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Abstract
Background: In monochorionic twin (MC) gestations with selective fetal growth restriction (FGR), the discordant
fetal growth usually is due to unequal placental sharing. Glucose, which is essential for oxidative metabolism in the
growing placenta and fetus, is transferred from maternal blood by facilitated carrier-mediated diffusion via glucose
transporters (GLUTs). How the GLUTs expression varies in the two placenta territories manifests discordant perfusion
in MC twin pregnancy with selective FGR is unknown. This study evaluates the human placental GLUT1 and GLUT3
gene expression in MC twin gestations with selective FGR.
Methods: MC twin pregnancy with selective FGR was defined as the presence of inter-twin birth weight
discordance of > 25% and the smaller twin with a birth weight less than the 10th percentile in third trimester. Fetal
umbilical artery Doppler was checked within 1 week before delivery in the two fetuses. An abnormal umbilical
artery Doppler was defined as persistently absent or reverse end-diastolic flow (UA-AREDF). GLUT1, GLUT3 and HIF1α gene expression were assayed in each twin’s placental territories. The inter-twin placental gene expression ratio
was calculated as the placenta GLUTs or HIF-1α expression level of the selective FGR twin divided by expression
level of the appropriate-for-gestational-age (AGA) cotwin. Higher gene expression ratio means elevated gene
expression in the selective FGR twin’s placenta territory compared to AGA twin’s placenta territory.
Results: 15 MC twin gestations with selective FGR including nine with normal (group 1) and six with abnormal
selective FGR twin UA Doppler (group 2) were included into this study. The GLUT3 and HIF-1α gene expression are
significantly elevated in selective FGR twin’s placenta territory in group 2 twin pregnancies (mean gene expression
ratio as 2.23 and 1.65, p values as 0.015 and 0.045, respectively), but not in in group 1 twin pregnancies.
Conclusion: The upregulation of placental GLUT3 gene expression in selective FGR fetus with abnormal UA
Doppler may be due to hypo-perfusion which is mediated by up -regulation of HIF-1α gene expression.
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Background
Fetal growth restriction (FGR) is defined as a rate of fetal
growth that is less than normal for the growth potential
of a specific infant [1]. FGR fetus may be not only with
increasing risk of complications immediately after delivery like perinatal asphyxia, renal insufficiency and pulmonary hemorrhage; but also with long term
complications like increased risk of diabetes mellitus and
hypertension in adult life [2], which call fetal origin of
adult disease. Barker hypothesized the fetal origin of
adult disease as that those FGR fetuses would adapts to
a poorer intrauterine environment by optimizing the use
of a reduced nutrient supply to ensure survival [3].
These changes might aid survival of the fetus, but they
are a liability in situations of nutritional abundance, they
would have a higher chance to get metabolic disease like
type II diabetes mellitus [4]. But the true mechanism of
born as small and later more risk of adult disease is still
unclear. Glucose is essential for oxidative metabolism in
the growing placenta and fetus; it is transferred from
maternal blood to placenta and fetus by facilitated
carrier-mediated diffusion via glucose transporters
(GLUTs). Among the isoforms of the GLUTs: GLUT-1,
GLUT-3, GLUT-4, GLUT-8, GLUT-9 and GLUT-12
proteins and the mRNA of GLUT-10 and GLUT-11
have been detected in the human placenta [5], among
them, GLUT1, GLUT3 and GLUT 4 have been reported
as the primary transport proteins [6, 7]. GLUT4 is an
insulin-sensitive isoform, which may mediate insulinstimulated placental glucose uptake in early pregnancy
[8], which may not play as an important role as GLUT1
and GLUT3 at advanced gestational age.
According to Barker theory, the glucose utilization in
FGR fetus during intrauterine life is different from appropriate for gestational age fetus [4, 9], so the glucose
transferred from maternal circulation to FGR fetus may
not proportionally reflect their body weight discrepancy.
Study results of placental GLUTs in human pregnancy
affected by FGR have been conflicting [10]. Among the
FGR studies in singleton pregnancies, there was a lack of
agreement on the definitions of FGR [11, 12]. Comparison groups (non FGR) were from the general population
with genetic differences; different fetal weight may well
be caused by genetic factors. A twin pregnancy with selective FGR is defined as one FGR twin with an appropriate for gestational age (AGA) cotwin, because the
AGA twin can achieve the genetically determined birth
weight, the selective FGR fetus likely represents true
growth restriction. In this model, the AGA twin’s placental area GLUTs expression can be used to compare
with the FGR twin’s placenta area GLUTs expression.
Thus, a twin pregnancy with selective FGR represents a
suitable study object to elucidate the connection between placenta GLUTs expressions and FGR.
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Additionally GLUT1 and GLUT3 gene expression were
reported as upregulated in primary syncytotrophoblast
cells upon exposure to hypoxia [6]. Hypoxic upregulation
of glucose transporters in BeWo choriocarcinoma cells is
mediated by hypoxia-inducible factor-1α (HIF-1α) [13].
The aim of this study is to investigate the GLUT1, GLUT3
and HIF-1α gene expression in both fetuses’ placental territories in MC twin pregnancy with selective FGR.

Materials and methods
This study was conducted from September 2019 to September 2020 at Chang Gung Memorial Hospital, Linkou
Medical Center, Taiwan. The study protocol was approved
by the Institutional Review Board of the Chang Gung Medical Foundation (IRB # 201802017A3). The inclusion criteria required MC twin pregnancies delivered in our
hospital, mothers with MC twin pregnancies provided with
written informed consents, and placental tissues successfully collected. The exclusion criteria were the presence of
twin-to-twin transfusion syndrome (TTTS), monoamniotic
twins, twin anemia–polycythemia sequence (TAPS), and
congenital, structural or genetic malformations in the fetus.
To assure the placentas would be intact, only MC twins
gestations delivered through cesarean section were included
to ensure an intact placenta.
TTTS was diagnosed according to the Quintero criteria [14] and TAPS was diagnosed as postnatal intertwin hemoglobin difference of > 8 g/dL [15]. MC twin
pregnancies were identified in the first trimester or early
second trimester using the following ultrasonographic
criteria: (I) the presence of a single placenta, (II) the
presence of a thin dividing membrane, and (III) the absence of a twin peak (lambda) sign. Monochorionicity
also was confirmed by obstetricians through postpartum
examination of the placenta (presence of a single placenta with inter-twin anastomoses).
Selective FGR was defined as the presence of (I) a
birth weight discordance of > 25% and (II) an FGR
twin with a birth weight less than the 10th percentile
[16, 17]. Birth weight discordance was calculated as
the difference between the fetal weights of the AGA
and FGR twins divided by the fetal weight of the larger twin as follows: [(body weight of the AGA twin −
body weight of the selective FGR twin)/(body weight
of the AGA twin)] × 100%.
Inspection and collection of placental tissues

The placentas were cut along the vascular equator. We
collected two to three pieces of fresh placental tissue
(2 × 2 × 2 cm) from the placental territory of each MC
twin pregnancy. Regions with obvious calcification or infarction were avoided. The placental specimens were
briefly rinsed with normal saline to remove the blood.
The placenta tissue fragments were then divided into
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two horizontal segments: the basal plate (maternal side)
and the chorionic surface (fetal side). Both the decidual
layers along the basal plate as well as the chorionic surface and membranes were removed by sharp dissection
and placental fragments were obtained at the middle of
the initial placental depth. The middle placental tissues
were kept in RNALater reagent (Thermo Fisher Scientific, Waltham, MA, USA) at 4 °C for 24–48 h. Subsequently, the tissues were transferred to new tubes and
kept in a freezer at − 70 °C for long-term storage [15].
GLUT1, GLUT3 and HIF-1α gene expression were measured in each twin’s placental territory.
Placental GLUT1, GLUT3 and HIF-1α gene expression
analyses
RNA extraction and real-time qPCR

Total RNAs from placenta tissue were isolated with the
TRIzol reagent (Invitrogen). First-strand cDNA for RTqPCR was synthesized with cDNA reverse transcription
kit (Applied Biosystems, Life Technologies, Carlsbad, CA,
USA). The expression levels of GlUT1 were detected with
forward primer, 5′- tatctgagcatcgtggccat-3′, and the reverse primer: 5′- aagacgtagggaccacacag-3′. The expression
levels of GlUT3 were determined with the forward primer:
5′- tcctgggtcgcttggttatt-3′ and the following reverse primer: 5′- agggctgcactttgtaggat-3′.. The expression levels of
HIF-1α were measured following reactions using the forward primer: 5′-TGCTC ATCAG TTGCC ACTTC-3’and
reverse primer: 5′-TCCTC ACACG CAAAT AGCTG-3′.
GAPDH mRNAs were analyzed with forward primer: 5′ggtatcgtggaaggactcatgac-3′ and reverse primer: 5′-atgccagtgagcttcccgt-3′. QPCR conditions were as follows: initial denaturation step at 95 °C for 10 min, followed by 40
cycles of 95 °C for 15 s and 60 °C for 60 s, plus a final melt
curve step using power SYBR® Green PCR master mix
(Applied Biosystems, Life Technologies, Carlsbad, CA,
USA). The relative expression level of each sample was
normalized to the corresponding GAPDH. Data was calculated with a comparative Ct method by using 2ΔΔCt formula. The placental GLUT1, GLUT3 and
HIF-1α gene expression ratios for the two placental
territories in a twin pair is presented as the fold

Page 3 of 5

changes between the two fetuses in MC twins: (relative GLUTs (HIF-1α) expression levels of the selective
FGR twin)/ (relative GLUTs (HIF-1α) expression
levels of the AGA twin).
Data analysis and statistics

Data were analyzed using SPSS 11.0 statistical software
(SPSS Inc., Chicago, IL, USA). Data are expressed as
mean ± standard deviation, median [inter-quartile range]
and frequency (%) as when appropriate. Qualitative data
were compared by means of X2 test or Fisher exact test
(when cells have expected count less than 5). Continuous
variables were tested for normality. Two-sample Student t
test or Mann-Whitney U test was used to compare between groups for the continuous variable. One sample t
test with test value as 1.0 was applied to test the placenta
GLUT1, GLUT3 and HIF-1α gene expression ratios between selective FGR and AGA fetuses. Two-tailed p values
of < 0.05 were considered statistically significant.

Results
15 MC twin pregnancies with selective FGR that met the
inclusion criteria and that had placentas collected were
selected for this study. The clinical characteristics of the
15 MC twin pregnancies with selective FGR according
to the pattern of selective FGR twin’s UA Doppler were
listed in Table 1. There were nine twin gestations with
selective FGR twin displaying normal UA Doppler
(group 1) and six twin pregnancies with selective FGR
showing abnormal UA Doppler (group 2). The maternal
age and gestational age at delivery, birth weight discordance (%) and birth weight of AGA and selective FGR
twins were not significantly different between group 1
and 2 MC twin pregnancies.
The gene expression ratios of GLUT1, GLUT3 and
HIF-1α in the 15 MC twin pregnancies with selective
FGR are listed in Table 2. The gene expression of
GLUT1, GLUT3 and HIF-1α between AGA and selective
FGR placenta territories do not show significantly difference (one sample t test, test value set as1.0).
The MC twin pairs expression of GLUT 1, GLUT3
and HIF-1α were separately analyzed in Group 1

Table 1 Characteristics of monochrionic twin with selective fetal growth restriction (FGR) with normal (group 1) and abnormal
(group 2) selective FGR twin umbilical artery Doppler
Group 1 (n = 9)

Group 2 (n = 6)

P value

Maternal age at delivery (year-old)

32.2 ± 3.6

33.2 ± 3.7

0.60

Gestational age at delivery (weeks)

33.0 ± 3.1

31.6 ± 4.5

0.52

Birth weight discordance (%)

37.4 ± 8.1

42.0 ± 11.2

0.34

Birth weight of AGA twin (g)

1876 ± 575

1564 ± 813

0.36

Birth weight of selective FGR twin (g)

1203 ± 474

970 ± 493

0.40

BW discordance = [(body weight of the AGA twin − body weight of the selective FGR twin)/ (body weight of the AGA twin)] × 100%
GA gestational age, BW birth weight, FGR fetal growth restriction, AGA appropriate for gestational age
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Table 2 The placenta GLUT1, GLUT3 and HIF-1α gene
expressions between appropriate for gestational age (AGA) and
fetal growth restriction (FGR) twin in the 15 monochorionic
twins with selective FGR evaluated by gene expression ratio
GLUT1

gene expression ratio

P value

0.97 ± 0.52

0.81

GLUT3

1.42 ± 0.90

0.09

HIF-1α

1.20 ± 0.56

0.18

P values were calculated by one sample t test and the test value was set as 1.0
The placental GLUT1, GLUT3 and HIF-1α gene expression ratios for the two
placental territories in a twin pair is presented as the fold changes between the two
fetuses in monochorionic twins: (relative GLUTs (HIF-1α) expression levels of the
selective FGR twin)/ (relative GLUTs (HIF-1α) expression levels of the AGA twin)
FGR fetal intrauterine growth restriction, AGA appropriate for gestational age

(normal UA Doppler) and Group 2 (UA Doppler with
AREDF). Comparison of normally grown and selective
FGR twin placenta territories in Group 1 showed no
difference in expression of GLUT1, GLUT3 and HIF1α. Comparison in Group 2 reveals that GLUT 3 and
HIF-1α gene expression are significantly up-regulated
in selective FGR twins’ placental territory. (Table 3).

Discussion
This study evaluates the gene expression of placenta
GLUT1, GLUT3 and HIF-1α in human MC twin pregnancies with selective FGR. When the selective FGR twin had
normal antenatal Doppler studies, placental GLUT1,
GLUT3 and HIF-1α gene expression are not significantly
difference with the AGA twin (group1 twin pregnancies).
But, when the selective FGR twin had abnormal Doppler
studies; the GLUT3 and HIF-1α gene expressions were
up-regulated in the selective FGR fetus’ placenta territory
(group 2 twin pregnancies). Since GLUT3 and HIF-1α are
both up-regulated in selective FGR fetus’ placental territory, HIF-1α may be responsible for the up-regulation of
placental GLUT3 gene transcription as demonstrated in
the BeWo choriocarcinoma model [13].

Janzen et al. reported that in late growth restriction, the
placental GLUT3 protein had been reported as demonstrating increasing expression, but GLUT 1 and GLUT 4 protein
expressions were reported as not being significantly altered
[10]. We also found the GLUT1 gene expression were not
different between AGA and selective FGR fetuses in both
group 1 and 2 twin pregnancies in this study. GLUT3 expression in the placenta varies with gestational age [18]. But,
since this was a MC twin study, both are delivered at the
same gestational age and have similar genetics.
The placental perfusions of the two fetuses in MC twins
with selective FGR are unequal, especially when abnormal
UA Doppler are identified [19]. The cord blood glucose
level was not significantly different between AGA and selective FGR fetuses in MC twin pregnancies with selective
FGR as was noted in our previous findings [20]. Owing to a
combination of these two findings, authors suspected that
placenta GLUT3 gene up-regulation in selective FGR fetus
in group 2 twin pregnancy was not stimulated by different
glucose concentrations but rather due to differential perfusion. The impact of increased GLUT3 expression in FGR
placenta on the maternal to fetal circulation is unclear. It
had been explained as that increased GLUT3 expression
may represent a mechanism by which the placenta attempts
to increase glucose transport to the fetal circulation as an
adaptive response in a hypoxic environment [10].
The weakness of this study is the presence of inter-twin
anastomoses in MC twin pregnancy; the anastomoses may
play a role in affecting the individual perfusion to the two
fetuses though we had excluded TTTS and TAPS cases
(those with significant inter-twin vascular imbalance) into
this study. Monozygotic dichorionic twin with selective
FGR could make a better model for this study since there
was no inter-twin anastomosis identified, but it is hard to
include enough such cases. Dizygotic twins with selective
FGR are also without inter-twin anastomosis, but some
genetic differences would still exist.

Table 3 GLUT1, GLUT3 and HIF-1α gene expression ratios between monochorionic twin pregnancies with selective FGR with
(group2) and without (group1) selective FGR twin abnormal umbilical artery Doppler
Group 1 twin pregnancies P value of group 1 twin
(N = 9)
pregnancies

Group 2 twin pregnancies P value of group 2 twin
(N = 6)
pregnancies

GLUT1 gene
expression ratio

0.86

0.48

1.13

0.43

GLUT3 gene
expression ratio

0.88

0.36

2.23

0.015

HIF-1α gene
expression ratio

0.91

0.37

1.65

0.045

Data are expressed as median
An abnormal UA Doppler was defined as persistently absent or reverse end-diastolic flow
The placental GLUT1, GLUT3 and HIF-1α gene expression ratios for the two placental territories in a twin pregnancy pair is presented as the fold changes between
the two fetuses in monochorionic twins: ((relative GLUTs (HIF-1α) expression levels of the selective FGR twin)/ (relative GLUTs (HIF-1α) expression levels of the
appropriate for gestational age (AGA) twin))
P values were calculated by one sample t test and the test value was set as 1.0
FGR fetal growth restriction
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Conclusion
The GLUT3 and HIF-1α gene expression were upregulated in the placental territory of the selective FGR
fetus compared to the territory of the AGA fetus in MC
twin pregnancies with abnormal UA Doppler of FGR
fetus, this gene expression difference was not found
when the Doppler were normal. The authors suspect
that the selective FGR fetus with abnormal UA Doppler
experiences significant hypo-perfusion, than the fetus
with normal UA Doppler. The hypo-perfusion leads to
increased expression of GLUT3 which may be mediated
by up-regulation of HIF-1α.

Page 5 of 5

4.

5.

6.
7.

8.

9.
Abbreviations
GLUTs: Glucose transporters; HIF-1α: hypoxia-inducible factor-1α;
MC: Monochorionic; FGR: Fetal growth restriction; AGA: Appropriate for
gestational age; UA-AREDF: Umbilical artery-absent or reverse end-diastolic
flow; TAPS: Twin anemia–polycythemia sequence; TTTS: Twin–twin
transfusion syndrome
Acknowledgements
We are grateful for the funding provided by Chang Gung Memorial Hospital,
Linkou Medical Center (CMRPG3J1621 and CMRPG3H1791).
Authors’ contributions
YLC and ASC designed the research. YLC, ASC, PJC and SDC participated in
collecting the data. All authors contributed to the drafting or revising of the
manuscript, approved this final version to be published, and are willing to
take public responsibility for the accuracy and integrity of its content.
Funding
This work was supported by grants (CMRPG3J1621 and CMRPG3H1791) from
Chang Gung Memorial Hospital, Linkou Medical Center. The role of the
CMRPG3J1621 and CMRPG3H1791 grants were to support the language
editing of the paper, experiment and data collection.

10.

11.

12.

13.

14.

15.

Availability of data and materials
The datasets obtained and/or analyzed during the current study are available
from the corresponding author on reasonable request.

16.

Declarations

17.

Ethics approval and consent to participate
The study was approved by the Institutional Review Board of the Chang
Gung Memorial Hospital (IRB # 201802017A3). Written informed consents
were obtained from the patients. Documentation of the written consent will
be provided to the journal upon request.

18.

19.

Consent for publication
Not Applicable.
Competing interests
The authors declare that they have no competing interests.
Received: 27 December 2020 Accepted: 22 March 2021

References
1. Sharma D, Shastri S, Farahbakhsh N, Sharma P. Intrauterine growth
restriction - part 1. J Matern Fetal Neonatal Med. 2016;29(24):3977–87.
https://doi.org/10.3109/14767058.2016.1152249.
2. Sharma D, Farahbakhsh N, Shastri S, Sharma P. Intrauterine growth
restriction - part 2. J Matern Fetal Neonatal Med. 2016;29(24):4037–48.
https://doi.org/10.3109/14767058.2016.1154525.
3. Hales CN, Barker DJ. Type 2 (non-insulin-dependent) diabetes mellitus: the
thrifty phenotype hypothesis. Diabetologia. 1992;35(7):595–601. https://doi.
org/10.1007/BF00400248.

20.

Simmons R. Developmental origins of adult metabolic disease: concepts
and controversies. Trends Endocrinol Metab. 2005;16(8):390–4. https://doi.
org/10.1016/j.tem.2005.08.004.
Stanirowski PJ, Szukiewicz D, Pazura-Turowska M, Sawicki W, Cendrowski K.
Placental expression of glucose transporter proteins in pregnancies
complicated by gestational and Pregestational diabetes mellitus. Can J
Diabetes. 2018;42(2):209–17. https://doi.org/10.1016/j.jcjd.2017.04.008.
Baumann MU, Deborde S, Illsley NP. Placental glucose transfer and fetal
growth. Endocrine. 2002;19(1):13–22. https://doi.org/10.1385/ENDO:19:1:13.
Murthi P, Stevenson JL, Money TT, Borg AJ, Brennecke SP, Gude NM.
Placental CLIC3 is increased in fetal growth restriction and pre-eclampsia
affected human pregnancies. Placenta. 2012;33(9):741–4. https://doi.org/10.1
016/j.placenta.2012.06.011.
Ericsson A, Hamark B, Powell TL, Jansson T. Glucose transporter isoform 4 is
expressed in the syncytiotrophoblast of first trimester human placenta. Hum
Reprod. 2005;20(2):521–30. https://doi.org/10.1093/humrep/deh596.
Barker DJ. The origins of the developmental origins theory. J Intern Med.
2007;261(5):412–7. https://doi.org/10.1111/j.1365-2796.2007.01809.x.
Janzen C, Lei MY, Cho J, Sullivan P, Shin BC, Devaskar SU. Placental glucose
transporter 3 (GLUT3) is up-regulated in human pregnancies complicated
by late-onset intrauterine growth restriction. Placenta. 2013;34(11):1072–8.
https://doi.org/10.1016/j.placenta.2013.08.010.
Beune IM, Bloomfield FH, Ganzevoort W, Embleton ND, Rozance PJ, van
Wassenaer-Leemhuis AG, et al. Consensus based definition of growth
restriction in the newborn. J Pediatr. 2018;196:71–6 e71. https://doi.org/10.1
016/j.jpeds.2017.12.059.
Gordijn SJ, Beune IM, Thilaganathan B, Papageorghiou A, Baschat AA, Baker
PN, et al. Consensus definition of fetal growth restriction: a Delphi
procedure. Ultrasound Obstet Gynecol. 2016;48(3):333–9. https://doi.org/10.1
002/uog.15884.
Baumann MU, Zamudio S, Illsley NP. Hypoxic upregulation of glucose
transporters in BeWo choriocarcinoma cells is mediated by hypoxiainducible factor-1. Am J Physiol Cell Physiol. 2007;293(1):C477–85. https://
doi.org/10.1152/ajpcell.00075.2007.
Quintero RA, Morales WJ, Allen MH, Bornick PW, Johnson PK, Kruger M.
Staging of twin-twin transfusion syndrome. J Perinatol. 1999;19(8 Pt 1):550–
5. https://doi.org/10.1038/sj.jp.7200292.
Lopriore E, Slaghekke F, Oepkes D, Middeldorp JM, Vandenbussche FP,
Walther FJ. Hematological characteristics in neonates with twin anemiapolycythemia sequence (TAPS). Prenat Diagn. 2010;30(3):251–5. https://doi.
org/10.1002/pd.2453.
Russell Z, Quintero RA, Kontopoulos EV. Intrauterine growth restriction in
monochorionic twins. Semin Fetal Neonatal Med. 2007;12(6):439–49. https://
doi.org/10.1016/j.siny.2007.06.004.
Sueters M, Oepkes D. Diagnosis of twin-to-twin transfusion syndrome,
selective fetal growth restriction, twin anaemia-polycythaemia sequence,
and twin reversed arterial perfusion sequence. Best Pract Res Clin Obstet
Gynaecol. 2014;28(2):215–26. https://doi.org/10.1016/j.bpobgyn.2013.12.002.
Herr F, Schreiner I, Baal N, Pfarrer C, Zygmunt M. Expression patterns of
notch receptors and their ligands jagged and Delta in human placenta.
Placenta. 2011;32(8):554–63. https://doi.org/10.1016/j.placenta.2011.04.018.
Chang YL, Chang SD, Chao AS, Wang CN, Wang TH, Cheng PJ. The
relationships of umbilical venous volume flow, birthweight and placental
share in monochorionic twin pregnancies with and without selective
intrauterine growth restriction. Twin Res Hum Genet. 2011;14(2):192–7.
https://doi.org/10.1375/twin.14.2.192.
Chang YL, Wang TH, Abufraijeh SM, Chang SD, Chao AS, Hsieh PCC.
Preliminary report of altered insulin secretion pattern in monochorionic
twin pregnancies complicated with selective intrauterine growth restriction.
Taiwan J Obstet Gynecol. 2017;56(1):51–4. https://doi.org/10.1016/j.tjog.201
5.11.004.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

