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Abstract

Background/Aim: Preeclampsia (PE) complicates 2-8% of all pregnancies worldwide. Placental
malperfusion and dysfunction are observed in PE. The supply of glucose, the main energy substrate for the
fetus and placenta, is regulated by placental expression and activity of specific glucose transporter proteins
(GLUTSs), primarily GLUT1. GLUT1 expression is affected by uteroplacental malperfusion and oxidative
stress, which are important components of PE. Very few studies have investigated GLUT1 expression in
preeclamptic placentas. In this study, we aimed to compare GLUT1 staining intensity in the terminal villi
of the placenta in healthy subjects and patients with E-PE or L-PE and determine whether there was a
relationship between GLUT1 staining intensity and IUGR.

Methods: This case-control study was carried out in our hospital’s gynecology and obstetrics clinic, a
tertiary center for perinatology cases. A total of 94 placentas, 47 of which were preeclamptic and 47 were
from uneventful pregnancies (controls), were included in the study. PE was diagnosed according to the
American College of Obstetrics and Gynecologists 2019 diagnostic criteria for gestational hypertension
and PE. Placentas in the control group were obtained from pregnancies without maternal, placental, or
fetal pathology and resulted in spontaneous idiopathic preterm or term delivery. The PE group was divided
into two subgroups as early onset PE (E-PE [<33*6 gestational week]) and late-onset PE (L-PE [>34%0
gestational week]), according to the gestational week of PE onset. Sections prepared from placental tissues
were stained for GLUT-1 by immunohistochemical method. Slides were evaluated by light microscopy,
and each slide was scored from O to 4 to determine the staining intensity. The results were compared
between the control and PE group/PE sub-groups.

Results: GLUT1 scores were significantly higher in both early- and late-onset PE subgroups compared to
controls (P < 0.001 for both). In the late-onset PE subgroup, GLUT1 scores were significantly higher in
those with severe PE features than those without them (P = 0.039). While intrauterine growth restriction
(IUGR) was not found in any cases in the control group, IUGR was present in 11 (23.4%) of 47 pregnant
women with PE, including eight (53.3%) of the 15 pregnant women with early-onset PE and 3 (9.38%) of
the 32 pregnant women with late-onset PE. GLUTL1 scores were similar in placentas obtained from
pregnant women who had PE with and without IUGR (P = 0.756). In the late-onset PE subgroup, GLUT1
scores were correlated negatively with maternal body mass index (r = -0.377, P = 0.033) and positively
with placental weight-to-fetal weight ratio (r = 0.444, P = 0.011).

Conclusions: Our findings show that GLUT1 expression might be increased due to placental adaptation to
new conditions in PE and, thus, is unlikely to be the main factor in PE-related IUGR.

Keywords: Preeclampsia, Placenta, Glucose transporter proteins, Glucose transporter protein-1,
Intrauterine growth retardation
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Introduction

Preeclampsia (PE) is defined as the development of
hypertension ~ with  proteinuria  or  hypertension  with
thrombocytopenia, renal failure, liver dysfunction, or pulmonary
edema, which begins after the 20" week of pregnancy [1]. PE
complicates 2-8% of all pregnancies worldwide [1] and is
responsible for 12% of all maternal deaths [2]. Although the
pathophysiology of PE has not been clarified, a clinical
subclassification with early-onset (<34*° weeks of gestation) and
late-onset (>34*0 weeks of gestation) [3] has been increasingly
accepted [4, 5]. Early onset PE (E-PE) has been predominantly
associated with defective placentation during the first few weeks
of pregnancy, indicating a pathophysiological similarity to
intrauterine growth restriction (IUGR). Unlike E-PE, late-onset
PE (L-PE) is suggested to develop in the presence of maternal
cardiovascular risks and a discrepancy between placental supply
and demand, ultimately leading to oxidative changes in the
placenta [4]. Although the underlying causes and timing can
differ, placental malperfusion and dysfunction are observed in
both E-PE and L-PE [6].

Among the nutrients provided by the maternal
circulation, glucose is the main energy substrate for the fetus [7,
8] and the placenta [9]. The main regulatory factors in the
maternal-fetal glucose exchange process are the placental
expression and activity of specific glucose transporter proteins
(GLUTS) [8]. In the placenta, GLUT1 is the primary isoform
found in syncytiotrophoblasts [10, 11], which are cells that
function as the primary barrier for the transfer of nutrients from
the mother to the fetus. The GLUTS that mediate glucose transfer
are expressed in both the maternal-facing microvillous
membrane (MVM) and the fetal-facing basal plasma membrane
(BM) of syncytiotrophoblasts [9]. While GLUT1 expression
remains unchanged in the MVM throughout pregnancy, its
expression in the BM increases around 2-fold between the 16-22
and 27-30 gestational weeks and remains stable after this period.
There is significantly higher GLUT1 expression in MVM
syncytiotrophoblasts compared to BM syncytiotrophoblasts [12].
Thanks to its large surface area and high GLUT density, the
MVM has a high capacity for glucose transport. This property
facilitates the maintenance of a glucose gradient between the
syncytiotrophoblast cells and the fetal capillary, which is
necessary for net glucose transport to the fetus. In addition, this
discrepancy enables the placenta to receive a sufficient amount
of energy for its consumption, which corresponds to
approximately one-third of total placental glucose uptake [9].

Few studies [13-15] have investigated GLUT1
expression in preeclamptic placentas or its relationship with
IUGR. Considering the importance of placental adaptation for
fetal and maternal health and that BM GLUT1 levels change
considerably during periods coinciding with PE onset, we
hypothesized that placental GLUT1 concentrations could be
associated with PE or IUGR. Therefore, in this study, we aimed
to compare GLUT1 staining intensity in the terminal villi of the
placenta (MVM+BM) in healthy subjects and patients with E-PE
or L-PE and also, to determine whether there was a relationship
between GLUT1 staining intensity and IUGR.
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Materials and methods

This case-control study was carried out in our hospital’s
gynecology and obstetrics clinic, a tertiary center for
perinatology cases. The study protocol was approved by the
ethics committee of the Non-invasive Clinical Research Ethics
Committee of Erciyes University (date: April 7, 2021, decision
no: 2021/258). All participants were informed in detail about the
purpose(s) of the study, and informed consent forms were
obtained before inclusion.

Study population and exclusion criteria

First, placentas in the study group were obtained
according to the inclusion/exclusion criteria. Although it was
noted that GLUT1 expression did not change during pregnancy
in MVM and remained stable after 30 weeks of gestation in BM
[12], placentas matching those complicated by PE in terms of the
gestational week at birth were included in the control group.
Placentas in the control group were obtained from pregnancies
without maternal, placental, or fetal pathology and resulted in
spontaneous idiopathic preterm or term delivery. PE was
diagnosed according to the American College of Obstetrics and
Gynecologists (ACOG) 2019 diagnostic criteria for gestational
hypertension and PE [1]. Pregnant women with PE who had any
of the following characteristics were excluded from the study: a
systemic disease diagnosis before pregnancy, any complications
other than PE, such as gestational diabetes mellitus or
hypertension during pregnancy, smoking and alcohol use,
multiple pregnancies, or fetal or placental anomalies. The final
PE group was divided into two subgroups, E-PE (<33*¢
gestational week) and L-PE (>34*° gestational week), according
to the gestational week of PE onset. Additionally, patients who
had PE with severe features were also determined according to
the presence of any of the following: severe blood pressure
elevation occurring twice at least 4 h apart (systolic >160,
diastolic >110 mm Hg), new-onset cerebral or visual problems,
hepatic abnormality, thrombocytopenia (<100,000 per ul), renal
abnormality, or pulmonary edema.

Data collection

At the first visit, a detailed anamnesis of all participants
was taken, and physical and obstetric examinations were
performed. Maternal age, gravidity, parity, last menstrual period
(LMP), and other relevant examination results were recorded.
Gestational age was primarily calculated based on the last
menstrual dates reported by the participants and was confirmed
by crown-rump length (CRL) measurements performed within
the first trimester, whereas, in patients who did not know their
last menstruation date, CRL measurements were used to
calculate the gestational age. Intrauterine growth restriction
(IUGR) was defined according to ACOG 2013 diagnostic criteria
[16] and confirmed at postpartum.

The maternal body mass index (BMI) values were
calculated before delivery. Blood and urine samples were also
taken from all participants for the measurement of complete
blood count and biochemical and urine analyses. Analysis results
were obtained from the hospital automation system. Glucose,
alanine aminotransferase (ALT), aspartate aminotransferase
(AST), lactate dehydrogenase (LDH), total and direct bilirubin,
blood urea nitrogen (BUN), creatinine, urinary protein levels,
hemoglobin (Hb), and platelet count (PIt) were recorded.
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Gestational week at delivery, type of delivery, APGAR scores
(1st and 5th minute), placental weight (PW), and fetal weight
(FW) were obtained from newborn cards. The PW/FW ratio was
calculated. In patients with PE, we recorded the mean of the last
two systolic and diastolic blood pressure measurements before
starting magnesium sulfate for eclampsia prophylaxis.

Placental specimen acquisition and preparation

After delivery, the placentas were randomly numbered
and transferred to the Pathology Laboratory in a plastic
container. All the placentas included in the study were processed
in the same manner. The fetal membranes on the surface of the
placenta and the umbilical cord at the insertion site were cut off.
Superficial fetal vessels were drained from all blood, conjoined
blood clots on the maternal surface were removed, and the
placentas were weighed (gram) on a calibrated digital device.
Horizontal and vertical incisions were made through the placenta
to determine macroscopic intraparenchymal pathology, and a
total of three tissue samples (1x1x1 cm) were taken from
different parts of each placenta. Tissue samples were fixed in
10% formaldehyde for 12—-24 h and embedded in paraffin blocks.

Immunohistochemical evaluation

Final tissue sections used for immunohistochemical
(IHC) analysis of GLUT1 were prepared similarly to those
previously described [17]. Briefly, serial 5-um thick tissue
sections of formalin-fixed, paraffin-embedded tissue samples
were used. Tissue sections were deparaffinized twice in xylene
(5 min applications), rehydrated through graded ethanol solutions
to distilled water, and washed in 1X phosphate buffered saline
(PBS; Lonza, Basel, Switzerland). Antigenic determinant or
epitope retrieval was carried out by treating the slides in a PT
Link (Dako, Santa Clara, CA, USA). Endogenous peroxidase
was inhibited with a peroxidase-blocking solution (REAL™
Peroxidase-Blocking Solution; Dako, Denmark) for 15 min, and
non-specific binding sites were blocked with an additional
protein block (DAKO) for 20 min. Afterward, sections were
immunostained with the anti-glucose transporter GLUT1
antibody (ref: ab15309; Abcam, Cambridge, UK) and incubated
for 30 min at room temperature. Next, sections were incubated
with the secondary antibody (goat anti-rabbit, Ref: P0448,
Dako), and the 3,3-diaminobenzidine (DAB; Dako) chromogen
was used. Finally, sections were counterstained with
hematoxylin (Sigma-Aldrich, San Luis, AZ, USA), dehydrated in
alcohol, cleared with xylene, and mounted for analysis. The
positive control specimens for the analyses were invasive ductal
carcinoma sections (breast tissue). Negative controls were
obtained by using blocking serum instead of primary antibody.

Quantitative analysis and scoring of
immunohistochemical staining

The staining intensity for GLUT1 was evaluated
independently on coded slides by the same pathologist (HA) via
light microscopy (Nikon DS-Fi2, Tokyo, Japan). Four different
regions (x40 magnification) of each of the three slides prepared
from the same placenta were analyzed. The intensity of GLUT1
staining in both the MVM and BM of the syncytial barrier was
evaluated by a single pathologist. Staining intensity was
determined as absent (0 points), trace (1 point), mild (2 points),
moderate (3 points), and intense (4 points). The final score was
accepted as the rounded whole number closest to the arithmetic
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mean of the scores obtained from four different regions of the
three specimens obtained from each placenta. Microscopic
images showing the presence and absence of GLUT1 staining in
the trophoblastic cells of the terminal villi in a preeclamptic
placenta are shown in Figure 1.

Statistical analysis

All analyses were performed on SPSS v21 (SPSS Inc.,
Chicago, IL, USA). For the normality check, the Shapiro-Wilk
test was used. Data are given as mean (standard deviation [SD])
or median (1st quartile - 3rd quartile) for continuous variables
according to the normality of distribution and as frequency
(percentage) for categorical variables. In the analysis of normally
distributed variables, the independent samples t-test was used to
compare two groups, and the one-way analysis of variance
(ANOVA) was used between more than two-group comparisons.
In the analysis of non-normally distributed variables, the Mann-
Whitney U test was used to compare two groups, and the
Kruskal-Wallis H-test was used to compare more than two
groups. To assess directional relationships between continuous
variables, Pearson’s correlation coefficient was considered for
normally distributed variables, and the Spearman correlation
coefficient was used for non-normally distributed variables. P <
0.05 values were accepted as statistically significant results.

Results

A total of 94 placentas, obtained from 47 women with
PE-complicated pregnancy and 47 pregnant women with a well-
matched gestational week at delivery (to the PE group), were
included in this study. Among the 47 pregnant women with PE,
37 (78.7%) used antenatal magnesium sulfate, and 15 (31.9%)
used antenatal corticosteroids. The comparison of the PE group
and the controls in terms of maternal demographic characteristics
and clinical data are shown in Table 1.

Table 1: Comparison of the control and PE groups in terms of maternal demographic
characteristics and clinical/laboratory data.

Groups

Parameters Controls Preeclampsia P-

(n=47) (n=47) value
MA (years), median (min - max) 28 (20 - 38) 29 (19 - 41) 0.035
Gravidity, median (min - max) 2(1-3) 2(1-4) 0.401
Parity, median (min - max) 1(0-2) 1(0-3) 0.594
M-BMI (kg/m?2), mean (SD) 27.66 (2.57) 30.36 (5.47) 0.044
SBP (mmHg), median (min - max) 110 (100 - 120) 160 (150 - <0.001

170)

DBP (mmHg), median (min - max) 70 (60 - 80) 100 (90 - 110)  <0.001
Glucose (mg/ dL), median (min - max) 90 (76 - 111) 88 (73 - 108) 0.915
AST (U/L), median (min - max) 19 (15-24) 24 (19 - 49) 0.005
ALT (U/L), median (min - max) 10.5(9-12) 15 (11 - 40) 0.006
LDH (U/L), median (min - max) 406.5 (369.5 - 547 (437 - 0.001

473) 754)
T-Bil (mg/dL), median (min - max) 0.55 (0.5-0.9) 0.6(0.5-1) 0.562
D-Bil (mg/dL), median (min- max) 0.3(0.2-0.4) 0.3(0.2-0.4) 0.777
Proteinuria, n (%) 0 (0.00%) 47 (100.00%) <0.001
BUN (mg/dL), median (min- max) 9(7-11) 11 (9 - 16) 0.013
Creatinine (mg/dL), median (min- max) 0.7 (0.55-0.7) 0.8(0.7-1) 0.002
Hemoglobin (g/dL), mean (SD) 12.15(1.18) 12.77 (1.71) 0.092
Plt (x10° cells/mm?®), mean (SD) 220.93 (93.14) 211.99 0.740

(103.26)

GW at delivery (weeks), median (min- 36 (32 - 39) 36 (32 - 39) 0.967
max)
Type of delivery
Vaginal, n (%) 40 (85.11%) 18 (38.30%) 0.001
Caesarean section, n (%) 7 (14.89%) 29 (61.70%)
IUGR, n (%) 0 (0.00%) 11 (23.40%) 0.026
PW/FW ratio, mean (SD) 0.20 (0.02) 0.20 (0.05) 0.656

P-values in bold indicate statistical significance (P < 0.05). MA: maternal age at delivery, M-BMI: maternal
body mass index, SBP: Systolic blood pressure, DBP: diastolic blood pressure, AST: aspartate
aminotransferase, ALT: alanine aminotransferase, LDH: lactate dehydrogenase, T-Bil: total bilirubin, D-Bil:
direct bilirubin, BUN: blood urea nitrogen, Plt: platelet count, GW: gestational week, IUGR: intrauterine
growth retardation, PW/FW ratio: placental weight/fetal weight ratio.
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Figure 1: Microscopic images showing lack of GLUT1 staining in the trophoblastic cells of the terminal villi in a preeclamptic placenta (H&E x 200, Scale bar: 5 pm).

A) GLUT-1 score 1: Placenta of a 25-year-old case diagnosed with preeclampsia at 32 weeks of gestation, with normal fetal development and severe preeclampsia features (H&E x 200).
B) GLUT-1 score 2: Placenta of a 29-year-old case diagnosed with preeclampsia at 32 weeks of gestation, with fetal growth retardation and severe preeclampsia features (H&E x 200).
C) GLUT-1 score 3: Placenta of a 31-year-old case diagnosed with preeclampsia at 37 weeks of gestation, with normal fetal development and severe preeclampsia features (H&E x 200).
D) GLUT-1 score 4: Placenta of a 30-year-old case diagnosed with preeclampsia at 36 weeks of gestation, with fetal growth retardation and severe preeclampsia features (H&E x 200).

Table 2: Comparison of clinical and laboratory data between the control, E-PE, and L-PE subgroups.

Control E-PE L-PE Test Statistic ~ P-value

(n=47) (n=15) (n=32)

Mean (SD) Mean (SD) Mean (SD)
MA (years)* 28 (20 - 38) 27 (20 - 39) 29 (19 - 41) 2.384 * 0.100
Gravidity 2.10 (1.17) 2.80 (1.90) 2.88 (2.32) 0.725 0.696
Parity 0.95 (0.89) 1.40 (1.68) 1.31(1.53) 0.287 0.866
M-BMI (kg/m?) 27.66 (2.57) 2 29.01 (5.68) 2P 30.99 (5.34) ° 6.479 0.039
SBP (mmHg) 113.00 (9.38) 165.67 (13.48) 158.55 (21.26) 57.520 * <0.001
DBP (mmHg) 67.75 (9.80) 105.33 (13.02) ® 98.91 (16.10) 2 39.024 <0.001
GLUT1 score? 1.45(0-4) 247(0-4)° 272(0-4)° 23.720 <0.001
Glucose (mg/ dL) | 95.05 (32.21) 93.40 (22.82) 97.66 (35.59) 0.028 0.986
AST (U/L) 20.42 (7.27)* 184.33 (379.05)®  38.34(39.90) **  10.397 0.006
ALT (U/L) 13.15(8.73) 107.20 (202.90) @ 23.88 (26.25) * 11.076 0.004
LDH (U/L) 464.9 (167.1)® 11929 (1305.5)®  706.5 (612) *° 12.951 0.002
T-Bil (mg/dL) 0.69 (0.27) 1.29 (1.98) 0.74 (0.38) 0.155 0.925
D-Bil (mg/dL) 0.50 (0.83) 0.71 (1.58) 0.32 (0.16) 0.609 0.738
BUN (mg/dL) 12.86 (18.71)*  14.60 (6.33) 11.75(4.53) 2 7.982 0.018
Cr (mg/dL) 0.62 (0.19) 2 0.90 (0.30) ® 0.79 (0.23) &0 10.043 0.007
Hb (g/dL) 12.15(1.18) 13.02 (1.88) 12.66 (1.65) 1.357 * 0.265
Plt (x10%/mm?) 218.23(99.22)  189.21 (105.96) 222.38(102.53)  0.564 * 0.571
PWI/FW ratio 0.20 (0.02) &b 0.23 (0.06) ® 0.18 (0.04) ® 11.293 0.004

P-values in bold indicate statistical significance in the three-group comparison. * Values are presented as median (min - max). 2 Same letters illustrate statistical similarity between the denoted groups in post-hoc
comparison(s). * One-way Analysis of Variance (ANOVA), other >2-group comparisons performed with the Kruskal-Wallis H-test. E-PE: early-onset preeclampsia, L-PE: late-onset preeclampsia, MA: maternal age at
delivery, M-BMI: Maternal body mass index, SBP: systolic blood pressure, DBP: Diastolic blood pressure, AST: aspartate aminotransferase, ALT: alanine aminotransferase, LDH: lactate dehydrogenase, T-Bil: total
bilirubin, D-Bil: direct bilirubin, BUN: blood urea nitrogen, Cr: creatinine, Hb: hemoglobin, Plt: platelet, PW/FW ratio: placental weight/ fetal weight ratio.

GLUTI1 IHC scores were determined to be “0” in 3
(6.38%), “1” in 20 (42.55%), and “2” in 24 (51.06%) of the 47
placentas in the control group. In patients with PE, scores were
determined to be “0” in 4 (8.51%), “1” in 10 (21.28%), “2” in 7
(14.89%), “3” in eight (17.02%) and “4” in 18 (38.3%) of the 47
placentas. GLUT1 scores were found to be significantly higher in
the PE group compared to those with uneventful pregnancies (P
< 0.001) (Figure 2).

Figure 2: Distribution of placental GLUT1 scores with regard to the control and
preeclampsia groups.
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PE was early-onset in 15 (31.9%) and late-onset in 32
(68.1%) of the 47 pregnant women in the PE group. Both
antenatal magnesium sulfate and corticosteroid prophylaxis were
applied to all the 15 pregnant women (100%) in the E-PE
subgroup. In the L-EP subgroup, 22 (68.75%) of 32 pregnant
women had received antenatal magnesium sulfate prophylaxis,
while none had received antenatal corticosteroids. The frequency
of those who received antenatal magnesium sulfate prophylaxis
was significantly higher in the E-PE subgroup than in the L-PE
subgroup (P < 0.001). GLUT1 IHC scores were determined to be
“0” in 1 (6.67%), “1” in 3 (20%), “2” in 2 (13.33%), “3” in 3
(20%), and “4” in 6 (40%) of the 15 placentas in the E-PE
subgroup. In patients with L-PE, scores were determined to be
“0”in 3 (9.38%), “1” in 7 (21.88%), “2” in 5 (15.63%), “3” in 5
(15.63%), and “4” in 12 (37.5%) of the 32 placentas. GLUT1
scores were significantly higher in both the early-onset and late-
onset PE subgroups compared to the control group (P = 0.001
and P < 0.001, respectively). The comparison of data between
the control, E-PE and L-PE groups is shown in Table 2.
However, there was no significant difference in GLUT-1 scores
between the E-PE and L-PE subgroups (P = 0.792) (Figure 3).
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Figure 3: Distribution of placental GLUT1 scores with regard to the early-onset and late-
onset preeclampsia subgroups.
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PE with severe features was identified in 37 (78.72) of
the 47 PE patients, including all 15 (100%) women in the E-PE
subgroup and 22 (68.8%) of the 32 pregnant women in the L-PE
subgroup. The frequency of PE with severe features was
significantly higher in the E-PE subgroup than in the L-PE
subgroup (P = 0.019). GLUT1 scores were similar in placentas
obtained from pregnant women with PE with and without severe
features (P = 0.126). However, GLUT1 scores were significantly
higher in placentas obtained from pregnant women with L-PE
with severe features than in pregnant women without severe
features (P = 0.039).

In our study, while JUGR was not found in any cases in
the control group, IUGR was present in 11 (23.4%) of 47
pregnant women with PE, including eight (53.3%) of the 15
pregnant women with E-PE and three (9.38%) of the 32 pregnant
women with L-PE. The frequency of IUGR in pregnant women
with E-PE was significantly higher than in pregnant women with
L-PE (P < 0.001). GLUT1 scores were similar in placentas
obtained from pregnant women who had PE with and without
IUGR (P = 0.756).

Finally, in each of the groups (including the E-PE and
L-PE subgroups), the directional relationships between GLUT1
scores and other continuous variables, including parity, maternal
age, BMI, systolic and diastolic blood pressure, blood glucose,
AST, ALT, LDH, BUN, creatinine, total and direct bilirubin,
hemoglobin, platelet levels, 1st and 5th minute APGAR scores,
and the PW/FW ratios, were evaluated and compared. GLUT1
scores demonstrated moderate inverse correlations between
maternal BMI in the L-PE subgroup (r = -0.377, P = 0.033) and
moderate positive correlations with PW/FW ratio (r = 0.444, P =
0.011). A statistically significant moderate positive correlation
was found between GLUT1 scores and hemoglobin levels in the
PE group and the L-PE subgroup (r = 0.397, P = 0.006 and
r=0.395, P = 0.025, respectively).

Discussion

In this study, the intensity of IHC staining for GLUT1
in trophoblastic cells of the terminal villi was significantly higher
in PE placentas compared to the placentas of the control group,
but scores were similar in the E-PE and L-PE subgroups. IHC
staining intensity was similar between those with and without
severe PE features in the PE group and those without IUGR,;
however, it was significantly higher among those with severe PE
features in the L-PE group compared to those without severe PE
features.
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Although the pathogenesis of PE is not fully
understood, the current paradigm focuses on placental
malperfusion [6] and oxidative stress in trophoblasts that form
the epithelial lining of placental villi in direct contact with
maternal blood [18, 19]. In the perfused human placenta model,
it is stated that placental glucose transport is reduced when
maternal blood flow is reduced [20], but there is little reduction
in glucose transfer on the fetal side until fetal blood flow rate
reduces to ~100 mL/min from the maximum rate of 300 mL/min
[12]. Oxidative stress has been shown to downregulate GLUT1
transcription in the human placenta, resulting in reduced glucose
uptake [21], and also, it was determined to reduce glucose
accumulation in  syncytiotrophoblasts due to increased
transepithelial permeability — without a change in the mRNA
expression of GLUT1 [22]. On the other hand, it was found that
hypoxia caused a significant increase in phosphofructokinase
activity, one of the key enzymes of glycolysis, in the trophoblast
cell line (BeWo cells), and this was associated with a significant
increase in GLUT1 transcript levels [23]. In vitro studies have
also demonstrated that hypoxia can upregulate placental glucose
transporter expression via HIF-1 [24-26].

In a study by Luscher et al. [13] in which placentas were
analyzed by Western blotting, it was found that, compared to
normal term placentas, GLUT1 expression in preeclamptic
placentas decreased by 60% in the MVM while remaining
unchanged in the BM, and total membrane isolation showed a
significant upregulation. In our study, the intensity of IHC
staining for GLUT1 in trophoblastic cells in terminal villi
(MVM+BM) was significantly higher in PE placentas compared
to control placentas. Adaptation to new conditions, such as
placental malperfusion and hypoxia, in PE is essential for the
placenta. Considering the villous changes associated with
maternal malperfusion in PE, such as distal villous hypoplasia
and villous infarctions, it is not surprising that GLUT1 density is
increased in the remaining villi to provide adequate glucose for
the placenta and the fetus.

As established previously, E-PE is predominantly
associated with defective placentation, while L-EP appears to be
driven by oxidative changes in the placenta induced by a
discrepancy between maternal perfusion and fetoplacental
demands, particularly in the presence of maternal predisposition
to cardiovascular or metabolic disease [4]. Systemic PE
symptoms develop due to ischemic damage to maternal organ
systems caused by soluble antiangiogenic agents released from
the hypoxic placenta [27]. In a study by Dubova et al. [15],
which also used IHC staining, placentas were grouped as
controls, moderate PE, severe PE, and severe PE combined with
IUGR. The authors found that GLUT1 syncytial expression in
the terminal villi of severe PE cases (both with and without
IUGR) was significantly lower than in controls. In our study,
GLUT1 staining intensity in the terminal villi of PE placentas
was similar between the E-PE and L-PE subgroups and those
with and without severe PE features. However, GLUT1 staining
intensity was significantly higher in those with severe PE
features in the L-EP group than those without, and values
demonstrated a moderate inverse correlation with maternal BMI.
Therefore, our findings suggest that increased GLUTL1 levels in
the terminal villi of preeclamptic placentas may be associated
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with placental and maternal changes resulting from PE rather
than the development and onset of PE. In addition, GLUT1
scores were inversely correlated with maternal BMI in the L-PE
subgroup. This suggests that GLUT1 upregulation in the terminal
villi of the placenta in L-PE may be associated with obesity-
related maternal metabolic factors.

Fetal growth depends on nutrient availability, which in
turn is related to various factors, including maternal diet,
uteroplacental blood supply, placental villous development, and
the capacity of the villous trophoblast and fetoplacental
circulation to transport these nutrients [28]. Therefore, a well-
functioning placenta is essential for favorable fetal growth, and
previous studies have suggested a placental weight-to-fetal
weight (PW/FW) ratio as an appropriate indicator of placental
function [29].

The pathophysiologies of placental-derived IUGR and
PE are very similar, and placental damage is more severe in
those with IUGR-related PE than those with IUGR alone,
consistent with the greater degree of maternal vasculopathy [28].
In a study by Pribadi et al. [14], in which GLUT1 levels in
placentas complicated with PE were measured by ELISA, it was
found that GLUT1 levels were lower in the smaller-for-
gestational-age (SGA) group than in the non-SGA group and
showed a positive correlation with birth weight in the E-PE
group. In the study by Dubova et al. [15], it was reported that
GLUT1 syncytial expression in the terminal villi was
significantly lower in both the severe PE and the severe PE
combined with IUGR groups when compared to healthy controls,
while the PW/FW ratio was similar to control group values in all
three PE subgroups (moderate PE, severe PE and severe PE
combined with IUGR). However, no GLUT1 expression
comparisons were made between those with and without IUGR
in the severe PE group. In a recent study by Shen et al. [30],
researchers found that blood pressure (one of the general
measures of maternal disease severity) and chronic villitis
(determined in placental pathology) had a relationship with
IUGR in patients with E-PE.

The former had a negative correlation, while the latter
showed a positive correlation with ITUGR [30]. In our study,
unlike Pribadi et al. [14], GLUTL staining in terminal villi in PE
placentas was similar in patients with and without IUGR. The
PW/FW ratio was similar between the PE and control groups, in
line with Dubova et al.’s [15] results. In addition, there was a
moderate positive correlation between GLUT1 levels and
PW/FW ratio in the L-PE subgroup. Although insufficient
placental glucose transport has been considered a
pathophysiological mechanism in IUGR, it has been shown that
GLUT1 intensities do not change in placentas with term and
preterm IUGR [31] and that the GLUT1 expressions of the
MVM and BM (and resultant D-glucose uptake) are not affected
by IUGR [32]. In an in vivo study involving human term
pregnancies, uterine and umbilical blood flow was determined by
Doppler ultrasonography and glucose, and insulin levels were
measured in the maternal radial artery, uterine vein, and
umbilical artery and vein. The researchers also measured GLUT1
expression in isolated syncytiotrophoblasts from the BM and
MVM. This study determined that fetal and placental glucose
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consumption were inversely proportional, but neither was
associated with placental GLUT1 expression.

Additionally, it was stated that fetal glucose
consumption was balanced against placental glucose
requirements, and placental glucose consumption was a key
modulator of maternal-fetal glucose transfer [33]. Of note,
previous studies have shown that placenta-mediated fetal growth
restriction occurs through chronic fetal hypoxia owing to poor
placental perfusion [34]. Although our findings suggest that
GLUT1 expression in terminal villi is not one of the main factors
in the development of PE-related IUGR, it is clear that more
research is needed to determine whether the GLUT1 changes
observed in PE-exposed placentas have a role in the development
of IUGR.

Limitations

The main limitations of the current study are that we did
not determine GLUT1 staining intensities in MVM and BM
separately and that we did not stain for other GLUT types. In
addition, while we investigated relationships between GLUT1
expression and IUGR in PE-afflicted placentas, we did not
include placentas obtained from cases with placenta-related
IUGR, which PE did not complicate. This can also be cited as
another limitation of the study. Finally, the low number of cases
with IUGR may have reduced the study’s statistical power with
respect to this subgroup analysis.

Conclusion

The intensity of IHC staining for GLUT1 in
trophoblastic cells in terminal villi was significantly higher in PE
placentas compared to control-group placentas, but values were
similar between the E-PE and L-PE subgroups. Furthermore, in
the PE group, GLUT1 staining was similar among those with and
without severe features and those with and without IJUGR. These
results suggest that the changes in GLUT1 expression result from
placental adaptation to the new environment caused by PE rather
than having a causative relationship. Similarly, it appears that
GLUTL1 expression is not a primary factor contributing to PE-
related IUGR development. Nonetheless, the results of this study
demonstrate the need for further research to determine whether
GLUTL1 expression contributes to PE development and/or its
relationship with JUGR in PE-afflicted placentas.
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