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Abstract

Background: Hypertensive disorders in pregnancy, such as gestational hypertension (GH), pose significant risks to maternal and fetal
health, affecting a substantial proportion of pregnancies worldwide. Despite their prevalence, the dynamics of various biomarkers across
the peripartum period remain poorly understood, limiting comprehensive insight into their pathophysiology. This study aimed to evalu-
ate changes in neuroendocrine, angiogenic, and inflammatory biomarkers before and after delivery in women with GH and to compare
these profiles with those of normotensive controls. Methods: This prospective study included women with singleton vaginal deliveries,
assigned to GH and control groups (n = 20 per group). Clinical data were collected, and blood samples (pre- and 2 hours post-delivery)
were analyzed for chromogranin A (CgA), catestatin (CST), soluble fms-like tyrosine kinase-1 (sFlt-1), placental growth factor (P1GF),
interleukin-6 (IL-6), and C-reactive protein (CRP). Peripartum changes were evaluated using rank-based repeated-measures analysis.
Results: CgA concentrations decreased significantly after delivery in both groups (prime < 0.001), with comparable peripartum kinetics
(DGroupx Time = 0.718; median difference [MD]: 2.3 ng/mL; 95% confidence interval [CI]: —5.4 to 7.8). PIGF concentrations were signifi-
cantly lower in the GH group (pgoupy = 0.002) and declined after birth (pzme < 0.001), with a clinically meaningful trend toward a greater
decline in the GH group (MD: 78 pg/mL; 95% CI: 30 to 220). IL-6 increased 10-fold after delivery (pzime < 0.001), with a comparable
shift between groups (PGroupx rime = 0.456; MD: 6.9 pg/mL; 95% CI: 9.1 to 21.2). CRP concentrations increased after delivery (prime
< 0.001), with no difference in peripartum kinetics between groups (pGroupx 7ime = 0.257). Pre-delivery CgA and sFlt-1 were strongly
correlated in the control group (rs = 0.636, p = 0.003). Sex-stratified analyses revealed significantly lower IL-6 concentrations in female
fetuses within the control group (1.9 vs. 3.6 pg/mL; p = 0.037), and significantly lower PIGF concentrations in female fetuses within the
GH group (73 vs. 153 pg/mL; p = 0.039). Conclusions: Our results align with established patterns for angiogenic and inflammatory
markers, but these novel neuroendocrine findings require validation in larger groups. Incorporating neuroendocrine regulation into mod-
els of GH is a key area for future study. Study Registration: The study has been registered on https://zenodo.org/ (registration number:
zenodo. 18958924; registration link: https://zenodo.org/records/18958924).
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1. Introduction

Hypertensive disorders in pregnancy represent a spec-
trum of conditions characterized by elevated blood pressure
during pregnancy, including gestational hypertension (GH),
preeclampsia, eclampsia, and chronic hypertension with su-
perimposed preeclampsia. These disorders affect approxi-
mately 5-8% of pregnancies worldwide and are a signif-
icant cause of maternal and perinatal morbidity and mor-
tality [1,2]. GH is the most common hypertensive disor-
der of pregnancy. Although its complications are generally
less severe compared with preeclampsia, it is not without
risk, as GH can progress to preeclampsia, and it is associ-
ated with adverse maternal and fetal outcomes. The sever-

ity of blood pressure elevation and the gestational age at
presentation influence the risk of complications [1,2]. De-
spite extensive research, the precise etiology remains un-
clear, although placental dysfunction is widely recognized
as a key pathogenic event, alongside angiogenic imbalance,
systemic inflammation, and neuroendocrine dysregulation
[3]. This complex interplay of factors contributes to the full
clinical presentation of the disorder. Beyond hypertensive
disorders, dysregulation of neuroendocrine, inflammatory,
and angiogenic signaling pathways is frequently associ-
ated with other pregnancy complications, such as intrauter-
ine growth restriction (IUGR), gestational diabetes mellitus
(GDM), and premature membrane rupture (PROM) [4—6].
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Neuroendocrine dysregulation also contributes to
these disease pathogeneses, with evidence indicating
changes in maternal autonomic function and increased sym-
pathetic nervous system activity in hypertensive disorders
of pregnancy [3]. Chromogranin A (CgA) is a glycopro-
tein widely expressed in neuroendocrine cells and serves as
a precursor for multiple biologically active peptides. CgA
and its peptides are involved in a range of biological pro-
cesses, including the maintenance of cardiovascular home-
ostasis and the regulation of the immune system [7]. Cat-
estatin (CST), a peptide derived from CgA, exhibits im-
munomodulatory properties and has been linked to vari-
ous inflammatory conditions [8,9]. It displays vasodila-
tory and anti-adrenergic effects, reducing catecholamine re-
lease. Altered CST levels have been associated with blood
pressure regulation in nonpregnant populations, with ev-
idence suggesting a protective role against hypertension.
Both CgA and CST are produced by the placenta and show
promising theoretical potential based on their functions in
vascular regulation. However, clinical evidence remains
limited and inconsistent across studies [10].

Angiogenic factors, including soluble fms-like tyro-
sine kinase-1 (sFlt-1) and placental growth factor (PIGF),
provide the strongest clinical evidence for diagnosing and
monitoring hypertensive disorders in pregnancy. An im-
balance between the antiangiogenic factor sFlt-1 and the
proangiogenic factor PIGF results in a higher sFlt-1/PIGF
ratio in pregnancies with hypertension [2]. Elevated sFlt-
1 enhances inflammation by increasing endothelial sensi-
tivity to proinflammatory factors [11], whereas PIGF de-
ficiency impairs immunomodulatory responses and angio-
genesis, further exacerbating endothelial dysfunction [12,
13].

Inflammatory markers are consistently elevated in hy-
pertensive pregnancies and correlate with disease sever-
ity. However, their nonspecific nature limits their diagnos-
tic utility as standalone markers [14]. The proinflamma-
tory cytokine interleukin-6 (IL-6), produced by several cell
types, including trophoblasts, mediates the acute-phase re-
sponse and promotes endothelial activation [15]. C-reactive
protein (CRP), an acute-phase protein synthesized by the
liver, is a nonspecific marker of inflammation that may re-
flect systemic inflammation. This inflammatory condition
contributes to widespread endothelial dysfunction through-
out the maternal vasculature [14].

The process of labor and delivery induces significant
physiological changes that influence circulating biomarker
levels through mechanisms such as placental separation, tis-
sue injury, and acute inflammation. Neuroendocrine mark-
ers are not well characterized during the peripartum period.
Although CgA and CST have been examined in pregnancy
complications data on their peripartum kinetics remain lim-
ited. Angiogenic markers change rapidly after delivery,
with sFlt-1 decreasing sharply and PIGF declining more
gradually [16]. Inflammatory markers also show notable

fluctuations during the peripartum period. IL-6 levels in-
crease substantially with the onset and progression of labor
[17], and CRP levels exhibit an early postpartum spike that
correlates with labor duration, the number of vaginal exam-
inations, and intrapartum interventions [18].

This study investigates six biomarkers represent-
ing distinct pathophysiological pathways: neuroendocrine
markers (CgA, CST), angiogenic factors (sFlt-1, PIGF), and
inflammatory markers (IL-6, CRP), along with their po-
tential interconnections and temporal patterns before and
after delivery in GH. The primary aim of this study was
to compare the peripartum kinetic shifts of the neuroen-
docrine markers CgA and CST between normotensive preg-
nant women and those with GH. Secondary and exploratory
objectives included assessing peripartum changes in an-
giogenic and inflammatory biomarkers, analyzing relation-
ships among biomarkers, and investigating the potential in-
fluence of fetal sex on these profiles. To our knowledge,
this is the first study to characterize the immediate peripar-
tum kinetics of neuroendocrine markers in GH.

2. Materials and Methods
2.1 Subjects

The study was conducted at the Department of Gy-
necology and Obstetrics at Sestre Milosrdnice University
Hospital Center, Zagreb, Croatia, from January 2023 to
March 2025. The hospital’s Ethics Review Board (ERB)
approved the study. Written informed consent was ob-
tained from all participants. The study included multi-
parous women with singleton pregnancies undergoing vagi-
nal delivery. Exclusion criteria included preexisting au-
toimmune, coronary, and renal diseases; use of proton
pump inhibitors; known fetal anomalies; and [UGR. To ex-
clude Hemolysis, Elevated Liver enzymes, Low Platelets
(HELLP) syndrome, pregnancies with creatinine levels
>100 umol/L, uric acid >310 pumol/L, aminotransferase
levels >70 IU/L, lactate dehydrogenase >600 IU/L, and
platelet counts <100 x 10%/L were not included. Labor
was induced by amniotomy and oxytocin between 39 and
41 weeks of gestation without the use of epidural analgesia.
Fig. 1 summarizes the study design.

Women were divided into either the GH group (n=20)
or the control group (n = 20). GH was defined according to
the American College of Obstetricians and Gynecologists
criteria [1] as systolic blood pressure (sBP) >140 mmHg
and/or diastolic blood pressure (dBP) >90 mmHg on two
separate occasions at least 4 hours apart after 20 weeks of
gestation in a woman with previously normal blood pres-
sure.

2.2 Clinical and Anthropometrical Assessments

Maternal, pregnancy, and neonatal characteristics
were recorded, including age, blood pressure, height,
weight, gestational weight gain, smoking status, gestational
age at delivery, birth weight and length, and the neona-
tal sex. Birth weight centiles were calculated according to
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INCLUSION CRITERIA
Singleton pregnancy
Multiparous women

Gestational age 39-41 weeks
Planned vaginal delivery

GH group: Gestational hypertension
Control group: Normotensive pregnancy

EXCLUSION CRITERIA
HELLP syndrome
Autoimmune disease
Coronary disease
Kidney disease
Proton pump inhibitors
Known foetal anomalies
Intrauterine growth restriction

Enrolled
n =40

Excluded
n=10

GH Group n =20
Pre-birth — Post-birth

Control Group n = 20
Pre-birth — Post-birth

Incomplete collection n = 8
Caesarean delivery n = 2

Fig. 1. Study flowchart showing initial inclusion and exclusion criteria, the number of participants enrolled with peripartum sam-

ple collection, and the number of participants subsequently excluded. GH, gestational hypertension; HELLP, Hemolysis, Elevated

Liver enzymes, Low Platelets.

Nicolaides ef al. [19]. Body mass index (BMI) was cal-
culated as body mass (kg) divided by the square of height
(m?).

2.3 Laboratory Assessments

Blood samples were collected before labor (pre-birth)
and 2 hours postpartum after expulsion of the placenta
(post-birth). Samples were obtained by venipuncture into
tubes containing a clot activator (7 mL Vacuette, Greiner
Bio-One GmbH, Kremsmiinster, Austria). After clot for-
mation, samples were centrifuged at 2200 xg for 10 min-
utes, and the serum was stored at —80 °C until analysis.

In all samples, concentrations of CgA, CST, sFlt-
1, PIGF, IL-6, and CRP were measured. CgA and CST
concentrations were measured using enzyme-linked im-
munosorbent assay (ELISA). The manufacturer of the CgA
assay (cat. no. TM E-9000, LDN Labor Diagnostika
Nord GmbH & Co. KG, Nordhorn, Germany) reports
a measurement range of 2.3-900 ng/mL, with an intra-
assay coefficient of variation (CV) <6.3% and an inter-
assay CV <5.3%. The manufacturer of the CST assay
(cat. no. EK-053-27CE, Phoenix Pharmaceuticals Inc.,
Burlingame, CA, USA) reports a measurement range of 0—
100 ng/mL, with an intra-assay CV <10% and an inter-
assay CV <15%. Measurements for sFlt-1, PIGF, and
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IL-6 were performed on a Roche cobas analyzer (Roche
Diagnostics GmbH, Mannheim, Germany) using an elec-
trochemiluminescent immunoassay with the Elecsys sFlt-
1, PIGF, and IL-6 reagents (cat. no. 07027818190,
07027648190, and 09015612190, respectively; Roche Di-
agnostics, Mannheim, Germany). CRP concentrations
were measured with an Abbott Alinity analyzer (Alinity,
Abbott, Chicago, IL, USA) using the Abbott CRP reagent
kit (cat. no. 07P5620, Abbott, Chicago, IL, USA).

2.4 Statistics

Results were analyzed using MedCalc (v22.014,
MedCalc Software Ltd., Ostend, Belgium) and RStudio
(v2025.09.02, Posit Software, PBC, Boston, MA, USA).
Sample size was determined based on peripartum CgA con-
centrations to achieve 80% statistical power (5 = 0.2) at a
5% significance level (o =0.05) [20]. Due to the small sam-
ple size (n = 20 per group), nonparametric statistical meth-
ods were applied without testing for normality. Continu-
ous variables were expressed as medians with interquartile
ranges (Q1; Q3), whereas categorical variables were pre-
sented as frequencies and percentages.

For baseline maternal and neonatal characteristics, as
well as fetal sex effects, differences between independent
groups were assessed using the Mann-Whitney U test, and
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Table 1. Maternal and neonatal characteristics.

Control GH MD (95% CI) p-value
Maternal characteristics
Age (years) 35(30; 38) 32 (305 38) -1(-4;3) 0.786
BMI (kg/m?) 27.1(26.4; 28.2) 32.0(29.7;37.4) 4.9(2.7;8.5) <0.001
Weight gain (kg) 13 (9; 17) 12 (115 14) -1(-4;2) 0.694
sBP (mmHg) 110 (110; 120) 143 (135; 157) 30 (25; 40) <0.001
dBP (mmHg) 70 (65; 80) 88 (80; 90) 15 (10; 20) <0.001
Smoking 1 (5%) 0 (0%) - 1.000
Neonatal characteristics
Sex (male) 11 (55%) 12 (60%) - 1.000
Birth weight (g) 3645 (3320; 3990)  3375(3210; 3835) —190 (—460; 80) 0.164
Birth length (cm) 51 (505 52) 50 (49; 52) -1(-2;1) 0.352
Birth weight (centile) 69 (48; 88) 72 (52;92) 2 (-15; 18) 0.655

The values presented as median (Q1; Q3) were tested using the Mann-Whitney U test, and the values

presented as frequency (percentage) were tested using Fisher’s exact test. Effect size is expressed

as the Hodges-Lehmann MD for continuous variables with 95% CI. Effect size is not applicable for

categorical variables. n =20 per group. CI, confidence interval; BMI, body mass index; sBP, systolic

blood pressure; dBP, diastolic blood pressure; MD, median difference.

categorical data were analyzed using Fisher’s exact test. A
p-value of 0.05 was considered statistically significant. To
evaluate peripartum biomarker dynamics, a unified rank-
based longitudinal model was applied using the Wald-type
statistic to simultaneously assess the main effects of group
(control vs. GH) and time (pre-birth vs. post-birth), as
well as their interaction (Group x Time). Multiplicity con-
trol was maintained using the Bonferroni adjustment. For
the primary neuroendocrine endpoints (CgA and CST), the
primary comparison was the Group x Time interaction,
with a Bonferroni-adjusted significance threshold of a =
0.025 (0.05/2). Secondary endpoints were analyzed as ex-
ploratory outcomes without a Bonferroni adjustment. Ef-
fect size was estimated by calculating the Hodges-Lehmann
median difference (MD) with corresponding 95% confi-
dence interval using the Mann-Whitney U test applied to
measured values for group comparisons, and to per-subject
peripartum changes (A = post — pre) for the Group x Time
interaction effect.

To determine correlations between CgA and CST and
clinical and laboratory variables, Spearman’s rank correla-
tion test was used. Bonferroni correction was applied sep-
arately for each neuroendocrine marker, with an adjusted
significance threshold of o = 0.007 (0.05/7). Results were
reported as the Spearman rank correlation coefficient (rs)
and its 95% CI.

3. Results
3.1 General Characteristics of the Study Population

The study included 20 pregnant women in the control
group and 20 in the GH group, all with full-term deliver-
ies between 39 and 41 weeks of gestation. Maternal and
neonatal characteristics are summarized in Table 1. The
GH group demonstrated significantly higher sBP and dBP,

as expected by the study design (both p < 0.001). Further-
more, women in the GH group had a significantly higher
BMI, with a MD of 4.9 kg/m? (95% CI: 2.7 to 8.5). Ges-
tational weight gain did not differ between groups, with a
MD of -1 kg (95% CI: —4 to 2), suggesting that BMI differ-
ences preceded pregnancy. No other maternal characteris-
tics, such as age and smoking status, differed significantly
between groups. Similarly, neonatal outcomes, including
birth length, birth weight, and birth weight centiles, showed
no significant differences between the groups.

3.2 Peripartum Changes and Interaction Analysis

Fig. 2 presents box plots for CgA (A), CST (B), sFlt-1
(C), PIGF (D), IL-6 (E), and CRP (F) in the control and GH
groups before and after birth. Table 2 presents medians with
interquartile ranges for each biomarker at the pre- and post-
birth time points for both groups, as well as the results for
the main effects and time-by-group interaction. To evaluate
peripartum changes in biomarkers, an integrated rank-based
longitudinal model was employed to assess the main effects
of group (PGroup) and time (prime), as well as their interac-
tion (PGroupx 1ime)» Using Wald-type statistics. The interac-
tion effect size is expressed as the Hodges-Lehmann MD
in peripartum changes between the GH and control groups,
with 95% Cls.

For the primary neuroendocrine endpoints, CgA and
CST, trends toward lower concentrations in the GH group
were observed (CgA pgroup = 0.072; CST pgrouwp = 0.088),
but these did not reach statistical significance. A signifi-
cant main effect of group was identified for PIGF (pgoup
= 0.002), with markedly lower concentrations in the GH
group at both pre- and post-birth time points compared with
controls. A highly significant main effect of time was ob-
served for most biomarkers (p7;,. < 0.001), including CgA,
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Fig. 2. Biomarker levels before and after birth in control and GH groups. Box plots display the median (central line), the interquartile
range (box), and whiskers that extend to the 10th and 90th percentiles. (A) CgA. (B) CST. (C) sFlt-1. (D) PIGF. (E) IL-6 (log scale).
(F) CRP. Pre-birth results are shown in green, while post-birth samples are in orange. n = 20 per group. CgA, chromogranin A; CST,
catestatin; sFIt-1, soluble fms-like tyrosine kinase-1; PIGF, placental growth factor; IL-6, interleukin-6; CRP, C-reactive protein.
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PIGF, IL-6, and CRP. Specifically, CgA and PIGF concen-
trations declined significantly from pre-birth to 2 h post-
birth, whereas inflammatory markers IL-6 and CRP exhib-
ited a substantial increase in both groups.

No significant interaction effects (PGroupx ime) Were
detected for any of the analyzed biomarkers, indicating that
peripartum changes were similar between the control and
GH groups. For PIGF, although the interaction was not
statistically significant (pGoupx rime = 0.312), the GH group
showed a greater peripartum decline than controls (MD: 78
pg/mL; 95% CI: 30 to 220).

3.3 Biomarker Correlation Analyses

Due to multiple comparisons, Bonferroni correction
was applied, with an adjusted significance threshold of p
< 0.007 (0.05/7; 7 pairwise correlations per marker within
each group). All results are presented in Supplementary
Table 1. Since CgA and CST are less well characterized,
we examined the relationship between their pre-birth con-
centrations and sFIt-1, PIGF, IL-6, and CRP. No corre-
lation was found between CgA and CST in either group.
A strong positive correlation was identified in the control
group between CgA and sFlt-1 (rs = 0.636, 95% CI: 0.269
to 0.842; p = 0.003). No other statistically significant asso-
ciations were found between CgA or CST and the remaining
biomarkers.

Additionally, pre-birth neuroendocrine markers were
tested in relation to sBP and dBP. In the control group, CST
was positively correlated with both sBP (rs = 0.536, 95%
CI:0.122t00.791; p = 0.015) and dBP (rs = 0.470, 95% CI:
0.0351t0 0.756; p = 0.036). However, these associations did
not remain statistically significant after Bonferroni correc-
tions for multiple comparisons. No other correlations were
found in the GH group, nor for CgA in either group.

3.4 Influence of Fetal Sex

As some studies suggest that fetal sex may influence
concentrations, we analyzed potential sex-related variations
within each group in pre-birth samples. Sex-stratified anal-
yses were conducted using Mann-Whitney U tests within
each group, and the results are presented in Table 3, to-
gether with Hodges-Lehmann MDs and 95% ClIs. In the
control group, IL-6 concentrations were significantly lower
in women carrying female fetuses (MD: —1.2 pg/mL; 95%
CI: —4.96 to —0.02; p = 0.037), whereas PIGF concentra-
tions showed a trend toward higher levels in the female sub-
group (MD: 246 pg/mL; 95% CIL: -9 to 542; p = 0.067).
In the GH group, PIGF concentrations were significantly
lower in cases with female fetuses (MD: —63 pg/mL; 95%
CI: 112 to —11; p = 0.039). Furthermore, trends toward
lower neuroendocrine marker concentrations in female fe-
tuses were observed within the GH group for CgA (MD:
—11.6 ng/mL; 95% CI: -25.3 to 0.5; p = 0.054) and CST
(MD: -1.0ng/mL; 95% CI: -2.7 t0 0.2; p = 0.083). No other
sex-related differences were observed for the remaining

biomarkers in either the control or GH groups. Given the
limited sample size of these subgroups and the exploratory
nature of this analysis, these findings are reported at the
nominal significance level (p < 0.05) and should be inter-
preted as hypothesis-generating.

4. Discussion

This study offers insights into the interrelationships
among biomarkers across various pathophysiological path-
ways in GH. Our analysis of six biomarkers represent-
ing neuroendocrine, angiogenic, and inflammatory path-
ways demonstrated distinct patterns of expression and reg-
ulation in GH pregnancies compared with normotensive
pregnancies, both before and after delivery. The cur-
rent findings align with existing literature in some areas
while also providing new information, especially regarding
neuroendocrine markers and their relationships with other
biomarker systems. To our knowledge, this is the first study
to characterize immediate peripartum changes of neuroen-
docrine markers (CgA and CST) in GH, as well as to ex-
amine their potential interactions with angiogenic and in-
flammatory factors. While previous research has docu-
mented altered CgA and CST concentrations in preeclamp-
sia [10,21,22], the acute peripartum changes of these mark-
ers in GH, and their relationship with angiogenic dysregu-
lation, have not yet been investigated.

4.1 Neuroendocrine Markers

The similar decrease in CgA observed in both groups
suggests that this decline reflects universal physiological
changes during delivery. As the placenta is a major con-
tributor to CgA production, a sharp decline in CgA follow-
ing placental expulsion likely reflects the removal of this
primary source [22]. The consistent magnitude of decline
in both groups suggests that placental CgA production is
not differentially affected by GH, despite other aspects of
placental dysfunction. The literature on peripartum CgA
kinetics in hypertensive disorders remains limited, making
direct comparisons challenging.

Recent literature has begun to establish the relevance
of CST in preeclampsia, with some studies reporting re-
duced [21,23] and others reporting increased concentra-
tions [24]. Our finding of unchanged CST in GH, with
no significant interaction between group and time, does not
clarify these discrepancies. However, CST concentrations
may differ across hypertensive phenotypes, potentially re-
flecting disease severity or the timing of sample collection.
The lack of significant CST changes during birth in either
group suggests that CST concentrations are relatively sta-
ble across the peripartum transition, at least within the 2-
hour timeframe examined. Current literature provides in-
sufficient data on CST half-life and clearance mechanisms;
therefore, the similar postpartum concentrations observed
may reflect insufficient time for clearance to reach non-
pregnant values.
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Table 2. Biomarker changes between control and GH group with interaction across time.

Control GH Main effect Interaction

Pre-birth Post-birth Pre-birth Post-birth PGroup DTime PGroupx Time MD (95% CI)
CgA (ng/mL) 58.7 (47.0; 67.8) 42.1(35.8;53.4) 46.1 (40.0; 65.1) 35.2(30.5; 45.5) 0.072  <0.001 0.7181 2.3(-5.4;7.8)
CST (ng/mL) 4.5(3.7;6.1) 5.2(3.9;6.7) 39(3.2;5.1) 39(3.3;57) 0.088 0.560 0.8151 -0.2 (-1.3;0.8)
sFlt-1 (pg/mL) 3010 (1804; 3840) 3142 (2450;4101) 3713 (2412;4565) 3758 (2675;5381)  0.106 0.077 0.672 —139 (-755; 402)
PIGF (pg/mL) 222 (146; 507) 99 (70; 136) 115 (73; 171) 61 (48; 85) 0.002  <0.001 0.312 78 (305 220)
IL-6 (pg/mL) 2.6 (1.9;5.3) 39.7 (24.4; 57.6) 5.1(2.8;8.8) 49.4 (36.0; 72.6) 0.091  <0.001 0.456 6.9 (-9.1;21.2)
CRP (mg/L) 3.8(2.0;84) 5.7(2.2;8.5) 5.0 (2.0; 8.2) 8.0(3.0; 11.7) 0.330 <0.001 0.257 0.7 (-0.8; 2.8)

Data for pre- and post-birth groups are presented as median (Q1; Q3). p-values for main effects (Group and Time) and the interaction (Group x Time) were
derived from a rank-based longitudinal model using the Wald-type statistic. Interaction effect size is expressed as the Hodges-Lehmann MD with 95% CI, using
the Mann-Whitney U test applied to per-subject peripartum changes (A = post — pre). ! Primary endpoints (Group x Time interaction for CgA and CST) evaluated
with Bonferroni-adjusted « = 0.025 (0.05/2). All other main effects and interactions are exploratory and not adjusted for multiple comparisons (p < 0.05). n=

20 per group.
Table 3. Pre-birth results based on fetal sex.
Control GH
Male Female MD (95% CI) p-values Male Female MD (95% CI) p-values
CgA (ng/mL) 55.0 (40.9; 65.7) 59.1 (55.1; 69.9) 5.1 (-14.6; 19.9) 0.370 51.7 (44.9; 65.1) 38.8(34.3;56.5)  -11.6(-25.3;0.5) 0.054
CST (ng/mL) 4.5(3.8;5.6) 4.6 (3.5;7.6) 0.6 (-1.1; 3.1) 0.648 4.0(3.7;5.8) 3.3(2.6;4.6) -1.0(=2.7;0.2) 0.083
sFlt-1 (pg/mL) 3038 (2329;3897) 2458 (1673;3227)  —691 (-1545; 470) 0.261 3345 (1763;4763) 3891 (3316;4514) 658 (—840; 2224) 0.427
PIGF (pg/mL) 185 (127; 289) 500 (218; 751) 246 (-9; 542) 0.067 153 (106; 180) 73 (65; 113) —63 (—112; -11) 0.039
IL-6 (pg/mL) 3.6(2.1;7.2) 1.9 (1.5;2.6) —1.24 (-4.96; -0.02) 0.037 4.5(2.3;7.3) 7.7 (3; 16) 2.6 (-1.7;11.4) 0.231
CRP (mg/L) 4.0 (2.3;12.0) 2.1(1.6;6.7) -1.8 (-6.5; 1.5) 0.223 3.7(2.0;7.6) 7.9 (3.1;8.7) -1.1(-3.8; 6.0) 0.354

Data presented as median (Q1; Q3). p-values were derived using the Mann-Whitney and were not adjusted for multiple comparisons (exploratory analysis). Effect size is
expressed as the Hodges-Lehmann MD with 95% CI. Control group (male: n =11, female: n = 9); GH group (male: n =12, female: n = 8).
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In summary, the absence of significant differences in
CgA and CST between the control and GH groups at either
time point suggests that these markers are not specific for
distinguishing GH from normal pregnancy in our cohort.

4.2 Angiogenic Biomarkers

The absence of elevated sFlt-1 in GH aligns with es-
tablished literature indicating that this disorder represents a
milder placental dysfunction compared with preeclampsia
[25,26]. Severe preeclampsia is characterized by marked
elevations in sFlt-1 and markedly elevated sFlt-1/PIGF ra-
tios that predict adverse outcomes [27,28], whereas GH typ-
ically shows minimal or absent sFlt-1 elevation [25,26,29,
30]. This distinction reflects fundamental differences in
placental pathology between these conditions.

Our finding of significantly lower PIGF concentra-
tions in the GH group at both time points supports PIGF
as a marker of placental dysfunction in GH. This is con-
sistent with extensive literature establishing PIGF as a key
biomarker in hypertensive disorders of pregnancy [27].
Lower PIGF concentrations observed are consistent with
studies across the spectrum of hypertensive pregnancy dis-
orders, although the reductions are typically more pro-
nounced in severe preeclampsia than in GH. These varia-
tions in biomarker concentrations likely indicate a general-
ized placental response that is not exclusive to a single hy-
pertensive condition, aligning with the evidence that spe-
cific signaling pathways are fundamental for maintaining
overall placental function and health throughout gestation
[31].

Literature reports an sFlt-1 half-life of approximately
1.4 days, with concentrations falling to less than 1% of
pre-delivery values within the first week, while PIGF has
a longer half-life of approximately 3.7 days and stabilizes
at approximately 30% of pre-delivery values within the first
week [16]. Our sampling at 2 hours post-birth likely cap-
tures only the earliest phase of this clearance. For sFlt-1,
this timeframe may be too early to detect a significant de-
cline, as initial release from the separating placenta may
maintain circulating concentrations before clearance mech-
anisms predominate, resulting in no significant difference
in peripartum kinetics between groups. In contrast, our
measurements at the 2-hour time point captured the early
decline in PIGF concentrations, with substantially lower
levels in the GH group. Although the Group x Time in-
teraction for PIGF did not reach statistical significance, the
MD suggests a clinically meaningful trend toward a greater
decline in PIGF in the GH group.

In clinical practice, the sFlt-1/PIGF ratio is used as a
diagnostic tool for short-term prediction of preeclampsia af-
ter 20 weeks of gestation [27,28]. However, the present
analysis focused on behavior of individual biomarkers dur-
ing the peripartum period to characterize their specific ki-
netic patterns and responses to delivery without introducing
additional analytical complexity.

4.3 Inflammatory Markers

The higher pre-birth IL-6 concentrations in the GH
group suggest chronic low-grade inflammatory activation
in GH, consistent with extensive literature linking proin-
flammatory cytokines to hypertensive pregnancy disorders
[14]. Although the group effect did not reach statistical
significance, the magnitude of baseline difference suggests
that systemic inflammation is an intrinsic feature of the
pathophysiology of GH, rather than simply a consequence
of clinical complications or interventions. The pre-existing
elevation of IL-6 may contribute to the hypertensive pheno-
type through IL-6-mediated endothelial activation and vas-
cular dysfunction [14,15].

The marked post-birth increase in IL-6 in both groups
(approximately 10-fold) likely reflects the combined in-
flammatory stimuli of delivery, tissue injury, and placental
separation [17,32]. The absence of a between-group differ-
ence in the magnitude of this increase suggests that the la-
bor and delivery process produces a stimulus that overrides
baseline differences between groups, resulting in a parallel
inflammatory response in both normotensive and GH preg-
nancies.

The non-significant differences in CRP between
groups are consistent with the literature reporting hetero-
geneous CRP responses across hypertensive disorder phe-
notypes. Although CRP is often elevated in preeclampsia,
variability across studies likely reflects differences in dis-
ease severity, timing, and cohort characteristics [14]. The
modest post-delivery CRP increase aligns with the litera-
ture, which shows that CRP typically peaks at 24 hours
postpartum [18]. Our 2-hour sampling precedes this peak,
explaining the modest magnitude of change compared with
IL-6. As a downstream acute-phase reactant produced in
response to IL-6 stimulation, CRP response is delayed, and
this pattern appears unaffected by GH during the immediate
peripartum period.

4.4 Relationships Among Biomarkers

The absence of a correlation between CgA and CST
at any time point or across groups is a significant negative
finding. Since CST is a cleavage product of CgA, a corre-
lation between their concentrations might be expected. The
lack of correlation suggests that CST levels are not solely
determined by CgA availability but may instead depend on
specific proteolytic processing, clearance rates, or tissue-
specific regulation. Bralewska et al. [21] similarly reported
no correlation between CgA and CST in both control and
preeclamptic placentas.

The strong positive correlation between CgA and sFlt-
1 in the control group, which was absent in the GH group,
represents a novel and potentially important finding. CgA
and its derived peptides are involved in cardiovascular
homeostasis and have been linked to blood pressure regula-
tion [7], whereas sFIt-1 modulates angiogenic balance and
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vascular permeability [27]. The positive correlation, which
remained significant after Bonferroni correction for multi-
ple comparisons, suggests that in normal pregnancy these
systems may work together to maintain appropriate vascu-
lar adaptation and placental function. While CgA and sFIt-
1 showed a positive association in the control group, the
GH group exhibited a contrasting pattern, with lower CgA
and higher sFlt-1 concentrations, although these differences
did not reach statistical significance. As shared regulatory
pathways between CgA and sFlt-1 remain unknown, this
dissociation likely reflects a disruption of a previously syn-
chronized physiological state rather than a direct influence
of one marker on the other.

Although diminished CST concentrations have been
linked to hypertension, data on the relationship between
CST and blood pressure in pregnancy remain limited. Re-
cent studies in nonpregnant populations have shown a neg-
ative correlation between CST and blood pressure [33,34],
consistent with CST’s vasodilatory properties and its pro-
posed protective role against hypertension [35]. However,
other studies report opposite findings, indicating a positive
correlation between CST and blood pressure [24,36,37].
Our analysis identified positive correlations between CST
and both sBP and dBP in the control group only, although
these associations did not remain significant after Bonfer-
roni correction for multiple comparisons. Further, larger
studies are needed to clarify these inconsistencies in both
the published literature and our findings.

4.5 Influence of Fetal Sex

Fetal sex may influence the concentrations of both
CgA and CST in preeclamptic placental cells. CST pro-
tein concentrations were significantly lower, while CHGA
gene expression was higher in preeclamptic pregnancies
with female fetuses compared with controls [21]. In the
general population, healthy female subjects typically ex-
hibit higher CST concentrations than males, which may
reflect enhanced CgA processing into CST. On the other
hand, males generally have higher plasma CgA concentra-
tions [35]. Our results showed a downward trend in both
maternal CgA and CST concentrations in the GH group in
pregnancies with female fetuses. However, data on sex-
related differences in neuroendocrine markers remain lim-
ited.

Fetal sex also appears to influence concentrations of
angiogenic markers. Male fetal sex has been associated
with lower sFIt-1 concentrations [38]. In our study, no such
differences were observed, consistent with Rahman et al.
[39]. Women carrying male infants exhibit higher PIGF
concentrations than those carrying female infants [39,40].
Our results show sex-specific differences in PIGF, with
a trend toward higher concentrations in pregnancies with
female fetuses within the control group and significantly
lower concentrations in the GH group. This opposing pat-
tern suggests that fetal sex may differently modulate mater-
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nal angiogenic balance in normal versus pathological preg-
nancies.

Current evidence suggests that fetal sex influences
the maternal immune response, although data remain in-
consistent and limited [40—42]. One study indicates that
pregnant women carrying a female fetus exhibit greater
stimulated cytokine production throughout pregnancy [41],
whereas another shows that carrying a male fetus is associ-
ated with higher concentrations of inflammatory cytokines
during pregnancy, with these differences subsiding postpar-
tum [40]. Our study shows a lower IL-6 concentration in
pregnancies with female fetuses, albeit only in the control
group. This difference was not maintained in the GH group,
suggesting that the systemic inflammation characteristic of
GH may override baseline sex-specific immune profiles.

However, given the small subgroup sizes and the ex-
ploratory nature of sex-stratified analyses, all findings re-
lated to fetal sex should be interpreted with caution. While
these findings suggest potentially relevant maternal-fetal
interactions, they should be considered preliminary. Larger
studies are needed to confirm these patterns before drawing
definitive conclusions about how fetal sex influences the
biology of hypertensive disorders.

4.6 Limitations

This mechanistic study was designed as a hypothesis-
generating investigation to explore potential biomarker in-
teractions in GH. Several limitations should be acknowl-
edged when interpreting these findings. The sample size
(n = 20 per group), while sufficient for the primary neu-
roendocrine endpoints, restricts the statistical power to de-
tect subtle effects in secondary and exploratory analyses.
Therefore, findings related to angiogenic and inflamma-
tory markers, biomarker correlations, and sex-stratified
analyses should be considered exploratory and hypothesis-
generating rather than confirmatory. These observations
regarding peripartum biomarker dynamics require external
validation in larger, preferably multicenter, and adequately
powered cohorts. The timing of postpartum sampling (2
hours after placental expulsion) captures acute peripartum
changes but may not reflect longer-term recovery patterns.

5. Conclusions

This study demonstrates that the neuroendocrine
marker CgA and inflammatory markers (IL-6, CRP)
showed consistent peripartum changes, whereas CST con-
centrations remained stable, regardless of hypertensive sta-
tus. Although no significant Group x Time interactions
were detected for any biomarker, the angiogenic marker
PIGF showed significantly lower concentrations in GH at
both time points, consistent with impaired placental func-
tion. The loss of correlation between CgA and sFlt-1 in GH,
which was observed in normotensive controls, suggests dis-
rupted synchronization between neuroendocrine and angio-
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genic systems. Sex-stratified analyses revealed patterns re-
quiring validation in larger cohorts.

These findings highlight the potential importance of
neuroendocrine pathways in the pathophysiology of hyper-
tensive pregnancy disorders. Future research should inte-
grate neuroendocrine regulation into comprehensive mod-
els of GH, alongside established angiogenic and inflamma-
tory mechanisms.

Availability of Data and Materials

The datasets used and analysed during the current
study are available from the corresponding author upon rea-
sonable request and have been publicly deposited in Zenodo
(https://zenodo.org/records/18958924).

Author Contributions

AB: Methodology, writing—original draft, writing—
review & editing, visualisation; DB: Methodology,
writing—original draft, writing—review & editing; ID:
Writing—original draft, writing—review & editing, anal-
ysis; MC: Writing—original draft, writing—review &
editing, acquisition of data; SS: Writing—original draft,
writing—review & editing, acquisition of data; MGR:
Writing—original draft, writing—review & editing, anal-
ysis, supervision. All authors contributed to editorial
changes in the manuscript. All authors read and approved
the final manuscript. All authors have participated suffi-
ciently in the work and agreed to be accountable for all as-
pects of the work.

Ethics Approval and Consent to Participate

The study was conducted in accordance with the Dec-
laration of Helsinki. The research protocol was approved
by the Ethics Committee of Sestre Milosrdnice Univer-
sity Hospital Center (Ethics Approval Number: 003-06/20-
03/004), and all of the participants provided signed in-
formed consent.

Acknowledgment

We would like to thank all the patients who partici-
pated in the study as everyone who contributes to making
this work possible.

Funding

The study was carried out on equipment purchased
through the grant KK.01.1.1.02-0014 of the European Re-
gional Development Fund.

Conflicts of Interest

The authors declare no conflicts of interest.

10

Declaration of AI and Al-Assisted
Technologies in the Writing Process

During the preparation of this work the authors used
Grammarly v 1.2 in order to check spell and grammar. After
using this tool, the authors reviewed and edited the content
as needed and takes full responsibility for the content of the
publication.

Supplementary Material

Supplementary material associated with this article
can be found, in the online version, at https://doi.org/10.
31083/CEOG50841.

References

[1] Gestational Hypertension and Preeclampsia: ACOG Practice
Bulletin, Number 222. Obstetrics and Gynecology. 2020; 135:
€237-e260. https://doi.org/10.1097/A0G.0000000000003891.

[2] Melamed N, Ray JG, Hladunewich M, Cox B, Kingdom JC.
Gestational hypertension and preeclampsia: are they the same
disease? Journal of Obstetrics and Gynaecology Canada. 2014;
36: 642—-647. https://doi.org/10.1016/S1701-2163(15)30545-4.

[3] YousifD, Bellos I, Penzlin Al, Hijazi MM, Illigens BMW, Pinter
A, et al. Autonomic Dysfunction in Preeclampsia: A Systematic
Review. Frontiers in Neurology. 2019; 10: 816. https://doi.org/
10.3389/fneur.2019.00816.

[4] Pala$, Atilgan R, Cim B, A¢ikgozoglu MK, Can MD, Oglak SC,
et al. Investigation of Fractalkine and MIP-13 Levels as Mark-
ers in Premature Membrane Rupture Cases: A Prospective Co-
hort Study. Clinical and Experimental Obstetrics & Gynecology.
2023; 50: 155. https://doi.org/10.31083/j.ceog5007155.

[5] Lara-Barea A, Sanchez-Lechuga B, Campos-Caro A, Cérdoba-
Doifia JA, de la Varga-Martinez R, Arroba Al, et al. Angio-
genic Imbalance and Inflammatory Biomarkers in the Predic-
tion of Hypertension as Well as Obstetric and Perinatal Compli-
cations in Women with Gestational Diabetes Mellitus. Journal
of Clinical Medicine. 2022; 11: 1514. https://doi.org/10.3390/jc
ml11061514.

[6] Vanli Tonyali N, Karabay G, Arslan B, Aktemur G, Tokgoz
Cakir B, Seyhanli Z, et al. Maternal Serum Catestatin Levels in
Gestational Diabetes Mellitus: A Potential Biomarker for Risk
Assessment and Diagnosis. Journal of Clinical Medicine. 2025;
14: 435. https://doi.org/10.3390/jcm14020435.

[7] Tota B, Angelone T, Cerra MC. The surging role of Chromo-
granin A in cardiovascular homeostasis. Frontiers in Chemistry.
2014; 2: 64. https://doi.org/10.3389/fchem.2014.00064.

[8] Maj M, Hernik K, Tyszkiewicz K, Owe-Larsson M, Sztokfisz-
Ignasiak A, Malejczyk J, et al. A complex role of chromo-
granin A and its peptides in inflammation, autoimmunity, and
infections. Frontiers in Immunology. 2025; 16: 1567874. https:
//doi.org/10.3389/fimmu.2025.1567874.

[9] Helle KB. The chromogranin A-derived peptides vasostatin-I
and catestatin as regulatory peptides for cardiovascular func-
tions. Cardiovascular Research. 2010; 85: 9-16. https://doi.or
2/10.1093/cvr/cvp266.

[10] Kulpa J, Paduch J, Szczepanik M, Goracy-Rosik A, Rosik J,
Tchoérz M, et al. Catestatin in Cardiovascular Diseases. Inter-
national Journal of Molecular Sciences. 2025; 26: 2417. https:
//doi.org/10.3390/ijms26062417.

[11] Cindrova-Davies T, Sanders DA, Burton GJ, Charnock-Jones
DS. Soluble FLT1 sensitizes endothelial cells to inflammatory
cytokines by antagonizing VEGF receptor-mediated signalling.
Cardiovascular Research. 2011; 89: 671-679. https://doi.org/10.

&% IMR Press


https://zenodo.org/records/18958924
https://doi.org/10.31083/CEOG50841
https://doi.org/10.31083/CEOG50841
https://doi.org/10.1097/AOG.0000000000003891
https://doi.org/10.1016/S1701-2163(15)30545-4
https://doi.org/10.3389/fneur.2019.00816
https://doi.org/10.3389/fneur.2019.00816
https://doi.org/10.31083/j.ceog5007155
https://doi.org/10.3390/jcm11061514
https://doi.org/10.3390/jcm11061514
https://doi.org/10.3390/jcm14020435
https://doi.org/10.3389/fchem.2014.00064
https://doi.org/10.3389/fimmu.2025.1567874
https://doi.org/10.3389/fimmu.2025.1567874
https://doi.org/10.1093/cvr/cvp266
https://doi.org/10.1093/cvr/cvp266
https://doi.org/10.3390/ijms26062417
https://doi.org/10.3390/ijms26062417
https://doi.org/10.1093/cvr/cvq346
https://doi.org/10.1093/cvr/cvq346
https://doi.org/10.1093/cvr/cvq346

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

(21]

[22]

(23]

[24]

[25]

1093/cvr/cvq346.

Kim S, Shim S, Kwon J, Ryoo S, Byeon J, Hong J, et al. Alle-
viation of preeclampsia-like symptoms through PIGF and eNOS
regulation by hypoxia- and NF-kB-responsive miR-214-3p dele-
tion. Experimental & Molecular Medicine. 2024; 56: 1388—
1400. https://doi.org/10.1038/s12276-024-01237-8.

Albonici L, Benvenuto M, Focaccetti C, Cifaldi L, Miele MT,
Limana F, ef al. PIGF Immunological Impact during Pregnancy.
International Journal of Molecular Sciences. 2020; 21: 8714.
https://doi.org/10.3390/ijms21228714.

Guan X, FuY, Liu Y, Cui M, Zhang C, Zhang Q, et al. The role of
inflammatory biomarkers in the development and progression of
pre-eclampsia: a systematic review and meta-analysis. Frontiers
in Immunology. 2023; 14: 1156039. https://doi.org/10.3389/fi
mmu.2023.1156039.

Michalczyk M, Celewicz A, Celewicz M, Wozniakowska-
Gondek P, Rzepka R. The Role of Inflammation in the Pathogen-
esis of Preeclampsia. Mediators of Inflammation. 2020; 2020:
3864941. https://doi.org/10.1155/2020/3864941.

Saleh L, van den Meiracker AH, Geensen R, Kaya A, Roeters
van Lennep JE, Duvekot JJ, et al. Soluble fms-like tyrosine
kinase-1 and placental growth factor kinetics during and af-
ter pregnancy in women with suspected or confirmed pre-
eclampsia. Ultrasound in Obstetrics & Gynecology. 2018; 51:
751-757. https://doi.org/10.1002/uog.17547.

Signorelli P, Avagliano L, Reforgiato MR, Toppi N, Casas J,
Fabrias G, et al. De novo ceramide synthesis is involved in acute
inflammation during labor. Biological Chemistry. 2016; 397:
147-155. https://doi.org/10.1515/hsz-2015-0213.

Siriwardhana DS, Lanerolle S. Normal value and changes in
CRP values on maternal and fetal umbilical cord blood with the
labor and intrapartum interventions. Sri Lanka Journal of Ob-
stetrics and Gynaecology. 2023; 45: 130-137. https://doi.org/
10.4038/sljog.v4513.8101.

Nicolaides KH, Wright D, Syngelaki A, Wright A, Akolekar R.
Fetal Medicine Foundation fetal and neonatal population weight
charts. Ultrasound in Obstetrics & Gynecology. 2018; 52: 44—
51. https://doi.org/10.1002/uog.19073.

Florio P, Mezzesimi A, Turchetti V, Severi FM, Ticconi C, For-
coni S, et al. High levels of human chromogranin A in um-
bilical cord plasma and amniotic fluid at parturition. Journal
of the Society for Gynecologic Investigation. 2002; 9: 32-36.
https://doi.org/10.1016/s1071-5576(01)00149-6.

Bralewska M, Biesiada L, Grzesiak M, Rybak-Krzyszkowska
M, Huras H, Gach A, et al. Chromogranin A demonstrates higher
expression in preeclamptic placentas than in normal pregnancy.
BMC Pregnancy and Childbirth. 2021; 21: 680. https://doi.org/
10.1186/s12884-021-04139-z.

Bralewska M, Pietrucha T, Sakowicz A. The Role of Catestatin
in Preeclampsia. International Journal of Molecular Sciences.
2024; 25: 2461. https://doi.org/10.3390/ijms25052461.
Palmrich P, Schirwani-Hartl N, Haberl C, Haslinger P, Heinzl
F, Zeisler H, et al. Catestatin-A Potential New Therapeutic Tar-
get for Women with Preeclampsia? An Analysis of Maternal
Serum Catestatin Levels in Preeclamptic Pregnancies. Journal
of Clinical Medicine. 2023; 12: 5931. https://doi.org/10.3390/jc
m12185931.

Tiiten N, Giiralp O, Gok K, Hamzaoglu K, Oner YO, Makul
M, et al. Serum catestatin level is increased in women with
preeclampsia. Journal of Obstetrics and Gynaecology. 2022; 42:
55-60. https://doi.org/10.1080/01443615.2021.1873922.
Leafios-Miranda A, Méndez-Aguilar F, Ramirez-Valenzuela
KL, Serrano-Rodriguez M, Berumen-Lechuga G, Molina-Pérez
ClJ, et al. Circulating angiogenic factors are related to the sever-
ity of gestational hypertension and preeclampsia, and their ad-
verse outcomes. Medicine. 2017; 96: e6005. https://doi.org/10.

&% IMR Press

[26]

[27]

(28]

[29]

[30]

[31]

[32]

[34]

[35]

[36]

[37]

[38]

[39]

1097/MD.0000000000006005.

Stepan H, Hund M, Andraczek T. Combining Biomarkers to
Predict Pregnancy Complications and Redefine Preeclampsia:
The Angiogenic-Placental Syndrome. Hypertension. 2020; 75:
918-926. https://doi.org/10.1161/HYPERTENSIONAHA.119.
13763.

Verlohren S, Brennecke SP, Galindo A, Karumanchi SA,
Mirkovic LB, Schlembach D, et al. Clinical interpretation and
implementation of the sFlt-1/PIGF ratio in the prediction, diag-
nosis and management of preeclampsia. Pregnancy Hyperten-
sion. 2022; 27: 42-50. https://doi.org/10.1016/j.preghy.2021.
12.003.

Yang H, Guo F, Guo Q, Wang Y, He P, Zhang H, et al. The
clinical value of PIGF and the sFIt1/PIGF ratio in the manage-
ment of hypertensive pregnancy disorders: A retrospective real-
world study in China. Clinica Chimica Acta. 2022; 528: 90-97.
https://doi.org/10.1016/j.cca.2022.01.021.

Lou WZ, Jiang F, Hu J, Chen XX, Song YN, Zhou XY, et
al. Maternal Serum Angiogenic Factor sFlt-1 to PIGF Ratio
in Preeclampsia: A Useful Marker for Differential Diagnosis
and Prognosis Evaluation in Chinese Women. Disease Markers.
2019; 2019: 6270187. https://doi.org/10.1155/2019/6270187.
Turpin CA, Sakyi SA, Owiredu WKBA, Ephraim RKD, Anto
EO. Association between adverse pregnancy outcome and im-
balance in angiogenic regulators and oxidative stress biomark-
ers in gestational hypertension and preeclampsia. BMC Preg-
nancy and Childbirth. 2015; 15: 189. https://doi.org/10.1186/
$12884-015-0624-y.

Szukiewicz D. Fractalkine (Chemokine CX3CL1) Signaling
During Placentation and Placental Function. International Jour-
nal of Molecular Sciences. 2026; 27: 1172. https://doi.org/10.
3390/ijms27031172.

Jarmund AH, Giskeodegidrd GF, Ryssdal M, Steinkjer B,
Stokkeland LMT, Madssen TS, et al. Cytokine Patterns in Ma-
ternal Serum From First Trimester to Term and Beyond. Fron-
tiers in Immunology. 2021; 12: 752660. https://doi.org/10.3389/
fimmu.2021.752660.

Simunovic M, Supe-Domic D, Karin Z, Degoricija M, Paradzik
M, Bozic J, et al. Serum catestatin concentrations are decreased
in obese children and adolescents. Pediatric Diabetes. 2019; 20:
549-555. https://doi.org/10.1111/pedi.12825.

Pankova O, Korzh O. Plasma catestatin levels are related to
metabolic parameters in patients with essential hypertension and
type 2 diabetes mellitus. Heart and Vessels. 2024; 39: 144—159.
https://doi.org/10.1007/s00380-023-02318-w.

Fung MM, Salem RM, Mehtani P, Thomas B, Lu CF, Perez B,
et al. Direct vasoactive effects of the chromogranin A (CHGA)
peptide catestatin in humans in vivo. Clinical and Experimen-
tal Hypertension. 2010; 32: 278-287. https://doi.org/10.3109/
10641960903265246.

Sunjic Lovric Z, Resic Karara J, Mimica B, Kumric M,
Supe-Domic D, Santic R, ef al. Analysis of Circulating Cat-
estatin in Early Pregnancy: A Preliminary Investigation.
Biomedicines. 2024; 12: 2626. https://doi.org/10.3390/biomed
icines12112626.

Kumric M, Vrdoljak J, Dujic G, Supe-Domic D, Ticinovic Kurir
T, Dujic Z, et al. Serum Catestatin Levels Correlate with Am-
bulatory Blood Pressure and Indices of Arterial Stiffness in
Patients with Primary Hypertension. Biomolecules. 2022; 12:
1204. https://doi.org/10.3390/biom12091204.

Andersen LB, Jorgensen JS, Herse F, Andersen MS, Christesen
HT, Dechend R. The association between angiogenic markers
and fetal sex: Implications for preeclampsia research. Journal
of Reproductive Immunology. 2016; 117: 24-29. https://doi.or
2/10.1016/5.jri.2016.05.005.

Rahman S, Islam MS, Roy AK, Hasan T, Chowdhury NH,

11


https://doi.org/10.1038/s12276-024-01237-8
https://doi.org/10.3390/ijms21228714
https://doi.org/10.3389/fimmu.2023.1156039
https://doi.org/10.3389/fimmu.2023.1156039
https://doi.org/10.1155/2020/3864941
https://doi.org/10.1002/uog.17547
https://doi.org/10.1515/hsz-2015-0213
https://doi.org/10.4038/sljog.v45i3.8101
https://doi.org/10.4038/sljog.v45i3.8101
https://doi.org/10.1002/uog.19073
https://doi.org/10.1016/s1071-5576(01)00149-6
https://doi.org/10.1186/s12884-021-04139-z
https://doi.org/10.1186/s12884-021-04139-z
https://doi.org/10.3390/ijms25052461
https://doi.org/10.3390/jcm12185931
https://doi.org/10.3390/jcm12185931
https://doi.org/10.1080/01443615.2021.1873922
https://doi.org/10.1097/MD.0000000000006005
https://doi.org/10.1097/MD.0000000000006005
https://doi.org/10.1161/HYPERTENSIONAHA.119.13763
https://doi.org/10.1161/HYPERTENSIONAHA.119.13763
https://doi.org/10.1016/j.preghy.2021.12.003
https://doi.org/10.1016/j.preghy.2021.12.003
https://doi.org/10.1016/j.cca.2022.01.021
https://doi.org/10.1155/2019/6270187
https://doi.org/10.1186/s12884-015-0624-y
https://doi.org/10.1186/s12884-015-0624-y
https://doi.org/10.3390/ijms27031172
https://doi.org/10.3390/ijms27031172
https://doi.org/10.3389/fimmu.2021.752660
https://doi.org/10.3389/fimmu.2021.752660
https://doi.org/10.1111/pedi.12825
https://doi.org/10.1007/s00380-023-02318-w
https://doi.org/10.3109/10641960903265246
https://doi.org/10.3109/10641960903265246
https://doi.org/10.3390/biomedicines12112626
https://doi.org/10.3390/biomedicines12112626
https://doi.org/10.3390/biom12091204
https://doi.org/10.1016/j.jri.2016.05.005
https://doi.org/10.1016/j.jri.2016.05.005
https://www.imrpress.com

[40]

12

Ahmed S, et al. Maternal serum biomarkers of placental insuffi-
ciency at 24-28 weeks of pregnancy in relation to the risk of de-
livering small-for-gestational-age infant in Sylhet, Bangladesh:
a prospective cohort study. BMC Pregnancy and Childbirth.
2024; 24: 418. https://doi.org/10.1186/s12884-024-06588-8.
Enninga EAL, Nevala WK, Creedon DJ, Markovic SN, Holtan
SG. Fetal sex-based differences in maternal hormones, an-
giogenic factors, and immune mediators during pregnancy
and the postpartum period. American Journal of Reproductive
Immunology. 2015; 73: 251-262. https://doi.org/10.1111/aji.
12303.

[41]

[42]

Mitchell AM, Palettas M, Christian LM. Fetal sex is associated
with maternal stimulated cytokine production, but not serum cy-
tokine levels, in human pregnancy. Brain, Behavior, and Im-
munity. 2017; 60: 32-37. https://doi.org/10.1016/j.bbi.2016.06.
015.

Taylor BD, Ness RB, Klebanoff MA, Tang G, Roberts JM,
Hougaard DM, et al. The impact of female fetal sex on
preeclampsia and the maternal immune milieu. Pregnancy Hy-
pertension. 2018; 12: 53-57. https://doi.org/10.1016/j.preghy
.2018.02.009.

&% IMR Press


https://doi.org/10.1186/s12884-024-06588-8
https://doi.org/10.1111/aji.12303
https://doi.org/10.1111/aji.12303
https://doi.org/10.1016/j.bbi.2016.06.015
https://doi.org/10.1016/j.bbi.2016.06.015
https://doi.org/10.1016/j.preghy.2018.02.009
https://doi.org/10.1016/j.preghy.2018.02.009
https://www.imrpress.com

	1. Introduction
	2. Materials and Methods
	2.1 Subjects
	2.2 Clinical and Anthropometrical Assessments
	2.3 Laboratory Assessments
	2.4 Statistics

	3. Results
	3.1 General Characteristics of the Study Population
	3.2 Peripartum Changes and Interaction Analysis
	3.3 Biomarker Correlation Analyses
	3.4 Influence of Fetal Sex

	4. Discussion
	4.1 Neuroendocrine Markers
	4.2 Angiogenic Biomarkers
	4.3 Inflammatory Markers
	4.4 Relationships Among Biomarkers
	4.5 Influence of Fetal Sex
	4.6 Limitations

	5. Conclusions
	Availability of Data and Materials
	Author Contributions
	Ethics Approval and Consent to Participate
	Acknowledgment
	Funding
	Conflicts of Interest
	Declaration of AI and AI-Assisted Technologies in the Writing Process
	Supplementary Material

