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ABSTRACT

OBJECTIVE: Investigating the interaction among three interconnected proteins, namely receptor
Tyrosine Kinase-2 (Tie-2), the vascular remodeling cytokine Angiopoietin-2 (Ang-2), and the coagulation
inhibitor Thrombomodulin (TM), may offer fresh insights into the multifactorial origins of late-onset fetal
growth restriction (LFGR).

STUDY DESIGN: In this prospective cohort study, we assessed the maternal serum concentrations of
Tie-2, Ang-2, and TM in pregnancies that developed LFGR (n=30) and a control group (n=59) within the
gestational weeks of 32-39 gestational weeks at Trakya University Hospital (January 2021-December
2021). Concentrations were quantified using ELISA, and data analysis was conducted using the SPSS
22.0 Windows software package.

RESULTS: The 75" percentile concentrations of these proteins were significantly lower in cases of
LFGR. Among heavy smokers, the risk of LFGR increased by 2.37-fold. A significant correlation was ob-
served between these proteins in both LFGR and healthy pregnancies. However, the sensitivity and
specificity of these proteins within the Tie-2, Ang-2, and TM axes were 51%, 56%, 51%, and 45%, 52%,
and 50%, respectively. When we examined cases where all three proteins exhibited a consistent trend,
LFGRs accounted for 23.33% with reduced levels and 30% with elevated levels, whereas this pattern
was observed in 40.67% with reduced levels and 42.37% with elevated levels in healthy pregnancies.

CONCLUSION: Although our study underscores the significance of the intricate interactions between
Tie-2, Ang-2, and TM proteins in LFGR pregnancies, it is evident that a more comprehensive investiga-
tion is required to make meaningful contributions to the clinical applicability of this subject.
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FGR, is of significant concern due to the risk it poses, includ-

ing stillbirth, resulting from an imbalance in the exchange of
oxygen and nutrients between the placenta and the fetus.

Introduction

The pathophysiology of fetal growth restriction (FGR) in-

volves a complex interplay of mechanisms. Late-onset fetal
growth restriction (LFGR), although considered a milder form of
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Despite a lower degree of prematurity, LFGR is associated
with various perinatal complications and long-term neurode-
velopmental issues linked to hypoxia. Given all these facts,
early prediction of LFGR and appropriate management of de-
livery timing to prevent fetal exposure to hypoxia presents
substantial challenges (1-3).

Throughout fetal growth, the placenta undergoes extensive
angiogenesis and vasculogenesis with remodeling of the spiral
arteries continuing into the second trimester and potentially be-
yond (4). However, abnormal fetal growth is associated with
impaired remodeling of uterine spiral arteries due to decreased
vascularization (5). Nevertheless, the precise mechanisms un-
derlying endothelial dysfunction and coagulation abnormali-
ties in the context of abnormal fetal growth remain unclear.

Angiopoietin-2 (Ang-2), a vascular remodeling cytokine,
primarily originates from the decidual endothelium and
reaches its peak levels at the end of the first trimester (6,7). In
vitro experiments have demonstrated that Ang-2, mediated
through the receptor, Tyrosine Kinase-2 (Tie-2), inhibits

I Copyricht© 2024. Altan Erbilen et al. This article is distributed under a Creative Commons Attribution 4.0 International License.

1



Thrombomodulin (TM), suggesting an additional role of Ang-
2 in regulating hemostasis (7,8). Ang-2 also induces proin-
flammatory responses by increasing endothelial permeability
and vessel plasticity (9). Thrombomodulin, an endothelial cell
surface protein, serves as a coagulation inhibitor (10).
Furthermore, it stimulates angiogenesis and protects the en-
dothelium via its G-protein coupled receptor and its fifth epi-
dermal growth factor-like region (11). Both TM and Ang-2 act
as markers for endothelial damage and may serve as predictors
of adverse clinical outcomes (12-17). Interestingly, elevated
plasma levels of Ang-2 have been observed in COVID-19 pa-
tients, correlating with disease severity, hypercoagulation, and
mortality (14). Moreover, our prior research supports the no-
tion of compensatory elevations of mid-trimester Ang-2 and
TM in maternal serum as well as in amniotic fluid, as predic-
tors of later FGR (15).

The impact of the interplay between the Tie-2 receptor-
mediated angiogenic protein Ang-2 and a natural anticoagu-
lant Thrombomodulin on the development of LFGR has been
raised as a question. Therapeutic approaches based on under-
standing this relationship could be a subject for further stud-
ies. The quest to decipher early indicators of LFGR-related
complications remains a complex and challenging endeavor.
Given the wealth of studies on these proteins, examining the
correlation patterns of maternal serum Tie-2, Ang-2, and TM
holds promise for enhancing our understanding of the etiology
of LFGR and its potential management strategies.

Material and Method

Subjects and Sample Collection: The pregnancies that
developed LFGR (n=30) and a control group (n=59) who were
at 32-39 gestational weeks (GW) and applied to Trakya
University Faculty of Medicine Hospital Perinatology Clinic
(January 2021-December 2021) were included in the study.
The sample size for the study was determined using G power
analysis, indicating a medium effect size. Informed consent
was obtained from the participants. The study was approved
by the Institutional Ethics Review Board of Trakya University
Hospital (2021/311). Our study was carried out by the
Principles of the Declaration of Helsinki.

In this prospective cohort study, we measured the concen-
trations of maternal serum Tie-2, Ang-2, and TM in both
LFGR and healthy pregnancies. Gestational age (GA) (day or
week) was calculated from the last menstrual period (LMP)
and ultrasound measurements. Multiple pregnancies, early
FGRs, a history of congenital fetal malformations, and mater-
nal and fetal genetic anomalies were excluded. In the absence
of any congenital abnormality, a diagnosis of LFGR was made
in the presence of GA >32 GW, Abdominal Circumference/
Estimated Fetal Weight (AC/EFW) <3 centile (percentile), or
AC/EFW <10% centile, Cerebroplacental Ratio (CPR) <5%
centile, or Umbilical Artery Pulsatility Index (UA-PI) >95®
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centile, (AC/EFW) <3t centile, or in the presence of AC/EFW
<10th centile (1). Postnatally, FGR was confirmed as a birth-
weight below the 3rd centile for gestational age and with other
diagnostic criteria.

Heavy smoking was defined as smoking more than 10
cigarettes per day.

The control group, which was a group of healthy pregnan-
cies, was created during the sample collection for the LFGR
group and delivered by cesarean section in similar weeks for
other reasons. The indications for cesarean section in preg-
nancies with LFGRs and controls were previous cesarean sec-
tion, fetal distress, and breech presentation.

Maternal serum samples were collected after the diagnosis
of LFGR or at admission to the hospital. None of the preg-
nancies were in active labor at the time of blood collection.
The blood samples were collected in dry tubes, followed by
centrifugation, and then stored at —80°C until further analysis.

ELISA: The concentrations of Ang-2, Tie-2, and TM were
measured using commercially available ELISA kits designed
for human Ang-2 (NEPENTHE, NE010122101, Tirkiye),
human TEK Tyrosine Kinase, Endothelial, Tie-2 (NE-
PENTHE, NEO010730801, Tirkiye), and human
Thrombomodulin (NEPENTHE, NE010118301, Tiirkiye). The
assay demonstrated good precision, with inter-assay and intra-
assay coefficients of variation being less than 10% and 8%, re-
spectively, for the measurements of human Ang-2, Tie-2, and
TM values. The detection range for human Ang-2 was 5-1000
ng/L, for Tie-2, it was 0.5-200 ng/ml, and for TM, it was 0.05-
20 ng/ml. Each sample was assessed in triplicate for all three
proteins to ensure the accuracy and reliability of the results.

Statistical Analysis

SPSS (Statistical Package for Social Science, Chicago, IL,
USA) 22.0 Windows package program was used for statistical
analysis. Descriptive statistics of the pregnancies were pre-
sented as mean, standard deviation, frequency, and percentage
values. Comparisons according to study groups were per-
formed using the Mann-Whitney U test and Chi-square tests.
Correlations between variables were assessed using the
Spearman correlation test.

Receiver operating characteristic (ROC) analysis was car-
ried out to determine optimal cut-off points for the measure-
ments, and ROC curves were generated. The areas under the
receiver operating characteristic curves (AUROC) were cal-
culated to compare the effectiveness of the ROC analyses.

Additionally, a logistic regression analysis was conducted
to investigate the risk factors that may influence the develop-
ment of LFGR. A p-value of less than 0.05 was considered
statistically significant in all analyses.
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Results

Characteristics of the Study Population: A total of 30
cases of LFGR and 59 healthy pregnancies were evaluated in

the study. The population characteristics are summarized in
Table L.

Maternal age, Body Mass Index (BMI), and GA at deliv-

Table I: The characteristics of the population studied

ery were similar between the LFGRs and the controls.
However, heavy smoking (>10 cigarettes/day), GA, and
Estimated Fetal Weight (EFW) were identified as independent
risk factors for LFGR through logistic regression analysis
(Table II). Significantly, heavy smokers had a 2.37-fold in-
creased risk of LFGR (95% CI: 1.05-3.79, p=0.03).

The 1t and 5™ minute APGAR scores and birth weights

LFGR (n=30) Control(n=59) p
Maternal age (year) 31.5(19-45) 29 (19-39)
mean = SD 30.97+ 7.67 29.42+5.63 p=0.28
Maternal BMI
median (min-max) 27 (21-43) 27 (20-33)
meant SD 27.69+4.23 28.02+2.95 p=0.67
GA at delivery (days)
median (min-max) 252(224-273) 245(238-265)
meant SD 250.37+11.87 247.3416.2 p=0.12
BW (gr)
median (min-max) 2075 (950-2420) 2400 (1900-2800) p=0.01*
meant SD 1975.63+ 505.65 2430.51+195.79
Mode of delivery (CS, n) 100 100
Nulliparity (n %) 70 55.9 p=0.01*
Gender (male) (%) 40 40.7 p=0.93
Smokers (%) 20 13.6 p=0.03*
>10 cigarettes (%) 50 37.5
APGAR score 1min. <7 (%) 33.33 5.08 p<0.05*
APGAR score 5 min. <7 (%) 6.66 0/59 p<0.05*
Tie-2 (ng/mL)
median (min-max) 9.8 (6.6-34.8) 10.1 (1.3-35.8)
mean = SD 12.35%£7.33 15.77+£10.42 p=0.11
25t percentile 8.12 7.80
75t percentile 11.65 27.40 p=0.04*
Ang-2 (ng/L)
median (min-max) 3.5(0.5-34.4) 4.4 (1.1-37.8)
mean * SD 8.38+10.05 13.81+14.31 p=0.07
25t percentile 1.77 1.60
75t percentile 9.15 30.90 p=0.03*
T™ (ng/mL)
median (min-max) 10.5 (2.0-35.3) 11.5 (1.4-37.1)
mean * SD 13.2748.14 15.87+11.61 p=0.28
25t percentile 9.22 7.80
75t percentile 16.17 26.60 p=0.006*

BW: Birth weight; GA: Gestational Age; BMI: Body Mass Index; Tie-2: Tyrosine kinase-2; Ang-2: Angiopoetin-2;, TM: Thrombomodulin; *p<0.05 at sig-

nificance

Table II: Risk Factors in LFGR and Controls

95% CI
Characteristics p OR
Lower Upper
BMI >30 0.23 2.70 0.53 13.87
Smoking 0.03* 2.37 1.05 3.79
Newborn Gender (F/M) 0.25 2.53 0.52 12.22
Gravida 0.06 4.25 0.93 19.43

BMI: Body Mass Index, F/M: Female/Male, Cl: Confidence Interval



(BW) of the LFGR group were significantly lower compared
to those in the control group (p<0.05). The significant differ-
ence in APGAR scores and BW, even within our relatively
small sample size, underscores the meticulous selection, and
monitoring of our study group.

Evaluation of Maternal Serum Tie-2, Ang-2, and TM
Concentrations: The notable finding was the significantly
lower 75th percentile profile of these proteins in LFGR cases
compared to controls (p<0.05) (Table I, Figure 1). Although
the mean values of Tie-2, Ang-2, and TM tended to be lower
in the LFGR group, the heterogeneity within the studied pop-
ulation prevented these differences from reaching statistical
significance between LFGRs and controls.

LFGCH CONTROL
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¥
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8

Figure 1: Comparison of 75" percentiles of Tyrosine kinase (Tie-2),
Angiopoietin-2 (Ang-2), and Thrombomodulin (TM) in LFGRs and
controls.

No significant distinct cut-off points were identified for
Tie-2, Ang-2, or TM values in both LFGR and control groups
(p>0.05) (Table IIT and Figure 2). The sensitivities for Tie-2
(51%), Ang-2 (56%), and TM (51%), as well as the specifici-
ties for Tie-2 (45%), Ang-2 (52%), and TM (50%) were de-
termined. No significant distinct cut-off points were identified
for Tie-2, Ang-2, or TM values in both LFGR and control
groups (p>0.05) (Table III and Figure 2).

Smoking and the Tie-2/Ang-2/TM Axes: In the LFGR
group, there were six smokers, with three of them being heavy
smokers. In the control group, there were eight smokers, with
three of them being heavy smokers (Table I). Interestingly,
Tie-2/Ang-2/TM axes with values above the 75th percentile
were associated with light smoking, and only one case with
APGAR <8 and another with CPR<1 was observed. However,
a significant pattern of high Ang-2 (>25th quartile) was ob-
served in 50% of heavy smoker LFGR cases and 66.66% of
LFGR cases with a Doppler CPR <I.

Table Ill: Receiver Operating Characteristics for Tyrosine kinase-2
(Tie-2); Angiopoietin-2 (Ang-2); Thrombomodulin (TM)
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Figure 2: Receiver operating characteristic curves and area under
the Receiver operating caracteristics (AUROC) values for Tyrosine ki-
nase-2 (Tie-2); Angiopoietin-2 (Ang-2); Thrombomodulin (TM).

Correlation Between Tie-2/Ang-2/TM Proteins in Both
LFGR and Control Groups: Significant positive correlations
were found between these proteins in both LFGR and control
groups (Table IV, Figures 3a, 3b, 3¢). The correlation coeffi-
cients were as follows: Tie-2 and Ang-2 (rLFGR=0.653; rcon-
trol=0.867); Tie-2 and TM (rLFGR=0.611; rcontrol=0.819);
Ang-2 and TM (rLFGR =0.485; rcontrol=0.745).

Table IV: The correlation coefficients between Tyrosine kinase-2
(Tie-2), Angiopoietin-2 (Ang-2), and Thrombomodulin (TM) in LFGR
and Control pregnancies

n Mean SD Ang-2 ™
LFGR Tie-2 30 12.35 7.33 .653***k g1 ]k**
Control Tie-2 59 15.77 10.42 867***  819***
LFGR Ang-2 30 8.3 10.0 485%*
Control Ang-2 59 13.8 14.3 745%**

95% Cl
Variable ROC Cutoff p Lower Upper
Area
Tie-2 0.54 - 0.51 0.42 0.66
Ang-2 0.55 - 0.43 0.43 0.67
™ 0.54 - 0.53 0.42 0.66

ClI: Confidence Interval, *p<0.05

***p <.001 **p <.01

Stratification of Median-Based Probable Correlations
of Tie-2/Ang-2/TM in Both LFGR and Control Groups:
The stratification of Tie-2/Ang-2/TM correlations in both
LFGR and the controls is shown in Figure 4. The median val-
ues for Tie-2/Ang-2/TM of the LFGR vs. the controls were as
follows: Tie-2: 9.8 vs. 10.1 ng/ml; Ang-2: 3.5 vs. 4.4 ng/L;
TM: 10.5 vs. 11.5 ng/ml. Values below and above the median
were categorized as "low and high", respectively.
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Figure 3B
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Figure 3a,b,c: The correlations of Tyrosine Kinase-2 (Tie-2), Angiopoietin-2 (Ang-2), and Thrombomodulin (TM) in the LFGR and controls
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Figure 4: Stratification of the median-based probable correlations: Tyrosine kinase-2 (Tie-2); Angiopoietin-2 (Ang-2); Thrombomodulin (TM) of

the LFGRs (n=30) and the controls (n=59).

The profile of the Tie-2-dependent Ang-2/TM axes (all
three in a uniform directional pattern) was observed in 23.33%
of LFGR cases as low and 30% as high. In contrast, this pro-
file was more prominent among the controls: 40.67% were
low and 42.37% were high. Additionally, the rest with more
complex correlations among Tie-2/Ang-2/TM proteins were
notably higher among the LFGR cases (46.66%) compared to
the controls (16.94%).

The Low- and High-Profile Tie-2/Ang-2/TM
Correlations and Their Perinatal Outcomes: Table V indi-
cates that only 20% (6/30) of the LFGR cases had a CPR <1,
while none of the controls did. Among LFGR cases with
CPR<I, 44.4% (n=4/9) were in the high-profile group and
28.57% (n=2/7) in the low-profile group.

Regarding birth weights, no significant difference was ob-

Table V: The featured correlations between Tyrosine kinase-2 (Tie-2), Angiopoietin-2 (Ang-2), Thrombomodulin (TM), and their perinatal outcomes.
Gestational Age (GA), Birth Weight (BW), Doppler Cerebroplacental Ratio (CPR) <1(%), High (H): above the median; Low (L): below the median.

GA (week) BW (gr) CPR <1 (%)
LFGR (n=30)
Tie-2/ Ang-2/ TM (H) 36.3+1.5 2101+423.3 44.4 (4/9)
30% (n=9)
Tie-2/Ang-2/TM (L) 36.0¢1.4 1958+459.5 28.57 (2/7)
23.33% (n=7) p>0.05 p>0.05
CONTROL (n=59)
Tie-2/ Ang-2/ TM (H) 35.240.8 24134160 -
42.37% (n=25)
Tie-2/ Ang-2/TM (L) 35.3+0.9 2475+189.5 -
40.68% (n=24) p>0.05 p>0.05




served between the groups (p>0.05). However, it’s worth not-
ing that the birth weights of the two LFGRs with inverted A
waves, presenting with high Ang-2s and low TMs, were
1010g and 950g, which may be of clinical significance.

Discussion

Our study indicates a close relationship between the pro-
teins Tie-2, Ang-2, and TM, which appears to impact both the
placenta in pregnancies with LFGR and healthy pregnancies.
The detection of this relationship in both LFGR and control
groups suggests that this phenomenon may not be specific to
LFGR alone. However, the strength of this one-way relation-
ship appears more complex in LFGR pregnancies.

Maintaining homeostasis is crucial for uncomplicated
pregnancies; any disruption in the protein-to-protein relation-
ship related to the maternal endothelium and placental func-
tion can lead to disturbances in fetal growth. A recent study
has shown significant differences in placental proteome pro-
files between normal pregnancies and LFGR cases (18).
Nevertheless, the factors contributing to placental dysfunction
in LFGR remain complex and warrant further investigation.
Therefore, studying Tie-2, Ang-2, and TM, which have
demonstrated associations, in LFGR pregnancies may provide
valuable insights (7,11,14,17). Stratified protein-to-protein
correlations with a deeper mechanistic understanding could
guide the development of more effective management strate-
gies for LFGR pregnancies.

Notably, our study highlights the significantly lower pro-
file of the 75th percentile of these proteins in the LFGR cases
compared to the controls. Although these proteins exhibit sig-
nificant correlations, they demonstrate low sensitivity and
specificity for distinguishing LFGR cases.

It has been suggested that low maternal plasma soluble
Tie-2 (sTie-2) in pregnancies with small for gestational age
may create an antiangiogenic environment, affecting fetal
growth (19). Consequently, the rising angiomodulatory im-
balance observed in some LFGR pregnancies may disrupt
communication between mother and fetus, leading to impair-
ment of fetal growth (20). In cases where Tie-2 levels are
low, one may anticipate low levels of Ang-2 and TM, as ob-
served in some LFGR pregnancies, potentially influencing
fetal growth.

Adverse obstetric outcomes associated with LFGR may be
linked to primary maternal cardiovascular maladaptation (21).
Abnormal placentation in the first trimester is believed to play
a central role in the pathogenesis of early-onset preeclampsia
(PE) and FGR. The hypovolemic state leads to placental hy-
poperfusion, potentially causing hypoxia-related obstetric
complications in LFGR. Moreover, the placenta undergoes
significant changes in angiomodulatory mediator signaling
under hypoxia in the later trimesters (18,22).
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The Tie-2/Ang-2 signaling system, especially in patholog-
ical vascular remodeling, angiogenesis, and pregnancy, plays
a crucial role in regulating endothelial cells. However, data on
this subject produced somewhat contradictory results (7,8,16).
Thrombomodulin helps maintain endothelial quiescence by
regulating procoagulant, proinflammatory, and angiogenic
molecules in vascular endothelial cells (23). Its interaction
with Tie-2 enhances endothelial function via the Ang/Tie-2
axis through the anticoagulant effect of activated protein C
(24). Nevertheless, placental thromboinflammation may re-
duce placental TM, impair embryonic survival, and affect fetal
growth (25). Whether low TM and high Ang-2 observed in
6.6% of LFGR cases in our study contribute to placental
malperfusion and low birth weight remains to be clarified.
Conversely, high maternal serum TM values have also been
associated with very low birth weights in HELLP syndrome
(26). These findings suggest that TM values may differ be-
tween preeclampsia-related FGRs and normotensive LFGR.
Additionally, compensatory elevations of Ang-2 and/or TM in
second-trimester serum and amniotic fluid may predict the de-
velopment of FGR (15,27).

This underscores the complex relationship between an an-
ticoagulant protein like TM and angiogenesis.

In our study, the results of the ROC analysis were not clin-
ically significant, and the median-based stratification of unidi-
rectional correlations appeared significantly different between
LFGR and healthy pregnancies. This may suggest a multifac-
torial and mechanistically heterogeneous nature of the Tie-2,
Ang-2, and TM axes, potentially contributing to LFGR patho-
genesis (2,21,28).

Smoking may play a role in LFGR pathogenesis, particu-
larly by increasing Ang-2 levels in maternal serum, and it is an
acquired cause of placental dysfunction. Smoking in early
gestation can lead to a higher umbilical artery resistance
index, possibly contributing to abnormal fetal growth later on
(29). Smoking has also been reported to stimulate Ang-2 in
sputum in lung diseases (30). In our study, at least 50% of
heavy-smoking LFGR cases exhibited elevated Ang-2 con-
centrations along with a Doppler CPR <1. Additionally, the
occurrence of LFGR in nulliparous women supports its multi-
factorial and complex etiology.

We acknowledge certain limitations in our study. Our at-
tempt to explain the role of Tie-2, Ang-2, and TM in LFGR
pathogenesis was based on an analysis of protein-protein cor-
relations with a limited number of LFGR pregnancies. This
hypothesis deserves further validation in a larger cohort.
Future research exploring the role of Tie-2, Ang-2, and TM
during pregnancy and their potential to predict adverse preg-
nancy outcomes is eagerly anticipated.

Conclusion

LFGR is a complex obstetric complication with multiple
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contributing factors, including variations in protein levels. A
particularly noteworthy observation is the strong positive cor-
relation between proteins Tie-2, Ang-2, and TM in both LFGR
and healthy pregnancies. Especially, when we examined the
stratification of these protein correlations, we observed a sig-
nificant difference in the magnitude of these correlations in
LFGRs compared to healthy pregnancies. Among LFGR
cases, we observed more intricate correlations among Tie-
2/Ang-2/TM proteins, accounting for 46.66% of cases,
whereas in the control group, this phenomenon was present in
only 16.94% of cases. These findings have the potential to
provide valuable insights into the pathophysiology of LFGR
and may have implications for clinical management.
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