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ABSTRACT

Gestational Diabetes Mellitus (GDM) poses significant challenges to maternal-fetal health, yet its impact on
placental iron transport remains poorly defined. This study investigates the influence of GDM on the expression
and regulation of key placental iron transporters and iron-regulatory proteins. Placental samples from women
with GDM and normoglycemic pregnancies were collected at term and analyzed using immunohistochemistry
and quantitative PCR to assess expression levels of transferrin receptor (TfR), divalent metal transporter 1
(DMT1), ferroportin (FPN), and ferritin. Our findings reveal that GDM is associated with altered expression
patterns of these proteins, particularly downregulation of TfR and DMT1 and dysregulation of FPN, suggesting
impaired iron transfer from mother to fetus. Additionally, changes in ferritin levels indicate possible shifts in
iron storage dynamics within the placenta. These disruptions may affect fetal iron availability and development,
potentially contributing to neonatal iron deficiency and its associated complications. This study highlights the
importance of monitoring iron status in pregnancies complicated by GDM. It underscores the need for further
investigation into therapeutic strategies to maintain optimal iron transport and homeostasis at the maternal-
fetal interface.
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INTRODUCTION

onset or first recognition during pregnancy re-

The placenta is a unique organ that acts as an
interface between the maternal and fetal circu-
lations. It is essential for fetal growth, as it per-
forms important functions such as respiration,
excretion, and the exchange of nutrients with
the mother. It also plays a vital role in protect-
ing the fetus from the harmful effects of mater-
nal metabolic conditions [1-3].

Gestational diabetes mellitus (GDM) is defined
as any degree of glucose intolerance with
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sulting in glucose resistance. It commonly oc-
curs in the second trimester of pregnancy. It is
linked to the complications of macrosomia, birth
trauma such as increased maternal lacerations
and neonatal shoulder dystocia and cardiovas-
cular disease. It also increases the risk of obe-
sity and the development of diabetes mellitus
later in life for the mother and baby [4-6].

During pregnancy, maternal and fetal iron re-
quirements increase to support expanding eryth-
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-ropoiesis and placental and fetal growth. How-
ever, soluble transferrin receptor (sTfR) can be
used to assess iron status, and it is markedly
elevated in iron deficiency [7]. Several studies
have demonstrated a relationship between GDM
and elevated serum iron levels, but the path-
ways linking iron homeostasis during pregnancy
to disturbances in glucose metabolism, as well
as the role of the placenta in controlling
maternofetal iron transfer, are largely unknown
[4,8,9].

The machinery in the placenta that handles iron
to ensure fetal iron supply is so complicated.
Transferrin-bound iron (TBI) from the maternal
circulation binds with transferrin receptors (TfR)
on the apical membrane of the trophoblastic
cells. Then, iron is released into the cytosol. Fi-
nally, it is exported to the fetal circulation via
ferroportin, the only known iron exporter, which
is localized at the basal membrane of tropho-
blastic cells [8,10-13].

Hepcidin, a small peptide hormone, is secreted
in the hepatocytes, macrophages and
enterocytes. Multiple studies have proved high
maternal serum levels of hepcidin in pregnan-
cies complicated by GDM [4,14]. The placental
syncytiotrophoblasts secrete Hepcidin, and there
is condicting evidence regarding its role in
downregulating materno-fetal iron transport [8].
Hepcidin binds to ferroportin, triggering its
internalisation and degradation, sequestering
iron in the placental cell and causing fetal iron
deprivation [4,13,15].

This study aimed to explore the placental iron-
handling mechanism in GDM and the effects of
maternal and placental molecules on placental
iron efflux.

MATERIALS AND METHODS

The placentas of 30 women, 15 control and 15
with GDM, were studied after free consent was
obtained from the Committee of Ethics in the
Faculty of Medicine, Alexandria University.
Women with a previous history of diabetes mel-
litus, hypertension or other chronic diseases
were excluded. The maternal ages ranged from
27 to 30 years in the controls and from 28 to 31
years in the GDM group. Fasting blood glucose
level was measured after an overnight fast of
at least 10 h at 24-28 weeks of gestation.
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The diagnosis of GDM was made based on the
criteria of the American Diabetes Association
(2011) [16].

Blood glucose levels for control cases were
within the accepted normal range of 90 to 115
mg/dL throughout gestation, while the GDM
women had levels ranging from 120 to 180mg/
dL. GDM women were subjected to diet control
together with insulin therapy, and their fasting
blood glucose was kept in the range of 100 to
135 mg/dL until delivery. Four GDM women had
higher fasting blood glucose levels ranging from
140 to 160 mg/dL due to poor diet control and
interrupted therapy. The maternal weight dur-
ing gestation ranged from 63 to 65.5 kg for the
control group, and 65.5 to 68 kg for the GDM
group. All GDM women were delivered by cae-
sarean section with gestational weeks ranging
from 36 to 38 weeks. Ten control women were
delivered vaginally, while five were delivered by
caesarean section at a gestational age of 36 to
39 weeks. All deliveries were conducted at the
Department of Gynaecology and Obstetrics, Fac-
ulty of Medicine, Alexandria University. The fe-
tal birth weight ranged from 2.70 to 3.10 kg in
the control group, and 3.20 to 3.40 kg in the GDM
group. The placental weight ranged from 450 to
480 g in the control group and from470t0510¢g
in the GDM group. The umbilical cords and em-
bryonic membranes were trimmed from the pla-
centas.

1. Biochemical study: maternal serum iron,
serum ferritin, sTfR, serum hepcidin and trans-
ferrin saturation were measured at term on
Cobas c311 and e411 analyzers (Roche Diag-
nostics International AG; Risch-Rotkreuz, Swit-
zerland) according to the manufacturer’s proto-
cols.

2. Histological examination: Paraffin-embedded
blocks from formaldehyde-fixed tissues were
prepared and cut on a microtome at a thickness
of 0.5 um from each block.

A. Hematoxyline and Eosin: Some sections
were stained with hematoxylin and eosin (H&E).

B. Tissue Localisation of Iron lons: Modified
Perl’'s method was applied to localise iron ions
in placental tissues [17]. All slides were treated
with 3% (vol/vol) H202 in methanol for 60
minutes before staining with Prussian blue
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(Santa Cruz Biotechnology Inc.) to control for the
activities of endogenous peroxidases and cata-
lases on the substrate. The protocol involves
additional steps to intensify the Prussian blue
stain by incubating the sections with 3,32 -
Diaminobenzidine (DAB) (Vector Laboratories,
Inc.; Burlingame, CA) for 30 minutes to produce
a permanent brown stain, followed by counter-
staining with hematoxylin [17]. A positive reac-
tion was indicated by the presence of a brown
colour.

C. Immunohistochemistry: The localisation of
placental TfR and hepcidin was conducted us-
ing primary polyclonal rabbit I1gG antibodies
(AntibodyPlus Inc.; Brookline, MA) and Elite
Vectastain Rabbit ABC kit (Vector Laboratories
Inc.) according to the manufacturer’s protocols.
The concentrations were 1:100 for TfR and 1:150
for hepcidin. The negative control slides were
treated identically to all other slides, except that
the primary antibodies were replaced with nor-
mal rabbit IgG. The sections were observed with
an Optika B-150 (Optika SRL, Ponteranica, Italy)
light microscope, and images were captured
from 10 random non-overlapping fields for each
protein. The images were then quantified in
Imagel as previously described [18,19].

- Sections were examined under Optika B-150
(Optika SRL, Ponteranica, Italy) light microscope.

3. ELISA: ELISA was used to measure the con-
centrations of hepcidin in placental tissue
homogenates using a specific rat kit (Cloud-
Clone Corp.; Houston, TX). Glutathione peroxi-
dase (GPX; CUSABIO; Wuhan, China) in placen-
tal tissue lysates. Samples were processed in
duplicate on an automated ELISA system (Hu-
man Diagnostics; Wiesbaden, Germany) accord-
ing to the manufacturer’s guidelines for each
kit.

4. Quantitative Reverse Transcription (RT)-
PCR: It was used to perform relative quantita-
tive gene expression of rat hepcidin and
ferroportin.

5 Statistical analysis: The results were analysed
statistically using SPSS 25 (SPSS Inc., Chicago,
IL, USA). Mean + standard deviation (SD) of the
two groups was compared using a paired-
samples t-test, and the level of significance was
accepted as p<0.05.
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Fig 1(A) H&E-stained section of control placenta showing
normal terminal villi (V) with thin trophoblastic layers.
The syncytiotrophoblast (S) displays uniform nuclei and
smooth outlines. Fetal blood vessels (BV) are visible
within the villous core. The intervillous space (*) ap-
pears clear and open, reflecting normal maternal-fetal
exchange.
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Figure 1 (B) H&E-stained placenta from a GDM case demon-
strating villous congestion and thickened trophoblastic
surfaces. Syncytiotrophoblast (S) appears irregular. Fi-
brinoid deposition (FD) is prominent around the villi,
while endothelial cells (E) lining enlarged fetal vessels
(BV) show increased prominence. The intervillous space
(*) is partially reduced, indicating impaired perfusion
commonly observed in diabetic placentas.

Figure 2 (A) Perl’s Prussian blue (DAB-enhanced) stain of con-
trol placenta showing minimal iron deposition. Villous
structures (V) and syncytiotrophoblast (S) display only
faint brown granules, indicating physiologic iron levels.
Fetal vessels (BV) appear normal, and maternal intervil-
lous spaces (*) are preserved.
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Figure 2 (B) Perl’s Prussian blue (DAB- enhanced) stain of GDM
placenta revealing increased iron accumulation. Dense brown
deposits are present within syncytiotrophoblast (S) and around
villous surfaces (V). Fetal vessels (BV) are enlarged, and
endothelial lining (E) is more prominent. Intervillous spaces (¥)
appear reduced. These findings reflect altered iron handling in
GDM.

Figure 3 (A) Immunohistochemical localization of transferrin
receptor (TfR) in control placenta. Strong, uniform membranous
and cytoplasmic immunoreactivity is seen in the syncytiotropho-
blast covering the villi, reflecting normal placental iron-uptake
activity.

Figure 3 (B) Immunohistochemical localization of transferrin
receptor (TfR) in GDM placenta. Immunostaining intensity is
clearly reduced compared to control. Syncytiotrophoblast shows
weaker positivity over villi, indicating downregulation of TfR
expression under hyperglycemic conditions.
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Figure 4 (A) Immunohistochemical expression of hepcidin in control
placenta.Mild cytoplasmic staining is detected in syncytiotro-

phoblasts lining the villi, corresponding to physiologically low
hepcidin expression at term to maintain fetal iron supply.

Figure 4 (B) Immunohistochemical expression of hepcidin in GDM
placenta: Markedly increased hepcidin staining is observed along
syncytiotrophoblast surfaces, especially around large stem villi.
This upregulation supports hepcidin-mediated inhibition of
ferroportin and impaired placental iron efflux in GDM.

DISCUSSION

Transplacental iron efflux is critical for the ap-
propriate development of the fetus [10]. The
pathophysiological association between GDM
and elevated maternal serumiron levels, as well
as the underlying mechanism of maternofetal
iron transfer, remain unclear [4].

Little is known regarding iron homeostasis and
iron regulatory proteins in the human placenta
that govern transplacental iron flow in GDM. One
mechanism proposed by many authors is that
GDM shows no significant difference in mater-
nal serum ferritin levels or placental TfR expres-
sion, whereas placental hepcidin is reduced, with
higher placental ferroportin expression. Thisin-
creases iron transport into the fetal circulation
and iron storage to meet the augmented fetal
iron demands late in pregnancy, when iron trans-
fer to the fetus becomes a priority over mater-
nal requirements [4,5,10,20,21].
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Ferritin reflects the body’s iron stores, and al-
though serum ferritin does not assess circulat-
ing iron levels, it may help identify iron over-
load. The present study showed significantly
elevated maternal serum iron and ferritin in
GDM. Several studies also demonstrated the
same result [5,22,23,24,25]. On the contrary,
Yang et al [5] showed no significant difference
in serum ferritin in GDM and non-GDM pregnan-
cies. Inconsistencies in serum ferritin levels in
the previous studies are attributed to the ges-
tational age at which the studies were con-
ducted. It was proved that serum ferritin is high-
est near the mid-term and falls with advancing
pregnancy till term [5,26].

The exact mechanism underlying high serum
ferritin levels and GDM remains unclear. While
some authors identified it as a risk factor for
GDM, others did not find an association [27-29].
Recent research indicates that iron is strongly
associated with GDM due to increased insulin
resistance and reduced insulin secretion result-
ing from pancreatic Beta-cell exhaustion and
oxidative injury caused by excess body iron [9-
30]. Also, there is increasing recognition that
GDM is an inflammatory condition, with the pro-
duction of inflammatory cytokines leading to
elevated serum ferritin levels [5]. Owing to this
close relationship some authors have suggested
that serum ferritin can predict the development
of GDM [5,23-25].

On the contrary, sTfR may be used to assess
iron status and is expected to decrease with high
serum iron, which explains its close relationship
with GDM. Consistent with our results of low
sTfR in GDM, Rawal et al. [31] found that sTfR
and the ferritin ratio were inversely associated
with GDM risk, suggesting that iron overload may
contribute to the development of GDM. On the
other hand, Yang et al [5] realized elevated sTfR
levels in GDM, while Soubasi et al [32] found
that sTfR was not related to either high ferritin
levels or excess iron stores. However, sTfR is
still under consideration for predicting GDM risk
[7].

Of no doubt, the apical TfR and basal
ferroportin/hepcidin axis of the trophoblastic
cells are intensely involved in iron homeostasis
and fetal iron availability. The current study
showed that GDM exhibits high maternal serum
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iron associated with downregulation of placen-
tal expression of TfR and consequently low pla-
cental iron uptake. High maternal serum hepcidin
and increased placental hepcidin secretion, evi-
denced by high expression of mRNA, will nega-
tively affect transplacental iron efflux to the fe-
tus as hepcidin binds and degrades trophoblas-
tic ferroportin, the only known iron exporter.

In vitro studies attempting to mimic hypergly-
cemic conditions of GDM in the human tropho-
blast cell line BeWo demonstrated an initial
upregulation, followed by a stable downre-
gulation of TfR and ferroportin, with an initial
increase, followed by a decrease, in transpla-
cental iron transport[4].

It is of interest that hepcidin is normally
downregulated in healthy pregnancy at both the
maternal and placental levels to ensure suffi-
cient fetal iron availability [4,10]. Interestingly,
the results of the current study support the
mechanism that, in GDM, hepcidin production
is predominantly regulated at the transcriptional
level; hence, the high mRNA expression is to
avoid fetal excess iron. Also, GDM is considered
a mild inflammatory state characterised by the
release of proinflammatory markers, such as
hepcidin, consistent with our results [4,14,33].

Little is known about whether maternal or fetal
hepcidin affects transplacental iron transport
[10]. Sangkhae et al [34] suggested that the fe-
tal compartment has little control over iron trans-
port across the placenta. Many authors observed
no correlation between hepcidin concentrations
of the cord and placental iron transport, and that
low hepcidin expression in the fetal compart-
ment of the placenta did not alter trophoblastic
ferroportin expression or iron levels in the pla-
centa or fetal blood [10,365-38]. Moreover, el-
evated maternal hepcidin levels in GDM may
alter placental expression of TfR and ferroportin
to prevent excess iron transport to the fetus [4].
On the other hand, maternal iron deficiency
wasassociated with increased placental TfR lev-
els, as the placenta guards its own iron stores
independently of maternal and fetal iron status,
as evidenced by high placental iron concentra-
tions even in the presence of maternal iron de-
ficiency [10,20,34].

These observations, no doubt, should affect
placental iron content, as shown in the current
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study, with little increase in placental iron in
GDM. Unfortunately, few studies have exam-
ined placental iron content in GDM. Bake et al
[21] revealed increased iron storage in the pla-
centa, while, on the contrary, Zaugg et al [39]
showed a reduction in placental iron.

The slight change in placental iron content might
not be expected, given the high maternal serum
ferritin levels in GDM. This could be explained
by reduced placental iron uptake due to
downregulation of TfR under hyperglycemic con-
ditions, despite the associated upregulation of
hepcidin, which initially overcomes ferroportin
expression. This change could be a physiologi-
cal mechanism to protect the placenta and fe-
tus from oxidative stress (OS) induced by ex-
cess iron [4,40].

GDM placenta expresses higher levels of anti-
oxidant enzymes, such as GPX, to maintain re-
dox homeostasis and prevent OS, as shown in
the current study and reported by Joo et al. [41].
There is no guarantee that OS results from hy-
perglycemia or from iron-induced generation of
circulating reactive oxygen species (ROS). Stud-
ies on GDM human and experimental models
showed that antioxidant enzymes, such as GPX,
were either upregulated to compensate for OS
or downregulated due to the increased ROS lev-
els. These changes depend on the developmen-
tal stage and on the response to the gradual
increase in ROS levels during pregnancy, which
is more pronounced at term [41,42].

The findings of the current study indicate that,
in GDM, placental iron uptake and deposition,
driven by high fetal iron availability, may be regu-
lated and reduced via iron regulatory proteins
as a protective mechanism for the placenta, and
fetus against oxidative damage.

CONCLUSION

Iron transport across the placenta and regula-
tion of fetal iron levels are complex processes.
GDM is associated with downregulation of TfR
and reduced placental iron. Maternal serum
hepcidin levels play an essential role in regu-
lating transplacental iron efflux, whereas pla-
cental and fetal hepcidin levels do not.
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