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Abstract 

Background: An environment of gestational diabetes mellitus (GDM) can modify the phenotype of stem cell popu‑
lations differentially according to their placental localization, which can be useful to study the consequences for the 
fetus. We sought to explore the effect of intrauterine GDM exposure on the angiogenic properties of human amniotic 
membrane stem cells (hAMSCs).

Methods: We comprehensively characterized the angiogenic phenotype of hAMSCs isolated from 14 patients with 
GDM and 14 controls with normal glucose tolerance (NGT). Maternal and fetal parameters were also recorded. Hyper‑
glycemia, hyperinsulinemia and palmitic acid were used to in vitro mimic a GDM‑like pathology. Pharmacological and 
genetic inhibition of protein function was used to investigate the molecular pathways underlying the angiogenic 
properties of hAMSCs isolated from women with GDM.

Results: Capillary tube formation assays revealed that GDM‑hAMSCs produced a significantly higher number of 
nodes (P = 0.004), junctions (P = 0.002) and meshes (P < 0.001) than equivalent NGT‑hAMSCs, concomitant with an 
increase in the gene/protein expression of FGFR2, TGFBR1, SERPINE1 and VEGFA. These latter changes were recapitu‑
lated in NGT‑hAMSCs exposed to GDM‑like conditions. Inhibition of the protein product of SERPINE1 (plasminogen 
activator inhibitor 1, PAI‑1) suppressed the angiogenic properties of GDM‑hAMSCs. Correlation analyses revealed that 
cord blood insulin levels in offspring strongly correlated with the number of nodes (r = 0.860; P = 0.001), junctions 
(r = 0.853; P = 0.002) and meshes (r = 0.816; P = 0.004) in tube formation assays. Finally, FGFR2 levels correlated posi‑
tively with placental weight (r = 0.586; P = 0.028) and neonatal adiposity (r = 0.496; P = 0.014).
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Background
The maternal environment is a major factor in fetal 
growth and development. Several lines of evidence show 
that prenatal exposure to nutritional and metabolic 
stress is associated with fetal reprogramming, a concept 
that considers specific environmental events occur-
ring during pregnancy as a cause of adverse effects long 
after birth [1, 2]. For example, the hyperglycemic and 
hyperlipidemic environment found in gestational diabe-
tes (GDM)—one of the most common complications in 
pregnancy—increases the risk of cardiovascular and met-
abolic disorders such as obesity and type 2 diabetes later 
in life [3–6].

Functional integrity of the placenta, the natural inter-
face between mother and fetus, is crucial to protect the 
fetus from fluctuations in maternal metabolic and energy 
status [7]. While the mechanisms underlying fetal pro-
gramming remain elusive, a growing body of evidence 
points to the metabolic imprint of fetal precursor cells in 
the placenta and/or umbilical cord as a potential driver 
of negative health outcomes in offspring. Along this line, 
several studies have demonstrated that cord- and/or pla-
cental-derived mesenchymal stem cells (MSCs) isolated 
from women with GDM exhibit unique proliferative [8, 
9], immunomodulatory [8] and cell differentiation [10, 
11] properties as compared with equivalent cells from 
healthy pregnancies. It has been also described that GDM 
alters the transcriptional profile [12] and mitochondrial 
activity [11, 13] of these precursor cell populations. In 
this context, we recently demonstrated that GDM dis-
turbs the multilineage differentiation potential and 
immunomodulatory properties of human amniotic MSCs 
(hAMSCs) [14], which are located in a privileged region 
in close contact with the amniotic fluid and the fetus. We 
also found that the inflammatory status of hAMSCs was 
related not only to maternal metabolic cues, but also to 
infant clinical and metabolic status [14], indicating that 
hAMSCs might be a powerful tool for the indirect study 
of fetal cells in the context of hyperglycemia and insulin 
resistance.

While it might seem contradictory, fetal precursors 
from the amniotic membrane—one of the few avascu-
lar tissues—secrete significant amounts of angiogenic 
factors [15, 16] and have strong angiogenic potential 

[16–19]. Pre-clinical research exploiting this phenom-
enon by using hAMSCs as a cell-based therapy has 
produced encouraging results in several disease mod-
els [18, 20–23]. While it remains unclear what role 
hAMSCs with pronounced vascular properties have in 
normal physiology, they might reflect specific charac-
teristics of the offspring (e.g., vascular system), as has 
been proposed for endothelial cells in the umbilical 
cord [24]. Indeed, umbilical cord-derived primary cells 
from offspring of mothers with GDM have compro-
mised angiogenic capacity measured as in  vitro capil-
lary tube formation activity, which is in agreement with 
the evident differences in gene expression of pathways 
related to angiogenesis and vascular development [25]. 
In the present study, we sought to determine the effect 
of intrauterine exposure to GDM on the angiogenic 
properties of hAMSCs, and whether their vascular 
characteristics are related to maternal and infant meta-
bolic status.

Methods
Study population
Twenty-seven pregnant women (14 with GDM and 14 
with NGT, acting as controls) scheduled for cesarean 
delivery, were recruited at the Hospital Universitari 
de Tarragona Joan XXIII over 32  months. Pregnant 
women with either pre-existing type 1 or type 2 diabe-
tes, inflammatory or chronic diseases, or taking drugs 
known to affect carbohydrate metabolism, were 
excluded from the study cohort. All participants were 
screened for GDM at 24–28 weeks of gestation using a 
two-step approximation according to the standards of 
the Spanish Group on Diabetes and Pregnancy guide-
lines, which followed the National Data Group Crite-
ria [26, 27]. Mothers diagnosed with GDM followed an 
individualized diet with 40% of carbohydrates and had 
to self-monitor blood glucose 6 times daily (fasting and 
1-h postprandial). Insulin therapy was initiated when 
fasting glucose was 95  mg/dL or higher and/or 1-h 
postprandial values were above 140  mg/dL. The study 
was performed according to the tenets of the Helsinki 
Declaration. Ethical approval was obtained by the Insti-
tut d’Investigació Sanitaria Pere Virgili Research Ethics 

Conclusions: GDM exposure contributes to the angiogenic abilities of hAMSCs, which are further related 
to increased cord blood insulin and fetal adiposity. PAI‑1 emerges as a potential key player of GDM‑induced 
angiogenesis.
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Board (Ref: 133/2018), and all participants signed a 
written informed consent before entering the study.

Clinical and demographic data
Gestational age was confirmed by a routine ultrasono-
graphic examination scheduled before week 20 of gesta-
tion. Maternal pre-pregnancy weight and height were 
annotated by self-report at the first prenatal visit. Pre-
pregnancy body mass index (BMI) and gestational weight 
gain (GWG) were calculated using the following formu-
las: pre-pregnancy BMI = pre-pregnancy weight (kg)/
(height (m))2 and GWG = final weight—pre-pregnancy 
weight. Gestational timing of delivery was based mainly 
on obstetric indications.

Offspring body and placenta weight were annotated 
after parturition, and neonatal tricipital, subscapular and 
suprailiac skinfold thickness were measured using a Hol-
tain skinfold caliper (Chasmors Ltd., London, UK) within 
48 h.

Sample collecting and processing
Maternal blood was drawn in the morning, after at least 
8  h of fasting and just prior to the cesarean section; 
umbilical cord blood was obtained immediately after 
delivery. Serum and plasma were processed and stored at 
-80ºC until analysis. Full-term placentas were collected 
after delivery and processed under sterile conditions 
within one hour. The amniotic membrane was manually 
peeled from the underlying chorionic membrane and 
washed with phosphate-buffered saline (PBS) containing 
a 1% antibiotic/antimycotic solution.

Laboratory measurements
Glucose, cholesterol and triglyceride levels were deter-
mined with ADVIA 1800 and 2400 (Siemens AG, 
Munich, Germany) autoanalyzer platforms following 
standard enzymatic methods. An immunoassay on the 
Centaur XP platform (Siemens AG) was assessed to 
determine fasting insulin.

Isolation and culture of human amniotic membrane 
mesenchymal stem cells
To isolate hAMSCs, samples of amniotic membrane 
were minced and subjected to 30-min digestion with 
0.25% trypsin–EDTA solution, followed by a 90-min, 
second digestion with collagenase type IV (Gibco, 
Carlsbad, CA) dissolved in complete medium contain-
ing Dulbecco’s modified Eagle’s medium (DMEM)/F12 
(1:1, 1 × , HyClone, Logan, UT), 10% fetal bovine serum 
(FBS, HyClone) and 1% antibiotic/antimycotic solution 
(Gibco). After centrifuging and washing, the pellet was 
resuspended in the aforementioned medium. Primary 
cultures of hAMSCs at passage 0 were grown to 80–90% 

confluence at 37  °C in 5%  CO2, with a medium change 
1  day after seeding. Non-adherent cells were removed 
by rinsing twice with PBS. After 4  days, hAMSCs were 
recovered using 0.25% trypsin–EDTA and seeded in 
75-cm2 flasks and cultured in DMEM/F12, with 10% FBS 
and 1% antibiotic/antimycotic solution, changing the 
medium every 2 days. hAMSCs were grown to passage 3 
using the same culture medium. To mimic the GDM-like 
environment for capillary-tube formation assays, control 
hAMSCs were serum-deprived in DMEM/F12 supple-
mented with 0.2% BSA (Sigma-Aldrich, St. Louis, MO) at 
least 2 h prior to a 24-h (for tube formation analysis) or 
48-h stimulation (for protein analysis) with glucose, insu-
lin and palmitic acid at a final concentration of 30 mM, 
100 nM and 50 µM, respectively.

Flow cytometry analysis
Surface markers of the mesenchymal lineage were deter-
mined and analyzed by flow cytometry (FACS Aria III; 
BD Biosciences, San Jose, CA) meeting the minimum cri-
teria defined by the International Society of Cell Therapy 
[28]. Briefly, hAMSCs (1 ×  105) were incubated with a 
panel of primary antibodies (BD Pharmingen, San Diego, 
CA) as described [14]. Data analysis was performed 
using FACSDiva software (BD Biosciences). Cells were 
positive for the surface markers CD90 (96.95 ± 2.315), 
CD73 (93.73 ± 4.885) and CD105 (90 ± 6.205) and nega-
tive for CD45 (0.02 ± 0.05), CD34 (0.12 ± 0.17), CD31 
(0.31 ± 0.33) and CD14 (0.34 ± 0.5).

Gene expression analysis
Total RNA was extracted using TRIzol® Reagent (Invit-
rogen), and its quality was assessed by the 260/280  nm 
optical density ratio. Two micrograms of total RNA was 
transcribed into cDNA with random primers using a 
dNTP Mix (100 mM), MultiScribe Reverse Transcriptase 
(50 U/μL) and RNase Inhibitors with the High-Capac-
ity cDNA Reverse Transcription Kit (Applied Biosys-
tems, Foster City, CA). Gene expression was evaluated 
by quantitative reverse transcription real-time PCR 
(RT-qPCR) on a 7900HT Fast Real-Time PCR System 
(Applied Biosystems) using a predesigned TaqMan 
Low Density Array (Applied Biosystems), comprising 
the following genes: ANG (Hs00265741_s1), ANGPT1 
(Hs00919202_m1), ANGPT2 (Hs00169867_m1), 
ANGPT4 (Hs00907074_m1), ANGPTL4 (Hs01101123_
g1), CCL2 (Hs00234140_m1), IL8 (Hs00174103_m1), 
FGF-2 (Hs00266645_m1), FGFR2 (Hs01552918_m1), 
IGF1 (Hs01547656_m1), IGF1R (Hs00609566_m1), IL1β 
(Hs01555410_m1), MMP2 (Hs01548727_m1), MMP9 
(Hs00957562_m1), PDGFB (Hs00966522_m1), PDGFRA 
(Hs00998018_m1), PDGFRB (Hs01019589_m1), SER-
PINE1 (Hs00167155_m1), TGFβ1 (Hs00998133_m1), 
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TGFβR1 (Hs00610320_m1), TNF (Hs00174128_m1), 
VEGFA (Hs00900055_m1), VEGFR1 (Hs01052961_m1) 
and VEGFR2 (Hs00911700_m1). Gene expression val-
ues were calculated using the comparative Ct method 
(2 − ΔΔCt) and normalized to the expression of the 
housekeeping gene 18S (Hs03928985_g1).

Protein expression analysis
Cells were lysed and homogenized in M-PER buffer 
(Thermo Scientific, Waltham, MA) containing a pro-
tease and phosphatase inhibitor cocktail; protein con-
centration was determined with the BCA Protein Assay 
Kit (both from Pierce Biotechnology, Rockford, IL). 
Equal amounts of total protein were separated using 
SDS-PAGE electrophoresis, transferred to Immobilon-P 
PVDF Membranes (Merck Millipore, Burlington, MA) 
and blocked in 5% non-fat milk in T-TBS. Immunoblot-
ting was performed using polyclonal antibodies against 
FGFR2 (F6796, Sigma-Aldrich), TGFBR1 (SAB1300113, 
Sigma-Aldrich), PAI-1 (612,024, BD Transduction Labo-
ratories, Franklin Lakes, NJ) and a monoclonal antibody 
against VEGFA (19,003–1-AP, Proteintech Group, Man-
chester, UK). Anti-β-actin (Sigma-Aldrich) was employed 
as a loading control. Western blot signals were visualized 
using the Immobilon ECL Ultra Western HRP Substrate 
(Merck Millipore) and captured on an iBright CL1000 
Imaging System equipped with iBright Analysis Software 
(Invitrogen, Carlsbad, CA).

Small molecule inhibitors
Alofanib, SB-431542 and TM5275 sodium inhibitors 
(MedChemExpress LLC, Monmouth Junction, NJ) were 
used as small molecule inhibitors of FGFR2, TGFBR1 
and PAI-1, respectively. Inhibitors (purchased lyophi-
lized) were dissolved in dimethyl sulfoxide (DMSO) at a 
stock concentration of 1, 5 and 10 mM, respectively, and 
were stored at -80  °C. Serum-deprived (2  h) hAMSCs 
were treated for 3 h with alofanib (1–5 μM), SB-431542 
(10–50 μM) or TM5275 sodium (50–100 μM) diluted in 
DMEM/F12 with 0.2% BSA prior to the tube formation 
assay. Inhibiting concentrations were maintained in the 
medium when plating on the gel matrix. Controls were 
treated with equivalent amounts of DMSO.

siRNA‑mediated knockdown
RNA interference-mediated gene silencing was used to 
target VEGFA protein function. hAMSCs were plated at 
7.5 ×  104 cells per well in a 12-well plate and allowed to 
adhere overnight. Prior to transfection, cells were serum-
deprived for 2 h in Opti-MEM I Reduced Serum Medium 
(Gibco). ON-TARGETplus VEGFA siRNA and ON-TAR-
GETplus Non-targeting Control Pool (Horizon Discovery 
Ltd., Waterbeach, UK) were diluted in Optimem-MEM 

to a concentration of 100 nM. The same reduced serum 
medium was used to dilute the transfection reagent 
Lipofectamine RNAiMAX (Invitrogen). Diluted RNAi 
duplexes and Lipofectamine RNAiMAX were combined, 
reducing the siRNA final concentration to 50  nM, and 
500 µL of transfection mixture was added to each corre-
sponding well. Cells were incubated for 48 h at 37ºC and 
5%  CO2. The transfection medium was diluted 1:2 after 
6  h and was completely replaced with complete growth 
medium at 24  h post-transfection. Successful siRNA 
delivery and VEGFA gene knockdown efficiency were 
verified with RT-qPCR.

Tube formation assay
Analysis of capillary formation was performed using an 
extracellular gel matrix from Engelbreth-Holm-Swarm 
mouse sarcoma cells (Sigma-Aldrich). In total, 60 μL of 
gel matrix solution was applied to each well of a 96-well 
plate and incubated for 30  min at 37  °C. hAMSCs 
(1.2 ×  104) were suspended in 100 μL of DMEM/F12 with 
0.2% BSA, plated onto the gel matrix in triplicate and 
incubated at 37ºC. After 4 h of incubation, at least 5 fields 
were randomly photographed using a ZEISS Primovert 
microscope (ZEISS, Oberkochen, Germany). The num-
ber of extremities, nodes, junctions and meshes of each 
sample was measured using Angiogenesis Analyzer for 
ImageJ (National Institutes of Health, Bethesda, Mary-
land), as described [29].

Statistical analysis
Statistical calculations and visualizations were per-
formed using GraphPad software version 8.0 (GraphPad 
Software Inc., San Diego, CA). For clinical, metabolic 
and gene expression data integration we used SPSS soft-
ware version 20.0 (IBM, Armonk, NY). Clinical data are 
expressed as mean ± SD for quantitative variables and as 
number (percentages) for categorical variables. In  vitro 
data are shown as mean ± SEM. The one-sample Kol-
mogorov–Smirnov test was used to verify normal dis-
tribution of the data. Statistical significance was tested 
by Student’s t test (two-tailed, 95% confidence interval) 
or Mann–Whitney U test, as required. Pearson’s cor-
relation coefficient analysis (two-tailed, 95% confidence 
interval) was used to examine the relationship between 
gene expression and clinical and metabolic parameters. 
A P-value < 0.05 was considered statistically significant in 
all analyses.

Results
Clinical and analytical characteristics of the cohort
Clinical, anthropometric and analytical data from moth-
ers in pregnancy and their offspring are shown in Table 1. 
Pregestational BMI was significantly higher (P = 0.01) in 
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mothers with GDM (N = 14) than in peers with normal 
glucose tolerance (NGT) (N = 14), but no other differ-
ences were found for maternal metabolic parameters. 
Likewise, no significant differences were found for off-
spring, placental and neonatal anthropometrical meas-
urements or for biochemical characteristics between the 
GDM and NGT groups.

GDM environment enhances the angiogenic capacity 
of hAMSCs
hAMSCs were isolated from the amniotic membrane of 
women in both groups after delivery. To test the angio-
genic potential of hAMSCs, we employed a functional 
tube formation assay that evaluates their ability to form 
capillary-like structures in an extracellular matrix (ECM). 
Randomly photographed representative fields of the 
angiogenic networks revealed markedly higher num-
bers of branching points and longer tube lengths from 
GDM-hAMSCs than from NGT-hAMSCs (Fig.  1a). 
Accordingly, the extent of tube formation was signifi-
cantly greater in GDM-hAMSCs than in NGT-hAMSCs, 
measured as the number of capillary nodes (P = 0.004), 
junctions (P = 0.002) and meshes (P < 0.001), whereas the 
number of extremities was similar (P = 0.520) (Fig. 1b).

GDM‑hAMSCs display an enhanced pro‑angiogenic 
expression profile
After bibliographic screening, we selected 24 genes as 
angiogenic markers and performed expression profil-
ing using a predesigned TaqMan Low Density Array 

(see Methods). Comparative analysis revealed that the 
expression of fibroblast growth factor receptor 2 (FGFR2; 
P = 0.017), serpin family E member 1 (SERPINE1; 
P = 0.019), transforming growth factor beta receptor 1 
(TGFBR1; P = 0.038) and vascular endothelial growth 
factor A (VEGFA; P = 0.033) was significantly greater in 
GDM-hAMSCs than in NGT-hAMSCs (Fig.  2a), which 
was also confirmed at the protein level by western blot-
ting (Fig. 2b).

A GDM‑like environment induces angiogenic activity 
in healthy hAMSCs
To validate the angiogenic characteristics of GDM-hAM-
SCs, we attempted to mimic a GDM-like environment 
in  vitro by culturing NGT-hAMSCs under conditions 
of hyperglycemia, hyperinsulinemia and dyslipidemia 
(using the saturated fatty acid palmitic acid). Compara-
tive analysis showed that NGT-hAMSCs cultured in a 
GDM-like environment were very similar to GDM-hAM-
SCs with respect to their angiogenic properties (Fig. 1a), 
including a markedly higher number of branching points 
and longer tube lengths in comparison with healthy 
NGT-hAMSCs (Fig. 3a). This effect was reflected in a sig-
nificantly higher number of nodes (P = 0.002), junctions 
(P = 0.001) and meshes (P = 0.001), whereas the num-
ber of extremities remained similar (P = 0.626) (Fig. 3b). 
Likewise, western blotting analysis revealed that a GDM-
like insult led to a significant increase in the expression of 
FGFR2, TGFBR1, plasminogen activator inhibitor 1 (PAI-
1) and VEGFA in NGT-hAMSCs (Fig. 3c).

Table 1 Clinical and analytical characteristics of the cohort

Data expressed as mean ± SD for quantitative variables following normal distribution, qualitative variables are expressed as n (%). Differences between quantitative 
variables were assessed by Student’s t test or the Mann–Whitney U test, as required. Differences between qualitative variables were assessed by the Chi-square test

The table should appear in the “Clinical and analytical characteristics of the cohort” subsection, inside the “Results”

NGT normal glucose tolerance, GDM gestational diabetes mellitus, BMI body mass index, Cb Cord blood

NGT (N = 14) GDM (N = 14) P‑value

Maternal clinical and analytical characteristics

Maternal age (years) 33.86 ± 6.97 36.57 ± 3.65 0.208

Pregestational BMI (kg/m2) 25.27 ± 3.29 30.33 ± 5.93 0.010

Gestational weight gain (kg) 12.37 ± 4.51 8.21 ± 6.10 0.051

Nulliparous, n (%) 6 (43) 2 (14) 0.092

Glucose (mg/dL) 4.88 ± 1.94 4.65 ± 1.03 0.704

Offspring clinical and analytical characteristics

Gestational week delivery (weeks) 37.71 ± 0.73 38.07 ± 0.47 0.136

Birth weight (g) 3.265.36 ± 330.32 3.318.93 ± 379.89 0.694

Placental weight (g) 632.86 ± 47.51 675.00 ± 193.24 0.586

Sum skinfolds (mm) 12.47 ± 1.09 12.67 ± 2.20 0.773

Cb glucose (mg/dL) 3.57 ± 0.58 3.78 ± 0.78 0.437

Cb insulin mUI/L 33.89 ± 23.36 58.75 ± 50.83 0.295

Cb C peptide ng/dL 0.24 ± 0.06 0.27 ± 0.17 0.548
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PAI‑1 has a key role in the GDM‑related proangiogenic 
properties of hAMSCs
To decipher the potential involvement of the pro-
teins upregulated in GDM-hAMSCs, we followed two 
approaches: pharmacological inhibition of protein 
function for FGFR2, TGFBR1 and PAI-1, and siRNA-
mediated knockdown for VEGFA. The ability to form 
vascular networks was assessed in all cases. Results 
showed that neither alofanib (1–5 µM) nor SB-431542 
(10–50  µM), selective inhibitors of FGFR2 and 
TGFBR1, respectively, nor VEGFA siRNA-mediated 
knockdown (50  nM), altered the pro-angiogenic abil-
ity of GDM-hAMSCs, as no significant differences were 
found in any of the 4 parameters analyzed (extremi-
ties, nodes, junctions and meshes) compared with 
vehicle treatment (data not shown). By contrast, when 
we blocked PAI-1 function using the TM5275 sodium 
inhibitor (100  µM), we observed a notable disruption 
of the tubular network and a lower number of branch-
ing points, as compared with the non-treated group 
(Fig.  4a). This was reflected in a significant reduction 
in the number of capillary nodes (P < 0.001), junctions 
(P < 0.001) and meshes (P < 0.001) in GDM-hAMSCs 
treated with TM5275 compared with the control group 
(Fig. 4b).

Angiogenic properties of fetal precursor cells are related 
to neonatal anthropometric and metabolic features
We next explored the potential relationship between 
maternal anthropometric and metabolic parameters 
and the angiogenic phenotype of hAMSCs, including 
whether their functional characteristics were associated 
with offspring clinical and analytical parameters. Cor-
relation analysis of the entire cohort revealed that the 
levels of offspring cord blood insulin strongly correlated 
with the number of nodes (r = 0.860; P = 0.001), junctions 
(r = 0.853; P = 0.002) and meshes (r = 0.816; P = 0.004) in 
tube-forming assays (Fig. 5a). No correlations were found 
when we analyzed each group separately. In a similar 
analysis, we explored the relationship between the dif-
ferentially expressed genes and clinical parameters. We 
found that FGFR2 expression significantly correlated 
with the neonate sum of skinfolds (r = 0.496; P = 0.014) 
and with placental weight (r = 0.586; P = 0.028) (Fig. 5b). 
No correlations were found when analyzing each group 
separately.

Discussion
The placenta is a rich reservoir of perinatal stem cells 
with recognized therapeutic potential for cell-based 
therapies due to their superior pro-angiogenic features, 

A B
NGT GDM

100 µm

100 µm

100 µm

100 µm

Fig. 1 GDM environment enhances the angiogenic capacity of hAMSCs. A Visual representation of tube formation assay of NGT‑hAMSCs and 
GDM‑hAMSCs. Two randomly imaged representative fields of each group are represented. Scale bars = 100 µm. B Quantitative data represent 
differences in the number of extremities, nodes, junctions and meshes between NGT‑ and GDM‑hAMSCs (n = 11; 5 NGT and 6 GDM). Data are 
normalized to the mean of the controls of each experiment and are shown as mean ± SEM. Differences assessed by Student’s t test. **P < 0.01; 
***P < 0.001
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among other properties. At the same time, examination 
of fetal precursors can be useful to better understand 
pregnancy disorders and potential consequences for 
the fetus, as they can reflect disturbances in maternal 
homeostasis (e.g., GDM) [30]. The impact of GDM for 
placental angiogenesis is unclear, and to the best of our 
knowledge, no studies have examined how GDM might 
influence the angiogenic properties of MSCs from the 
amniotic membrane. Our analysis reveals that hAMSCs 
isolated from the placenta of mothers with GDM show an 
upregulation of genes involved in angiogenesis, including 
TGFβR1, VEGFA, FGFR2 and SERPINE1, with the latter 
being a potential key player in angiogenesis regulation. 
Moreover, the expression of FGFR2 was closely associ-
ated with neonatal adiposity and placental weight. The 
pro-angiogenic expression phenotype in hAMSCs from 

GDM mothers correlated with enhanced angiogenic 
capacities, which were additionally related to fetal insulin 
concentration. Overall, these data support the hypothesis 
that the in utero environment impacts the fetal pheno-
type, and hAMSCs should be considered an important 
factor in this interconnection.

The amniotic membrane is a thin, transparent and 
avascular membrane that envelopes the fetus and holds 
the amniotic fluid [31]. It contains two types of fetal stem 
cells: epithelial stem cells from the innermost layer of 
amnion, which directly contact with amniotic fluid and 
fetus, and hAMSCs scattered in the membrane [32]. 
hAMSCs are known to express and produce pro-angio-
genic factors needed for neo-vascularization and angio-
genesis [20], and also have the capacity to differentiate 
into endothelial cells [32, 33], although their ability to 
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Fig. 2 GDM‑hAMSCs exhibit a specific pro‑angiogenic expression profile. A Heatmap comparing angiogenic gene expression between the GDM 
and NGT groups (N = 14 in each). Data are represented as  log2 (fold change). Differences assessed by Mann–Whitney U test. B Western blot analysis 
of FGFR2, TGFBR1, PAI‑1 and VEGFA protein expression. Representative image and densitometry analysis (arbitrary units, N = 9 each group). Data 
are normalized to the mean of the controls of each experiment and are shown as mean ± SEM. Differences assessed by Student’s t test. *P < 0.05; 
**P < 0.01; ***P < 0.001
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induce a stable vascular network has been questioned 
[19]. hAMSCs are also able to stimulate angiogenesis 
in stem cells derived from other tissues, such as human 
adipose tissue mesenchymal stem cells [34], and to form 
endothelial rings [35]. By contrast, the epithelial surface 
that sustains the epithelial stem cells seems to have an 

inhibitory effect on vessel formation, which may inhibit 
hAMSC differentiation into mature endothelial cells and 
maintain the avascularity of the amniotic membrane [31, 
32, 36]. The impact of a GDM environment on placental 
angiogenesis is a contentious issue, with some authors 
finding defective vascular tree formation and altered 
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Fig. 3 GDM‑like milieu confers a pro‑angiogenic profile on NGT‑hAMSCs. NGT‑hAMSCs were cultured in the presence of 30 mM glucose, 100 nM 
insulin and 50 µM palmitic acid. A Visual representation of tube formation assay of NGT‑hAMSCs and GDM‑like treated hAMSCs. Two representative 
fields of each condition are shown. Scale bars = 100 µm B Differences in the number of extremities, nodes, junctions and meshes between groups 
(N = 10 each group). C Protein expression analysis comparing angiogenic protein levels of FGFR2, TGFBR1, PAI‑1 and VEGFA between groups. 
Representative image and densitometry analysis (arbitrary units, N = 9 each group). Data are normalized to the mean of the controls of each 
experiment and are shown as mean ± SEM. Differences assessed by Student’s t test. *P < 0.05; **P < 0.01; ***P < 0.001
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Fig. 4 PAI‑1 inhibition by TM5275 decreases the angiogenic properties of GDM‑hAMSCs. GDM‑hAMSCs were treated with 100 µM TM5275. A Visual 
representation of tube formation assay. Two representative fields of each condition are shown. Scale bars = 100 µm. B Quantitative data represent 
differences in the number of extremities, nodes, junctions and meshes between GDM‑ and TM5275‑treated GDM‑hAMSCs (N = 7 in each group). 
Data are normalized to the mean of the controls of each experiment and are shown as mean ± SEM. Differences assessed by Student’s t test. 
*P < 0.05; ***P < 0.001

Fig. 5 Functional angiogenic properties of hAMSCs are strongly associated with infant metabolic parameters (N = 11; 6 NGT and 5 GDM) (A), and 
their gene signature is related to placental weight (N = 14; 7 in each group) and neonatal adiposity parameters (N = 25; 13 NGT; 12 GDM) (B). Gene 
expression data are expressed as fold change, whereas functional parameters appear as numbers. Correlations were calculated using Pearson’s 
correlation coefficient
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angiogenesis in placentas from mothers with diabetes 
[37], and others reporting hypervascularization [38]. Pla-
cental chorionic mesenchymal stem cells were reported 
to have poor tube formation ability in GDM [39], con-
comitant with systemic downregulation of angiogenic 
genes [12]. Similarly, the GDM environment was found 
to disturb the migration, proliferation and tube forma-
tion capacities of human umbilical vein endothelial cells 
[40]. In contrast to these data, the present study reveals 
that hAMSCs from GDM placentas display superior 
angiogenic activity over healthy counterparts, which sug-
gests that the impact of GDM on fetal precursors is likely 
cell-specific. Additionally, NGT-hAMSCs exposed to a 
GDM-like environment display GDM-hAMSCs features, 
with an increase in the expression of angiogenic proteins 
and in angiogenic potential. Indeed, it has been described 
that hyperglycemia and hyperinsulinemia—the two 
main characteristics of GDM—contribute to hypervas-
cularization in fetoplacental endothelial cells [41] and in 
the trophoblast [42]. In this context, we found that cord 
blood insulin concentration, a surrogate marker of the 
fetal environment, was closely related to the angiogenic 
capacity of hAMSCs measured as nodes, junctions and 
meshes.

Angiogenesis is a highly regulated process that involves 
multiple cellular components and proteins includ-
ing VEGF, FGF2, PAI-1 and TGFβ1 [38, 43, 44]. VEGF, 
an inducer of endothelial cell proliferation activation 
and migration, is one of the main angiogenic regula-
tors, ensuring the adequate supply of nutrients and oxy-
gen to the fetus [38]. The role VEGF and its receptors 
in placental angiogenesis in GDM are, however, poorly 
established [45, 46]. In accordance with the higher angio-
genic activity in GDM-isolated hAMSCs, we found that 
the expression of VEGFA in hAMSCs of GDM mothers 
was elevated, suggesting a deregulation of the protein. 
Our data contrast with previous reports that observed a 
downregulation of VEGF in MSCs of the highly vascular-
ized chorion [39]. These differences may be reconciled in 
the context of the stem cell niche, which is a key regulator 
of the properties of specific stem cell populations.

Other angiogenesis-related genes such as TGFBR1, 
SERPINE1 and FGFR2 were up-regulated in GDM-
hAMSCs. The effects of TGFβ1 on endothelial cells seem 
to be concentration-dependent and can be enhanced or 
inhibited in the presence of other regulators [47], and 
hyperglycemia increases its activity [48, 49]. TGFβR1 
signaling regulates SERPINE1 (PAI-I) expression. PAI-1 
has been associated with a high pro-angiogenic activity 
at physiological concentrations [50], and its up- or down-
regulation promotes or inhibits blood vessel formation, 
respectively [51, 52]. PAI-1 has been previously reported 
to be elevated in the serum of patients with GDM [43], 

and it is known to be upregulated by the pro-angiogenic 
placental growth factor gene [53]. In agreement with 
these data, we observed that TM5275, a PAI-1 selective 
pharmacological inhibitor, substantially attenuated the 
angiogenic capacity of GDM-hAMSCs. These findings 
suggest that some of these proteins, and specifically PAI-
1, play a pivotal role in balancing the angiogenic process. 
It is well established that FGF2 signaling participates in 
the regulation of human placental artery endothelial cell 
proliferation and angiogenesis [54, 55]. Of note, FGFR2 
expression correlated significantly with neonatal sum 
of skinfolds and placental weight, which accords with a 
previous report showing a positive relationship between 
FGF2 and birth-weight and placental size in pregnancies 
complicated by diabetes [57]. This association might be 
mediated by DNA methylation of FGFR2 [55].

It is important to note that all placental material was 
obtained from a well-characterized cohort of mothers 
scheduled for cesarean delivery, to avoid any uncon-
trolled inflammatory stimuli linked to labor, which 
could affect the angiogenic phenotype of hAMSCs. Fast-
ing maternal blood samples were obtained just prior to 
cesarean section, and GDM was well controlled, includ-
ing insulin therapy when needed. This situation obviously 
limited our ability to investigate differences in metabolic 
parameters between the groups. Another limitation of 
our study is the relatively small sample size; however, it 
is substantially larger than other studies analyzing the 
plasticity of placental-derived mesenchymal stromal cells 
[9, 13, 14, 25]. Finally, we cannot discard the possibility 
that the stemness and angiogenic abilities of the hAMSCs 
were affected by cryopreservation and serial passaging 
[58], but as the same protocol was applied to GDM- and 
NGT-derived hAMSCs it should not affect our results.

Conclusion
Our study demonstrates that the GDM environment 
enhances the angiogenic potential of hAMSCs, which 
is at least partly mediated by PAI-1, and linked to some 
neonatal metabolic markers. From a therapeutic per-
spective, the pro-angiogenic potential of GDM-hAM-
SCs points to these cells as good candidates for future 
cellular-based therapies aimed to improve dysfunctional 
angiogenesis.

Abbreviations
GDM: Gestational diabetes mellitus; NGT: Normal glucose tolerance; hAMSCs: 
Human amniotic membrane stem cells; NGT‑hAMSCs: Normal glucose 
tolerance‑derived human amniotic membrane stem cells; GDM‑hAMSCs: 
Gestational diabetes mellitus‑derived human amniotic membrane stem 
cells; BMI: Body mass index; GWG : Gestational weight gain; ECM: Extracellular 
matrix; dTNP: Deoxyribonucleotide triphosphate; cDNA: Complementary 
DNA; RT‑qPCR: Quantitative reverse transcription real‑time polymerase chain 



Page 11 of 13Klid et al. Stem Cell Research & Therapy          (2021) 12:608  

reaction; FGFR2: Fibroblast growth factor receptor 2; PAI‑1: Plasminogen 
activator inhibitor 1; SERPINE1: Serpin family E member 1; TGFβR1: Transform‑
ing growth factor beta receptor 1; VEGFA: Vascular endothelial growth factor A; 
MSC: Mesenchymal stem cell; VEGF: Vascular endothelial growth factor; TGFβ1: 
Vascular transforming growth factor beta 1.

Acknowledgements
We acknowledge the patients and volunteers involved in this study for their 
collaboration. We also acknowledge the BioBank IISPV (PT17/0015/0029) inte‑
grated into the Spanish National Biobanks Network. We also wish to highlight 
the essential contribution of the midwives and the Gynecology and Obstetrics 
Department of the Hospital Universitari Joan XXIII de Tarragona.

Authors’ contributions
SK and FAC helped in conceptualization, methodology, formal analysis, 
investigation, writing—original draft, visualization. EMM was involved in 
methodology and investigation. AG contributed to methodology, investiga‑
tion, resources and supervision. MB and CDP and CG helped in methodology, 
investigation and resources. JV was involved in conceptualization, resources, 
writing—review and editing, supervision, project administration, funding 
acquisition. AM helped in conceptualization, methodology, validation, formal 
analysis, investigation, resources, data curation, writing—original draft, writ‑
ing—review and editing, visualization, supervision, project administration, 
funding acquisition. SFV contributed to conceptualization, methodology, 
validation, resources, writing—original draft, writing—review and editing, 
supervision, project administration, funding acquisition. All authors read and 
approved the final manuscript.

Funding
This study was supported by grants from the Spanish Ministry of Economy 
and Competitiveness (PI 15/01562 and PI 18/00516 to AM, RTI2018‑093919‑
B‑I00 to SF‑V, PI14/00228 and PI17/01503 to JV) co‑financed by the European 
Regional Development Fund (ERDF) “A way to make Europe/Investing in your 
future.” The Spanish Biomedical Research Center in Diabetes and Associated 
Metabolic Disorders (CIBERDEM) (CB07708/0012) is an initiative of the Instituto 
de Salud Carlos III. FAC is funded by a predoctoral fellowship from AGAUR, 
Spain (2017FI_B_00632). SFV acknowledges the Miguel Servet tenure‑track 
program (CP10/00438 and CPII16/00008) from the Fondo de Investigación 
Sanitaria, co‑financed by the ERDF.

Availability of data and materials
The datasets used and/or analyzed during the current study are available from 
the corresponding authors on reasonable request.

Declarations

Ethics approval and consent to participate
The study was conducted according to the guidelines of the Declaration of 
Helsinki. Ethical approval was obtained by the Institutional Review Board of 
the “Institut d’Investigacio Sanitaria Pere Virgili” (243/C/2016). Informed con‑
sent was obtained from all subjects involved in the study.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Author details
1 Rovira i Virgili University, Tarragona, Spain. 2 Department of Endocrinology 
and Nutrition, Research Unit, University Hospital of Tarragona Joan XXIII‑
Institut d´Investigació Sanitària Pere Virgili (IISPV), Tarragona, Spain. 3 CIBER 
de Diabetes y Enfermedades Metabólicas Asociadas (CIBERDEM), Instituto de 
Salud Carlos III, Madrid, Spain. 4 Department of Obstetrics and Gynecology, 
University Hospital of Tarragona Joan XXIII, Tarragona, Spain. 

Received: 22 March 2021   Accepted: 9 December 2021

References
 1. Entringer S, Buss C, Swanson JM, Cooper DM, Wing DA, Waffarn F, 

et al. Fetal programming of body composition, obesity, and metabolic 
function: the role of intrauterine stress and stress biology. J Nutr Metab. 
2012;2012:16. https:// doi. org/ 10. 1155/ 2012/ 632548.

 2. Lindsay KL, Buss C, Wadhwa PD, Entringer S. The Interplay between 
maternal nutrition and stress during pregnancy: issues and considera‑
tions. Ann Nutr Metab. 2017;70:191–200. https:// doi. org/ 10. 1159/ 00045 
7136.

 3. Hanson MA, Gluckman PD. Early developmental conditioning of 
later health and disease: Physiology or pathophysiology? Physiol Rev. 
2014;94:1027–76. https:// doi. org/ 10. 1152/ physr ev. 00029. 2013.

 4. Whitaker RC, Pepe MS, Seidel KD, Wright JA, Knopp RH. Gestational diabe‑
tes and the risk of offspring obesity. Pediatrics. 1998;101:E9.

 5. Kim C, Newton KM, Knopp RH. Gestational diabetes and the incidence 
of type 2 diabetes: a systematic review. Diabetes Care. 2002;25:1862–8. 
https:// doi. org/ 10. 2337/ diaca re. 25. 10. 1862.

 6. Carr DB, Utzschneider KM, Hull RL, Tong J, Wallace TM, Kodama K, et al. 
Gestational diabetes mellitus increases the risk of cardiovascular disease 
in women with a family history of type 2 diabetes. Diabetes Care. 
2006;29:2078–83. https:// doi. org/ 10. 2337/ DC05‑ 2482.

 7. Jones HN, Powell TL, Jansson T. Regulation of placental nutrient 
transport—a review. Placenta. 2007;28:763–74. https:// doi. org/ 10. 1016/j. 
place nta. 2007. 05. 002.

 8. Chen L, Merkhan MM, Forsyth NR, Wu P. Chorionic and amniotic 
membrane‑derived stem cells have distinct, and gestational diabetes 
mellitus independent, proliferative, differentiation, and immunomodula‑
tory capacities. Stem Cell Res. 2019;40: 101537. https:// doi. org/ 10. 1016/j. 
scr. 2019. 101537.

 9. Wajid N, Naseem R, Anwar SS, Awan SJ, Ali M, Javed S, et al. The effect 
of gestational diabetes on proliferation capacity and viability of human 
umbilical cord‑derived stromal cells. Cell Tissue Bank. 2015;16:389–97. 
https:// doi. org/ 10. 1007/ s10561‑ 014‑ 9483‑4.

 10. Chen L, Forsyth NR, Wu P. Chorionic and amniotic placental membrane‑
derived stem cells, from gestational diabetic women, have distinct 
insulin secreting cell differentiation capacities. J Tissue Eng Regen Med. 
2020;14:243–56. https:// doi. org/ 10. 1002/ term. 2988.

 11. Kong CM, Subramanian A, Biswas A, Stunkel W, Chong YS, Bongso A, et al. 
Changes in stemness properties, differentiation potential, oxidative stress, 
senescence and mitochondrial function in wharton’s jelly stem cells of 
umbilical cords of mothers with gestational diabetes mellitus. Stem Cell 
Rev Reports. 2019;15:415–26. https:// doi. org/ 10. 1007/ s12015‑ 019‑ 9872‑y.

 12. Chen L, Wang CT, Forsyth NR, Wu P. Transcriptional profiling reveals 
altered biological characteristics of chorionic stem cells from women 
with gestational diabetes. Stem Cell Res Ther. 2020;11:1–15. https:// doi. 
org/ 10. 1186/ s13287‑ 020‑ 01828‑y.

 13. Kim J, Piao Y, Pak YK, Chung D, Han YM, Hong JS, et al. Umbilical cord 
mesenchymal stromal cells affected by gestational diabetes mellitus 
display premature aging and mitochondrial dysfunction. Stem Cells Dev. 
2015;24:575–86. https:// doi. org/ 10. 1089/ scd. 2014. 0349.

 14. Algaba‑Chueca F, Maymó‑Masip E, Ejarque M, Ballesteros M, Llauradó G, 
López C, et al. Gestational diabetes impacts fetal precursor cell responses 
with potential consequences for offspring. Stem Cells Transl Med. 
2020;9:351–63. https:// doi. org/ 10. 1002/ sctm. 19‑ 0242.

 15. Zhang C, Yu L, Liu S, Wang Y. Human amnion‑derived mesenchymal 
stem cells promote osteogenic and angiogenic differentiation of human 
adipose‑derived stem cells. PLoS ONE. 2017;12: e0186253. https:// doi. 
org/ 10. 1371/ journ al. pone. 01862 53.

 16. Jiang F, Ma J, Liang Y, Niu Y, Chen N, Shen M. Amniotic mesenchymal 
stem cells can enhance angiogenic capacity via MMPs in vitro and in vivo. 
Biomed Res Int. 2015;2015: 324014. https:// doi. org/ 10. 1155/ 2015/ 324014.

 17. Wu Q, Fang T, Lang H, Chen M, Shi P, Pang X, et al. Comparison of the 
proliferation, migration and angiogenic properties of human amniotic 
epithelial and mesenchymal stem cells and their effects on endothelial 
cells. Int J Mol Med. 2017;39:918–26. https:// doi. org/ 10. 3892/ ijmm. 2017. 
2897.

 18. Kim SW, Zhang HZ, Kim CE, An HS, Kim JM, Kim MH. Amniotic mesen‑
chymal stem cells have robust angiogenic properties and are effective in 
treating hindlimb ischaemia. Cardiovasc Res. 2012;93:525–34. https:// doi. 
org/ 10. 1093/ cvr/ cvr328.

https://doi.org/10.1155/2012/632548
https://doi.org/10.1159/000457136
https://doi.org/10.1159/000457136
https://doi.org/10.1152/physrev.00029.2013
https://doi.org/10.2337/diacare.25.10.1862
https://doi.org/10.2337/DC05-2482
https://doi.org/10.1016/j.placenta.2007.05.002
https://doi.org/10.1016/j.placenta.2007.05.002
https://doi.org/10.1016/j.scr.2019.101537
https://doi.org/10.1016/j.scr.2019.101537
https://doi.org/10.1007/s10561-014-9483-4
https://doi.org/10.1002/term.2988
https://doi.org/10.1007/s12015-019-9872-y
https://doi.org/10.1186/s13287-020-01828-y
https://doi.org/10.1186/s13287-020-01828-y
https://doi.org/10.1089/scd.2014.0349
https://doi.org/10.1002/sctm.19-0242
https://doi.org/10.1371/journal.pone.0186253
https://doi.org/10.1371/journal.pone.0186253
https://doi.org/10.1155/2015/324014
https://doi.org/10.3892/ijmm.2017.2897
https://doi.org/10.3892/ijmm.2017.2897
https://doi.org/10.1093/cvr/cvr328
https://doi.org/10.1093/cvr/cvr328


Page 12 of 13Klid et al. Stem Cell Research & Therapy          (2021) 12:608 

 19. König J, Huppertz B, Desoye G, Parolini O, Fröhlich JD, Weiss G, et al. 
Amnion‑derived mesenchymal stromal cells show angiogenic properties 
but resist differentiation into mature endothelial cells. Stem Cells Dev. 
2012;21:1309–20. https:// doi. org/ 10. 1089/ scd. 2011. 0223.

 20. Danieli P, Malpasso G, Ciuffreda MC, Cervio E, Calvillo L, Copes F, et al. 
Conditioned medium from human amniotic mesenchymal stromal cells 
limits infarct size and enhances angiogenesis. Stem Cells Transl Med. 
2015;4:448–58. https:// doi. org/ 10. 5966/ sctm. 2014‑ 0253.

 21. Abbasi‑Kangevari M, Ghamari SH, Safaeinejad F, Bahrami S, Niknejad H. 
Potential therapeutic features of human amniotic mesenchymal stem 
cells in multiple sclerosis: Immunomodulation, inflammation suppres‑
sion, angiogenesis promotion, oxidative stress inhibition, neurogenesis 
induction, MMPs regulation, and remyelination stimulation. Front Immu‑
nol. 2019;10:238. https:// doi. org/ 10. 3389/ fimmu. 2019. 00238.

 22. Kim SW, Zhang HZ, Guo L, Kim JM, Kim MH. Amniotic mesenchymal stem 
cells enhance wound healing in diabetic NOD/SCID mice through high 
angiogenic and engraftment capabilities. PLoS ONE. 2012. https:// doi. 
org/ 10. 1371/ journ al. pone. 00411 05.

 23. Zhang C, Du Y, Yuan H, Jiang F, Shen M, Wang Y, et al. HAMSCs/HBMSCs 
coculture system ameliorates osteogenesis and angiogenesis against 
glucolipotoxicity. Biochimie. 2018;152:121–33. https:// doi. org/ 10. 1016/j. 
biochi. 2018. 06. 028.

 24. Onat D, Brillon D, Colombo PC, Schmidt AM. Human vascular endothelial 
cells: a model system for studying vascular inflammation in diabetes and 
atherosclerosis. Curr Diab Rep. 2011;11:193–202. https:// doi. org/ 10. 1007/ 
s11892‑ 011‑ 0182‑2.

 25. Amrithraj AI, Kodali A, Nguyen L, Teo AKK, Chang CW, Karnani N, 
et al. Gestational diabetes alters functions in offspring’s umbilical 
cord cells with implications for cardiovascular health. Endocrinology. 
2017;158:2102–12. https:// doi. org/ 10. 1210/ en. 2016‑ 1889.

 26. Grupo Español de Diabetes y Embarazo (GEDE), Grupo Español de Dia‑
betes y Embarazo. Asistencia a la gestante con diabetes. Guía de práctica 
clínica actualizada en 2014 | Avances en Diabetología. Av en Diabetol 
2015;31:45–59.https:// doi. org/ 10. 1016/j. avdiab. 2014. 12. 001

 27. National Diabetes Data Group, Group NDD. Classification and diagnosis 
of diabetes mellitus and other categories of glucose intolerance. Diabe‑
tes 1999;28:1039–57.

 28. Dominici M, Le Blanc K, Mueller I, Slaper‑Cortenbach I, Marini FC, Krause 
DS, et al. Minimal criteria for defining multipotent mesenchymal stromal 
cells. The International Society for Cellular Therapy position statement. 
Cytotherapy. 2006;8:315–7. https:// doi. org/ 10. 1080/ 14653 24060 08559 05.

 29. Carpentier G, Berndt S, Ferratge S, Rasband W, Cuendet M, Uzan G, et al. 
Angiogenesis analyzer for ImageJ—a comparative morphometric analy‑
sis of “Endothelial Tube Formation Assay” and “Fibrin Bead Assay.” Sci Rep. 
2020;10:11568. https:// doi. org/ 10. 1038/ s41598‑ 020‑ 67289‑8.

 30. Mathew SA, Naik C, Cahill PA, Bhonde RR. Placental mesenchymal stromal 
cells as an alternative tool for therapeutic angiogenesis. Cell Mol Life Sci. 
2020;77:253–65. https:// doi. org/ 10. 1007/ s00018‑ 019‑ 03268‑1.

 31. Mamede AC, Carvalho MJ, Abrantes AM, Laranjo M, Maia CJ, Botelho 
MF. Amniotic membrane: from structure and functions to clinical 
applications. Cell Tissue Res. 2012;349:447–58. https:// doi. org/ 10. 1007/ 
s00441‑ 012‑ 1424‑6.

 32. Liu Q‑W, Huang Q‑M, Wu H‑Y, Zuo G‑S‑L, Gu H‑C, Deng K‑Y, et al. Charac‑
teristics and therapeutic potential of human amnion‑derived stem cells. 
Int J Mol Sci 2019. https:// doi. org/ 10. 3390/ ijms2 20209 70

 33. Alviano F, Fossati V, Marchionni C, Arpinati M, Bonsi L, Franchina M, et al. 
Term amniotic membrane is a high throughput source for multipotent 
mesenchymal stem cells with the ability to differentiate into endothe‑
lial cells in vitro. BMC Dev Biol. 2007;7:11. https:// doi. org/ 10. 1186/ 
1471‑ 213X‑7‑ 11.

 34. Wang Y, Chen X, Yin Y, Li S. Human amnion‑derived mesenchymal stem 
cells induced osteogenesis and angiogenesis in human adipose‑derived 
stem cells via ERK1/2 MAPK signaling pathway. BMB Rep. 2018;51:194–9. 
https:// doi. org/ 10. 5483/ bmbrep. 2018. 51.4. 005.

 35. Warrier S, Haridas N, Bhonde R. Inherent propensity of amnion‑derived 
mesenchymal stem cells towards endothelial lineage: vascularization 
from an avascular tissue. Placenta. 2012;33:850–8. https:// doi. org/ 10. 
1016/j. place nta. 2012. 07. 001.

 36. Nogami M, Tsuno H, Koike C, Okabe M, Yoshida T, Seki S, et al. Isolation 
and characterization of human amniotic mesenchymal stem cells and 

their chondrogenic differentiation. Transplantation. 2012;93:1221–8. 
https:// doi. org/ 10. 1097/ TP. 0b013 e3182 529b76.

 37. Madazli R, Tuten A, Calay Z, Uzun H, Uludag S, Ocak V. The incidence of 
placental abnormalities, maternal and cord plasma malondialdehyde 
and vascular endothelial growth factor levels in women with gestational 
diabetes mellitus and nondiabetic controls. Gynecol Obstet Invest. 
2008;65:227–32. https:// doi. org/ 10. 1159/ 00011 3045.

 38. Olsson A‑K, Dimberg A, Kreuger J, Claesson‑Welsh L. VEGF receptor sig‑
nalling? In control of vascular function. Nat Rev Mol Cell Biol. 2006;7:359–
71. https:// doi. org/ 10. 1038/ nrm19 11.

 39. Mathew SA, Bhonde R. Mesenchymal stromal cells isolated from gesta‑
tionally diabetic human placenta exhibit insulin resistance, decreased 
clonogenicity and angiogenesis. Placenta. 2017;59:1–8. https:// doi. org/ 
10. 1016/j. place nta. 2017. 09. 002.

 40. Zhou J, Ni X, Huang X, Yao J, He Q, Wang K, et al. Potential role of hyper‑
glycemia in fetoplacental endothelial dysfunction in gestational diabetes 
mellitus. Cell Physiol Biochem. 2016;39:1317–28. https:// doi. org/ 10. 1159/ 
00044 7836.

 41. Lassance L, Miedl H, Absenger M, Diaz‑Perez F, Lang U, Desoye G, et al. 
Hyperinsulinemia stimulates angiogenesis of human fetoplacental 
endothelial cells: a possible role of insulin in placental hypervasculariza‑
tion in diabetes mellitus. J Clin Endocrinol Metab. 2013;98:1438–47. 
https:// doi. org/ 10. 1210/ jc. 2013‑ 1210.

 42. Chang SC, Vivian Yang WC. Hyperglycemia induces altered expressions 
of angiogenesis associated molecules in the trophoblast. Evid Based 
Complement Altern Med. 2013. https:// doi. org/ 10. 1155/ 2013/ 457971.

 43. Feng L, Liao WX, Luo Q, Zhang HH, Wang W, Zheng J, et al. Caveolin‑1 
orchestrates fibroblast growth factor 2 signaling control of angio‑
genesis in placental artery endothelial cell caveolae. J Cell Physiol. 
2012;227:2480–91. https:// doi. org/ 10. 1002/ jcp. 22984.

 44. Guerrero PA, McCarty JH. TGF‑β activation and signaling in angiogenesis. 
Physiol Pathol Angiogenes Signal Mech Target Ther. 2017. https:// doi. org/ 
10. 5772/ 66405.

 45. Meng Q, Shao L, Luo X, Mu Y, Xu W, Gao L, et al. Expressions of VEGF‑A 
and VEGFR‑2 in placentae from GDM pregnancies. Reprod Biol Endo‑
crinol. 2016;14:61. https:// doi. org/ 10. 1186/ s12958‑ 016‑ 0191‑8.

 46. Pietro L, Daher S, Rudge MVC, Calderon IMP, Damasceno DC, Sinzato 
YK, et al. Vascular endothelial growth factor (VEGF) and VEGF‑receptor 
expression in placenta of hyperglycemic pregnant women. Placenta. 
2010;31:770–80. https:// doi. org/ 10. 1016/j. place nta. 2010. 07. 003.

 47. Orlova VV, Liu Z, Goumans MJ, ten Dijke P. Controlling angiogenesis by 
two unique TGF‑β type I receptor signaling pathways. Histol Histopathol 
2011;26:1219–30. https:// doi. org/ 10. 14670/ HH‑ 26. 1219.

 48. Wu L, Derynck R. Essential role of TGF‑β signaling in glucose‑induced cell 
hypertrophy. Dev Cell. 2009;17:35–48. https:// doi. org/ 10. 1016/j. devcel. 
2009. 05. 010.

 49. Ziyadeh FN, Sharma K, Ericksen M, Wolf G. Stimulation of collagen gene 
expression and protein synthesis in murine mesangial cells by high glu‑
cose is mediated by autocrine activation of transforming growth factor‑β. 
J Clin Invest. 1994;93:536–42. https:// doi. org/ 10. 1172/ JCI11 7004.

 50. Wu J, Strawn TL, Luo M, Wang L, Li R, Ren M, et al. Plasminogen activa‑
tor inhibitor‑1 inhibits angiogenic signaling by uncoupling vascular 
endothelial growth factor receptor‑2‑αVβ3 integrin cross talk. Arterioscler 
Thromb Vasc Biol. 2015;35:111–20. https:// doi. org/ 10. 1161/ ATVBA HA. 114. 
304554.

 51. McCann JV, Xiao L, Kim DJ, Khan OF, Kowalski PS, Anderson DG, et al. 
Endothelial miR‑30c suppresses tumor growth via inhibition of TGF‑β–
induced Serpine1. J Clin Invest. 2019;129:1654–70. https:// doi. org/ 10. 
1172/ JCI12 3106.

 52. Mehmood S, Ye C, Connelly PW, Hanley AJ, Zinman B, Retnakaran R. 
Rising plasminogen activator inhibitor‑1 and hypoadiponectinemia char‑
acterize the cardiometabolic biomarker profile of women with recent 
gestational diabetes. Cardiovasc Diabetol. 2018;17:133. https:// doi. org/ 10. 
1186/ s12933‑ 018‑ 0776‑y.

 53. Tian F‑Y, Wang X‑M, Xie C, Zhao B, Niu Z, Fan L, et al. Placental surface area 
mediates the association between FGFR2 methylation in placenta and 
full‑term low birth weight in girls. Clin Epigenetics. 2018;10:39. https:// 
doi. org/ 10. 1186/ s13148‑ 018‑ 0472‑5.

 54. Hill DJ, Tevaarwerk GJ, Caddell C, Arany E, Kilkenny D, Gregory M. 
Fibroblast growth factor 2 is elevated in term maternal and cord serum 
and amniotic fluid in pregnancies complicated by diabetes: relationship 

https://doi.org/10.1089/scd.2011.0223
https://doi.org/10.5966/sctm.2014-0253
https://doi.org/10.3389/fimmu.2019.00238
https://doi.org/10.1371/journal.pone.0041105
https://doi.org/10.1371/journal.pone.0041105
https://doi.org/10.1016/j.biochi.2018.06.028
https://doi.org/10.1016/j.biochi.2018.06.028
https://doi.org/10.1007/s11892-011-0182-2
https://doi.org/10.1007/s11892-011-0182-2
https://doi.org/10.1210/en.2016-1889
https://doi.org/10.1016/j.avdiab.2014.12.001
https://doi.org/10.1080/14653240600855905
https://doi.org/10.1038/s41598-020-67289-8
https://doi.org/10.1007/s00018-019-03268-1
https://doi.org/10.1007/s00441-012-1424-6
https://doi.org/10.1007/s00441-012-1424-6
https://doi.org/10.3390/ijms22020970
https://doi.org/10.1186/1471-213X-7-11
https://doi.org/10.1186/1471-213X-7-11
https://doi.org/10.5483/bmbrep.2018.51.4.005
https://doi.org/10.1016/j.placenta.2012.07.001
https://doi.org/10.1016/j.placenta.2012.07.001
https://doi.org/10.1097/TP.0b013e3182529b76
https://doi.org/10.1159/000113045
https://doi.org/10.1038/nrm1911
https://doi.org/10.1016/j.placenta.2017.09.002
https://doi.org/10.1016/j.placenta.2017.09.002
https://doi.org/10.1159/000447836
https://doi.org/10.1159/000447836
https://doi.org/10.1210/jc.2013-1210
https://doi.org/10.1155/2013/457971
https://doi.org/10.1002/jcp.22984
https://doi.org/10.5772/66405
https://doi.org/10.5772/66405
https://doi.org/10.1186/s12958-016-0191-8
https://doi.org/10.1016/j.placenta.2010.07.003
https://doi.org/10.14670/HH-26.1219
https://doi.org/10.1016/j.devcel.2009.05.010
https://doi.org/10.1016/j.devcel.2009.05.010
https://doi.org/10.1172/JCI117004
https://doi.org/10.1161/ATVBAHA.114.304554
https://doi.org/10.1161/ATVBAHA.114.304554
https://doi.org/10.1172/JCI123106
https://doi.org/10.1172/JCI123106
https://doi.org/10.1186/s12933-018-0776-y
https://doi.org/10.1186/s12933-018-0776-y
https://doi.org/10.1186/s13148-018-0472-5
https://doi.org/10.1186/s13148-018-0472-5


Page 13 of 13Klid et al. Stem Cell Research & Therapy          (2021) 12:608  

•
 
fast, convenient online submission

 •
  

thorough peer review by experienced researchers in your field

• 
 
rapid publication on acceptance

• 
 
support for research data, including large and complex data types

•
  

gold Open Access which fosters wider collaboration and increased citations 

 
maximum visibility for your research: over 100M website views per year •

  At BMC, research is always in progress.

Learn more biomedcentral.com/submissions

Ready to submit your researchReady to submit your research  ?  Choose BMC and benefit from: ?  Choose BMC and benefit from: 

to fetal and placental size. J Clin Endocrinol Metab. 1995;80:2626–32. 
https:// doi. org/ 10. 1210/ jcem. 80.9. 76734 05.

 55. Fatimah SS, Tan GC, Chua K, Fariha MMN, Tan AE, Hayati AR. Stemness and 
angiogenic gene expression changes of serial‑passage human amnion 
mesenchymal cells. Microvasc Res. 2013;86:21–9. https:// doi. org/ 10. 
1016/j. mvr. 2012. 12. 004.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub‑
lished maps and institutional affiliations.

https://doi.org/10.1210/jcem.80.9.7673405
https://doi.org/10.1016/j.mvr.2012.12.004
https://doi.org/10.1016/j.mvr.2012.12.004

	The angiogenic properties of human amniotic membrane stem cells are enhanced in gestational diabetes and associate with fetal adiposity
	Abstract 
	Background: 
	Methods: 
	Results: 
	Conclusions: 

	Background
	Methods
	Study population
	Clinical and demographic data
	Sample collecting and processing
	Laboratory measurements
	Isolation and culture of human amniotic membrane mesenchymal stem cells
	Flow cytometry analysis
	Gene expression analysis
	Protein expression analysis
	Small molecule inhibitors
	siRNA-mediated knockdown
	Tube formation assay
	Statistical analysis

	Results
	Clinical and analytical characteristics of the cohort
	GDM environment enhances the angiogenic capacity of hAMSCs
	GDM-hAMSCs display an enhanced pro-angiogenic expression profile
	A GDM-like environment induces angiogenic activity in healthy hAMSCs
	PAI-1 has a key role in the GDM-related proangiogenic properties of hAMSCs
	Angiogenic properties of fetal precursor cells are related to neonatal anthropometric and metabolic features

	Discussion
	Conclusion
	Acknowledgements
	References


