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Gestational diabetes mellitus (GDM), one of the common
metabolic disorders of pregnancy, leads to functional altera-
tions in various cells including stem cells as well as some ab-
normalities in fetal development. Perivascular stem cells
(PVCs) have gained more attention in recent years, for the
treatment of various diseases. However, the effect of GDM
on PVC function has not been investigated. In our study, we
isolated PVCs from umbilical cord of normal pregnant women
and GDM patients and compared their phenotypes and func-
tion. There is no significant difference in phenotypic expres-
sion, response to bFGF exposure and adipogenic differentia-
tion capacity between normal (N)-PVCs and GDM-PVCs.
However, when compared with N-PVCs, early passage GDM-
PVCs displayed decreased initial rates of cell yield and prolifer-
ation as well as a reduced ability to promote wound closure.
These results suggest that maternal metabolic dysregulation
during gestation can alter the function of endogenous mul-
tipotent stem cells, which may impact their therapeutic effec-
tiveness.
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INTRODUCTION

Diabetes mellitus (DM) is a metabolic disorder caused by
deficiency (type 1) or ineffectiveness (type 2) of endogenous
insulin and associated with an increased risk of vascular dis-
eases in various tissues (Eriksson et al., 1989; Huysman and
Mathieu, 2009; Kolluru et al., 2012). The third main form of
DM is gestational DM (GDM), which is one of the most
common metabolic derangements and characterized by
glucose intolerance during pregnancy due to decreased insu-
lin sensitivity (Buchanan et al., 2012). Children whose moth-
ers had GDM during pregnancy are prone to obesity, mal-
formation and diabetes (Leddy et al., 2008). Recent studies
reported that GDM affects the growth and functions of
endogenous stem or progenitor cells by inducing oxidative
stress, senescence and mitochondrial dysfunctions. For ex-
amples, women with GDM have reduced concentration of
circulating endothelial progenitor cells in late stages of preg-
nancy when compared with women without GDM (Acosta
et al,, 2011; Buemi et al., 2007; Penno et al., 2011). Two
recent studies have demonstrated the adverse effect of
GDM on proliferation, viability, differentiation and mito-
chondrial functions in mesenchymal stem cells (MSCs) de-
rived from human umbilical cord (UC) (Kim et al., 2015;
Wajid et al., 2015). More recently, Hadarits et al. reported
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that the proportion of hematopoietic stem cells (CD34+
CD45dim) is significantly higher in the cord blood of new-
born from women with GDM compared to non-GDM
women (Hadarits et al., 2016). These results suggest that
changes in glucose tolerance during pregnancy may have
adverse effects on the growth and function of endogenous
stem or progenitor cells in various tissues.

In recent years, perivascular stem cells (PVCs) have been
considered as an ancestor of MSCs with greater proliferative
activity and multi-lineage differentiation potential when
compared to bone marrow (BM)-derived MSCs. Human UC
(HUQ) is an ideal source to obtain PVCs because it represents
discarded tissue after birth, is less invasive to mothers and
babies and HUCPVCs are well-tolerated by the immune sys-
tem. Furthermore, increasing evidence has demonstrated
the broader effectiveness of HUCPVCs as an alternative
therapeutic agent for various diseases and injuries such as
pulmonary disease, cutaneous wound, infertility, diabetes
and bone/cartilage defects (Kim et al., 2016; Maghen et al,,
2016; Montemurro et al.,, 2011; Tsang et al., 2013; Zebar-
dast et al., 2010). Thus, it seems plausible that the growth
and regenerative potential of HUCPVCs can be influenced by
maternal GDM. In this study, we non-enzymatically isolated
HUCPVCs from umbilical cord collected at birth from healthy
and GDM pregnancies and compared their functional prop-
erties to determine if GDM affects the growth and function-
al properties of HUCPVCs.

MATERIALS AND METHODS

Isolation and expansion of HUCPVCs

UCs were collected after caesarian section from 15 healthy
women and 15 GDM mothers. The study was performed
with IRB approval (Kangwon National University Hospital)
and participants provided written informed consent. For all
30 patients, we collected maternal age, gestational period,
newborn birth weight and Apgar score (Table 1). A previous-
ly described non-enzymatic HUCPVC isolation method was
used (An et al., 2015). Briefly, dissected vessels from UC
were incubated for 10 days in a-MEM (Gibco) supplemented
with 10% FBS (Hyclone), 1% penicillin/streptomycin (Sigma)
and 1 mM L-glutamine at 37C in a humidified 5% CO-in-
cubator. Fibroblast-like colonies that migrated from the ex-

Table 1. Donor demographics

Normal GDM

(n=15) (n=15)
33091 3433+0.74 0.302
38.75+0.2 37.93+045 0.097
733+0.15 7.25+0.13 0.699
8.9+0.06 9 0.381

Parameters P value

Donor ages (years)
Gestational period (weeks)
1 min Apgar score
5 min Apgar score

Birth weight (kg) 3.15+0.1 3.13+£0.14 0.942
Maternal medical problems n.d. n.d.
Congenital fetal anomaly n.d. n.d.

n.d. not detected
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planted vessels were subcultured by dissociation with 0.05%
trypsin-EDTA (Sigma).

Flow cytometry assay

Single cell suspensions were prepared from normal pregnant
women and GDM patient-derived HUCPVC (hereafter called
N-PVC and GDM-PVCQ) cultures by dissociation with 0.05%
trypsin-EDTA. The cells were resuspended in 1% FBS-PBS
and were stained for 1 hr with the following fluorochrome-
conjugated anti-human antibodies: CD31-phycoerythrin (PE),
CD34-luorescein-isothiocyanate (FITC), CD45-allophycoerythrin
(APC), SSEA-4-FITC, CD146-FTIC, CD44-APC and CD90-APC
(all BD Biosciences) or their corresponding isotype controls.
After immunostaining, the cells were incubated with the
viability dye 7-aminoactinomycin D (7AAD) to exclude dead
cells. Data was analyzed using FACSCanto Il (BD Biosciences)
and FlowlJo software.

Cell proliferation assay

To compare the population doubling time (PDT) of the N-
PVCs and GDM-PVCs, 6 x 10% cells (passage 1) were plated
into 6-well tissue culture plate and continuously cultured
from passage 1 to 8. The cells were passaged every 5 days
and the total number of viable cells was counted at each
passage. PDT was calculated as previously described (Hong
et al., 2013). To evaluate the effects of bFGF (Invitrogen) on
the proliferation of N-PVCs and GDM-PVCs, 4 x 10* cells
were plated into 6-well plate and cultured for 4 days in the
absence or presence of basic fibroblast growth factor (bFGF)
(20 ng/ml). Viable cells were counted on a hemocytometer
using trypan blue dye exclusion.

Cell cycle assessment

Cell cycle was analyzed with bromodeoxyuridine (BrdU) as-
say kit (BD Pharmingen) according to manufacturer’s instruc-
tion. Briefly, N-PVCs and GDM-PVCs were treated with 10
uM of BrdU for 4 h before cells were harvested. Single cell
suspensions were stained with APC-conjugated anti-BrdU
antibody for 1 h. The cells were washed and analyzed by
FACSCanto Il (BD Biosciences).

Adipogenic and osteogenic differentiation

The /n vitro adipogenic and osteogenic differentiation poten-
tials of HUCPVCs were assesed as previously described (An
et al., 2015) . Briefly, HUCPVCs were plated at 4.5 x 10° cells
per cm?in 12-well tissue culture plates and cultured in the
presence of adipogenic and osteogenic supplements (Gibco).
The medium was changed every 3 days for 21 days. The lipid
vacuoles and mineralization, respectively, were visualized by
Oil Red O or Alizarin Red S (Lifeline Cell Technology) and
assessed quantitatively using a spectrophotometer (BioTek
Instruments).

Harvest of conditioned medium and /7 vitro wound
healing assay

N-PVCs and GDM-PVCs (passage 2) were plated at a density
of 4 x 10* cells per well of 6-well plate. At 90% confluence,
the cells were washed with PBS and replenished with serum-
free a-MEM. After being incubated for 24 h at 37T in a
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humidified 5% CO,, conditioned medium (CM) was collect-
ed and centrifuged at 2,000 rpom for 10 min to remove cell
debris. To compare the wound healing potential of N-PVC
and GDM-PVC, human bronchial epithelial cells (BEAS-2B,
17 x 10* cells/well) were plated in 6-well tissue culture plate
and allowed to attach for 24 h. When BEAS-2B cells reach
90% confluency, an artificial wound was created by scratch-
ing the cell monolayer using P1000 pipette tip. The cultures
were then rinsed with PBS and replenished with CM har-
vested from N-PVC and GDM-PVC cultures. Wound images
were captured with a digitial camera at 12 h and the aver-
age rates of wound closure were analyzed using Image)
version 1.47.

Data analysis

All results were expressed as mean = standard deviation (SD).

Comparisons for all experiments were performed with Stu-
dent’s #test. Significance levels were set at < 0.05.

RESULTS

GDM does not alter the morphology and
immunophenotype of PVCs

To investigate the effect of maternal hyperglycemia on PVCs,
we isolated PVCs from dissected UCs of normal pregnant
women and GDM patients using our previous non-
enzymatic method. PVCs migrated from the explanted ves-

sels of both normal and GDM UCs and were successfully
subcultured up to passage 9. While both N-PVCs and GDM-
PVCs exhibited similar spindle-like fibroblast morphology (Fig.
1A), less cells were harvested per centimeter of GDM versus
normal (4,730 = 1253 vs. 7,999 + 1,855) (Fig. 1B). Flow
cytometric analysis at passage 2 showed no significant dif-
ference in immunophenotype between N-PVCs and GDM-
PVCs. Both N-PVCs and GDM-PVCs were negative for endo-
thelial- (CD31 and CD34) and hematopoietic-associated
(CDA45) markers (Figs. 1C and 1D). The major proportion of
both N-PVCs and GDM-PVCs were positive for MSC/PVC-
associated markers CD44 (999 + 0.1% vs. 99.9 + 0.1%),
CD90 (100% vs. 100%) and CD146 (70.7+5.8% vs. 65.3 +
7.0%). They also showed comparable frequencies of SSEA-
A4(+) cells (14.8 £ 7.0% vs. 11 £ 3.1%) (Fig. 1D). Taken to-
gether, these results suggest that a high concentration of
glucose resulted in reduced harvested PVC numbers, but did
not impact PVC morphology and immunophenotype.

The proliferative capacity of N-PVCs and GDM-PVCs
became homogeneous over passages

We next compared the proliferative potential of GDM-PVCs
to N-PVCs. The proliferative capacity of GDM-PVCs was sig-
nificantly lower than that of N-PVCs until passage 2 (o <
0.05). However, after passage 3, the proliferative capacity of
both cell types became relatively homogeneous (Fig. 2A),
which was confirmed using the BrdU incorporation assay.
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Fig. 1. Isolation and phenotypic characterization of HUCPVCs. (A) Bright field images of HUCPVCs obtained from healthy and GDM pa-
tients. Arrow indicates dissected vessel from HUC. Scale bars. 500 um. (B) Average number of harvested PVCs per centimeter of vessel
length. (C, D) Representative flow cytometry dot plots and histograms for comparing phenotypes between N-PVCs and GDM-PVCs.

Frequencies indicate average and SD. Error bars indicate SD.
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Fig. 2. Comparison of proliferative capacity between N-PVCs and GDM-PVCs. (A) Population doubling time (PDT) of HUCPVCs (n = 5)
from passage 1 (p1) to p8. (B) Comparison of cell cycle compartments between N-PVCs and GDM-PVCs (passage 4) using BrdU incor-
poration assay (n = 5). (C) Accumulated cell numbers of HUCPVCs (n = 5) from p1 to p9. *p < 0.05, **p < 0.01. Error bars indicate SD.
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Both N-PVCs and GDM-PVCs (passage 4) showed similar S
phase accumulation (18.4+2.0% vs. 18.3 £ 2.0%) (Fig. 2B).
The difference in the initial proliferation rate resulted in ap-
proximately 4-fold increase in cumulative cell number after 9
passages in comparison to GDM-PVCs (Fig. 2C). We previ-
ously reported that supplementation of bFGF profoundly
promotes proliferation of HUCPVCs. Thus, we further exam-
ined whether the treatment of bFGF enhances the prolifera-
tion of GDM-PVCs. Equal number of N-PVCs and GDM-
PVCs (passage 3) were plated and cultured for 4 days in the
absence or presence of bFGF (20 ng/mL). Both cell types
showed a decrease in cell cycle length following treatment
with bFGF (Fig. 3A). In addition, supplementation of bFGF
resulted in a similar degree of cell number increase in both
cell types (Fig. 3B). BrdU incorporation assay revealed that
both N-PVCs and GDM-PVCs exhibited a significant in-
creased proportion of S phase (32.6 + 1.9% vs. 282 +

2.4%) by treatment of bFGF (Fig. 3B). These findings sug-
gest that GDM leads to adverse effects on cell yield and pro-
liferation of HUCPVCs during early passages. Interestingly,
we found that slowed proliferative capacity of GDM-PVCs
during early passages was recovered at later passages under
low glucose conditions.

Comparison of regenerative potential between GDM-
PVCs and N-PVCs

We next asked if maternal hyperglycemic condition affects
the regenerative potential of HUCPVCs. We first compared
the abilities of N-PVCs and GDM-PVCs differentiate into
adipocytes and osteocytes. We detected lipid vacuoles by Oil
Red O staining and calcium deposition by Alizarin Red S
staining in both groups (Fig. 4A). Spectrophotometric quan-
tification revealed a significant increase in osteogenic induc-
tion of GDM-PVC (1.8 fold) compared with N-PVC, while no
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difference in adipogenic induction (p < 0.01, Fig. 4B). PVCs
and MSCs secret various trophic factor that modulate the
microenvironment to evoke responses from resident stem or
progenitor cells in tissues. Thus, many studies make efforts
to elucidate their paracrine mechanisms for regenerative
medicine. Here, we collected CM from GDM-PVC cultures
and further assessed its paracrine effect using a wound clo-
sure model. We found that GDM-PVC-CM significantly re-
duced wound closure in BEAS-2B bronchial epithelial cell
monolayers compared to N-PVCs (59.8 + 5.8% vs. 76.3
2.9%, p < 0.01) (Figs. 4C and 4D). These results indicate
that maternal metabolic derangement during gestation can
alter the regenerative potential of harvested PVCs.

DISCUSSION

In the present study, we clearly showed that the proliferation
and function of HUCPVCs are adversely affected by hyper-
glycemic condition. Notably, women who had experienced
GDM during pregnancy had a low yield of HUCPVCs com-
pared to healthy pregnant women. The major causes of
diabetic complications are the persistent production of reac-
tive oxygen species and inflammation caused by exposure to
hyperglycemia (Manea et al., 2015). This induces capillaries
collapse by accelerating the loss of pericytes, which destroys
the homeostasis of cells or tissues. Thus, our result showing
lower HUCPVC yield from the GDM patients was somewhat
predictable, indicating that we may not be able to obtain
sufficient number of PVCs from donors with metabolic ab-
normalities.

Two independent studies reported the lower proliferation
rate of early passage GDM-MSCs isolated from Wharton’s
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jelly compared with normal MSCs (Kim et al., 2015; Wajid et
al., 2012). It was attributable to premature senescence,
which is driven by depression of cyclin-dependent kinase
inhibitors. Consistent with these findings, we also found the
longer PDT in GDM-PVCs compared to N-PVCs during early
passage even though no significant morphological and phe-
notypic differences between N-PVCs and GDM-PVCs were
not seen. Furthermore, early passage GDM-PVCs showed
significantly reduced ability to promote wound closure in
BEAS-2B cell monolayers compared to N-PVCs. These results
suggest that the biological properties or regenerative poten-
tials of PVCs may be influenced by the pathological condi-
tions of donors. This possibility can be inferred from previous
findings showing functional deficits of MSCs derived from
diseases or older donors. For example, BM-MSCs derived
from rats with chronic kidney disease showed reduced pro-
liferative capacity and no beneficial effect on anti-Thy1.1
nephritis due to premature cellular senescence (Klinkhammer
etal.,, 2014). Aging and Parkinson’s disease lead to function-
al changes in mitochondria of BM-MSCs, which may be as-
sociated with their limited regenerative potential (Geissler et
al., 2012; Mantovani et al., 2012; Moon et al., 2013). In
addition, BM-MSCs obtained from multiple myeloid patients
have an impaired osteogenic differentiation potential (Xu et
al., 2012). All these findings strongly indicate that pathologi-
cal conditions of donors are determinant factors when ap-
plying PVCs to clinical practice.

In summary, our results suggest that maternal metabolic
abnormalities such as GDM may affect the proliferation and
function of PVCs in the body, which should be considered in
their use for regenerative medicine. Understanding the de-
tailed molecular mechanism of functional abnormalities in



GDM-PVCs and effects of other pathological conditions on
PVC functions need to be further elucidated to develop their
therapeutic strategies.
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