
Cell Physiol Biochem 2015;36:34-43
DOI: 10.1159/000374051
Published online: April 27, 2015

© 2015 S. Karger AG, Basel
www.karger.com/cpb 34

Li et al.: PLGF Impairs Beta-Cell Proliferation Through PI3k

Cellular Physiology 
and Biochemistry

Cellular Physiology 
and Biochemistry

1421-9778/15/0361-0034$39.50/0

Original Paper

Accepted: March 06, 2015

This is an Open Access article licensed under the terms of the Creative Commons Attribution-
NonCommercial 3.0 Unported license (CC BY-NC) (www.karger.com/OA-license), applicable to 
the online version of the article only. Distribution permitted for non-commercial purposes only.

 Copyright © 2015 S. Karger AG, Basel

Department of Gynecology and Obstetrics, Shengjing Hospital Affiliated to China 
Medical University, 36 Sanhao Street, Shenyang 110004, (China)
Tel. +86249661543416, Fax +86249661543416. E-Mail jun_li14@163.com

Jun Li 

Pre-Eclampsia-Associated Reduction in 
Placental Growth Factor Impaired Beta Cell 
Proliferation Through PI3k Signalling
Jun Li   Huanchun Ying    Guiyang Cai   Quan Guo   Lizhu Chen

Department of Gynecology and Obstetrics, Shengjing Hospital Affiliated to China Medical University, 
Shenyang, China

Key Words 
Preeclampsia • Placental growth factor • Beta cell proliferation •MS1, PI3k signalling • 
Gestational diabetes mellitus

Abstract:
Background/Aim: Reduction in serum placental growth factor (PLGF) frequently co-occurs 
with preeclampsia (PE) and gestational diabetes mellitus (GDM). Recently, we reported that 
impairment in gestational beta-cell mass growth may result from PE-associated reduction 
in PLGF and lead to development of GDM. Here, we studied the underlying mechanisms. 
Methods: We co-cultured primary mouse beta cells with mouse islet endothelial cells (MS1), 
with or without PLGF. We also cultured beta cells in conditioned media from PLGF-treated 
MS1. Specific signal-pathway inhibitors were applied to cultured beta cells in conditioned 
media from PLGF-treated MS1. We analysed beta-cell proliferation by BrdU incorporation. 
We analysed changes in cell number by a MTT assay. We analysed protein levels of cell-
cycle regulators in beta cells by Western blot. Results: PLGF itself failed to induce beta-cell 
proliferation, but significantly augmented proliferation of beta cells co-cultured with MS1, 
which resulted in significant increases in cell number. Conditioned media from the PLGF-
treated MS1 cells similarly induced beta-cell proliferation, which was abolished by inhibition of 
PI3k/Akt signalling, but not by inhibition of either ERK/MAPK or JNK signalling. The induction 
of beta-cell proliferation by PLGF-treated MS1 cells appeared to involve decreases in cell-cycle 
inhibitors p21 and p27, and increases in cell-cycle activators CDK4 and CyclinD1. Conclusion: 
Gestational PLGF may target islet endothelial cells to release growth factors that activate PI3k/
Akt signalling in beta cells to increase their proliferation. PE-associated reduction in PLGF 
impairs these processes to result in GDM. 
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Introduction

During gestation, metabolic needs significantly increases. Failure of meeting these 
requirements may result in different complications, among which preeclampsia (PE) and 
gestational diabetes mellitus (GDM) are two most common ones, in which they affect more 
than 10% pregnancies worldwide [1-5]. Indeed, PE and GDM have been shown to affect the 
function of both maternal and fatal endothelium, leading to multi-organ dysfunction and 
increased risk of future development of cardiovascular disease [1-5]. Many risk factors such 
as obesity, elevated blood pressure, dyslipidaemia, insulin resistance and hyperglycemia 
predispose both PE and GDM [1-5]. Moreover, PE and GDM co-occur in many patients [1-5]. 
However, a molecular relationship between development of PE and GDM is much unknown, 
until recently we reported that impairment in gestational beta-cell mass growth may result 
from PE-associated reduction in placental growth factor (PLGF) and lead to development of 
GDM [6].

PLGF is a member of the vascular endothelial growth factor (VEGF) family, which play 
an essential role in vasculogenesis and angiogenesis [7]. Prominent PLGF expression is 
largely restricted to the placenta under normal physiologic conditions [8], whereas PLGF 
has been recently shown to coordinate pathological angiogenesis [9, 10]. Previous studies 
have shown that maternal serum PLGF levels and amniotic fluid PLGF levels are similarly 
low in early gestation but increase dramatically afterwards, peaking at approximately 26 to 
30 weeks of gestation before subsequent decreases [11, 12]. Thus, PLGF may enter both fatal 
and maternal circulations to influence vessel dynamics in both. Decreases in PLGF levels 
hallmark PE, characterized with poor placental vascularization [11, 12]. 

Recently, we reported that impairment in gestational beta-cell mass growth may result 
from PE-associated PLGF reduction, which may explain the pathogenesis of GDM [6]. Since 
the PLGF has a unique receptor, VEGF receptor 1 (VEGFR1) or Flt-1, which exclusively 
expresses in the islet endothelial cells with the islets, but not in beta cells [13-17], we 
hypothesize that gestational PLGF may target islet endothelia, which release growth factors 
to the nearby beta cells to increase their proliferation.

In order to prove this hypothesis, we co-cultured primary mouse beta cells with mouse 
islet endothelial cells (MS1), with or without PLGF. We also cultured beta cells in conditioned 
media from PLGF-treated MS1. Specific signal-pathway inhibitors were applied to cultured 
beta cells in conditioned media from PLGF-treated MS1. We analysed beta-cell proliferation 
by BrdU incorporation. We analysed changes in cell number by a MTT assay. We analysed 
protein levels of cell-cycle regulators in beta cells by Western blot. We found that PLGF itself 
failed to induce beta-cell proliferation, but significantly augmented proliferation of beta cells 
co-cultured with MS1, which resulted in significant increases in cell number. Conditioned 
media from the PLGF-treated MS1 cells similarly induced beta-cell proliferation, which 
was abolished by inhibition of PI3k/Akt signalling, but not by inhibition of either ERK/
MAPK or JNK signalling. The induction of beta-cell proliferation by PLGF-treated MS1 cells 
appeared to involve decreases in cell-cycle inhibitors p21 and p27, and increases in cell-
cycle activators CDK4 and CyclinD1. Thus, our hypothesis is confirmed, which suggests that 
gestational PLGF may target islet endothelia to release growth factors that activate PI3k/
Akt signalling in beta cells to increase their proliferation. PE-associated reduction in PLGF 
impairs these processes to result in GDM.

Materials and Methods

Animals
MIP-GFP mice were purchased from Jackson Labs (Bar Harbor, ME, USA). This strain has 

been described before [18]. All mouse experiments were approved by and performed according 
to the guidelines of the IACUC of Shengjing Hospital Affiliated to China Medical University. Only 
12-week-old female MIP-GFP mice were used for isolation of beta cells. The mice were kept in 
specific pathogen free (SPF) conditions.
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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 [19]. MS1 cells were cultured in Dulbecco’s 
modified Eagle’s medium (DMEM) supplemented with 10% fetal bovine serum (Invitrogen, 
Carlsbad, CA, USA). Recombinant PLGF, PD168393 [20], LY294002 [21] and SP600125 [22] were 
all purchased from Sigma-Aldrich (St. Louis, MO, USA). The beta cells were cultured in the same 
culture media as MS1.

Isolation of mouse beta cells
The MIP-GFP mouse pancreas was first perfused with 0.125 mg/ml LiberaseTL (Roche, 

Nutley, NJ, USA) from the common bile duct, as has been described in published protocol [23, 
24], then was incubated in 0.125 mg/ml LiberaseTL in a 370C shaker at 200rpm for 45 minutes. 
Histopaque1077 and Histopaque1119 (Sigma-Aldrich) were mixed at a ratio of 9:33 (vol:vol) to 
generate Histopaque1110. Combined centrifugation in Histopaque1100 and hand-pickings were 
then performed to purify 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 
[25].

Transwell co-culture system
Purified beta cells were cultured alone, or with conditioned media from PLGF-treated MS1 

cells with/without inhibitors, or co-cultured in a transwell with MS1 (at a ratio of 1:1), with or 
without PLGF. Two days after co-culture, beta cells were analysed for proliferation by a 2-hour 
BrdU incorporation, or cell number in a MTT assay. 

MTT assay
For assay of cell number, the beta cells (104) in 24-well-plate were subjected to a Cell 

Proliferation Kit (MTT, Roche, Nutley, NJ, USA) after treatments in the co-culture system, according 
to the manufacturer’s instruction. 

Immunocytochemistry 
Cultured mouse beta cells were fixed with 4% paraformaldehyde for 4 hours, and then used 

for immunocytochemistry. Double-immunostaining for GFP and BrdU was performed. Primary 
antibodies are guinea pig polyclonal anti-GFP and rat polyclonal anti-BrdU (Abcam, Cambridge, 
MA, USA). Antigen retrieval by incubation of the slides with 1mol/l HCl at room temperature 
for 45 minutes was performed for BrdU staining. Secondary antibodies were Cy3- and Cy2- 
conjugated antibodies for corresponding species (Jackson ImmunoResearch Labs, West Grove, 
PA, USA). DAPI (Sigma-Aldrich) is used to stain nuclei.

Quantification of beta-cell proliferation 
Each experimental condition contains 5 repeats. GFP staining (in MIP-GFP mice) was used 

to identify beta cells. The quantification of BrdU+ beta cells in all beta cells was based on 1000 
cells in each sample. 

Western blot
The cells were lysed in RIPA lysis buffer (1% NP40, 0.1% SDS, 100μg/ml phenylmethylsulfonyl 

fluoride, 0.5% sodium deoxycholate, in PBS) on ice. The supernatants were collected after 
centrifugation at 12000×g at 4°C for 20min. Protein concentration was determined using a BCA 
protein assay kit (Bio-rad, China), and whole lysates were mixed with 4×SDS loading buffer (125 
mmol/l Tris-HCl, 4% SDS, 20% glycerol, 100mmol/l DTT, and 0.2% bromophenol blue) at a ratio 
of 1:3. Samples were heated at 100 °C for 5 min and were separated on SDS-polyacrylamide gels. 
The separated proteins were then transferred to a PVDF membrane. The membrane blots were 
first probed with a primary antibody. After incubation with horseradish peroxidase-conjugated 
second antibody, autoradiograms were prepared using the enhanced chemiluminescent system 
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to visualize the protein antigen. The signals were recorded using X-ray film. Primary antibodies 
for Western Blot are rabbit p21, p27, CDK4, CyclinD1 and α-tubulin (all purchased from Cell 
Signaling, San Jose, CA, USA). Secondary antibody is HRP-conjugated anti-rabbit (Jackson 
ImmunoResearch Labs). Images shown in the figure were representative from 5 individuals.

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

considered significant if p < 0.05. All data were statistically analysed using one-way ANOVA with 
a Bonferoni correction, followed by Fisher’s exact test for comparison of two groups. The figures 
were generated in Prism 6.0 (GraphPad Software Inc, USA).

 
Results

PLGF induces beta-cell proliferation through islet endothelial cells
Recently, we reported that impairment in gestational beta-cell mass growth may result 

from PE-associated PLGF reduction, which may explain the pathogenesis of GDM [6]. Since the 
PLGF has a unique receptor, VEGFR1 or Flt-1, which exclusively expresses in the endothelial 
cells but not in beta cells in the islets (Fig. 1A) [13-17], we hypothesize that gestational PLGF 
may target islet endothelial cells, which release growth factors to the nearby beta cells to 
increase their proliferation. 

To prove it, we co-cultured primary mouse beta cells (isolated from MIP-GFP mice) with 
mouse islet endothelial cells, MS1, with or without PLGF, and examined the effects on beta-

Fig. 1. PLGF induces beta-cell proliferation through islet endothelial cells. (A) An immunostaining image 
showing expression of VEGFR1 (in pink; fast red) and insulin (in brown; DBA) in the pancreas. (B) We co-
cultured primary mouse beta cells (from MIP-GFP mice) with mouse islet endothelial cells MS1 (1:1 ratio to 
beta cells), with or without 10ng/ml PLGF, and examined the effects on beta-cell proliferation by 24 hour’s 
BrdU incorporation. (C-D) Beta-cell proliferation was analysed by BrdU incorporation, shown by represent-
ative images (C) and quantification (D). (E) Cell number was examined in a MTT assay. Data were shown as 
mean ± SD and statistically analysed using one-way ANOVA with a Bonferoni correction. *p<0.05. n=5. Scale 
bars are 30μm.

http://dx.doi.org/10.1159%2F000374051
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cell proliferation by 24 hour’s BrdU incorporation (Fig. 1B). We found that PLGF (10ng/ml) 
itself, or co-culture alone with MS1 cells (1:1 ratio to beta cells) failed to induce beta-cell 
proliferation, whereas PLGF significantly augmented proliferation of beta cells co-cultured 
with MS1 (Fig. 1C-D), resulting in significant increases in beta-cell number in a MTT assay 
(Fig. 1E). These data support our hypothesis that PLGF may target islet endothelial cells, and 
then the activated endothelial cells promote beta-cell proliferation.

PLGF-induced releases of growth factors from endothelial cells to augment beta-cell 
proliferation 
In order to figure out whether PLGF-activated endothelial cells may induce beta-cell 

proliferation in a paracrine-manner, we cultured beta cells in conditioned media from PLGF-
treated MS1 (Fig. 2A). We found that these conditioned media significantly increased beta-
cell proliferation (Fig. 2B-C), resulting in significant increases in beta-cell number in a MTT 
assay (Fig. 2D). These data suggest that PLGF may target and activate islet endothelial cells, 
which release growth factors to promote beta-cell proliferation in a paracrine manner.

Conditioned media from the PLGF-treated MS1 cells induce beta-cell proliferation through 
PI3k/Akt signalling
In order to understand the molecular mechanisms underlying these PLGF-initiated 

beta-cell proliferation, we applied specific signal-pathway inhibitors to cultured beta cells in 
conditioned media from PLGF-treated MS1 (Fig. 3A). 

Since PI3k/Akt, ERK/MAPK and JNK signalling pathways have been previously shown 
to be involved in beta-cell proliferation in different models, we thus used either 20µmol/l 
LY294002 (LY), a specific inhibitor to Akt, to inhibit PI3k/Akt signalling cascades in cultured 
beta cells treated with conditioned media from PLGF-treated MS1, or 10µmol/l PD98059 
(PD), a specific inhibitor to ERK1/2, to inhibit ERK/MAPK signalling cascades in cultured 

Fig. 2. PLGF-induced releases of growth factors from endothelial cells to augment beta-cell proliferation. 
(A) In order to figure out whether PLGF-activated endothelial cells may induce beta-cell proliferation in 
a paracrine-manner, we cultured beta cells in conditioned media from PLGF-treated MS1. (B-C) Beta-cell 
proliferation was analysed by BrdU incorporation, shown by representative images (B) and quantification 
(C). (D) Cell number was examined in a MTT assay. Data were shown as mean ± SD and statistically analysed 
using one-way ANOVA with a Bonferoni correction. *p<0.05. n=5. Scale bars are 30μm.
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beta cells treated with conditioned media from PLGF-treated MS1, or 10µmol/l SP600125 
(SP), a specific inhibitor to JNK, to inhibit JNK signalling cascades in cultured beta cells 
treated with conditioned media from PLGF-treated MS1 (Fig. 3A). 

We found that only application of LY significantly abolished the increases in beta-cell 
proliferation by conditioned media from PLGF-treated MS1 (Fig. 3B-C), and subsequently 
the increases in cell number (Fig. 3D). These data suggest that gestational PLGF may target 
islet endothelial cells to release growth factors that activate PI3k/Akt signalling in beta cells 
to increase their proliferation.

Activation of PI3k/Akt signalling in beta cells may increase beta-cell proliferation through 
modulation of cell-cycle regulators p21, p27, CDK4 and CyclinD1
We isolated proteins from treated beta cells, and analysed cell-cycle regulators by 

Western blot. We found that beta-cell proliferation by conditioned media from PLGF-treated 
MS1 decreased cellular levels of cell-cycle inhibitor p21 and p27, and increased cellular 
levels of cell-cycle activator CDK4 and CyclinD1 (Fig. 4). Moreover, these modulations of cell-

Fig. 3. Conditioned media from the PLGF-treated MS1 cells induce beta-cell proliferation through PI3k/
Akt signalling. (A) In order to understand the molecular mechanisms underlying these PLGF-initiated beta-
cell proliferation, we applied specific signal-pathway inhibitors to cultured beta cells in conditioned media 
from PLGF-treated MS1. We used either 20µmol/l LY294002 (LY), a specific inhibitor to Akt, to inhibit PI3k/
Akt signalling cascades in cultured beta cells treated with conditioned media from PLGF-treated MS1, or 
10µmol/l PD98059 (PD), a specific inhibitor to ERK1/2, to inhibit ERK/MAPK signalling cascades in cul-
tured beta cells treated with conditioned media from PLGF-treated MS1, or 10µmol/l SP600125 (SP), a 
specific inhibitor to JNK, to inhibit JNK signalling cascades in cultured beta cells treated with conditioned 
media from PLGF-treated MS1. (B-C) Beta-cell proliferation was analysed by BrdU incorporation, shown by 
representative images (B) and quantification (C). (D) Cell number was examined in a MTT assay. Data were 
shown as mean ± SD and statistically analysed using one-way ANOVA with a Bonferoni correction. *p<0.05. 
n=5. Scale bars are 30μm.

http://dx.doi.org/10.1159%2F000374051


Cell Physiol Biochem 2015;36:34-43
DOI: 10.1159/000374051
Published online: April 27, 2015

© 2015 S. Karger AG, Basel
www.karger.com/cpb 40

Li et al.: PLGF Impairs Beta-Cell Proliferation Through PI3k

Cellular Physiology 
and Biochemistry

Cellular Physiology 
and Biochemistry

cycle regulators were abolished by inhibition of PI3k/Akt signalling, but not by inhibition of 
either ERK/MAPK or JNK signalling (Fig. 4). Together, these data suggest that activation of 
PI3k/Akt signalling in beta cells may increase beta-cell proliferation through modulation of 
cell-cycle regulators p21, p27, CDK4 and CyclinD1. Together with our previous findings [6], 
the model of contribution of reduced gestational PLGF to PE and GDM has been illustrated 
(Fig. 5).

Discussion

PE and GDM are two common obstetric complications and appear to be the leading 
causes of maternal and fatal mortality. Although these two complications have a high 
frequency to co-occur in many patients, their relationships in terms of the pathogenesis have 
not been fully elucidated. 

In our previous study, we confirmed reduced serum PLGF levels in pregnant women 
with PE. We have also detected a strong correlation between serum PLGF levels and presence 
of GDM. To study the possible causal link and underlying mechanism, we have used a well-
established L-NAME mouse model for human PE, which induces all PE-like features, like 
hypertension, proteinuria, renal damage and fatal growth retardation. Then we analysed 
whether the growth of beta-cell mass during pregnancy may be affected by L-NAME injection 
in this PE model. Our result show a significant impairment in beta-cell mass growth after 
L-NAME treatment. We found a substantial increase in beta-cell proliferation in pregnant 
mice, which significantly decreased by L-NAME injection. In a gain-of-function experiment, 
exogenous PLGF in a subcutaneous implant pump corrected the reduction in beta-cell mass 

Fig. 4. Activation of PI3k/Akt signalling in beta cells 
may increase beta-cell proliferation through modu-
lation of cell-cycle regulators p21, p27, CDK4 and 
CyclinD1. We isolated proteins from treated beta 
cells, and analysed cell-cycle regulators p21, p27, 
CDK4 and CyclinD1 by Western blot. We found that 
beta-cell proliferation by conditioned media from 
PLGF-treated MS1 decreased cellular levels of cell-
cycle inhibitor p21 and p27, and increased cellular 
levels of cell-cycle activator CDK4 and CyclinD1. Bcl-
2 was not affected. Moreover, these modulations of 
cell-cycle regulators were abolished by inhibition of 
PI3k/Akt signalling, but not by inhibition of either 
ERK/MAPK or JNK signalling. 

Fig. 5. Schematic of the model. Model of 
contribution of reduced gestational PLGF 
to PE and GDM.
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and PE-associated features by L-NAME injection. Since we did not find alteration in islet 
vessel density by modulation of PLGF levels, the effect of PLGF on beta-cell growth may not 
require the growth of islet capillary [26, 27]. 

Based on these findings, we hypothesize that PLGF may activate specific signal 
transduction in islet endothelial cells after it binds to VEGFR1 in these cells, which triggers 
the production and secretion of trophic factors to promote proliferation of the adjacent beta 
cells in a paracrine manner. In this study, we tried to prove this hypothesis. 

In the co-culture system, neither PLGF itself, nor co-culture alone with MS1 cells, 
but PLGF plus MS1 induced beta-cell proliferation. The first two conditions, together 
with untreated beta cells were used as controls to demonstrate that PLGF indeed targets 
endothelial cells, rather than beta cells, and the activated endothelial cells further induce 
beta-cell proliferation. Since beta cells and MS1 were co-cultured in a transwell, cell-contact 
is not required for beta-cell proliferation, which suggests that PLGF may target and activate 
islet endothelial cells, which release growth factors to promote beta-cell proliferation in a 
paracrine manner. These data were further supported by the conditioned media from PLGF-
treated MS1 similarly induced beta-cell proliferation.

Next we added specific signal-pathway inhibitors to cultured beta cells in conditioned 
media from PLGF-treated MS1. Only application of LY significantly abolished the increases 
in beta-cell proliferation by conditioned media from PLGF-treated MS1, suggesting that 
gestational PLGF may target islet endothelial cells to release growth factors that activate PI3k/
Akt signalling in beta cells to increase their proliferation. We isolated proteins from treated 
beta cells, and analysed cell-cycle regulators by Western blot, and found that activation of 
PI3k/Akt signalling in beta cells may increase beta-cell proliferation through modulation 
of cell-cycle regulators p21, p27, CDK4 and CyclinD1. We also examined some other cell-
cycle-associated proteins. CyclinE, cyclinB, Bak, Bid, and caspase 9 were not expressed in 
beta cells, while Bcl-2 was not significantly changed. Together, these data are consistent with 
the previous findings in PI3k/Akt pathway, since Akt can phosphorylate FoxO1 to release 
FoxO1 from p21 and p27 promoter, and Akt can activate mTor to directly activate CDK4 and 
CyclinD1 [28, 29]. Together with our previous findings [6], our studies suggest a model in that 
PLGFs play a key role in gestation. Reduction of PLGF may induce vascular defects that affect 
cardiac endothelial cells to induce hypertension and other PE-like symptoms. Reduction of 
PLGF may also induce vascular defects that affect islet endothelial cells that are needed to 
release growth factors to augment beta-cell proliferation. Future experiments may address 
identification of these beta-cell trophic factors released by PLGF-activated islet endothelial 
cells.
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