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ARTICLE INFO ABSTRACT

Keywords: Introduction: A poorly controlled gestational diabetes mellitus (GDM), a metabolic disorder affecting glucose
Gestational diabetes regulation, can lead to macrosomia in both, the placenta and the fetus. A well-managed GDM usually results in an
Placenta

uncomplicated pregnancy. Though some qualitative histopathological changes have been described in such
uncomplicated pregnancies, a quantitative description of the structural alterations is still missing. The aim of this
study is to assess the villous trophoblast and the villous tree quantitatively in GDM placentas, stratified according
to the fetal sex.

Methods: The villous trees from 20 placentas (10 female and 10 male) affected by GDM and 20 Control placentas
(10 female and 10 male) were investigated quantitatively by Stereology and 3D microscopy. The measurement of
partial volumes of contractile and non-contractile parts of the villous tree was based on immunohistochemical
detection of perivascular myofibroblasts. The villous trophoblast was assessed by 3D microscopy to measure the
nuclear surface density.

Resuits: Only the female GDM placentas show an increase in the density of proliferative trophoblast nuclei and a
decrease in the density of non-proliferative trophoblast nuclei. The branching index is reduced in GDM placentas
irrespective of the sex. No significant difference was observed in the volumes of the villous tree, the intervillous
space, and the fetal vessels. Similarly, the diffusion distance remained unchanged.

Conclusion: Even in well-controlled GDM pregnancies, the villous trophoblast shows a sexually dimorphic
alteration in the density of proliferative and non-proliferative nuclei. The branching index, however, is reduced
for both villous compartments, independent of fetal sex.

Trophoblast turnover
Villous tree
Stereology

3D microscopy

including mechanical complications during delivery [3,4]. However,
macrosomia is not a proportionate overgrowth, as the placenta-to-fetus
weight ratio at birth tends to shift towards higher values, indicating a

1. Introduction

The human placenta facilitates the transfer of nutrients, removal of

waste, and gas exchange between the mother and fetus [1]. Beyond
these functions, it plays a critical role in regulating and maintaining
pregnancy by producing hormones such as progesterone and human
chorionic gonadotropin [1]. The placenta balances and mediates
maternal and fetal metabolic and endocrine environments, but disrup-
tions in these systems can alter placental structure and function or result
from these changes. One such disruption is maternal diabetes mellitus, a
metabolic disorder affecting glucose regulation, which impacts
placental structure and function [2-4]. Diabetes can develop during
pregnancy (gestational diabetes mellitus, GDM) or exist prior to preg-
nancy (DM). Poorly controlled DM or GDM can lead to macrosomia in
both the placenta and the newborn, along with additional obstetric risks,
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possible relative functional deficit in the placenta [5,6]. Furthermore,
hypoxic conditions are often observed in the fetus during late pregnancy
in such cases [7], and histomorphometric analyses have shown effects
on villous structure [2,8,9] and placental exovesicles [10] in DM/GDM.

In cases of fully controlled hyperglycemia, the pregnancy usually
proceeds without macrosomia of either the placenta or the newborn.
Therefore, clinically well-controlled GDM pregnancies do not differ
substantially from the course and outcome of uncomplicated pregnan-
cies. Though some qualitative histopathological differences in the
placenta have been observed even with well-controlled GDM/DM [7,
11], quantitative histomorphometric analyses using advanced first- and
second-order stereology have not identified microscopic correlates for
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these qualitative findings [12]. However, stereological studies so far
primarily focused on the maternal side of the placental barrier, exam-
ining star volumes and the volume of the intervillous space [12]. The
intervillous space and its porosity are not more than an indirect reflec-
tion of changes in the structure of the villous tree structure, though.

We have recently introduced a novel stereology and 3D-microscopic
morphometric approach that directly examines the peripheral villous
tree and the villous trophoblast. This has been successfully used to
analyze clinically normal placentas, placentas with fetal growth re-
striction, and preeclamptic placentas [13-15]. In this study, we apply
the same analysis strategy to placentas affected by well-controlled GDM,
with special attention to possible sex-related effects on placental struc-
ture. Our findings reveal sexual dimorphism on the villous surface,
alongside sex-independent alterations of the branching patterns of the
villous tree.

2. Materials and methods
2.1. Clinical groups and placental tissue

The current study used a pool of 20 placentas from clinically normal
pregnancies (Control) and 20 placentas from pregnancies with GDM.
Clinically, GDM was diagnosed by a pathological oral glucose tolerance
test (OGTT) as defined by the guidelines. The women with GDM were
treated successfully by diet or appropriate medication according to
relevant German and European guidelines. The treatment was success-
ful, as no macrosomia was recorded either of placenta or fetus. All
placentas were obtained from the Department of Obstetrics and Gyne-
cology at the “Dritter Orden” hospital in Munich, Germany. Essential
clinical data and gross anatomical placental information are presented
in Table 1. All methods and procedures were conducted in compliance
with relevant guidelines and regulations. The ethics board of Ludwig-

Table 1
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Maximilians-University of Munich (LMU Munich) granted approval for
all investigations under the numbers 084-11 and 478-12. Placentas
were collected after obtaining informed consent from the mothers/
parents.

Immediately after birth, all placentas were cooled at a temperature of
4 °C and transported under continuous refrigeration to the Department
of Anatomy II at LMU Munich. At the department, weight, thickness and
diameters of the placentas were measured before taking whole-depth
samples. Tissue sampling was carried out using a well-established sys-
tematic and random procedure [13].

2.2. Stereology

All control and GDM placentas were analyzed by Stereology by a
single operator. Representative thin sections were taken from the whole-
depth placental blocks and quantified by stereology as described in
Ref. [14]. Briefly, immunohistochemical double staining of the peri-
vascular sheath and the fetal villous endothelium was performed by
targeting y-sm-actin (1:900 in PBS buffer; article no. 69133; MP Bio-
medicals, Eschwege, Germany) and CD34 (1:900 in PBS buffer; article
no. MS-363-PO; Thermo Fisher Scientific, Dreieich, Germany), respec-
tively. Villous cross-sections showing the presence of myofibroblasts
through perivascular labelling of y-sm-actin were categorized as con-
tractile villi (C-villi), while those without myofibroblasts were classified
as non-contractile villi (NC-villi) (Fig. 1). Counting points falling within
an intravillous vascular lumen were registered as a partial volume of the
villous volume and inherited the property of belonging to either C-villi
or NC-villi.

With the “Nearest Neighbor Workflow” of Stereo Investigator (MBF
Bioscience, Williston, USA), volume fractions of y-sm-actin positive and
ysm-actin negative components of the villous trees, the intervillous
space, branching index, and diffusion distance were estimated. The

Mean values and respective standard deviations for clinical, macroscopic and Stereology parameters are given in the table. Statistically significant differences, which
are independent of sex, are indicated by ®. Further, * denotes a significant difference from the control value for a specific group.

Variable GDM Control GDM Control GDM Control

All; n = 20 All;n =20 female; n = 10 female; n = 10 male; n = 10 male; n = 10
Maternal Age (Years) 36.8 + 3.1 33.9+5.4 36.7 + 2.5 325+ 6.4 36.8 + 3.8 35.2 +5.0
Gestational Age (weeks) 39.2 +1.4 39.1 £0.7 39.4+1.5 39.3+0.6 39.0+1.6 38.9+0.8
Birth Weight (g) 3482 + 452 3440 + 486 3418 + 304 3405 + 585 3574 + 567 3438 + 398
Placental Weight (g) 530 +£ 114 585 + 164 556 + 150 597 + 124 512 + 114 586 + 206
Ratio PW/BW 0.15 + 0.03 0.17 + 0.06 0.17 + 0.03 0.17 + 0.03 0.15 + 0.02 0.17 + 0.08
Total Villous Volume (ml) 250 + 62 271 + 82 271 + 87 276 + 84 235 + 64 266 + 83
Volume IVS (ml) 282 + 60 304 + 78 290 + 74 304 + 66 278 + 56 320 + 128
Volume Fraction IVS 52.1 +3.8 54.2 + 3.8 50.7 £ 3.6 53.2 +£5.9 53.5 £ 3.5 54.2 + 2.3
C-villi
Villous Volume (ml) 105 + 35 108 + 40 111 + 42 112 + 39 99 + 32 103 + 42
Villous Branching Index 16.8" + 2.4 329 +£4.3 16.2* + 2.5 323 +5.7 17.3% + 2.2 33.5+3.7
Vessel Volume (ml) 28.1 £11.8 26.5 £ 15.2 28.3 £ 12.9 29.2 £ 16.6 27.8 £11.5 23.8 £129
Vessel Branching Index 2.5% + 1.3 41+21 2.6 +1.2 4.4+23 23+15 3.73 + 2.00
Diffusion Distance (pm) 17.0 + 2.6 17.8 + 2.6 16.2 + 2.4 16.5+ 1.7 17.8 + 2.5 19.5 + 3.8
SD of Diffusion Distance (pm) 125+ 1.6 13.1+2.4 121+ 1.6 13.0+ 1.4 128 £ 1.6 14.6 + 4.5
NC-villi
Villous Volume (ml) 153 + 45 166 + 56 165 + 47 163 + 52 139 + 45 170 + 66
Villous Branching Index 12.24 + 1.6 22.2 + 2.8 12.6* + 1.6 22.2 + 2.3 11.8* + 1.8 22.0 + 3.7
Vessel Volume (ml) 131 +£37 141 + 45 140 + 36 138 + 39 118 + 39 145 £ 55
Vessel Branching Index 3.6% + 1.0 5.6 +1.3 3.8 + 1.2 5.7 +1.2 3.4* + 0.8 54+1.4
Diffusion Distance (ym) 7.7 +£1.2 84 +1.2 6.9 + 1.4 7.8 + 0.6 8.2+ 0.6 9.1 +1.5
SD of Diffusion Distance (pm) 5.8% + 0.7 6.4 + 0.8 5.3* + 1.0 6.2+ 0.6 6.0 +£ 0.3 6.7 +£1.0
Volume Ratio (C-villi/NC-villi) 0.74 £ 0.32 0.68 + 0.16 0.68 + 0.26 0.69 + 0.16 0.80 + 0.34 0.65 + 0.19
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Fig. 1. IHC-guided Stereology (A-C) The figure shows a representative
immunohistochemical double labelling of sections of villous tissue at different
levels of magnification. (blue arrows) The dark blue staining is a marker of
y-sm-actin and indicates the presence of perivascular myofibroblasts and the
perivascular contractile sheath of placental villi is labelled by. The brown
colour indicates the detection of CD34 in fetal endothelial cells. The villous tree
is thus compartmentalized and quantified in contractile and non-contractile
parts based on the presence or absence of myofibroblasts. (For interpretation
of the references to colour in this figure legend, the reader is referred to the
Web version of this article.)

calculation of branching index has been described previously in Refs.
[14,16]. Breifly, the examiner had to assess, whether the shape of the
villous surface at the measurement point as being either concave or
straight/convex. The ratio of concave to straight/convex villous surfaces
is an indicator of branching as concave villous surfaces occur only in
cross-sections through branching points. In the moderately tortuous
villous tree, a high fraction of concave surface of villous cross-sections is
an indicator of more branching points in the section.

2.3. 3D microscopy

All control and 11 GDM placentas (5 male, 6 female) were analyzed
by 3D microscopy by a single operator. For 3D microscopy measure-
ments, small bushes of the peripheral villous tree were isolated and
processed as described in detail in Refs. [13,16]. Briefly, the villous trees
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were first fixed in 4.5 % formaldehyde. The proliferative nuclei were
stained selectively by immunohistochemical reaction targeting prolif-
erating cell nuclear antigen (PCNA) (mouse anti-PCNA, 1:9000 in PBS
buffer; article no. 180110; Invitrogen). Non-proliferative nuclei were
counterstained using hematoxylin. The isolated villous tree was then
transferred on a concave slide to achieve a whole-mount preparation for
tracing.

Manual tracing of all peripheral villous trees was performed using
Neurolucida software (version 11.02; MBF Bioscience, Williston, VT,
USA) under a brightfield microscope with a 20x objective. The tracing of
at least two outermost branch generations was done in the direction
from the proximal end to the terminal end of the peripheral villous tree.

The quantified data encompassed branching angles, villous di-
ameters, lengths, villous surface area, and villous volume. Also, the
number of PCNA-positive and PCNA-negative nuclei, together with their
individual 3D coordinates, was registered. The data were stratified ac-
cording to the branch generation.

2.4. Statistical analysis

The software R [17] was used to perform descriptive and inferential
statistical analysis. Comparisons and statistical testing between the
groups were performed using robust statistical methods [18,19], which
compare trimmed or Winsorized means to minimize the influence of
outliers. The point estimates in the forest plots are calculated as de-
viations of GDM means from Control means in percent. The two-tailed
confidence intervals are calculated with an alpha value of 0.05 and a
z-statistic of 1.96.

3. Results
3.1. Clinical and macroscopic data

The clinical and macroscopic parameters maternal age, gestational
age, birth weight, placental weight and the placenta to birth weight ratio
showed no significant differences between control placentas and pla-
centas affected by GDM. Furthermore, subgroup analysis by fetal sex
also reveals no significant interaction between the disease and the fetal
sex (Fig. 2, Table 1).

3.2. Volumes of the villous tree

The total volume of the villous tree and the volume of the intervillous
space do not differ significantly between placentas affected by GDM and
control placentas, nor between placentas of different sexes, regardless of
group membership (Table 1, Fig. 3).

When differentiated between the contractile (C-villi) and non-
contractile (NC-villi) components of the villous tree, the volumes of C-
villi, NC-villi, and the volume ratio of C-villi to NC-villi show no sig-
nificant differences between placentas affected by GDM and control
placentas. The difference in volumes of these parameters remained non-
significant when the fetal sex was considered (Table 1, Fig. 3).

Similarly, the volumes of the vessels of the C-villi and the vessels of
the NC-villi also do not differ significantly between placentas affected by
gestational diabetes and normal placentas, nor between placentas of
different sexes, regardless of group membership (Table 1).

3.3. Branching Index

The branching index is significantly lower in both, the C-villi and the
NC-villi, regions of placentas affected by GDM compared to placentas
from control pregnancies. Subanalysis by sex also reveals significantly
lower branching indices in GDM, both in female and male placentas
(Fig. 3, Table 1).

The branching index of vessels in C-villi is statistically significantly
reduced in GDM villous trees, only when the fetal sex is not considered.
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Fig. 2. Clinical Data The forest plots (A-D) compare GDM data with Control data (represented by the red dashed zero line at the centre of each tile). GDM data are
shown as mean values (large points) with 95 % confidence intervals (bars) as deviation from zero in percent. Individual data points are smaller and semitransparent,
jittered along the confidence intervals. Black data points (All) represent all placentas, orange (female) represent female placentas only, and blue (male) represent
male placentas only. Statistical significance is indicated by confidence intervals that do not intersect the zero line, marked with a red asterisk above the mean value.
The figure displays data on the Maternal Age (A), Gestational Age (B), Birth Weight (C) and Placental Weight (D). (For interpretation of the references to colour in

this figure legend, the reader is referred to the Web version of this article.)

In sex-specific subgroup analysis, which uses a robust but conservative
approach, the differences are no longer statistically significant (Table 1).
However, the 95 % confidence intervals for both, male and female, are
lower than zero, indicating a significant departure from control (Fig. 3).
The branching index of vessels in NC-villi is statistically significantly
reduced in GDM placentas independent of fetal sex. This statement holds
true for sex-specific subgroup analysis in NC-villi (Fig. 3, Table 1).

3.4. Fetomaternal diffusion distance

The diffusion distance between maternal and fetal circulation is not
significantly different between placentas from control and GDM preg-
nancies, both in the overall group analysis and in the sex-specific sub-
group analysis (Fig. 3, Table 1).

In the overall analysis, the standard deviation of the diffusion dis-
tance between maternal and fetal circulation in the NC-villi is lower in
the GDM group compared to the Control group. This finding was sta-
tistically significant in the female subgroup but not in the male sub-
group. There were no differences observed in the standard deviation of
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the diffusion distance for the entire group of C-villi, both in the overall
analysis and in the gender-specific subgroup analysis (Table 1).

3.5. Data from 3D microscopy

Since only a subset of GDM placentas were analyzed by 3D Micro-
scopy, statistically significant differences were observed in the gesta-
tional age (male GDM placentas) and the placental weight (female GDM
placentas). These minor differences, however, do not influence the pa-
rameters measured by 3D microscopy.

The mean nuclear distances between PCNA-negative cell nuclei of
the villous trophoblast are significantly larger in GDM placentas
compared to control placentas. In subgroup analysis, this increase is
significant only in female placentas, with no difference observed in male
placentas (Fig. 4, Table 2).

Conversely, the mean nuclear distances between PCNA-positive cell
nuclei of the villous trophoblast are significantly smaller in GDM pla-
centas compared to control placentas. In subgroup analysis, this
reduction is significant only in female placentas, with no difference



N. Barapatre et al.

Placenta 175 (2026) 25-32

[ [
*
male . ! male I - ° st i 5
248:3% I £7% I
N 1 1
1 1
1 |
1 1
*
o) Lo I ° [T S O | o
All Wuﬁ . All o © 8 o .
A -49.0% 1 E i e 45% © 9 !
I I
40 o 0 20 o o 10 )
GDM vs. Control (%): Branching Index (C-vill) GDM vs. Control (%): Diffusion Distance (C-vill)
& [ [
male f——— ! male 5 -
46.5% I ° 106% |
N 1 1
1 |
1 1
1 1
*
o
Al . ~ - ! Al ° R T P A
4.5% 1 F -82% [
I I
60 o 0 E) 20 10 o 0 2
GDM vs. Control (%): Branching Index (NC-vill) GDM vs. Control (%): Diffusion Distance (NC-vill)
[ [
o Ly f I L
male I ° male N
2 I D ° " I 219% !
1 1
* ] |
1 1
1 |
*
o 1 o o o o ey P !
All o opt———t———f - o All ° .
©-38.8% I i 2 “s | %.3% % e !
C . G .
50 0 50 50 E) o o0
GDM vs. Control (%): Branching Index (C-ill, Vessels) GDM vs. Control (%): Volume Ratio (C-vill/NC-vill)
[ [
o o¥ s | . ° o o
male | . male . e .
-37.2% I 4% |
1 1
*
1 1
1 |
1 1
*
o | oqe o o o
All “-‘—rﬁ—‘-‘ N Al e o .
D" ° Teek  © = ° H © g% [ v
I I

o o 0
GDM vs. Control (%): Branching Index (NC-vill, Vessels)

s o s
GDM vs. Control (%): Volume Fraction IVS
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observed in male placentas (Fig. 4, Table 2).

The surface density of PCNA-negative cell nuclei of the villous
trophoblast on the surfaces of villi is significantly lower in GDM pla-
centas compared to control placentas. This holds true for both terminal
branches (bT0) and pre-terminal villous branches (bT1). In gender-
specific subgroup analysis, the surface density of PCNA-negative cell
nuclei on the villous trophoblast surfaces is significantly reduced only in
female placentas; no difference is observed in male placentas (Fig. 4,
Table 2).

The surface density of PCNA-positive cell nuclei of the villous
trophoblast on the terminal branches (bT0) of the villous tree is signif-
icantly higher in GDM placentas compared to control placentas. This
difference is not observed in the pre-terminal branches (bT1) of the
villous tree. In gender-specific subgroup analysis, the surface density of
PCNA-positive cell nuclei on the villous trophoblast surfaces of GDM
placentas is significantly higher only in female placentas; there is no
group-related or gender-related difference observed in male placentas
(Fig. 4, Table 2).

4. Discussion

The present investigation utilizes three-dimensional microscopy and
stereology as complementary morphometric methodologies to assess the
functional microarchitecture of the placenta. Our primary emphasis is
on the structural modifications occurring within the villous trophoblast
and the villous tree [13-15,20], rather than the intervillous pores [12].
Both three-dimensional microscopy and stereology revealed significant
structural changes in placentas associated with well-managed GDM, in
the absence of macrosomia.

In this study, the trophoblast layer is conceptualized as a specialized
epithelial structure, consisting of both a proliferative compartment and
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a functionally mature, non-proliferative compartment [13,15]. The
functional renewal and integrity of the entire layer are sustained
through the proliferation of cellular trophoblasts, followed by
cyto-syncytial fusion within the syncytial layer, and ultimately by
shedding into the uteroplacental circulation (Fig. 5). The increased
density of PCNA-positive trophoblast nuclei observed on the surface of
the villous trees indicates an augmented production of trophoblast
material in GDM. Furthermore, the concurrent reduction in the density
of PCNA-negative trophoblast nuclei suggests that the more mature
segment of the trophoblast layer is also affected. We propose that this
combination of heightened proliferation and a decrease in mature nuclei
is largely attributable to a shortened residence time of the trophoblast
nuclei within the layer prior to being shed into the maternal circulation
(Fig. 5).

During pregnancy, trophoblasts typically shed materials, including
placenta-derived exosomes, into maternal blood [21]. An increased and
accelerated production and shedding of trophoblast material beyond
normal quantities into maternal blood can be reasonably anticipated
from the findings of this study in GDM. It is well-documented that levels
of placenta-derived exosomes are significantly higher in GDM than in
normal pregnancies [22]. However, the levels of cell-free fetal DNA in
maternal plasma do not appear to increase in GDM [23]. There remains
some uncertainty regarding the levels of cell-free fetal DNA in GDM, as
samples were predominantly collected during the first half of pregnancy
[23]. Data concerning the latter half of pregnancy in GDM is largely
lacking. In cases of preeclampsia, trophoblasts also exhibit increased
proliferation alongside a decreased density of PCNA-negative tropho-
blast nuclei [15]. Nevertheless, the levels of cell-free fetal DNA and
placenta-derived exosomes [24-26] are both reported to be elevated in
preeclampsia.

Irrespective of the detection of shed material in maternal plasma, the
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Fig. 4. Data from 3D-Microscopy The forest plots (A-D) compare GDM data with Control data (represented by the red dashed zero line at the centre of each tile).
GDM data are shown as mean values (large points) with 95 % confidence intervals (bars) as deviation from zero in percent. Individual data points are smaller and
semitransparent, jittered along the confidence intervals. Black data points (All) represent all placentas, orange (female) represent female placentas only, and blue
(male) represent male placentas only. Statistical significance is indicated by confidence intervals that do not intersect the zero line, marked with a red asterisk above
the mean value. The figure displays data on the mean Surface Density of trophoblast nuclei in the terminal branches (bTO0) of the villous tree (A,B), for PCNA-negative
nuclei (A) and PCNA-positive nuclei (B). C and D show the mean Nearest Neighbor Distance (NND) of PCNA-negative (C) and PCNA-positive nuclei. (For inter-
pretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

similarities in villous trophoblast between preeclampsia and GDM may
represent a potential link between these two syndromes within the
placenta, given that GDM and preeclampsia exhibit substantial comor-
bidity [27].

The observed sexual dimorphism in the data concerning villous
trophoblast in this study is particularly noteworthy. In this investigation,
the differences between groups are predominantly driven by female
placentas, rather than male ones (Fig. 4). These findings closely align
with those of a previous study on placentas affected by preeclampsia
[15], yet contrast with results observed in fetal growth restriction,
where no sexual dimorphism has been identified in villous trophoblast
[13,28]. In both preeclampsia and GDM (but not in fetal growth re-
striction), the sexual dimorphism can be interpreted as an increase in
physiological sexual dimorphism, which has also been noted in villous
trophoblast [13,28]. These parallels between preeclampsia and GDM
may contribute to the established comorbidity between GDM and pre-
eclampsia [27]. The risk of developing preeclampsia is heightened in
pregnancies complicated by GDM compared to those without [27].
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Some studies further suggest that this comorbidity may also be influ-
enced by fetal sex, as the risk of developing postnatal type 2 diabetes is
higher for women with GDM and a female fetus than for those with GDM
and a male fetus [29,30]. However, data regarding potential sexual di-
morphisms related to cell-free fetal DNA in GDM are largely absent,
highlighting the necessity for further studies with greater statistical
power to explore associations between cell-free fetal DNA and fetal sex.
The scarcity of data on the sexual dimorphism of cell-free fetal DNA
partly arises from the frequent use of Y-chromosomal loci to identify the
fetal origin of cell-free DNA in maternal plasma [31-33].

The present study also investigated the branching patterns of the
villous trees using second-order stereology to ascertain the branching
index, an established approach to villous branching [13,14]. The
branching index was found to be statistically significantly lower in GDM
placentas compared to controls, in both C-villi and NC-villi. This
observation was not noted in the previous study on preeclampsia [15],
but it does draw parallels to findings from another study on fetal growth
restriction [14]. The reduction in branching is not sex-dependent and is
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Mean values and respective standard deviations for clinical, macroscopic and 3D Microscopy parameters are given in the table. Statistically significant differences,
which are independent of sex, are indicated by *. Further, * denotes a significant difference from the control value for a specific group. The GDM samples are a subset of

the samples presented in Table 1, whereas the Control samples are identical.

Variable

GDM Control GDM Control GDM Control

All;n =11 All; n =20 female;n =5 female; n = 10 male;n =6 male; n = 10
Maternal Age (Years) 36.3 + 3.3 339+54 37.0+21 325+ 6.4 35.8 £3.7 35.2£5.0
Gestational Age (weeks) 40.1% + 1.0 39.1 £0.7 40.4 + 0.9 39.3+£0.6 39.9* + 1.3 38.9 +0.8
Birth Weight (g) 3625 + 518 3440 + 486 3440 + 336 3405 + 584 3765 + 578 3438 + 398
Placental Weight (g) 521 + 137 585 + 164 473* + 25 597 + 124 556 + 149 586 + 206
Ratio PW/BW 0.15 + 0.02 0.17 + 0.04 0.15 + 0.02 0.17 + 0.04 0.15 + 0.02 0.17 + 0.08
PCNA-negative nuclei
Mean NND (pm) 6.7 + 0.7 5.8 +£0.8 7.0* + 0.5 5.7 £0.5 6.2+ 1.0 5.9 +0.9
Surface Density bTO (10-3pm-2) 4.23* +1.18 7.99 + 2.90 3.48* + 0.71 8.77 + 2.45 5.16 + 1.69 7.02 + 3.16
Surface Density bT1 (10-3pm-2) 4.08* + 2.15 7.26 + 3.23 3.18* + 0.88 8.03 + 3.00 4.75 + 2.09 6.08 + 4.58
PCNA-positive nuclei
Mean NND 12.54 + 2.1 155+ 5.0 11.8* + 2.8 17.6 + 5.5 13.0+ 1.6 13.6 + 3.6
Surface Density bTO (10-3pm-2) 0.94* + 0.37 0.43 + 0.54 0.73* + 0.12 0.25 + 0.35 1.28 + 0.68 0.77 £ 0.91
Surface Density bT1 (10-3pm-2) 0.80 + 0.49 0.57 + 0.65 1.10 + 0.69 0.30 + 0.23 0.70 + 0.37 0.88 +0.78
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Fig. 5. The figure shows a schematic representation of the passage of tropho-
blast nuclei in control (top) and GDM (bottom) placentas. The blue circles
represent the trophoblast nuclei, which proliferate (left) and fuse with the
syncytium (center) before being shed (right) in the maternal circulation. The
red arrows indicate qualitatively the speed of transition through the intra-
syncytial phase. maternal circulation. The red arrows indicate the speed of
transition through the intrasyncytial phase. (For interpretation of the references
to colour in this figure legend, the reader is referred to the Web version of
this article.)

remarkably clear for a morphometric method in placental research, with
no overlap in standard deviations and minuscule p-values in the statis-
tical tests. The absence of differences in caliber or volume of the villi
could be attributed to the missing placental macrosomia in GDM. The
reduced branching, however, is present even in the absence of placental
or fetal macrosomia. The presence of these changes in both C-villi and
NC-villi suggests that the disruption in branching may commence early
in pregnancy and persist. While most NC-villi are situated in the ter-
minal regions of the villous tree, having formed primarily during the 3rd
trimester phase of pregnancy, many C-villi are stem villi that began
forming as immature intermediate villi in the first trimester [1,34]. The
potential mechanisms behind this change in branching patterns and its
functional implications remain unclear, though. Nevertheless, there are
hints of possible discrete functional deficits in late pregnancy associated
with GDM. The occurrence of fetal hypoxia in late pregnancy could
imply an associated deficit in gas exchange [7,35]. Currently, it is
believed that villous tree branching is driven by villous angiogenesis,
with branching angiogenesis occurring in the first half of pregnancy and
non-branching angiogenesis during the second half, particularly in the
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final trimester. However, in the GDM placentas analyzed in this study,
both phases of villous branching appear to be equally influenced by the
pathophysiological mechanisms of GDM. This is a remarkable finding
and, at present, cannot be easily elucidated. Similarly, the branching
indices of the vessels inside the C- and NC-villi, which may or may not be
sex-dependent, can be thought as linked to the angiogenetic processes.

The strengths of this study lie in its focus on the structure of the
villous tree. Neither trophoblast assessment at the villous surface (via
three-dimensional microscopy) nor branching analysis using second-
order stereology (branching index) has previously been conducted on
placentas affected by GDM. The absence of observed differences in
earlier studies on well-controlled GDM cases may be attributed to their
focus on intervillous pores, which are only indirectly influenced by the
villous tree. The limitations of the current study arise from ethical re-
strictions, which precluded the inclusion of more detailed clinical re-
cords in the evaluation. Future studies, incorporating more extensive
clinical data, could address these limitations.

5. Conclusion

No differences in the clinical parameters like gestational age, birth
weight, and placental weight suggest that the GDM pregnancies were
well-managed. The GDM placentas, however, show a markedly pro-
nounced reduction in the branching index across both sexes. The villous
trophoblast, on the other hand, shows a sexually dimorphic alteration in
the density of proliferative and non-proliferative nuclei. This finding is
similar to the observation made in preeclamptic placentas.
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