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A B S T R A C T

Objectives: Individuals delivered from preeclamptic pregnancies exhibit a long-term increased risk of developing
cardiovascular and metabolic diseases, likely caused by aberrant fetal cell reprogramming incurred in utero. The
present study investigated the functional impairment and epigenetic changes exhibited by endothelial progenitor
cells derived from offspring born to preeclamptic pregnancies.
Study design: The capacity of CD133+/C-kit+/Lin− (CKL−) human umbilical cord blood endothelial progenitor
cells (EPCs) derived from gestationally matched normal and preeclamptic (n= 10 each) pregnancies to differ-
entiate to form outgrowth endothelial cells (OECs) was assessed by observing both their morphology, and the
number and size of generated OECs colonies. Likewise, OECs angiogenic function was evaluated via migration,
adhesion, and tube-formation assays. EPCs from preeclampsia were cultured in normal-, and preeclampsia-de-
rived serum-conditioned media to assess the effects of environmental factors on EPC differentiation potency and
OEC angiogenic function, and finally, EPCs H3K4, H3K9, and H3K27 trimethylation levels were assayed.
Results: The preeclampsia-derived CKL− EPCs exhibited decreased H3K4 and H3K9 trimethylation levels, sig-
nificantly delayed differentiation times, and a significant reduction in both their number of generated OECs
colonies, and exhibited reduced OECs migration, adhesion, and tube formation activities compared to those
achieved by the normal-derived EPCs. Interestingly, the reduced differentiation potency of the preeclampsia-
derived EPCs was not rescued via exposure to normal serum.
Conclusions: Exposure to preeclampsia significantly and irreversibly reduced CKL− EPC differentiation potency
and OEC angiogenic function, likely reflecting incurred irreversible epigenetic changes.

1. Introduction

The results of recent studies investigating the potential long-term
health impacts of exposure to preeclamptic gestational conditions
suggest that individuals exposed to maternal preeclampsia in utero ex-
hibit an increased risk of developing cardiovascular and/or metabolic
diseases such as hypertension, type 2 diabetes mellitus (DM), and me-
tabolic syndrome [1–3]. The increased levels of inflammation, anti-
angiogenic factor production, and autoimmune response stimulation-
characteristics of preeclampsia influence placental permeability, and
thus also disrupt normal levels of serum-soluble factors, such as

cytokines, soluble fms-like tyrosine kinase-1 (sFLT1), and reactive
oxygen species (ROS) [4,5]. It has been suggested that these effects of
preeclampsia likely disrupt normal epigenetic changes and/or cellular
remodeling processes during embryogenesis, and thereby incur the
observed increase in long-term disease risk [3].

Endothelial progenitor cells (EPCs) differentiate from hemangio-
blast, and express CD133 and C-kit cell-surface markers [6]. They have
the potential to differentiate to form the outgrowth endothelial cells
(OECs) that direct neovascularization during embryogenesis; however,
circulating EPCs are also capable of differentiating to form fibroblast-
mimic cells and thus enable vascular damage repair [7]. Many studies
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have reported decreased circulating EPC levels in the context of human
cardiovascular diseases such as coronary artery disease, diabetic vas-
culopathy, atherosclerosis, systemic lupus erythematosus, and meta-
bolic syndrome [8–12]. Moreover, levels of cord blood-derived EPCs
have also been shown to be decreased and increased in association with
preeclampsia and senescence, respectively [13–15]. The changes in the
function of EPCs in preeclampsia is not well understood, and likewise,
very few studies have investigated the angiogenic or vasculogenic
function of OECs that differentiated from EPCs under preeclamptic
conditions [15,16]. Nevertheless, the current literature suggests that
maternal vasculopathies including preeclampsia impact fetal circula-
tion; thus, it is reasonable to hypothesize that preeclampsia may affect
fetal EPCs function during in utero period. Furthermore, since EPCs
direct in utero neovascularization and repair, their differentiation ca-
pacity and overall function is likely to be indicative of fetal vascular
health.

The aim of the present study was to firstly compare the function of
EPCs derived from normal and severely preeclamptic pregnancies by
evaluating both their differentiation potency, and the angiogenic
function of the OECs into which they differentiate. The study also in-
vestigated the effect(s) of environmental factors and histone methyla-
tion levels on the differentiation potency of EPCs derived from both
normal and preeclamptic pregnancies.

2. Methods

2.1. Study population and sample collection

The study enrolled patients delivered either vaginally or by cesarean
section at 36–41weeks gestation at the Severance Hospital between
September 2016–July 2017. Umbilical cord blood for CD133+/C-kit+/
Lin− (CKL−) cell isolation was obtained at the time of delivery after
fetal expulsion from women experiencing preeclamptic (n=10) and
normal pregnancies (n=10) (Table 1). All women assigned to the
‘preeclampsia’ group exhibited severe preeclampsia, comprising hy-
pertension (defined as the exhibition of a blood pressure level> 160/
110mmHg on two occasions spaced at least 4 h apart during bed rest)
in association with thrombocytopenia (indicated by a platelet
count< 100,000/µL), impaired liver function (indicated by a 2× ele-
vation of the blood concentrations of liver enzymes above normal le-
vels), severe persistent right-upper quadrant or epigastric pain that was
unresponsive to medication and/or not accounted for by an alternative

diagnosis, progressive renal insufficiency (indicated by a serum crea-
tinine concentration ˃1.1mg/dL, or a 2× elevation of the serum
creatinine concentration in the absence of any other renal disease),
pulmonary edema, and/or new-onset cerebral and/or visual dis-
turbances, as stipulated by the American College of Obstetricians and
Gynecologists guidelines [17,18]. Pregnancies associated with pre-
mature membrane rupture, fetal malformation, chromosome anoma-
lies, multiple pregnancies, and/or renal or endocrine diseases other
than diabetes mellitus were excluded from the study. All patients pro-
vided informed consent for their participation in the study, the design
of which was approved by the Institute Review Board of Yonsei Uni-
versity (4-2016-0607).

2.2. Isolation and cultivation of CKL− EPCs

Blood samples (∼50mL) were collected via gravity flow from um-
bilical cords prior to placental expulsion during delivery. EPCs were
isolated via density gradient centrifugation (30min, 400g) using Biocoll
solution (Biochrom, Berlin, Germany), and washed three times in
phosphate buffered saline (PBS; Biochrom). CKL− EPCs were purified
via positive and negative selection using anti-CD133/C-kit/Lin− mi-
crobeads (Miltenyi Biotec, Bergisch-Gladbach, Germany) and a mag-
netic cell sorter device (Miltenyi Biotec). Briefly, the cord-blood EPCs
were incubated with anti-CD133 microbeads, and unbound antibodies
were removed via washing. EPCs captured by the anti-CD133 mi-
crobeads were selected according to the manufacturer’s instructions.
Likewise, the generated CD133+ EPC fraction was then incubated with
anti-C-kit microbeads and processed via the manufacturer’s protocol for
sensitive positive selection, and the resultant CD133+/C-kit+ EPC
fraction subsequently incubated with anti-Lin microbeads and column
filtered to deplete of Lin+ fraction. The purity of the CKL− EPC fraction
was confirmed to>98% via fluorescence-activated cell-sorting ana-
lysis, and the CKL− cells then seeded onto 6-well plates coated with
human fibronectin (Sigma, St. Louis, MO), and maintained in en-
dothelial basal medium-2 (EBM; Clonetics, Cell Systems, St. Katharinen,
Germany). Then, the medium was supplemented with endothelial
growth medium-2 (EGM2; Clonetics, Cell Systems) containing fetal
bovine serum, human VEGF-A, human fibroblast growth factor-B,
human epidermal growth factor, IGF1, and ascorbic acid in appropriate
amounts. CKL− cells were identified via staining with phycoerythrin-
(PE-) conjugated human CD133-PE and C-kit-PE antibodies (BD
Biosciences, Bedford, MA).

2.3. CKL− EPC differentiation assay

CKL− EPCs (5×105 cells/well) from preeclamptic and normal
pregnancies were seeded on 6-well plates, and cultured in EGM2 cul-
ture medium that was replaced every 2 days. The ‘day of differentiation’
was defined as the first day on which a differentiated colony was ob-
served after seeding. Differentiation days and the number of colonies
formed in each set were determined by light microscopy.

2.4. Migration assay

Cell migration was assayed using the Transwell system (Corning
Costar, Acton, MA) with 6.5-mm diameter polycarbonate filters (8mm
pores). Briefly, the lower surface of the filter was coated with 0.1%
gelatin, and 3rd passage OECs (105 cells) were seeded onto chemotaxis
filters in EBM supplemented with 0.5% FBS. Non-migrating cells were
removed from the top surface of the membrane after 4 h. Migrating cells
that adhered to the undersurface of the filters were identified via he-
matoxylin and eosin (H&E) staining, and quantified using Kodak 1D
software (Eastman Kodak, Rochester, NY). Results are representative of
four independent experiments.

Table 1
Patients’ characteristics.

Normal pregnancy
(n=10)

Preeclampsia
(n= 10)

P-value

Maternal age (years) 34.0 ± 5.5 32.7 ± 2.8 0.44
Gestational age at

delivery (weeks)
38.2 ± 0.5 36.8 ± 2.0 0.19

Gravida 2.9 ± 2.3 1.3 ± 1.0 0.05
Pre-pregnancy BMI

(kg/m2)
19.9 ± 4.4 22.0 ± 6.9 0.40

Mode of Delivery 0.53
Cesarean section 9 8
Vaginal delivery 1 2
Blood pressure (mmHg)
Systolic blood pressure 115.6 ± 10.8 150.7 ± 12.5 0.03
Diastolic blood pressure 73.4 ± 12.5 96.8 ± 12.0 0.03
Gender of baby 0.65
Female 6 5
Male 4 5
Birth weight (g) 3167.0 ± 282.5 2606.4 ± 1425 0.40
Small gestational age

(n)
0 4 0.03

APGAR score at 1 min 6.7 ± 1.3 5.7 ± 2.0 0.28
APGAR score at 5 min 8.4 ± 1.0 7.6 ± 1.0 0.19
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2.5. Adhesion assay

Cell-matrix adhesion assays were performed as previously described
[19]. Briefly, 3rd passage OECs were seeded (105 cells/well, in 100 µL
adhesion buffer comprising serum-free media and EBM) and incubated
(30min, 37 °C) on 96-well plates coated overnight (4 °C) with 10 µg/ml
human fibronectin. After two washes with PBS to remove nonadherent
cells, the remaining adherent cells were measured via H&E staining,
and quantified in triplicate by counting adherent cells in five randomly
selected fields per well (Axiovert 100; Carl Zeiss Micro-Imaging,
Thornwood, NY). Results are representative of three separate experi-
ments performed in duplicate.

2.6. Tube formation assay

Tube formation was assayed as previously described [20]. Briefly,
250 µL Matrigel solution (BD Biosciences, Bedford, MA) was added to a
16-mm diameter tissue culture well, and allowed to polymerize
(30min, 37 °C). After trypsinization, harvested OECs were resuspended
in EBM, and plated onto the Matrigel (1.2× 105 cells/well). Matrigel
cultures were incubated at 37 °C, and photographed at 6, 12, 24 h of
incubation (200× magnification). The area covered by the mature tube
network was determined by scanning photographs of the tubes into
Adobe Photoshop, and using ImageJ software (National Institute of
Health) to quantify the identified area. Tube length was defined as the
average of total lengths in five microscopic fields which was obtained as
the sum of all the mature branch in each field.

2.7. Analysis of H3K4, H3K9, and H3K27 trimethylation levels

H3K4, H3K9, and H3K27 trimethylation levels were detected using
specific antibodies. CKL− EPCs were washed twice with phosphate-
based saline, and then lysed with radioimmunoprecipitation assay
buffer (RIPA buffer). The resulting cell lysates were resolved via SDS-

polyacrylamide gel electrophoresis (PAGE), and the captured proteins
transferred onto polyvinylidene difluoride membranes. The blocked
membranes were then incubated with the anti-H3K4me3 (1:1000;
Millipore, Millipore Corp., Bedford, MA, USA), anti-H3K9 (1:1000),
and/or anti-H3K27me3 (1:1000; Abcam, Cambridge, MA, USA) anti-
bodies. The resulting immunoreactive bands were visualized using a
chemiluminescent reagent (Amersham Biosciences Inc., Piscataway, NJ,
USA).

2.8. CKL−EPC differentiation assay conducted during to serum-conditioned
media

Preeclampsia-derived CKL− EPCs (5×105 cells/well) were seeded
on 6-well plates, and cultured for 3 days in EGM2 media. After 3 days in
culture, the cell culture media were then changed into each conditioned
media; EBM (negative control), EGM2 (20% FBS, positive control),
normal maternal serum media (20% maternal serum), preeclamptic
maternal serum media (20% maternal serum), normal cord blood serum
media (20% cord blood serum), and preeclamptic fetal cord blood
serum media (20% cord blood serum). The medium was changed every
2 days. The ‘day of differentiation’ was defined as the first day on which
a differentiated colony was observed after seeding.

Serum for each type of serum-conditioned media was separated via
centrifugation from normal maternal blood, preeclamptic maternal
blood, normal cord blood, and preeclamptic cord blood. At least three
assays were performed for each sample.

2.9. Statistical analyses

Data are shown as the mean ± the standard error of the mean (SE).
Statistical comparisons between groups were performed using a t-test,
one-way analysis of variance (ANOVA) and a subsequent Tukey’s post
hoc test.

Fig. 1. Preeclamptic (PE) CD133+/C-kit+/Lin2− (CKL−) endothelial progenitor cells (EPCs) exhibit decreased differentiation potency. A, Cord blood-derived CKL−

EPCs from PE pregnancies exhibited delayed differentiation compared to those from derived from normal (NL) pregnancies. Differentiation days are indicated by
yellow dotted circles. B, The time until differentiation was significantly delayed for PE (16 days) compared to NL (10 days) CKL− EPCs. C, D, On the same differ-
entiation day, the size and number of outgrowth endothelial cell (OEC) colonies generated by the PE CKL− EPCs was reduced compared to that achieved by the NL
CKL− EPCs. CKL− EPCs from both groups were cultured in EGM2 (Clonetics, Cell Systems, St. Katharinen, Germany) culture media. Colony boundaries are indicated
by yellow dotted circles. (**P < 0.01). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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3. Results

3.1. Decreased differentiation of human cord blood-derived CKL−EPCs to
OECs in preeclamptic compared to normal pregnancies

To assess their differentiation potential, the CKL− EPCs isolated from
normal and preeclamptic pregnancies were cultured on fibronectin-
coated plates. After 10 days of culture, the CKL−EPCs isolated from
normal pregnancies spontaneously differentiated to form OECs, as in-
dicated by both their morphology, and their expression of lineage-spe-
cific markers (Fig. 1A, B). In contrast, the CKL−EPCs isolated from pre-
eclamptic pregnancies took 16 days to differentiate to form OECs
(Fig. 1A, B). Moreover, both the number and size of OEC colonies formed
by the CKL− EPCs isolated from preeclamptic pregnancies was reduced
compared to those produced by CKL− EPCs derived from normal preg-
nancies on the same differentiation day (Fig. 1C, D).

Thus, the preeclamptic gestational conditions both delayed
CKL−EPC differentiation, and reduced the number and size of the

produced OEC colonies, and thereby caused an overall decrease in the
CKL−EPC differentiation potency achieved under normal gestational
conditions.

3.2. Diminished angiogenic potential of OECs differentiated from EPCs from
preeclamptic compared to normal pregnancies

Migration, adhesion, and tube-formation assays were performed to
investigate whether preeclampsia impacts OECs angiogenic function.
The results of these analyses showed that the preeclampsia-derived
OECs migrated poorly through the transwell chamber compared to the
normal-derived OECs (Fig. 2A), resulting in a significantly reduced
number of migrated preeclampsia-compared to normal-derived OECs
(Fig. 2B). Similarly, the preeclampsia-derived OECs exhibited decreased
adhesion (Fig. 2C, D), and a reduced capacity to form capillary-like
tubes (Fig. 2E) that resulted in a shorter achieved tube length than was
achieved by the normal-derived OECs (Fig. 2F). Moreover, pre-
eclampsia-derived OECs exhibited broader tube-like structure than that

Fig. 2. Outgrowth endothelial cell (OEC) angiogenic function of in preeclamptic (PE) and normal (NL) pregnancies. A, B, A reduced number of PE compared to NL
OECs migrated though the transwell chamber during the conducted transwell chamber assay. C, D, A reduced number of PE compared to NL OECs adhered to the well
during the conducted adhesion assay. E, PE OECs cultured on Matrigel exhibited a reduced capacity to form capillary-like structures compared to NL OECs.
Photographs took after 24 h of incubation in both groups. F, The tube length achieved by the PE OECs was significantly shorter than that achieved by the NL OECs.
(**P < 0.01).
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of normal OEC. These data demonstrate that although some pre-
eclampsia-derived EPCs successfully differentiate to form OECs, these
exhibit disrupted migration, adhesion, and tube formation function.

3.3. The decreased differentiation potency of the preeclampsia-derived
CKL−EPCs was not rescued via exposure to normal serum-conditioned
media

To investigate whether the decreased differentiation potency ex-
hibited by the preeclampsia-derived CKL− EPCs was able to be rescued
via exposure to a normal gestational environment, they were cultured
in human serum-conditioned media containing either maternal or cord-
blood serum. (Serum-free and EGM2 media were used as negative and
positive controls, respectively). The preeclampsia-derived CKL− EPCs
continued to exhibit delayed differentiation during exposure to the
positive control (EGM2) media, and failed to differentiate when main-
tained in either normal- or preeclamptic serum media (Fig. 3). Thus, the
preeclampsia-derived CKL− EPCs exhibited defective differentiation
activity that was not rescued via correction of the serum environment.

3.4. Preeclampsia derived-CKL− EPCs showed decreased histone
methylation levels

Together, the results of the conducted analyses suggest that the
preeclampsia derived-CKL− EPCs incurred semi- or permanent, rather
than temporary functional changes. Thus, their histone methylation
levels were analyzed, and their histone H3K4 and H3K9 trimethylation
level resultantly shown to be significantly decreased compared to those
exhibited by normal-derived EPCs. (No significant difference in

H3K27me3 levels were observed between the two groups of EPCs)
(Fig. 4). Moreover, the H3K4 and H3K9 trimethylation levels were
further reduced in preeclampsia-derived EPCs that were cultured with
preeclamptic maternal serum compared to EGM2 media (Fig. 4). This
data suggests that the preeclampsia-derived EPCs incurred epigenetic
changes, such as reduced histone methylation levels, via their exposure
to soluble factors contained in the maternal-fetal circulation during
preeclampsia.

4. Discussion

The results of the present study suggest that maternal preeclampsia
may cause not only the immediate effect to fetus such as prematurity, or
fetal growth restriction, but also the potential dysfunction on vascular
health of a fetus via effects incurred in utero. This is supported by the
results of various other studies that have previously reported an in-
creased incidence of adult-onset cardiovascular and metabolic diseases,
such as hypertension, cardiovascular disorders, cerebrovascular dis-
orders, impaired neural development, type 2 diabetes, metabolic syn-
drome, and hypercortisolism, among individuals born to preeclamptic
women [1,2,21–23]. Increased pulmonary and peripheral vascular
stiffness has also been reported in school-aged children exposed to a
preeclamptic environment in utero [24]. While the pathophysiological
mechanisms underlying the fetal impacts of preeclampsia have not yet
been confirmed, Barker et al. proposed that they may be the result of
intrauterine environmental changes that stimulate epigenetic changes,
and/or disrupt normal cellular remodeling at critical timepoints during
development [25,3].

Previous studies investigating preeclamptic epigenetic changes

Fig. 3. Differentiation of preeclampsia-derived (PE) endothelial progenitor cells (EPCs) during exposure to serum-conditioned media. To determine whether the
decreased differentiation potency the PE EPCs could be rescued, they were cultured in serum-conditioned media following 5-days of growth in EGM2 media. The
CKL−EPCs were resultantly shown to exhibit delayed differentiation during exposure to positive control (EGM2, Clonetics, Cell Systems, St. Katharinen, Germany)
media, but failed to differentiate during exposure to either normal (NL) or PE serum-conditioned media. (NL-MS: Normal maternal serum; NL-CS: Normal cord blood
serum; PE-MS: Preeclamptic maternal serum; PE-CS: Preeclamptic cord blood serum).
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mainly focused on the role that the placenta plays in the pathogenesis of
the disease, rather than the maternal or fetal impact of preeclampsia
[26]. They thus provided insights into the effects of DNA methylation,
(e.g. genomic imprinting changes such as STOX1 overexpression [27],
promotor-region changes that modulate placental SERPINA3 expression
[28], hypomethylation of regulators of inflammatory modulators such
as RXRα/PPARγ [29], and epigenetics impacts on HIF1α expression
[30]) on pathologic changes of preeclampsia such as shallow placental
implantation, endothelial dysfunction, and inflammation. Various stu-
dies have also been conducted which analyzed preeclampsia-associated
changes to the expression of placental miRNAs, and their effect on the
expression and function of related genes; however, they predominantly
aimed to identify novel diagnostic markers or elucidate the mechanisms
underlying preeclampsia pathophysiology [31]. Finally, recent studies
that reported on the immediate and ongoing fetal impacts of pre-
eclampsia-associated epigenetic changes focused on the way in which
altered placental genetic imprinting induce hypoxia, and thus affect
fetal neural development in utero [32].

EPCs are endothelial cell precursors, and as such, have the potential
to direct vasculogenesis, angiogenesis, and neovascularization after
birth [6,33]; thus, their dysfunction likely underlies various vascular
diseases. In fact, previous studies have shown the number of circulating
EPCs to be decreased in vascular and metabolic disorders such as cor-
onary artery disease, diabetic vasculopathy, atherosclerosis, systemic
lupus erythematosus, and metabolic syndrome [8–12]. Preeclampsia is
also considered to be a hypertensive disorder, and has been shown to be
associated with a reduced concentration of circulating EPCs in per-
ipheral blood vessels [34].

Cord blood is included in fetal circulation, and thus, the angiogenic
potential of cord blood CKL− EPCs likely reflect the overall angiogenic
potential of the fetus. This is supported by the results of a previously
published study that showed OECs differentiated from cord blood
CKL−EPCs to exhibit angiogenic potential [35]. While only limited

research has been conducted to investigate the function of fetal EPCs
exposed to preeclampsia to date, it has been established that the
number of cord blood-derived EPCs is reduced in preeclamptic preg-
nancies, and furthermore, that the small number of identified EPCs are
predominantly senescent [13–16]. The results of the present study
showed that preeclampsia-derived cord-blood CKL− EPCs and resultant
differentiated OECs exhibited reduced function and angiogenic poten-
tial, respectively, compared to those observed for normal-derived CKL−

EPCs. Diminished migration, adhesion, and tube formation function of
preeclampsia derived OECs compared to normal OECs means immature
differentiation of OEC for angiogenesis. Furthermore, the reduced dif-
ferentiation potency of the preeclampsia-derived CKL−EPCs was not
recovered via exposure to optimal serum conditions, suggesting that
their decreased function may be irreversible. On contrary, normal-de-
rived CKL-EPCs were successfully differentiated even in the culture
media with preeclamptic serum (data was not shown). Thus, the pre-
eclamptic intrauterine environment appears to permanently modify
pathways that critically regulate and maintenance fetal vascular health
by affecting fetal vasculogenic/angiogenic function.

Epigenetic changes are a common mechanism by which environ-
mental conditions can stimulate irreversible changes to gene expression
and/or protein function. Stem and progenitor cells are characterized by
a high prevalence of transcriptionally competent but altered genes that
are marked by both active and repressive histone modifications asso-
ciated with important differentiation and developmental processes
[36]. In the present study, the H3K4me3 and H3K9me3 levels in the
preeclampsia-derived CKL− EPCs were found to be reduced. It is pos-
sible that such histone modifications may facilitate the activation of
pro-angiogenic signaling (H3K4me3) and/or repressive signaling
pathways (H3K27me3), which might indicate a shift in the proangio-
genic/antiangiogenic balance that favors anti-angiogenesis. In addition,
studies in endothelial cells have previously identified several signal
transduction pathways (e.g., VEGFR, CXCR4, VEGF, NOTCH, and WNT)
that coordinate cell survival, cell differentiation, arterial/venous spe-
cification, and blood-vessel morphogenesis [37], and are essential for
angiogenesis and/or post-natal vasculogenesis. Interestingly, the pla-
cental expression of many of the genes associated with these angiogenic
signaling pathways have been shown to be altered in preeclampsia via
whole genome or RNA sequencing analyses [38,39].

Conversely, increasing H3K9me3 have been shown to be associated
with reduce HIF1α transcription [40]. HIF1α is known to regulate sFLT1
expression, and the production of soluble endoglin. In fact, HIF1α ex-
pression is generally upregulated in preeclampsia [41], and the re-
sulting increased placental secretion of sFLT1 impacts the vascular
health and angiogenic homeostasis of preeclamptic women by causing a
decrease in free serum VEGF and PlGF, the disruption of angiogenic
homeostasis, increased systemic inflammation, and altered TGF-β levels
via changing soluble endoglin levels [42]. Thus, observed changes to
the levels of soluble fetal serum factors in preeclamptic pregnancies are
likely indicative of overall fetal vascular health. Staff et al. previously
reported increased sFLT1, and decreased VEGF and PlGF levels in the
cord blood and amniotic fluid of preeclamptic women compared to
those experiencing a normal pregnancy [43]. Given that cord blood is
considered to be included in fetal circulation, changes in the levels of
these soluble factors may result in endothelial dysfunction and/or an
increased systemic inflammatory response in fetal blood vessels, in the
same way as they induce these effects in maternal blood vessels. An-
other recent study reported that the secretion of maternal placental
VEGF is required to stimulate an human umbilical vein endothelial cells
(HUVEC) angiogenic potential [44]. Thus, continued research is needed
to investigate the impacts of preeclamptic epigenetic changes on an-
giogenic signaling pathway (e.g. sFLT1, VEGF, or PlGF) activity on fetal
vascular health.

Furthermore, decreased H3K9me3 levels in stem cells have also
been shown to be associated with cell senescence [45]. Considering that
preeclampsia-derived cord blood EPCs have been shown to exhibit

Fig. 4. H3K4me3, H3K9me3 and H3K27me3 levels exhibited by preeclampsia
(PE)-derived CD133+/C-kit+/Lin2− endothelial progenitor cells (CKL− EPCs).
The H3K4me3 and H3K9me3 levels exhibited by the PE CKL−EPCs was de-
creased compared to those exhibited by the normal (NL)-derived CKL−EPCs,
and the H3K4me3 levels further reduced in PE CKL− EPCs that were cultured in
maternal serum compared to EGM2 media. The H3K27me3 levels were not
significantly different between the two groups.
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increased senescence [14], it is possible that the decreased H3K9me3
levels observed in the present study may contribute to the decreased
function of the preeclampsia-derived EPCs. Further study is required to
confirm this hypothesis, and to elucidate the mechanisms by which
decreased H3K9me3 levels affect CKL− EPC differentiation and an-
giogenesis during development.

The present study showed the differentiation potency of pre-
eclampsia-derived cord blood CKL− EPCs to be irreversibly reduced
compared to that exhibited by normal-derived CKL− EPCs. Moreover,
the angiogenic function of OECs that differentiated from the pre-
eclampsia-derived CKL− EPCs was also significantly diminished.
Further study is needed, firstly to establish whether the decreased
function of preeclampsia-derived cord blood CKL−EPCs persists after
birth, and secondly, to elucidate the mechanisms via which pre-
eclampsia-induced effects on CKL− EPCs affect the long-term vascular
health of the exposed fetus. The results of the present study suggest that
preeclamptic EPCs likely undergo irreversible epigenetic changes that
disrupt their angiogenic capacity.
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