failure of meeting these req- 
uirements leads to development of a number of 
gestation-associated diseases, including pre-
eclampsia (PE) and gestational diabetes melli-
tus (GDM) [1-5]. Interestingly, PE and GDM sh- 
are many symptoms and pathogenesis pro-
cesses, which may cause multi-organ dysfunc-
tion and may increase risk of the occurrence of 
cardiovascular disease [1-5]. Moreover, PE and 
GDM also share many risk factors such as obe-
sity, elevated blood pressure, dyslipidaemia, 

insulin resistance and hyperglycemia [1-5]. 
However, the relationship between develop-
ment of PE and GDM in terms of mechanic 
bases is much lacking.

Placental growth factor (PLGF) is a member of 
the vascular endothelial growth factor (VEGF) 
family, and previous studies have demonstrat-
ed a pivotal role of PLGF in gestational period 
[6, 7]. Interestingly, reduced PLGF levels have 
been associated with the onset of PE, which is 
characterized with inferior placental vascular-
ization [6, 7]. PLGF has a unique receptor, VEGF 
receptor 1 (VEGFR1) or Flt-1, through which 
PLGF conducts its effects. In the islets where 
beta cells situate, VEGFR1 is exclusively expr- 
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essed in the islet endothelial cells [8-12]. 
Therefore, beta-cells do not directly responded 
to PLGF, and their responses to PLGF have to 
be mediated through PLGF-targeted islet endo-
thelial cells. Indeed, interaction between beta-
cells and islet endothelial cells has been well 
studied, and compelling data have been shown 
to demonstrate a close relationship between 
beta-cells and islet endothelial cells during 
development [12-17] and tissue homeostasis 
[8-12].

Recently, it has been shown that impairment in 
gestational beta-cell mass growth may result 
from PE-associated reduction in PLGF, and this 
impairment in gestational beta-cell mass 
growth may progress to GDM [18]. Moreover, 
the PLGF-induced beta-cell proliferation during 
gestation has been found to be mediated by 
islet endothelial cells, and involves activation of 
PI3k/Akt signalling pathway in beta-cells [19]. 
However, the exact molecular mechanisms 
remain unclear.

Here, we studied the mechanisms underlying 
PLGF-regulated beta-cell proliferation during 
gestation, paying special attention to the cross-
talk between beta-cells and islet endothelial 
cells. During mouse gestation, we found that 
the increases in cell proliferation occurred ear-
lier in beta-cells than in islet endothelial cells. 
In vitro, PLGF itself failed to induce proliferation 
of MS1 cells. However, conditioned media from 
the PLGF-treated MS1 cells induced beta-cell 
proliferation, resulting in increases in beta-cell 
number. Moreover, proliferation of MS1 cells 
significantly increased when MS1 cells were 
cultured in conditioned media from proliferat-
ing beta-cells activated with conditioned media 
from PLGF-treated MS1 cells. Together, these 
data suggest that gestational PLGF may stimu-
late islet endothelial cells to release growth fac-
tors to promote beta-cell proliferation, and pro-
liferating beta-cells in turn release endothelial 
cell growth factor to increase proliferation of 
endothelial cells.

Materials and methods

Animals

MIP-GFP mice were purchased from Jackson 
Labs (Bar Harbor, ME, USA). This strain has 
been described before [20]. All mouse experi-
ments were approved by and performed accord-

ing to the guidelines of the IACUC of Ruijin 
Hospital. Only 12-week-old female MIP-GFP 
mice were used for analysing proliferating beta-
cells and islet endothelial cells at different time 
points during gestation, and for isolation of 
beta-cells for in vitro studies. The mice were 
kept in specific pathogen free (SPF) conditions. 
For quantification of proliferating cells, BrdU 
(100 mg/kg body weight, Sigma-Aldrich, St. 
Louis, MO, USA) was injected 2 hours before 
sacrifice of the mice at different time points 
during gestation.

Isolation of mouse beta-cells

The MIP-GFP mouse pancreas was first per-
fused with 0.125 mg/ml LiberaseTL (Roche, 
Nutley, NJ, USA) from the common bile duct, as 
has been described in published protocol [21, 
22], then was incubated in 0.125 mg/ml 
LiberaseTL in a 37°C shaker at 200 rpm for 45 
minutes. Histopaque 1077 and Histopaque 
1119 (Sigma-Aldrich) were mixed at a ratio of 
9:33 (vol:vol) to generate Histopaque 1110. 
Combined centrifugation in Histopaque 1100 
and hand-pickings were then performed to puri-
fy islets. Purified islets were further dissociated 
into signal cells and beta-cells were purified by 
flow cytometry based on GFP, as has been 
described in published protocol [23].

Cell culture

MS1 was purchased from American Type 
Culture Collection (ATCC, Rockville, MD, USA), 
and is a pancreatic islet endothelial cell line by 
transducing primary islet endothelial cells with 
a temperature sensitive SV40 large T antigen 
construct [24]. MS1 cells were cultured in 
Dulbecco’s modified Eagle’s medium (DMEM) 
supplemented with 10% fetal bovine serum 
(Invitrogen, Carlsbad, CA, USA). The beta-cells 
were cultured in the same culture media as 
MS1. Purified beta-cells were cultured alone, or 
with conditioned media from PLGF-treated MS1 
cells. MS1 cells were cultured alone, or with 
PLGF (10 ng/ml, Sigma-Aldrich), or with condi-
tioned media from proliferating beta-cells trig-
gered by conditioned media from PLGF-treated 
MS1 cells. Two days after culture, beta-cells 
were analysed for proliferation by a 24-hours’ 
BrdU incorporation at a dose of 1 µmol/l, or cell 
number in a MTT assay. MS1 cells were anal-
ysed for proliferation by a 2-hours’ BrdU incor-
poration, or cell number in a MTT assay.
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Figure 1. Gestational beta-cell proliferation precedes proliferation of islet endothelial cells. (A-C) We examined the 
proliferation of beta-cells and islet endothelial cells in the mouse pancreas at different time points during gestation 
by 2 hours’ BrdU labelling. Insulin (INS) staining was used to identify beta-cells, and CD31 staining was used to iden-
tify endothelial cells, as shown in a representative image (A). (B) Percentage of BrdU+ INS+ cells at different time 
points after gestation. (C) Percentage of BrdU+ CD31+ islet endothelial cells (within islets based on INS staining) at 
different time points after gestation. N=5. Scale bar is 50 µm.
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MTT assay

For assay of cell number, the beta-cells or MS1 
cells (104) in 24-well-plate were subjected to a 
Cell Viability Kit (MTT, Roche, Nutley, NJ, USA) 
for 8 or 4 days, respectively, according to the 
manufacturer’s instruction.

Immunocytochemistry and immunohistochem-
istry

Pregnant mouse pancreases were fixed with 
4% paraformaldehyde for 12 hours, and cul-
tured mouse beta-cells or MS1 cells were fixed 
with 4% paraformaldehyde for 4 hours. Imm- 
unostaining for BrdU, CD31, insulin, GFP (to 
determine total beta-cells), and/or DAPI (nucle-
ar staining to determine total MS1 cells, Sigma-
Aldrich) was performed. Primary antibodies are 
guinea pig polyclonal anti-insulin (DAKO, Carpi- 
nteria, CA, USA), mouse monoclonal anti-CD31 
(Becton-Dickinson Biosciences, San Jose, CA, 
USA), rabbit polyclonal anti-GFP and rat poly-
clonal anti-BrdU (Abcam, Cambridge, MA, USA). 
Antigen retrieval by incubation of the slides 

with 1 mol/l HCl at room temperature for 45 
minutes was performed for BrdU staining. 
Secondary antibodies were Cy3- and Cy2- con-
jugated antibodies for corresponding species 
(Jackson ImmunoResearch Labs, West Grove, 
PA, USA).

Quantification of cell proliferation

Each experimental condition contains 5 repe- 
ats. In vitro, GFP staining (in MIP-GFP mice) was 
used to identify beta-cells, and DAPI staining 
was used to identify MS1 cells. In vivo, insulin 
staining was used to identify beta-cells, and 
CD31 staining was used to identify endothelial 
cells. With the help of insulin, islet endothelial 
cells can be determined. The quantification of 
BrdU+ beta-cells, BrdU+ endothelial cells and 
BrdU+MS1 cells was based on at least 1000 
cells in each sample.

Statistics

All values are depicted as mean ± standard 
deviation from at least 5 individuals and are 

Figure 2. PLGF itself does not increase proliferation of endothelial cells. (A) We treated mouse islet endothelial cells, 
MS1, with or without PLGF (10 ng/ml), to examine the direct effects of PLGF on MS1 cell proliferation by 2 hour’s 
BrdU incorporation. (B, C) We found that PLGF itself did not increase proliferation of MS1 cells, by representative 
immunocytochemistry images (B), and by quantification (C). (D) PLGF treatment did not increase MS1 cell number 
in a MTT assay. N=5. NS: non-significant. Scale bar is 20 µm.
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considered significant if p < 0.05. All data were 
statistically analysed using unpaired student’s 
T test. The figures were generated in Prism 6.0 
(GraphPad Software Inc, La Jolla, CA, USA).

Results

Gestational beta-cell proliferation precedes 
proliferation of islet endothelial cells

Recently, we reported that impairment in gesta-
tional beta-cell mass growth may result from 
PE-associated reduction in PLGF, and may lead 
to development of GDM [18]. Moreover, the 
PLGF-induced beta-cell proliferation during 
gestation appears to be mediated by islet endo-
thelial cells, and involves activation of PI3k/Akt 
signalling pathway in beta-cells. However, the 
exact underlying mechanisms remain unclear. 
Thus, we examined the proliferation of beta-
cells and islet endothelial cells in the mouse 
pancreas at different time points during gesta-
tion after a 2 hours’ BrdU labelling. Insulin 
staining was used to identify beta-cells, and 
CD31 staining was used to identify endothelial 

cells, as shown in a representative image. With 
the help of insulin, islet endothelial cells can be 
determined (Figure 1A). We found that the pro-
liferating beta cells increased since initiation of 
the gestation, peaked at G11, and then decre- 
ased (Figure 1B). However, the proliferating 
islet endothelial cells only increased since the 
middle of the gestation (G13), peaked at G15, 
and then decreased afterwards (Figure 1C). 
These data suggest that gestational beta-cell 
proliferation precedes proliferation of islet en- 
dothelial cells. Thus, although PLGF activates 
islet endothelial cells, which in turn promote 
beta-cell proliferation, it seems that PLGF may 
not increase the proliferation of islet endotheli-
al cells directly and immediately. We hypothe-
size that proliferating beta-cells may trigger the 
proliferation of islet endothelial cells.

PLGF itself does not increase proliferation of 
endothelial cells

To examine whether this hypothesis may be 
correct, we treated mouse islet endothelial 
cells, MS1, with or without PLGF (10 ng/ml), to 

Figure 3. PLGF activates endothelial cells to release growth factors to augment beta-cell proliferation. (A) We cul-
tured purified beta-cells from MIP-GFP mice in conditioned media (CM) from PLGF-treated MS1 cells. (B, C) We 
found that these CM significantly increased beta-cell proliferation by a 24 hours’ BrdU incorporation, by representa-
tive immunocytochemistry images (B), and by quantification (C). (D) These CM from PLGF-treated MS1 cells signifi-
cantly increased beta-cell number in a MTT assay. N=5. *p < 0.05. Scale bar is 20 µm.
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examine the direct effects of PLGF on MS1 cell 
proliferation after a 2 hour’s BrdU labelling 
(Figure 2A). We found that PLGF itself did not 
increase proliferation of MS1 cells, by repre-
sentative immunocytochemistry images (Figure 
2B), and by quantification (Figure 2C). Moreover, 
PLGF treatment did not increase MS1 cell num-
ber in a MTT assay (Figure 2D). These data sug-
gest that PLGF itself does not increase prolif-
eration of endothelial cells.

PLGF activates endothelial cells to release 
growth factors to augment beta-cell prolifera-
tion 

In order to figure out whether PLGF-activated 
endothelial cells may induce beta-cell prolifera-
tion in a paracrine-manner, we cultured purified 
beta-cells from MIP-GFP mice in conditioned 
media (CM) from PLGF-treated MS1 (Figure 
3A). We found that these CM significantly 

Figure 4. Conditioned media from the proliferating beta-cells stimulated by PLGF-treated MS1 cells in turn promote 
proliferation of endothelial cells. (A) Conditioned media were taken from the proliferating beta cells stimulated by 
PLGF-MS1 conditioned media. These conditioned media were termed as CM-b. MS1 cells were then treated with/
without CM-b for 2 days and their proliferation was measured by 2 hour’s BrdU incorporation. (B, C) We found that 
CM-p significantly increased MS1 cell proliferation, by representative immunocytochemistry images (B), and by 
quantification (C). (D) These CM-p from the proliferating beta-cells stimulated by PLGF-treated MS1 cells significantly 
increased endothelial cell number in a MTT assay. N=5. *p < 0.05. Scale bar is 20 µm.
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increased beta-cell proliferation by a 24 hours’ 
BrdU labelling, shown by representative immu-
nocytochemistry images (Figure 3B), and by 
quantification (Figure 3C). Moreover, these CM 
from PLGF-treated MS1 cells significantly 
increased beta-cell number in a MTT assay 
(Figure 3D). These data suggest that PLGF-
activated endothelial cells may release grow 
factors to promote beta-cell proliferation.

Conditioned media from the proliferating beta-
cells stimulated by PLGF-treated MS1 cells in 
turn promote proliferation of endothelial cells

Next, we examined the effects of proliferating 
beta-cells on the endothelial cells. Conditioned 
media were taken from the proliferating beta 
cells stimulated by PLGF-MS1 conditioned 
media. These conditioned media were termed 
as CM-b (Figure 4A). MS1 cells were then treat-
ed with/without CM-b (Figure 4A) for 2 days 
and their proliferation was measured by a 2 
hour’s BrdU labelling. We found that CM-p sig-
nificantly increased MS1 cell proliferation, by 
representative immunocytochemistry images 
(Figure 4B), and by quantification (Figure 4C). 
Moreover, these CM-p from the proliferating 
beta-cells stimulated by PLGF-treated MS1 
media significantly increased endothelial cell 
number in a MTT assay (Figure 4D). These data 
suggest that proliferating beta-cells in turn pro-
mote proliferation of endothelial cells.

Hence, we have proposed a model based on 
the findings in the current study and our previ-

PE and GDM are two common complications in 
pregnant women and are responsible for major-
ity of maternal and fatal mortality. Moreover, 
the frequent co-occurrence of these two com-
plications in the same patient implies a causal 
relationship. Although the molecular pathogen-
esis of the two diseases has been extensively 
studied, no conclusive results have so far been 
achieved. 

Recently, it was reported that reduced serum 
PLGF levels in pregnant women may be associ-
ated with the onset of both PE and GDM. A 
strong correlation between serum PLGF levels 
and presence of GDM has been found. In 
L-NAME mouse model for human PE, which 
induces all PE-like features and a reduction of 
PLGF level, impairment of gestational growth of 
beta-cell mass was detected. Moreover, the 
increases in beta-cell proliferation in pregnant 
mice were significantly reduced by reduced 
PLGF in this model, which is substantialized in 
a gain-of-function experiment, in which exoge-
nous PLGF corrected the impairment in beta-
cell mass growth and PE-associated features 
[18]. Further, in a follow-up study, PLGF was 
found to activate islet endothelial cells through 
its binding to VEGFR1 in endothelial cells, and 
activated endothelial cells may secrete trophic 
factors to promote proliferation of the beta-
cells in a PI3k/Akt-signalling-dependent man-
ner [19]. However, there are still several remain-
ing questions. How are all these molecular 
events organized? Do the islet endothelial cells 

Figure 5. Schematic of the model. PLGFs play a key role in gestation. PLGF 
activates islet endothelial cells that release growth factors to promote beta-cell 
proliferation. Proliferating beta-cells release endothelial cell growth factors to 
increase proliferation of islet endothelial cells. The growth of beta-cells and islet 
endothelial cells results in growth of islets. Reduction of PLGF impairs this regu-
lation axis, resulting in decreased gestational islet growth and development of 
GDM.

ous work. PLGFs play a  
key role in gestation. PLGF 
activates islet endothelial 
cells that release growth 
factors to promote beta-
cell proliferation. Proliferat- 
ing beta-cells release endo-
thelial cell growth factors to 
increase proliferation of 
islet endothelial cells. The 
growth of beta-cells and 
islet endothelial cells res- 
ults in growth of islets. Re- 
duction of PLGF impairs th- 
is regulation axis, resulting 
in decreased gestational 
islet growth and develop-
ment of GDM (Figure 5).

Discussion
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proliferate immediately after activation and 
does their proliferation precede beta-cell prolif-
eration? Do beta-cells also affect islet endothe-
lial cells in turn?

To address these questions, we studied the 
proliferating beta-cells and islet endothelial 
cells during gestation. Interestingly, we found 
that the increases in cell proliferation occurred 
earlier in beta-cells than in islet endothelial 
cells during gestation. These data do not sup-
port the hypothesis that PLGF directly increase 
islet endothelial cell proliferation, otherwise 
the cell proliferation should be detected earlier 
in islet endothelial cells, than in beta-cells. 
Hence, the proliferation of endothelial cells 
may be triggered by proliferating beta-cells. 
This hypothesis is highly possible, since previ-
ous studies have shown that islet endothelial 
cells and beta-cells have a close relationship 
and they affect the development, function and 
homeostasis of each other [8-16].

We then examined this possibility in vitro. We 
found that PLGF itself failed to induce prolifera-
tion of MS1 cells, consistent with our in vivo 
data. However, conditioned media from the 
PLGF-treated MS1 cells induced beta-cell pro-
liferation, resulting in increases in beta-cell 
number, consistent with our previous report. 
Moreover, proliferation of MS1 cells significant-
ly increased when MS1 cells were cultured in 
conditioned media from proliferating beta-cells 
activated with conditioned media from PLGF-
treated MS1 cells. This model mimics what may 
have occurred in vivo during gestation. 

Together, these data suggest that gestational 
PLGF may stimulate islet endothelial cells to 
release growth factors to promote beta-cell 
proliferation, and proliferating beta-cells in turn 
release growth factors for endothelial cells to 
increase proliferation of endothelial cells. 
Finally, the proliferation of both beta-cells and 
islet endothelial cells result in a relatively con-
sistent cell composition of an islet, to allow the 
islet to properly function in response to meta-
bolic need. 

Together with previous reports, we propose a 
model in that PLGF plays a key role in gestation. 
Reduction in PLGF may induce vascular defects 
that affect cardiac endothelial cells to induce 
hypertension and other PE-like symptoms. 
Reduction in PLGF may also induce vascular 

defects that affect islet endothelial cells that 
are needed to release growth factors to aug-
ment beta-cell proliferation in a PI3k/Akt-
signalling-dependent manner. The effects of 
PLGF on gestational beta-cell growth require an 
intimate crosstalk between beta-cells and islet 
endothelial cells. Targeting all these control 
points may help to prevent and treat PLGF-
related PE and GDM.
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