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Abstract

Aims Maternal type 2 diabetes (T2D) can result in adverse pathological outcomes to both the mother and fetus. The present
study aimed to investigate the pathological effects of maternal T2D on the gene expression patterns and functions of fetal
human umbilical vein endothelial cells (HUVECS), a representative of fetal vascular cells.

Methods Cell proliferation, apoptosis, mitochondrial ROS production and cell cycle were measured using flowcytometry.
Genome-wide expression was measured using Affymetrix microarray. Gene expression of CCND2, STATI, ITGBS, ALDH?2,
and ADAMTSS5 was measured using real-time PCR.

Results HUVECs derived from T2D mothers (T2D-HUVECs) showed elevated levels of mitochondrial superoxide ani-
ons, reduced cell proliferation, and increased apoptosis rates relative to HUVECs derived from healthy control mothers
(C.HUVEC:S). In addition , T2D-HUVECs showed a decreased proportion of cells in GO/G1 and cell cycle arrest at the S
phases relative to controls. Interestingly, microarray experiments revealed significant differences in genome-wide expres-
sion profiles between T2D-HUVECs and C.HUVECs. In particular, the analysis identified 90 upregulated genes and 42
downregulated genes. The upregulated genes CCND?2, STATI, ITGBS, ALDH2, and ADAMTSS5 were validated as potential
biomarkers for fetal endothelial dysfunction. Functional network analysis revealed that these genes are the important players
that participate in the pathogenesis of endothelial dysfunction, which in turn influences the inflammatory response, cellular
movement, and cardiovascular system development and function.

Conclusion Sustained alterations in the overall function of T2D-HUVEC and gene expression profiles provided insights into
the role of maternal T2D on the pathophysiology of the fetal endothelial dysfunction.
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Abbreviations C.HUVEC Healthy control cells

MMPs ADAMTS are zinc metalloproteases T2D-HUVECs HUVECs derived from T2D mothers
AGE Advanced glycation end products T2D Type 2 diabetes

ECs Endothelial cells NO Nitric oxide

ET-1 Endothelin 1 PKC Protein kinase C

ECM Extracellular matrix PI Propidium iodide

GDM Gestational diabetes mellitus ROS Reactive oxygen species
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responses, coagulation, and fibrinolysis [1]. The dysfunc-
tional endothelium is known to exhibit changes in the func-
tions of normal endothelial cells (ECs) and is character-
ized by decreased nitric oxide (NO)-induced vasodilation,
increased expression of inflammatory adhesion molecules,
increased endothelin 1 (ET-1)-induced vasoconstriction,
and impaired balance between coagulation and fibrinoly-
sis, which in turn promotes platelet activation and thrombus
formation [2].

Various factors, including hyperglycemia-induced oxida-
tive stress, contribute to endothelial dysfunction in diabetes.
Hyperglycemia has been demonstrated to cause oxidative
stress via the overproduction of free radicals or impairment
of the antioxidant defense [3]. A previous study showed that
fetal HUVECSs exposed to maternal diabetes (GDM) showed
enhanced oxidative stress [4]. Hyperglycemia is thought
to stimulate various cellular processes, such as glucose
autoxidation, production of advanced glycation end prod-
ucts (AGE), and protein kinase C (PKC) activation [5, 6].
These events lead to excessive production of reactive oxygen
species (ROS) and increased oxidative stress, which in turn
impair the antioxidant defense system. Previous studies have
shown that fetal cord blood from GDM mothers exhibited
downregulation of antioxidant enzymes and upregulation of
oxidative stress markers, such as xanthine oxidase, a major
superoxide-producing enzyme [7].

In addition, hyperglycemia is known to delay cell prolif-
eration and promote apoptosis in human vascular ECs and is
known to contribute to diabetic complications [8, 9]. In vitro
experiments on HUVECs derived from GDM patients and
ECs exposed to elevated glucose levels have reported similar
effects on cell proliferation [4, 10]. However, cell prolif-
eration and apoptosis rates in HUVECs derived from T2D
mothers under normoglycemic conditions have not been
previously reported.

Early studies by Barker et al. suggested that most dis-
eases can be programmed during in utero fetal develop-
ment [11]. Moreover, an increasing body of evidence has
shown that fetal exposure to maternal diabetes in utero
increases the susceptibility of offspring to develop dis-
eases, such as diabetes, later in life through a mechanism
independent from genetic transmission. One study reported
that offspring exposed to maternal T2D during pregnancy
exhibited a higher risk of developing T2D (45%) than the
offspring of non-diabetic mothers (1.4%) or pre-diabetic
mothers (8.6%) [12]. Consistent with the above findings,
Dabelea et al. showed that offspring prenatally exposed to
T2D exhibited higher prevalence of T2D, with the T2D rate
peaking at 70% in individuals aged 23-34 years old. On the
other hand, the offspring of non-diabetic mothers showed
lower than the 15% rate of developing diabetes within a
similar age range [13]. Accordingly, these epidemiological
studies suggested that intrauterine exposure to diabetes is
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responsible for “programming” abnormal glucose homeo-
stasis (glycemic or metabolic memory) in offspring in addi-
tion to the effects conferred by genetic factors. However,
the molecular basis underlying fetal programming remains
unclear. Therefore, we aimed to investigate the mechanisms
underlying fetal endothelial dysfunction and to compare the
effects of in utero exposure to maternal T2D on cell prolif-
eration, apoptosis, cell cycle, mitochondrial superoxide, and
genome-wide gene expression profiles of ECs cultured under
physiological glucose conditions (5 mM) relative to healthy
control cells (C.HUVECS).

Materials and methods

All materials were purchased from Sigma (Poole, UK)
unless otherwise stated.

Study subjects

Umbilical cords were collected from a total of 17 T2D moth-
ers and seven healthy mothers immediately after full-term
delivery in the Obstetrics and Gynecology Department of
the King Abdulaziz University Hospital, Jeddah, Saudi
Arabia. All donors were informed about the objectives of
the research, and informed consent was obtained from each
study participant prior to sample collection. This study was
approved by the Ethics Committee of the King Abdulaziz
University Hospital. The selection of control subjects was
from among pregnant women with normal plasma glucose
(fasting or random). Exclusion criteria for the control group
were as follows: donors on medication or who have a fam-
ily history of diabetes and/or high blood pressure and/or
are smokers. The selection of diabetic subjects was from
among pregnant women with a plasma glucose concentra-
tion (fasting or random) > 7 mmol/L or HbAlc> 7% accord-
ing to the American Diabetes Association [14]. Notably,
patients participating in this study had no other obstetric
complications. All T2D patients were on insulin along with
other medications, such as metformin and novorapid. Basic
anthropometric parameters, including height, weight, and
body mass indices, were recorded at approximately 12 weeks
of pregnancy.

Isolation and culture of HUVECs

ECs were harvested from freshly collected HUVECs fol-
lowing normal delivery from T2D mothers (experimental
groups) and healthy mothers (control groups). Collected
cords were stored at 4 °C in RPMI-1640 media containing
heparin (10 U/mL), fungizone (2.5 pg/mL), penicillin, and
streptomycin (100 U/100 mg/mL) until subsequent process-
ing. ECs were isolated from the human umbilical vein by
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treatment with collagenase enzyme as described in Eccles
[15]. Afterwards, HUVECs were grown to confluence in
complete culture medium M199 containing 5 mM glu-
cose, 20% fetal bovine serum, penicillin/streptomycin (100
U/100 mg/mL), fungizone (2.5 pg/mL), and L-glutamine
(2 mM) at 37 °C under 95% air and 5% CO, humidified
conditions. ECs were used for up to four passages. For all
experiments, at least three subjects were analyzed from each

group.
Cell proliferation

For flow cytometry, ECs were labeled using a CellTrace™
Violet Cell Proliferation Kit (Invitrogen, Carlsbad, CA,
USA) according to the manufacturer’s instructions. Briefly,
ECs were washed with 1XPBS and re-suspended in 1 uM
working dye solution in 1XPBS for 20 min at 37 °C. Then,
the cell mixtures were added with five volumes of cell cul-
ture medium and incubated at room temperature for 5 min to
remove free dyes. Afterwards, labeled ECs were centrifuged
and re-suspended in culture medium and incubated for 48 h.
Labeled ECs were then harvested and analyzed on a FACS
Aria III flow cytometer (BD Biosciences, San Jose, USA),
capturing at least > 20,000 events per run.

Apoptosis assay

Flow cytometry was performed using Dead Cell Apopto-
sis Kit with Annexin V FITC and PI (Invitrogen, Carlsbad,
CA, USA) following the manufacturer’s instructions. Briefly,
ECs were washed twice with cold PBS, suspended in 250 uL
of annexin V binding buffer, and subsequently incubated
with 2.5 uL of annexin V and 2.5 puL of PI for 5 min at
room temperature in the dark. Non-stained cells were used
as negative controls. Labeled cells were immediately ana-
lyzed by acquiring 10,000 cellular events on a FACS Aria
III flow cytometer (BD Biosciences, San Jose, USA) using
88-nm excitation and a 525-nm band pass filter for FITC and
a 620-nm filter for PI detection.

Mitochondrial ROS production (mtROS)
determination

Reactive oxygen species (ROS) levels released from mito-
chondria were determined using MitoSOX™ Red reagent
(Invitrogen, Carlsbad, CA, USA) according to the protocol
as described previously [16]. The MitoSOX™ Red dye is
rapidly oxidized by mitochondrial superoxide but not by
other ROS and reactive nitrogen species (RNS). Briefly, ECs
were incubated in Hank’s buffer containing 2 pM MitoSOX
Red for 30 min at 37 °C and under 5% CO, conditions. Non-
stained cells served as negative control. After incubation,
ECs were washed with PBS, and fluorescence intensities

were assessed using a FACS Aria III flow cytometer (BD
Biosciences, San Jose, USA).

Cell cycle analysis

For cell cycle analysis, the DNA contents of cell nuclei were
determined via propidium iodide (PI) staining, in which the
signals obtained from PI are proportional to the amount of
DNA present in the cells [17]. ECs were harvested by trypsin
treatment and stained with FxCycle™ PI/RNase Staining
Solution (Molecular Probes, Life Technologies) according
to the manufacturer’s instructions. Samples were analyzed
using a FACS Aria III flow cytometer (BD Biosciences, San
Jose, USA); at least 35,000 events were captured per analy-
sis. Cell cycle analysis was performed using Flowlogic™
Software (version 7.2).

RNA isolation

Total RNA was isolated from HUVECsSs using the RNeasy
mini kit (Qiagen, Crawley, UK). RNA concentration and
purity were assessed spectrophotometrically. RNA integrity
was evaluated using an Agilent 2100 Bioanalyzer (Agilent,
Edinburgh, UK). RNA samples were stored at — 80 °C until
further microarray analysis.

Real-time PCR

cDNA was synthesized from 1 pg of RNA using an ImProm-
II Reverse Transcription System kit (Promega, Southamp-
ton, UK) following the manufacturer’s protocols. Prim-
ers were designed using the Primer3Primer software. All
primer sequences are summarized in Supplementary Table 1
(Online Resource 1). f-Actin was used as an internal control
for normalization of the mRNA levels. Amplifications were
performed in duplicates using a QuantiTect SYBR Green
PCR kit (Qiagen, Manchester, UK) on an iCycleriQ Real-
time PCR Detection System (Applied Biosystem, Cheshire,
UK), according to the manufacturer’s instructions. Reactions
were run according to the following profile: 10 min dena-
turing at 95 °C; and 40 cycles of denaturing 95 °C for 15 s,
annealing at 63 °C for 10 s, and extension 72 °C for 20 s.
Relative expression levels were determined using Rest 2009
software version 2.0.13 [18].

Microarray processing

GeneChip™ Whole Transcript PLUS kit (Affymetrix, USA)
was used to generate and amplify fluorescent cRNA from
total RNA (250 ng/sample). The generated cRNAs were
then hybridized to Human Gene 2.0 ST arrays (Affymetrix,
USA), which measures the signals for > 30,000 coding tran-
scripts and > 11,000 long intergenic non-coding transcripts.
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The Affymetrix GeneChip Hybridization, Wash and Stain
Kit was used for hybridization. Sample hybridization to
microarray GeneChip and image scanning was performed
according to the manufacturers’ instructions.

Microarray analysis

Microarray expression data were imported into Partek
Genomics Suite version 6.6 (Partek Inc., MO, USA). Data
were normalized to minimize the effects of systematic non-
biological variations. The analysis was focused on the genes
with a fold change > 1.5 and p value < 0.05 in T2D-HUVECs
relative to CHUVECs.

The Partek Gene Ontology (GO) enhancement tool was
utilized in the gene expression analysis to classify the dif-
ferentially expressed genes (T2D-HUVECs and C.HUVECs:)
according to the cellular component, molecular function, and
biological process categories [19].

The Ingenuity Pathways Analysis programming (IPA)
(Ingenuity Systems, Redwood City, CA, USA) was also uti-
lized to further analyze the gene expression data. [PA results
were ranked based on statistical scores. The IPA workflow
included core and functional analysis and structural cat-
egorization. Canonical pathway investigation incorporated
overlay analysis of predefined pathways using the gene list
as input.

Statistical analysis

Unpaired data were analyzed using Student’s #-test. Results
are presented as mean + SEM. Statistically significant dif-
ferences were considered at p <0.05.

Results

Clinical characteristics of the subjects recruited in the pre-
sent study are summarized in Table 1. HbAlc and random
plasma glucose levels were significantly higher in T2D
women than those in the healthy controls. The T2D group

showed a near-significant increase in FPG levels relative to
those in the control group. In addition, there were no sig-
nificant differences in age and BMI between the two groups.

Effects of T2D on proliferation, apoptosis and superoxide
production in HUVECs.

As shown in Fig. la, b, T2D significantly reduced
(p =0.006, n=4-5) the proliferation rates of HUVECS
relative to C.HUVECs. Furthermore, apoptosis rates were
significantly higher (p =0.04, n=4) in T2D-HUVECs than
in C.HUVECs (Fig. 1c, d). Interestingly, superoxide pro-
duction in the mitochondria of T2D-HUVECs was signifi-
cantly higher (p=0.0002, n=4—6) than those in the controls
(Fig. 2).

Effect of T2D on the cell cycle

Propidium iodide (PI) staining and flow cytometry analysis
revealed that T2D significantly reduced the proportion of
HUVEC:s in the GO/G1 phase of the cell cycle (p =0.008,
n=4-5). Moreover, T2D induced a greater proportion of
cells in cell cycle arrest in the S phase (p=0.047, n=4-5)
in HUVECS than in CHUVECS (Fig. 3).

Differential gene expression analysis of T2D-HUVEC
and C.HUVECs.

Our analysis identified a total of 132 differentially
expressed transcripts between T2D-HUVECs and
C.HUVECs (FDR-adjusted p value <0.05 and fold
change > 1.5). In particular, a total of 90 genes were upreg-
ulated and 42 genes were downregulated in T2D-HUVECs
relative to CHUVECs. The most significantly upregulated
genes in T2D-HUVEC included ITGBS, CCND2, ALDH?2,
STATI, and ADAMTS5 (Table 2). Hierarchical cluster
analysis determines groups of genes that 132 differentially
expressed genes between C.HUVECs and T2D-HUVEC
(Fig. 4a).

Network and pathway analysis

A functional annotation network was generated using
IPA based on the network relationships determined in

Table 1 Mean characteristics

. e Status mothers Controls (n=7) T2D (n=17) p (T2D ver-
of subjects participating in the sus controls)
study i

Age (years) 29+0.3 33+0.2 0.06
BMI 28.8+0.5 33.1+0.3 0.09
HbAlc % (mmol/mol) 5@31)£0.02 (n=3) 8(64)+0.2 (n=16) 0.005
RPG (mM) 4.6+0.04 8.1+0.2 0.002
FPG (mM) 5.1+0.1 (n=4) 7.5+03 (n=9) 0.05

Number of donors donated by (n)

RPG, Random plasma glucose; FPG, fasting plasma glucose; BMI, body mass index, HbAlc, glycosylated
hemoglobin; T2D, type 2 diabetes mellitus, mean + SEM
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Fig.1 HUVEC cell prolifera-
tion and apoptosis. a A repre-
sentative image of the prolifera- |
tion flowcytometry. CHUVEC
and T2D-HUVEC were labeled
with 1 uM CellTrace violet
and culture for 2 days, after
that the cell proliferation was
determined by flowcytometry. »
b Percentage cell proliferation 1
for both CHUVEC (n=4) and
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sentative image of the apoptosis '
flowcytometry. Harvested Cells Cell Trace-Violet
after 2-day culture were labeled b 80
with Annexin-V FTTC-A dye
and the cell apoptosis were g e
determined by flowcytometry. s ==
d Percentage apoptosis for o i
both C.HUVEC (n=4) and s *
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the 132 differentially expressed genes. Network analysis
showed that these genes were involved in inflammatory
response, cellular movement, cell signaling, organ devel-
opment, DNA damage and repair, and cardiovascular sys-
tem development and function (Supplementary Table 2,
Online Resource 1). Interferon signaling was identified
as the most significant canonical pathway associated with
the differentially expressed gene set (p=1.57 x 1072; data
not shown).

Validation with real-time PCR

The present analysis focused on the genes involved in inflam-
matory response, cell movement and cardiovascular system
development and function since these are the most likely to
be of relevance to the pathogenesis of diabetes cardiovascu-
lar complications (Supplementary Table 2, Online Resource
1). Combining the list of upregulated genes (Table 2) and
genes clusters in Supplementary Table 2 (Online Resource
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Fig.2 HUVEC mitochondrial a
superoxide production. a A
representative image of the
mitochondrial superoxide flow-
cytometry. Cells were labeled
with MitoSOX Red mitochon-
drial superoxide indicator stain-
ing and the cells superoxide was
determined by flowcytometry.

b Percentage of superoxide
production in both CHUVEC
(n=4) and T2D-HUVEC
(n=06). Data are presented as
means + SEM. **p <0.001
versus controls

N v —yrovy

C.HUVEC

T2D.HUVEC

o

1), we selected five genes (ITGB8, STAT1, CCND?2,
ALDH?2, and ADAMTSS) for further validation. Real-time
PCR validation showed that these five gene transcripts were
significantly altered (p <0.05), with a fold change >1.5
(Table 2 and Supplementary Table 2, Online Resource 1).
The mRNA levels were consistent with those obtained in the
microarray experiment. ITGB8, STAT1, CCND2, ALDH2,
and ADAMTSS around 3.4- (p=0.0001, n=3), 3.6-
(p=0.0001, n=3), 2.1- (p=0.034, n=3), 2.5- (p=0.034,
n=3), and 5-fold (p =0.0001, n=3) upregulated, respec-
tively, in T2D-HUVEC:s relative to C.CHUVECs (Fig. 4b).

Discussion

Our current findings suggested that maternal T2D induced
mitochondrial oxidative stress, inhibited cell proliferation,
increased apoptosis, and altered the cell cycle distribution in
fetal HUVECSs. Moreover, our microarray results identified
132 differentially expressed transcripts in HUVECsS derived
from T2D mothers when compared to C.HUVECs. Taken
together, our findings indicated that T2D-HUVECsS exhibited
persistent dysfunctional characteristics even after subsequent
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% of superoxide production

C.HUVEC T2D.HUVEC

culture under normoglycemic conditions, thereby providing
evidence of metabolic memory.

Oxidative stress caused by increased mitochondrial
superoxide production has been implicated in the develop-
ment of the dysfunctional endothelium [20]. Our current
findings showed that T2D-HUVECs generated excessive
amounts of superoxide in the mitochondria when compared
to C.HUVECs. Thus, exposure to elevated glucose levels
in the womb contributes to a sustained increased in oxida-
tive stress under normoglycemic conditions. Consistent with
the above-mentioned findings, hyperglycemia was found
to induce changes in the expression of genes involved in
oxidative stress in HUVECs [21]. Interestingly, oxidative
stress has been reported to be involved in metabolic mem-
ory through epigenetic mechanisms that induce persistent
changes in gene expression even after glucose normalization
in HUVECGs [22].

In the present study, our results showed that cell prolifera-
tion rates were significantly lower in T2D-HUVECs than
in C.HUVECs when cultured at 5 mM glucose for 48 h.
This is consistent with a previous study that demonstrated
reduced cell growth in the dermal microvascular endothe-
lial cell exposed to elevated glucose levels (30 mM) for 7
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Fig.3 HUVEC distribution in a s
cell cycle phases including GO/
Gl1, S and G2/M phase. a A
representative image of the cell
cycle flowcytometry. Cells were
fixed overnight with ethanol
and labeled with FxCycle™ PI/
RNase stain and the cell cycle
distribution was determined

by flowcytometry. b Percent- i
age of both CHUVEC (n=4)

o

Count

45

C.I;iUVEC

T2D-HUVEC

and T2D-HUVEC (n=5) am
distribution in each cell cycle i

phases. Data are presented
as means + SEM. *p <0.05,
**p <0.001 versus controls

days relative to control cells cultured under normoglycemic
conditions [9]. However, our findings were contradictory to
the results of one study that reported no significant differ-
ences between the [*H] thymidine incorporation of HUVECs
isolated from type 1 diabetic mothers and control HUVECs
after 72 h of incubation in medium containing physiologi-
cal 5 mM glucose [23]. This could be attributed to the fact
that the ECs in the present study were isolated from differ-
ent diabetic-type pregnancies from T2D mothers or could
be explained by differences in the analytical methods used.

Apoptosis plays an important role in maintaining the
homeostasis of different tissues in the adult human body. In
the present study, T2D-HUVECs showed higher apoptosis
rates relative to C.HUVECS, consistent with studies show-
ing that HUVECs cultured under hyperglycemic conditions
showed higher apoptosis rates than HUVECs cultured under
normal glucose conditions [8]. Results showed increased
apoptosis and reduced proliferation in T2D-HUVECs com-
pared to C.HUVECsS. Furthermore, loss of homeostasis may
lead to vascular endothelial injury, which can trigger the
pathogenesis of vascular disease complications, such as ath-
erosclerosis. Endothelial cell dysfunction is widely believed
to precede the development of atherosclerosis [24]. Thus, in

Propidium lodide

.o

| 1 ..

the present study, the increased apoptosis rates observed in
T2D-HUVECs could be explained by increased oxidative
stress, which is considered to initiate apoptosis by reducing
the expression of XIAP, an anti-apoptotic protein, in other
models [25].

The cell cycle consists of three phases, namely, the cell
proliferation phase (GO/G1), DNA replication phase (S
phase) and mitosis phase (G2/M phase) [26]. Hyperglycemia
has been demonstrated to induce DNA damage and delay
cell cycle progression in ECs [27, 28]. Our study is the first
to demonstrate that T2D-HUVECs-induced cell cycle arrest
in the S phase and inhibit the entry into the GO/G1 phase.
Furthermore, our results indicated that maternal T2D trig-
gers in utero programming of dysfunctional endothelium and
can confer susceptibility to the development of vascular dis-
eases in later life.

In addition, we conducted microarray experiments to
compare the differences in gene expression profiles between
T2D-HUVECs and C.HUVECs under normoglycemic con-
ditions. We believe that such comparisons reflect the patho-
logical changes in the metabolic and other cellular pathways
in the ECs and allow us to establish the link between these
molecular mechanisms and potential consequences in terms
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Table 2 List of selected differentially upregulated and downregulated genes in T2D-HUVEC versus CHUVEC

Gene symbol Fold change p value Gene name

LINC00440 13.2 0.035 Long intergenic non-protein-coding RNA 440
LOC105378325 7.20 0.007 Uncharacterized LOC105378325

BEX1 6.77 0.018 Brain-expressed X-linked 1

CD24 5.88 0.041 CD24 molecule

GIAS 5.53 0.008 Gap junction protein alpha 5

ITGB8 4.42 0.021 Integrin beta 8

CADM3 4.05 0.014 Cell adhesion molecule 3

GFRA1 3.59 0.008 GDNF family receptor alpha 1

LOC105377378 3.50 0.028 Uncharacterized LOC105377378

RFPL4AL1 3.40 0.022 Ret finger protein-like 4A-like 1

CYTL1 3.36 0.022 Cytokine-like 1

LOC105378477 3.12 0.045 Uncharacterized LOC105378477

LINC01040 2.81 0.015 Long intergenic non-protein-coding RNA 1040
CUBN 2.79 0.010 Cubilin (intrinsic factor—cobalamin receptor)
RELN 2.71 0.014 Reelin

KCNMBI1 2.64 0.031 Potassium channel subfamily M regulatory beta subunit 1
MAP2 2.61 0.028 Microtubule-associated protein 2

CCND2 2.51 0.033 Cyclin D2

MYOZ2 2.46 0.005 Myozenin 2

OCIAD2 2.38 0.023 OCIA domain-containing 2

UPP1 2.36 0.006 Uridine phosphorylase 1

UNC13D 2.35 0.032 unc-13 homolog D (C. elegans)

DDX58 227 0.044 DEAD (Asp-Glu—Ala—Asp) box polypeptide 58
LOC440300 2.26 0.044 Chondroitin sulfate proteoglycan 4 pseudogene
PPP4R4 2.15 0.014 Phosphatase 4, regulatory subunit 4

GLBIL 2.15 0.005 Galactosidase beta 1 like

LOC105375721 2.11 0.010 Uncharacterized LOC105375721

PGMS5P2 2.06 0.001 Phosphoglucomutase 5 pseudogene 2
ADAMTS5 2.03 0.042 ADAM metallopeptidase with thrombospondin
LOC100129434 1.97 0.023 Uncharacterized LOC100129434

PVR 1.95 0.047 Poliovirus receptor

KIF5A 1.94 0.008 Kinesin family member 5A

TNFRSF10A 1.92 0.021 Tumor necrosis factor receptor superfamily
LINCO00571 1.90 0.014 Long intergenic non-protein-coding RNA 571
CD177 1.90 0.025 CD177 molecule

KIFI1A 1.89 0.008 Kinesin family member 1A

ARMCX2 1.83 0.008 Armadillo repeat containing, X-linked 2
PIK3IP1 1.80 0.004 Phosphoinositide-3-kinase-interacting protein 1
SLC16A6 1.79 0.027 Solute carrier family 16, member 6

RND3 1.79 0.039 Rho family GTPase 3

SPRN 1.76 0.002 Shadow of prion protein homolog (zebrafish)
STAT1 1.75 0.029 Signal transducer and activator of transcription 1
PRKGI1-AS1 1.74 0.008 PRKGI antisense RNA 1

IDUA 1.74 0.009 Iduronidase, alpha-L

SLC43A2 1.74 0.048 Solute carrier family 43 (amino acid system L transporter)
B3GALTI1 1.70 0.039 UDP-Gal:betaGlcNAc beta 1,3-galactosyltransferase 1
Cllorf63 1.70 0.048 Chromosome 11 open reading frame 63
PGM2L1 1.70 0.042 Phosphoglucomutase 2-like 1

MIR4253 1.70 0.010 MicroRNA 4253

COL25A1 1.69 0.049 Collagen, type XXV, alpha 1
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Table 2 (continued)

Gene symbol Fold change p value Gene name

LINCO01336 1.69 0.011 Long intergenic non-protein-coding RNA 1336

PSG9 1.68 0.028 Pregnancy-specific beta-1-glycoprotein 9

EFCAB13 1.67 0.010 EF-hand calcium-binding domain 13

RRAGB 1.67 0.019 Ras-related GTP-binding B

LOC105378596 1.65 0.003 Uncharacterized LOC105378596

TPPP 1.64 0.043 Tubulin polymerization-promoting protein

STKI17A 1.64 0.040 Serine/threonine kinase 17a

ALDH2 1.62 0.013 Aldehyde dehydrogenase 2 family (mitochondrial)
RASA4B —1.52 0.047 RAS p21 protein activator 4B

TRABD2B —-1.52 0.018 TraB domain-containing 2B

LINCO1121 —1.52 0.035 Long intergenic non-protein-coding RNA 1121
SLC8A1 —1.53 0.045 Solute carrier family 8 (sodium/calcium exchanger), member 1
PHLDA3 — 1.56 0.038 Pleckstrin homology-like domain, family A, member 3
SPDYEI18 — 1.56 0.038 Speedy/RINGO cell cycle regulator family member E18
CHEK2P2 —-1.59 0.015 Checkpoint kinase 2 pseudogene 2

FCHO1 -1.59 0.006 FCH domain only 1

ARLI10 - 1.60 0.020 ADP-ribosylation factor-like GTPase 10

DOK1 - 1.60 0.025 Docking protein 1

GBP1 —1.62 0.026 Guanylate-binding protein 1, interferon inducible
PRRX2 -1.62 0.027 Paired-related homeobox 2

MFI2 —1.62 0.013 Antigen p97 (melanoma associated) identified by monoclonal antibody
LRRC32 — 1.66 0.046 Leucine-rich repeat-containing 32

IFITM1 —1.68 0.049 Interferon-induced transmembrane protein 1

HPSE - 1.69 0.024 Heparanase

PTBP2 - 1.70 0.024 Polypyrimidine tract-binding protein 2

TRAV20 - 1.70 0.025 T-cell receptor alpha variable 20

MIR503HG - 1.70 0.039 MIRS503 host gene

EHBPIL1 - 1.70 0.033 EH domain-binding protein 1-like 1

MIR4540 -1.71 0.011 microrna 4540

SLC2A1 - 1.71 0.049 Solute carrier family 2 (facilitated glucose transporter)

of dysfunctional endothelium development. To verify the
findings obtained from the microarray analysis, we per-
formed real-time PCR analysis to evaluate the upregulated
expression of five genes ITGBS, CCND2, STATI, ALDH?2,
and ADAMTSS). These five genes were selected based on
fold change > 1.50 and p value <0.05. Using the IPA soft-
ware, we focused on investigating the roles of these genes in
the inflammatory response, cell movement, cell signaling,
and cardiovascular system function and development (Sup-
plementary Table 2, Online Resource 1), which are likely to
be involved in the development of a dysfunctional endothe-
lium. PCR results were consistent with the observed changes
in gene expression profiles identified in the microarray
experiments (Supplementary Table 1, Online Resource 1).
Cyclin D2 binds to the cyclin-dependent kinase, which
is essential for entry of cells into the G1 and S phases [29].
Interestingly, cyclin D2 expression was found to be upregu-
lated in T2D-HUVEC:Ss relative to control cells, which could

explain the dramatic increase in the number of cells in the
S phase. Consistent with the findings of whole-genome
microarray study, cyclin D2 was upregulated in HUVECs
derived from GDM patients [30]. Results of the present
study indicated that epigenetic changes induced by hyper-
glycemia could be responsible for the observed persistent
changes in gene expression. However, one study showed
that cyclin D2 overexpression in mice enhanced beta cell
proliferation through Akt signaling, which was inconsistent
with our currently proposed model, which showed reduced
cell proliferation and cyclin D2 upregulation [31]. Further
studies are required to explain why cyclin D2 overexpres-
sion did not promote cell proliferation. Moreover, our
results were consistent with an early study demonstrating
that cyclin D2 overexpression did not influence cell growth
or viability but altered the cell cycle distribution, as evi-
denced by the greater proportion of cells in the S phase
and reduced proportion of cells in the GO/G1 phase in a
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Fig.4 Clustered display of
microarray data and validation
of selected genes by real-time r
PCR. a Hierarchical clus-

ter analysis of differentially
expressed genes in T2D-
HUVEC (group F) compared

to C.HUVEC (group N) using
data from microarray analysis.
Red color shows upregulation,
purple color shows no changes
and blue color shows downregu-
lation. b Validation of microar-
ray results of selected genes

in T2D-HUVEC (black bar)
compared to CHUVEC (white
bar) using real-time PCR. Gene
expression was normalized to
B-actin mRNA level in each
sample. Data of C-HUVEC

at 5 mM have been “normal- T EE.

Hierarchical Clustering

. ——

t 3 g § s 23
ized” to 1. Results expressed as Bt B & . S8 8¢ sSe*Ld -
mean + SEM of three different Attribute ® Group F Group N
donors (n=3). ***p <0.0001, 00 0 00 200

*p <0.05 versus controls

b

cyclin D2-expressing IL-3-dependent cell line [32]. We sug-
gested that the significant increase in the number of cells in
the S phase was caused by a shortened GO/G1 phase and
prolonged S phase. Thus, cell growth inhibition in T2D-
HUVEC:s could be mediated by different mechanisms of cell
cycle arrest or cell growth. Further studies are required to
analyze other proteins involved in cell cycle regulation, such
as cyclin D1 and p21.

Increased metabolic stress leads to the activation of
STAT1-associated transcription factors [33]. STAT1 is
known as a pro-inflammatory and a pro-atherogenic factor
via the IFN-gamma and TLR cytokine signaling, which is
involved in endothelial dysfunction and cardiovascular dis-
eases [34]. Interestingly, STAT1 regulates cytokine-induced
apoptosis through elevation of the pro-apoptotic protein DP5
in pancreatic beta cells [33]. Thus, the observed STATI
upregulation could be responsible for increased cell death
in T2D-HUVECs. However, further studies are required to
verify the above findings.
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Integrins are cell adhesion molecules which play a
key role in leukocyte homing and cell differentiation in
inflammation and cancer [35]. ITGBS8 showed threefold
upregulation in T2D-HUVECsS relative to controls and
was identified by network analysis to be associated with
inflammatory response and cardiovascular system func-
tion and development (Supplementary Table 2, Online
Resource 1). The above findings are consistent with our
previous microarray results that showed ITGBS upregula-
tion in HUVECs derived from GDM patients relative to
C.HUVEC: [4], thereby suggesting that ITGBS is involved
in the pathogenesis of diabetes-induced endothelial dys-
function and associated vascular diseases. Interestingly,
a previous in vitro study in endothelial progenitor cells
exposed to high glucose (20 mM) showed overexpression
of integrins, which altered molecular interactions with the
basement membrane and established firmer cell-matrix
adhesion interactions [36]. These led to defects in cell
migration and proliferation, which is important for the
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re-endothelialization process and leads to EC dysfunction
and diabetic microvascular complications.

ALDH?2 has recently received research attention because
of its anti-oxidative properties [37, 38]. The observed
ALDH? upregulation in T2D-HUVECS could be triggered
in response to oxidative stress. ALDH?2 overexpression has
been shown to exert protective effects against hyperglycemic
stress in coronary ECs derived from type 1 diabetic mice
[39]. ALDH?2 downregulation and reduced ALDH?2 activity
could potentially contribute to endothelial dysfunction in
diabetic cardiomyopathy.

ADAMTS are zinc metalloproteases (MMPs) comprising
20 members, namely, from ADAMTS-1 to ADAMTS-20
[40]. The structures of ADAMTS are related to those of
the ADAM and matrix MMP family of proteinases and are
primarily present in the extracellular matrix (ECM). In the
present study, ADAMTSS5 was found to be upregulated in
T2D-HUVECs relative to controls. These findings are con-
sistent with those of a study showing that high glucose lev-
els lead to the ADAMTSS5 upregulation in a human primary
glioblastoma cell line [41]. Therefore, we hypothesized that
elevated glucose levels play a key role in the synthesis of
ADAMTS through unidentified mechanisms.

In addition, in our experiments, we cultured the fetal
HUVEGC:s isolated from both type 2 diabetic patients and
healthy subjects under normal glucose concentration (5 mM)
with no treatment over several passages and our results
show that these cells are still damaged even after glucose
normalization. This raises the question of the whether the
medications were taken by T2D pregnant women such as
insulin and others are capable to prevent the fetal endothelial
dysfunction worth of further investigation. While we did not
directly test the effect of these medications on our model, it
has been previously published that the insulin restores the
damaging effect of gestational diabetes on HUVEC [42].

The main limitation of this study is the low number of
study subjects; however, the values of the statistical signifi-
cance acquired strongly confirm the validity of the findings.
In addition, there were no significant differences in sub-
jects’ parameters except higher random glucose levels and
HbA c of the diabetic patients compared to controls. Thus,
the observed changes in gene expression could be partially
attributed to in utero exposure to hyperglycemia.

Conclusion

Taken together, the persistent changes in gene expression
patterns and dysfunctional characteristics associated with
T2D include mitochondrial oxidative stress, reduced cell
proliferation, altered cell cycle distribution, and increased
apoptosis rates in HUVECs derived from T2D mothers. This
study highlights the pathological role of maternal T2D on

fetal endothelial dysfunction. The data of the current study
might help in designing therapeutic drugs which have the
capability to reverse changes in fetal endothelial dysfunction
induced by maternal type 2 diabetes.
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