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ABSTRACT
Aims/Introduction: The aim of the present study was to evaluate the placental
expression of glucose transporters GLUT-1, GLUT-3, GLUT-8 and GLUT-12 in term pregnan-
cies complicated by well-controlled gestational (GDM) and type 1 pregestational diabetes
mellitus (PGDM).
Materials and Methods: A total of 103 placental samples were obtained from
patients diagnosed with GDM (n = 60), PGDM (n = 20) and a non-diabetic control group
(n = 23). Computer-assisted quantitative morphometry of stained placental sections was
performed to determine the expression of selected GLUT proteins.
Results: Immunohistochemical techniques used for the identification of GLUT-1, GLUT-3,
GLUT-8 and GLUT-12 revealed the presence of all glucose transporters in the placental
tissue. Morphometric evaluation performed for the vascular density-matched placental
samples demonstrated a significant increase in the expression of GLUT-1 protein in
patients with PGDM as compared to GDM and control groups (P < 0.05). With regard to
the expression of the other GLUT isoforms, no statistically significant differences were
observed between patients from the diabetic and control populations. Positive correlations
between fetal birthweight and the expression of GLUT-1 protein in the PGDM group
(rho = 0.463, P < 0.05) and GLUT-12 in the control group (rho = 0.481, P < 0.05) were
noted.
Conclusions: In term pregnancies complicated by well-controlled GDM/PGDM, expres-
sion of transporters GLUT-3, GLUT-8 and GLUT-12 in the placenta remains unaffected.
Increased expression of GLUT-1 among women with type 1 PGDM might contribute to a
higher rate of macrosomic fetuses in this population.

INTRODUCTION
Depending on the region of the world, race and ethnic origin, the
estimated prevalence of gestational diabetes mellitus (GDM) and
type 1 pregestational diabetes mellitus (PGDM) among pregnant
women is 5.8–12.9% and 0.16–0.24%, respectively1–3. Further-
more, studies performed over the past few decades consistently
demonstrate an upward trend in the prevalence of both disease
entities worldwide2,4. One of the main complications of diabetes

in pregnancy is fetal macrosomia, occurring in 15–20% and 40–
45% of women with GDM and PGDM, respectively, and is asso-
ciated with an increased risk of birth trauma, asphyxia and emer-
gency cesarean section3,5. Available data suggest that one of the
factors responsible for the occurrence of diabetic fetal overgrowth
might be the alterations in the placental transfer of nutrients
including glucose, amino acids and lipids6.
In the course of gestation, glucose constitutes the basic energy

substrate for the developing fetus, and the lack of enzymes neces-
sary for the fetal hepatic gluconeogenesis implicates that itsReceived 27 July 2021; revised 6 September 2021; accepted 22 September 2021
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supply is strictly dependent on the transplacental flux from the
maternal circulation7. Among major determinants of the placen-
tal glucose transfer, such as maternal–fetal glucose concentration
gradient, uteroplacental blood flow and placental metabolism,
the expression and activity of transporting proteins represents
one of the most extensively studied factors. To date six proteins
comprising the GLUT family of facilitative glucose transporters
(GLUT-1, GLUT-3, GLUT-4, GLUT-8, GLUT-9, GLUT-12)
have been discovered in the human placenta8. Each of the
above-mentioned GLUT isoforms is responsible for sodium-
independent and gradient-compliant hexose transfer (except for
GLUT-9 and possibly GLUT-12, which both demonstrate elec-
trogenic properties), and differ with respect to substrate speci-
ficity, localization and tissue expression9,10. In relation to the
placenta, emerging evidence emphasizes the importance of alter-
ations in the expression and activity of GLUT transporters in the
pathogenesis of various pregnancy complications, in particular
those associated with disorders of the intrauterine fetal growth8.
According to the Pedersen hypothesis, diabetes in the

mother and the associated hyperglycemia in pregnancy leads
to the increased flow of glucose to the fetus, triggering a cas-
cade of metabolic changes that lead to fetal hyperinsulinemia
and, as a result, excessive fetal growth11. Apart from hyper-
glycemia and hyperinsulinemia, the results of metabolic
derangement in diabetic pregnancy include quantitative
changes in the concentration of certain hormones (insulin),
growth factors (insulin-like growth factor [IGF] 1 and 2) and
cytokines (resistin) involved in the processes of cell growth
regulation12–14. The results of the recent in vitro studies indi-
cate that one of the mechanisms of action of the above-
mentioned factors might be the stimulating effect on GLUT
protein expression in different placental compartments15–18.
In our previous studies, we confirmed increased placental

expression of GLUT-1, GLUT-4 and GLUT-9 transporters in
pregnancies affected by GDM/PGDM19,20. In addition, the
expression of some GLUT isoforms was positively correlated
with the fetal birthweight (FBW), as well as ultrasound markers
of the fetal adiposity20. With regard to other GLUT proteins
found in the placenta, only two studies evaluated the expression
of GLUT-3 in pregnancies with concomitant GDM/PGDM21,22.
However, the studied populations were scarce, and the obtained
results did not take into account the potential effect of insulin
therapy in patients with GDM. The expression of both GLUT-8
and GLUT-12 transporters has not yet been analyzed in the dia-
betic placenta. The quantitative analysis of expression of the
above-mentioned isoforms in GDM/PGDM population seems to
be justified, considering the results of the recent studies demon-
strating alterations in the placental expression of GLUT-3 and
GLUT-8 in pregnancies complicated by fetal growth restric-
tion23,24. Moreover, as regards GLUT-12, a stimulating effect of
hyperglycemia and insulin on the translocation of the transporter
to the cell surface in renal tubules and skeletal muscles was noted,
respectively, which might indicate a potential effect of maternal
diabetes on the isoform expression in the placenta25,26.

Regarding all of the aforementioned, the aim of the present
study was to evaluate the placental expression of glucose trans-
porters GLUT-1, GLUT-3, GLUT-8 and GLUT-12 in pregnan-
cies complicated by gestational and type 1 diabetes mellitus.

MATERIALS AND METHODS
Patients
In the period from October 2019 to December 2020, 103
patients who delivered at the 1st Department of Obstetrics and
Gynecology, Medical University of Warsaw, Warsaw, Poland,
were enrolled in the study. All participants provided written
informed consent under protocol approved by the Local Ethics
Committee at the Medical University of Warsaw (reference no.
KB/150/2013). Only patients aged ≥18 years, in singleton preg-
nancy >37 weeks without major obstetric complications, such
as chronic or pregnancy-induced hypertension, pre-eclampsia,
chronic renal, cardiac or hepatic disease, fetal malformations
or intrauterine fetal growth restriction, were included in the
study. In vitro fertilization and smoking constituted additional
exclusion criteria.
GDM was diagnosed based on the 75-g oral glucose toler-

ance test (OGTT) performed between 24 and 28 gestational
weeks in accordance with the criteria defined by the World
Health Organization27. GDM patients received dietary advice at
the initial stage and insulin therapy was introduced only in case
of inadequate glycemic control (fasting blood glucose level
>90 mg/dL and/or 1-h postprandial blood glucose level
>140 mg/dL). PGDM patients received insulin over the entire
course of the pregnancy.
To ensure uniform treatment course, all study partici-

pants were recruited from the hospital ambulatory and fol-
lowed up until the delivery by members of the research
team (PJS, AM, DBO). To assess glycemic control in the
third trimester of pregnancy in each patient from the
GDM/PGDM group, concentration of glycated hemoglobin
(HbA1c) was analyzed in blood before delivery by means of
immunoturbidimetric assay (VITROS 5600; Ortho Clinical
Diagnostics, Raritan, NJ, USA, coefficient of variation <2%,
normal range: ≤6%).

Reagents
Rabbit monoclonal recombinant antibody to GLUT-1
(ab115730), rabbit polyclonal antibody to GLUT-3 (ab15311)
and horse radish peroxidase (HRP) conjugated secondary goat
anti-rabbit IgG (H + L) (ab205718) were purchased from
Abcam, Waltham, MA, USA. Rabbit polyclonal antibodies to
GLUT-8 (BS-4241R) and to GLUT-12 (BS-2540R) were
obtained from Bioss Antibodies, Woburn, MA, USA. IHC
Select� HRP/DAB kit was purchased from Merck Millipore,
Darmstadt, Germany.

Immunohistochemistry
A detailed description of the immunohistochemical stain-
ing procedure with subsequent morphometric analysis of

ª 2021 The Authors. Journal of Diabetes Investigation published by AASD and John Wiley & Sons Australia, Ltd J Diabetes Investig Vol. 13 No. 3 March 2022 561

O R I G I N A L A R T I C L E

http://wileyonlinelibrary.com/journal/jdi GLUT expression in diabetic placenta



placental GLUT expression was already published else-
where19. Briefly, immediately after the vaginal delivery or
cesarean section, two separate cross-section specimens
from the central and the peripheral region of the placenta
were collected from each participant. To minimize the
influence of abnormal placental morphology on the com-
parability of the collected samples, only placentas with
central umbilical cord insertion were qualified for this
study28,29. A total of 12 formalin-fixed paraffin-embedded
5-lm sections (three for each GLUT isoform) were pre-
pared from each of the placental specimens. Immunohis-
tochemical staining was performed using an IHC Select�
HRP/DAB kit from Merck Millipore and according to the
protocol recommended by the manufacturer. The sections
were deparaffinized with xylene and rehydrated with
graded series of ethanol washes. Antigen unmasking was
achieved by heat-induced epitope retrieval with 10 mM
citrate buffer (pH 6.0) for 10 min, and endogenous per-
oxidase activity was blocked by incubation with 3% H2O2

for 20 min. The sections were subsequently incubated
with blocking buffer (10% normal goat serum with 1%
bovine serum albumin in Tris-buffered saline) for 2 h,
followed by overnight incubation with primary antibodies
at 4°C (GLUT-1, dilution 1:500; GLUT-3, dilution 1:500;
GLUT-8, dilution 1:500; GLUT-12, dilution 1:500). Incu-
bation with secondary goat anti-rabbit IgG (0.5% v/v)
was performed for 1 h at room temperature. To visualize
the specifically bound anti-GLUT primary antibodies, 3,30-
diaminobenzidine served as the chromogen for HRP,
which generates a pink-brown/reddish-browntoblack col-
ored polymeric oxidation product. In the final stage, the
sections were counterstained with hematoxylin, dehydrated
and mounted. Negative control consisted of normal rabbit
pre-immune IgG and absent primary antibody. A Leica
DMLB light microscope (Leica Microsystems Cambridge,
Cambridge, UK) was used for capturing digital images of
the immunostained placental sections.

Density of placental microvessels
Given that endothelial cells do express GLUT proteins, to
minimize discrepancy in the results caused by local differences
in the density of placental microvessels, identification of the
vascular elements in the placental sections was carried out
using endothelial cell marker – rabbit polyclonal antibody
against CD31 (ab28364; Abcam; dilution 1:50), as described
previously19. Briefly, using light microscopy with computed
morphometry for quantitative analysis (Quantimet 500C+
Image Processing and Analysis System; Leica Microsystems
Cambridge, Cambridge, UK), the vascular/extravascular tissular
index (V/EVTI) was estimated in the calibrated areas of the
placental sections. Each paraffin section underwent three area
analyses repeated by two independent observers and the single
area measured with the picture analyzer amounted to
714,085 lm2. Table 1 provides the total number of placental

specimens, sections and visual fields analyzed in the respective
groups.

Morphometric analysis of glucose transporters expression
A quantitative immunohistochemistry based on the morphome-
tric software was applied for GLUTs identification in placental
sections under light microscopy. All morphometric procedures
were carried out twice by two independent researchers. A single
analyzed image area amounted to 138,797 lm2 (magnification:
9200). During comparative measurements of GLUT expression
in placental tissue samples, the vascular density-matched sam-
ples were analyzed. In each case, the difference between median
V/EVTI values did not exceed –5%.

Statistical analysis
All statistical tests were performed using the R package v.3.6.0
(The R Foundation for Statistical Computing, Vienna, Austria).
Continuous variables were compared using the Kruskal–Wallis
rank sum test with the post-hoc Dunn’s test, and for categorical
variables the v2-test with the Bonferroni correction was applied.
Data are expressed as the median and interquartile range, or as
frequency (%).
The association between GLUTs expression and selected

parameters was assessed with the use of Spearman’s rank corre-
lation coefficient (rho). The following maternal–fetal parameters
were included in the analysis: maternal and gestational age,
maternal pre-pregnancy weight and body mass index (BMI),
gestational weight gain, maternal height, glucose concentrations
during OGTT, third trimester HbA1c concentration, placental
weight and FBW.
To assess observer agreement in immunohistochemical image

interpretation, the kappa statistic (K) was applied. The observer
agreement was considered almost perfect when the K value was
>0.80, and a K value of 0.61–0.80 indicated substantial agree-
ment.
Results were considered statistically significant if the P-value

was <0.05.

RESULTS
Following data collection, 60 women with GDM diagnosis and
20 affected by type 1 PGDM comprised the study group.
Among the patients with GDM, 30 were treated solely with diet
(GDMG1) and 30 required insulin therapy for the optimal gly-
cemia management (GDMG2). Control group consisted of 23
women in an uncomplicated pregnancy. Demographic and clin-
ical data of the patients were presented in Table 2. Analysis
revealed that gestational age was significantly lower in patients
with PGDM-complicated pregnancy as compared to GDM and
control groups (P < 0.001). Both pre-pregnancy weight and
BMI were significantly higher among women with GDM trea-
ted with insulin (GDMG2) as compared to non-diabetic
patients (P < 0.05). In addition, women with pre-existing dia-
betes gained significantly more weight during pregnancy than
those diagnosed with GDM (P < 0.05). In relation to OGTT
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results, a significantly higher fasting glucose (P < 0.01), as well
as 1-h and 2-h plasma glucose concentrations (P < 0.001) were
found in patients with GDM-complicated pregnancy, as com-
pared to healthy controls. Fasting glucose concentration proved
to be an additional, statistically significant differentiation factor
between GDM patients treated solely with diet and those
requiring therapy with insulin (P < 0.01). In the PGDM group,
the median third trimester HbA1c concentration amounted to
5.9%, and was significantly higher than observed in both
GDMG1 and GDMG2 groups, (P < 0.001). Furthermore, FBW
and placental weight among patients with pre-existing diabetes
were significantly increased as compared with GDMG2/control
and GDMG1 groups, respectively (P < 0.05).
Immunohistochemical techniques used for the identification

of GLUT-1, GLUT-3, GLUT-8 and GLUT-12 revealed the
presence of all glucose transporters in the placental tissue
(Figure 1a–d). None of the immunoreactions were observed
when normal rabbit pre-immune IgG were used (Figure 1a’–
d’). GLUT-1 represented predominant isoform found in the
human term placenta and was primarily localized in the syncy-
tiotrophoblast (ST) and cytotrophoblast (CT) membranes, as
well as vascular endothelium (VE; Figure 2a). With regard to
GLUT-3, the transporter expression was found in VE, mem-
branes and cytosol of the ST/CT, and minimally in the villous
stroma (VS) (Figure 2b). Immunohistochemical staining using
GLUT-8 antibodies revealed positive reaction in the cytoplasmic
compartment of the placental ST and VE (Figure 2c). Similarly,
expression of GLUT-12 isoform was predominantly cytoplasmic
and limited to VE and sparsely to VS (Figure 2d).
The conducted analysis of microvessel density did not

demonstrate statistically significant differences in the median
V/EVTI values between the central and peripheral placental
specimens in diabetic and control populations (Figure 3). As a
result, further analysis of GLUTs expression was performed
altogether for both placental specimens. Median V/EVTI values
in the placentas from PGDM-complicated pregnancies proved
to be significantly increased as compared to other groups
(P < 0.05; Figure 3).
The analysis of the kappa statistic revealed substantial inter-

and intra-observer agreement in the immunohistochemical
image interpretation with the K value exceeding 0.61 for the
majority of observations (Figure 4). Quantitative evaluation of
glucose transporter expression performed for the vascular
density-matched placental samples demonstrated a significant
increase in the expression of GLUT-1 protein in patients with
PGDM as compared with GDM and control groups (P < 0.05;
Figure 5). With regard to the expression of the other GLUT
isoforms, no statistically significant differences were observed
between patients from the diabetic and control populations.
The performed analysis demonstrated presence of moderate

and positive correlation between the expression of GLUT-1 pro-
tein and FBW in the PGDM group (rho = 0.463, P < 0.05).
Maternal pre-pregnancy weight was positively correlated with
GLUT-8 expression in the GDMG1 group (rho = 0.37,Ta
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P < 0.05) and negatively among controls (rho = -0.472,
P < 0.05). Additionally, the presence of moderate correlations
between the expression of GLUT-3 and GLUT-8 transporters
and maternal pre-pregnancy BMI was found among patients
with GDMG1. In the case of GLUT-3, the correlation was nega-
tive (rho = -0.409, P < 0.05), whereas the latter isoform demon-
strated a positive relationship with the maternal BMI
(rho = 0.364, P < 0.05). In the same group of patients, the
expression of GLUT-8 transporter remained in moderate, nega-
tive correlation with fasting glucose concentration during OGTT
(rho = -0.441, P < 0.05). As regards GLUT-12, the presence of
moderate, positive correlation was found between the placental
expression of the transporter and FBW (rho = 0.481, P < 0.05)
in the group of non-diabetic pregnancies.

DISCUSSION
In the present study, we performed the quantitative evaluation
of the expression of glucose transporters GLUT-1, GLUT-3,
GLUT-8 and GLUT-12 in the human term placenta in preg-
nancies complicated by gestational and type 1 diabetes mellitus.
To our best knowledge, this is the first study evaluating the pla-
cental expression of the latter two isoforms in a diabetic popu-
lation. In accordance with our previously published data, the
obtained results demonstrated significantly increased GLUT-1
expression in patients with PGDM compared with women
affected by GDM and healthy controls19. In addition, in the
same group of patients, GLUT-1 expression was positively

correlated with the FBW. With regard to other GLUT proteins,
no significant differences were found between diabetic and nor-
moglycemic pregnancies.
Available evidence suggests that GLUT-1 constitutes the basic

glucose transporter in the human placenta, the positive
expression of which was confirmed in ST, CT and VE8. It has
been generally accepted, that in PGDM-complicated pregnan-
cies, the expression of GLUT-1 protein is increased, whereas in
the GDM population, the study results are ambiguous, with the
majority indicating an increase in the transporter density only
in patients requiring insulin therapy8. The observed discrepan-
cies in the latter group of patients can possibly be explained by
the heterogeneity of study populations, various tissue fractions
and methods used for quantitative analyses, as well as differ-
ences in GDM diagnostic criteria and thresholds of glycemic
control17,19,22,30–32. The current results confirm the previously
published observations regarding the location of GLUT-1 in the
placenta, increased expression of the transporter in patients with
PGDM and the lack of significant differences in the group with
GDM19,31,33. Abundance of GLUT-1 in the trophoblast, com-
bined with the postulated limiting role of the placental syn-
cytium in the transplacental glucose transfer, indicate that the
increased expression of the transporter might constitute one of
the mechanisms responsible for the excessive maternal–fetal glu-
cose flux and fetal overgrowth in PGDM-complicated pregnan-
cies33. The relative confirmation of this assumption is the
positive correlation between the expression of GLUT-1 and

Table 2 | Characteristics of study participants in diabetic and control populations

GDMG1 (n = 30) GDMG2 (n = 30) PGDM (n = 20) Control (n = 23) P-value

Age (years) 32 [26.2–35] 33.5 [28.5–36] 31.5 [28.7–35.2] 31 [28–34.5] 0.60
Gestational age (weeks) 39 [38.2–39] 39 [38.2–39] 38 [37–38] 39 [38–39] <0.001*
Gravidity 2 [1–3] 2 [2–2] 1.5 [1–3] 2 [1–2] 0.67
Parity 2 [1–2] 2 [1.2–2] 1 [1–2.2] 2 [1–2] 0.64
Pre-pregnancy weight (kg) 65 [58.2–74] 71 [64–80] 69.5 [60.5–75.7] 62 [55–66] <0.05†

Gestational weight gain (kg) 9.5 [5.5–13] 10 [8–12] 15.5 [9.75–19.25] 13 [11–15] <0.05‡

Height (m) 1.64 [1.61–1.68] 1.65 [1.61–1.68] 1.65 [1.64–1.68] 1.65 [1.6–1.72] 0.89
Pre-pregnancy BMI (kg/m2) 23.9 [21.7–26.4] 25.9 [23.9–29.6] 25.7 [22.9–26.5] 21.6 [20.6–24.9] <0.01†

Fasting plasma glucose (mg/dl)a 92.5 [88.3–95] 98.3 [94–104.7] – 78 [75–84] <0.01§,¶

1-h plasma glucose (mg/dl)a 171 [144–184] 188 [138–213.7] – 120 [92–138] <0.001§

2-h plasma glucose (mg/dl)a 150 [114.5–159.5] 136 [102.2–175.7] – 97 [81–113] <0.001§

Third trimester HbA1c (%) 5.1 [5.1–5.4] 5.3 [5.1–5.5] 5.9 [5.7–6.3] – <0.001‡

Fetal sex
Male 15 (50%) 15 (50%) 12 (60%) 9 (39.1%) 0.60
Female 15 (50%) 15 (50%) 8 (40%) 14 (60.9%)

Fetal birthweight (g) 3557.5 [3307.5–3810] 3357.5 [3152.5–3808.7] 3732.5 [3,430–4152.5] 3,410 [3,085–3,610] <0.05¥,ǂ

Placental weight (g) 523 [467–679] 576.5 [505.7–673.2] 705 [618.5–719] 612.5 [499.5–650] <0.05#

Fetal macrosomiab 6 (20%) 3 (10%) 8 (40%) 3 (13%) 0.05

Data are expressed as median [interquartile range], or as n (%). BMI, body mass index; HbA1c, glycated hemoglobin concentration. aResults of the
75-g oral glucose tolerance test performed between 24 and 28 gestational weeks. bFetal macrosomia defined as birth-weight over 4,000 g irrespec-
tive of gestational age. *Diet-controlled gestational diabetes mellitus (GDMG1), insulin-controlled gestational diabetes mellitus (GDMG2), control ver-
sus pregestational diabetes mellitus (PGDM). †GDMG2 versus control. ‡GDMG1, GDMG2 versus PGDM. §GDMG1, GDMG2 versus control. ¶GDMG1
versus GDMG2. ¥GDMG2 versus PGDM. ǂPGDM versus control. #GDMG1 versus PGDM.
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FBW observed exclusively among women with pre-existing dia-
betes. Contrary to this observation, in the two recent studies, the
authors did not observe any significant correlations between the
two parameters among insulin treated GDM, as well as type 1
and 2 PGDM patients17,34. Instead, in the latter subpopulation
of patients, the presence of positive correlations between FBW

and neonatal adiposity and the expression of placental proteins
responsible for the transport of amino acids and lipids, such as
LAT-1 or FATP6, was demonstrated34. The above observations
provide evidence that glucose constitutes only one of the possi-
ble modulators of intrauterine fetal growth and fat accretion,
with lipids being proposed as an even stronger contributor35.

GLUT-1

GLUT-3

GLUT-8

GLUT-12

(a) (a’)

(b) (b’)

(c) (c’)

(d) (d’)

Figure 1 | Immunohistochemical localization of glucose transporters (GLUTs) in human term placenta: (a) GLUT-1; (b) GLUT-3; (c) GLUT-8; and
(d) GLUT-12. The respective negative controls (a’), (b’), (c’) and (d’) are also presented. Scale bar = 50 μm.
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Nevertheless, an explanation of the observed discrepancies in
the correlation analysis might be the fact that, in the two cited
studies, the mean pre-pregnancy BMI was 29–35 kg/m2, thus,
the majority of the study population was defined as overweight/
obese, whereas in our patients, obesity constituted a rather

uncommon finding. One important observation from the pre-
sent results is the lack of differences found in GLUT-1 expres-
sion in the group of patients with GDM diagnosed at the end of
the second and the beginning of the third trimester of preg-
nancy. It is therefore reasonable to speculate that early
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Figure 2 | Immunolocalization of glucose transporter (a) GLUT-1, (b) GLUT-3, (c) GLUT-8 and (d) GLUT-12 proteins in the placental tissue at high
magnification (9400). CT, cytotrophoblast; ST, syncytiotrophoblast; VE, vascular endothelium; VS, villous stroma.
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pregnancy is the period when the fetoplacental unit and GLUT-
1 expression are characterized by the highest susceptibility to
metabolic stimuli associated with maternal diabetes. It is also
worth noting that our morphometric analyses revealed higher
V/EVTI values in the placentas from PGDM-complicated preg-
nancies as compared to the other groups. According to the liter-
ature data, high V/EVTI in the placental tissue corresponds
with the increased density of the microvessels and represents a
manifestation of diabetic microvasculopathy28,36,37.

In our study population, despite optimal glycemic control,
the concentration of HbA1c in the third trimester, FBW and
rate of macrosomia were the highest in women with PGDM. A
probable explanation for this phenomenon is the fact that, in
contrast to GDM, PGDM pregnancies are characterized by
more severe impairment of glucose homeostasis associated with
frequent glucose fluctuations and excursions despite intensive
insulin therapy. Despite the fact that, in the available in vitro
studies, GLUT-1 expression in trophoblast remained refractory
to intermediate glucose concentrations (1-12 mmol/L), it is
plausible that among PGDM patients, transient hyperglycemic
episodes constitute a triggering factor for the metabolic
derangement in the fetus, which reciprocally increase trans-
porter expression in the placenta17,38. For example, the studies
performed in well-controlled PGDM patients demonstrated ele-
vated levels of key growth regulators (e.g., IGF-1, IGF-2) in
cord blood serum, which were positively correlated with mater-
nal HbA1c, placental weight and FBW39. It is notable in this
regard that IGF-1 markedly upregulates GLUT-1 expression in
the basal membrane of the syncytium and stimulates transep-
ithelial glucose transport15. Moreover, in relation to PGDM
mothers, increased resistin levels present at the beginning of
pregnancy constitute a factor with the documented stimulating
effect on GLUT-1 expression in the placenta, being also posi-
tively correlated with HbA1c concentration and FBW14,18.
In the course of further studies, the expression of GLUT-3

was successively confirmed in VE, VS, ST and CT of the
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Figure 4 | Intra- and interobserver agreement calculated for each
studied GLUT isoform, measured with 95% confidence interval. The
observer agreement was considered good (substantial to almost
perfect) when the K value was >0.60.
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human term placenta8. According to the proposed hypotheses,
GLUT-3, being a transporter with a high affinity to glucose,
whose highest expression in the trophoblast is found in the first
trimester of pregnancy, might ensure energy supply to the fetus
in conditions of insufficiently developed uteroplacental circula-
tion during the early weeks of gestation40. As regards diabetic
pregnancies, in two studies by Kainulainen et al.21 and Zhang
et al.22, the authors observed no changes or a decrease in
GLUT-3 expression in the placenta obtained from PGDM or
GDMG1-complicated pregnancies, respectively. The present
study including larger populations of meticulously selected
patients confirmed the location of GLUT-3 in the placenta, as
well as observations of the former group of researchers. The
decreasing expression of GLUT-3 in the trophoblast in the
course of pregnancy, combined with the increasing density of
GLUT-1, indicate that it is the latter of the isoforms that plays
a more important role in the transfer of glucose to the fetus in
the second half of gestation40,41. Nevertheless, in certain condi-
tions; for example, reduced uteroplacental blood flow being
associated with fetal growth restriction, high affinity to glucose
might favor GLUT-3 and lead to the increase in protein expres-
sion in the trophoblast23,42. In pregnancies with concomitant
diabetes, in the case of optimal glycemic control and the lack
of vascular complications, the risk of severe placental hypoper-
fusion is reduced, hence probably in our population of patients
the expression of GLUT-3 remained unaltered43.
Despite the fact that studies performed so far indicate

GLUT-8 to be a transporter primarily, if not exclusively, associ-
ated with the transfer of hexoses between intracellular orga-
nelles, evidence exists that under insulin stimulation,
transporter translocates toward plasma membrane in mouse
blastocyst and myocardium44–46. Furthermore, in BeWo chorio-
carcinoma cells, commonly used as a trophoblast model, IGF-1
upregulates GLUT-8 expression47. In the human placenta, the
expression of the transporter was demonstrated in the third tri-
mester ST/CT and VE, and an increase of the transporter den-
sity was observed in the maternal compartment in pregnancies
complicated by fetal growth restriction24,47. In the current
study, regardless of the similarities in placental localization, no
significant differences in GLUT-8 expression were observed
between diabetic and control populations. Predominant cyto-
plasmic staining combined with the observed lack of differences
in the density of GLUT-8 between GDM/PGDM and normo-
glycemic patients indicate a limited role of the transporter in
the trans-syncytial glucose flux and pathogenesis of diabetic
macrosomia.
In the only study published so far regarding the expression

of GLUT-12 in the placenta, Gude et al. confirmed the
presence of a transporter in the cytosol of ST and CT in the
first trimester of pregnancy, and in VS and vascular smooth
muscle cells at term48. Similar results in relation to term gesta-
tion were obtained in the present study, at the same time indi-
cating VE as a new site of GLUT-12 expression. As the

reported spatio-temporal change in transporter localization
reflects alterations in the placental expression of insulin receptor
throughout the pregnancy, it has been postulated that GLUT-
12 might play a role in hormone-dependent glucose transfer
across the placenta48,49. For example, in the human skeletal
muscle, insulin stimulates the translocation of GLUT-12 to
plasma membrane26. In trophoblast, a similar phenomenon
might occur during the early weeks of pregnancy under the
influence of maternal insulin. At term, however, when the fetal
growth is most intensified, the expression of GLUT-12 in the
syncytium is minimal, if not absent, and the impact of the fetal
insulin on the transporter expression in VE remains to be elu-
cidated. Based on the obtained results; that is, the lack of the
presence of GLUT-12 in trophoblast, as well as the lack of dif-
ferences in protein density between GDM/PGDM and normo-
glycemic patients, it seems that the role of the transporter in
the pathogenesis of diabetic fetal overgrowth is negligible. In
consequence, GLUT-4 remains a key isoform responsible for
the insulin-dependent transplacental glucose transfer, in particu-
lar in the latter half of pregnancy16,19. Interestingly, GLUT-12
expression remained in positive correlation with the FBW
among non-diabetic women; however, the explanation for this
observation is currently unknown and warrants further investi-
gation.
In conclusion, the results of the present study performed on

a relatively large population of patients affected by GDM and
type 1 PGDM confirmed the presence of glucose transporters
GLUT-1, GLUT-3, GLUT-8 and GLUT-12 in the human term
placenta. In a maternal diabetic environment, GLUT-1 is the
only isoform, the expression of which undergoes quantitative
changes and remains positively correlated with the fetal birth-
weight. Obtained evidence once again emphasizes the impor-
tance of GLUT-1 as one of the key glucose transporters
operating in the human placenta, as well as indicates on varied
functions of individual GLUT isoforms in the pathogenesis of
fetal growth abnormalities.
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