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INTRODUCTION

1. Gestational Diabetes Mellitus

1.1. Definition, Prevalence and Diagnostic Criteria

Diabetes mellitus is the most prevalent metabolic disorder affecting pregnant
women [Negrato and Gomes, 2013]. Gestational diabetes mellitus (GDM) constitutes
the most common type [Lappas et al., 2011], corresponding approximately to 90% of
diabetic pregnancies, whereas type 1 (T1D) and type 2 diabetes account for the
remaining 10% [Magon and Chauhan, 2012; Vargas et al., 2010].

GDM is defined as any degree of glucose intolerance with onset or first
recognition during pregnancy (usually towards the late-second and early-third
trimester) [ADA, 2013]. Its prevalence is difficult to compare from country to
country due to the different diagnostic criteria used among distinct populations
[Nolan, 2011]. In this sense, to promote the endorsement of consensual diagnostic
criteria for GDM and, at the same time, to clarify the thresholds of maternal glycemia
associated with an increased risk of adverse maternal, fetal and neonatal outcomes
[Negrato and Gomes, 2013], the International Association of Diabetes in Pregnancy
Study Group (IADPSG) Consensus Panel was created in 1998 [Metzger et al., 2010].
The results from the hyperglycemia and adverse pregnancy outcomes (HAPO) study
[Metzger et al., 2008] along with other similar studies [Jensen et al., 2008; Pettitt et
al., 1980; Sacks et al., 1995], served as the fundamental basis for the development of
new diagnostic criteria by the IADPSG Consensus Panel. The HAPO study was a
large-scale, multicentric and multiethnic epidemiologic research study which
demonstrated for the first time that the risk of adverse perinatal outcomes, such as
birth weight above the 90t percentile (large-for-gestational age [LGA] newborns),
neonatal hyperinsulinemia, hyperbilirubinemia, hypoglycemia and adiposity,
preterm delivery, cesarean section and preeclampsia, linearly increased as a
function of maternal plasma glucose levels measured at 24-28 weeks of gestation.
This association was present, even for glycemic ranges lower than that of overt
diabetes [Metzger et al., 2008].

In 2010, the IADPSG Consensus Panel recommended that all women not
previously diagnosed with diabetes before pregnancy should undergo a 75-g oral
glucose tolerance test (OGTT) at 24-28 weeks of gestation. Attaining or exceeding

any of the following plasma glucose thresholds would make a GDM diagnosis: 92
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mg/dl (5.1 mM) for fasting plasma glucose, 180 mg/dl (10.0 mM) for 1-h OGTT
plasma glucose or 153 mg/dl (8.5 mM) for 2-h OGTT plasma glucose [Metzger et al,,
2010]. These new diagnostic criteria, which were adopted by Portugal in 2011
[Vicente and Boavida, 2011], significantly increased the prevalence of GDM to
approximately 18% of all pregnancies (range 9.3-25.5%) [Sacks et al., 2012], which
is more than the double of the prevalence based on older criteria [Homko, 2011],
such as those of Carpenter and Coustan [Berggren et al, 2011]. This rise is
explained by the fact that only one abnormal blood glucose value [Metzger et al.,
2010], in contrast to the older criteria that stipulated at least two (reviewed in

[Negrato and Gomes, 2013]), is sufficient to make a GDM diagnosis [ADA, 2013].

1.2. Etiology and Pathogenesis

From the mid-second trimester until term, pregnancy is associated with a
progressive increase in insulin resistance [Ben-Haroush et al.,, 2004] to ensure an
appropriate glucose delivery to the growing fetus [Wong et al., 2002]. This appears
to result from a combination of increased maternal adiposity and circulating levels
of insulin-desensitizing hormones [Ben-Haroush et al., 2004; Buchanan and Xiang,
2005], in particular human placental lactogen and growth hormone, progesterone,
cortisol, prolactin and estrogen. Altered levels of adipose tissue-derived mediators,
such as an increase in leptin and tumor necrosis factor-alpha (TNF-a) and a
decrease in adiponectin have also been reported to contribute to pregnancy-induced
insulin resistance [Golbidi and Laher, 2013; Vargas et al., 2010].

In normal pregnant women, this physiological insulin resistance is
compensated by an increase in insulin secretion. However, in GDM women this
compensatory insulin secretion is not sufficient to maintain response, and maternal
hyperglycemia develops [Buchanan and Xiang, 2005]. So, hallmarks of GDM include
insulin resistance, hyperglycemia [ADA, 2013; Ben-Haroush et al, 2004] and
hyperinsulinemia [Lepercq et al, 1998]. Although not exclusive to GDM,
hyperleptinemia [Ategbo et al., 2006; Guvener et al,, 2012] and elevated levels of
proinflammatory cytokines, such as TNF-a [Ategbo et al., 2006; Plomgaard et al,,
2007], are also associated with this disease.

It is still poorly understood why the increase in insulin secretion is

inadequate to accommodate the increased insulin resistance in GDM. Two of the best
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characterized molecular mechanisms include: a) the presence of a defect in insulin
post-receptor signaling pathway (phosphatidylinositol 3-kinase [PI3K]) in
peripheral maternal tissues, thereby contributing to a reduced insulin-mediated
glucose uptake [Friedman et al., 1999; Metzger et al, 2007], and b) a defect in
pancreatic (-cell function [Metzger et al., 2007]. On the other hand, since GDM is a
multifactorial disorder, several modifiable and non-modifiable factors may also
explain the increased risk of developing this disease [Ben-Haroush et al.,, 2004].
These factors include: a) maternal overweight or obesity (pre-gravid body mass
index = 25) [Chu et al., 2007], b) advanced maternal age [Khalil et al., 2013], c) high
parity (number of times a women has given birth) [Ben-Haroush et al.,, 2004], d)
adverse obstetric outcomes in previous pregnancies (eg. stillbirth, LGA newborns
and GDM) [Buchanan and Xiang, 2005] and e) diabetes in first-degree relative(s)
[Buchanan and Xiang, 2005].

1.3. Perinatal and Long-term Outcomes

As described in HAPO study (briefly reviewed in section 1.1.), GDM is
associated with perinatal complications, in particular fetal macrosomia, which
increases the risk of LGA newborn deliveries and traumatic birth injuries [Metzger
et al, 2010; Metzger et al, 2008]. Furthermore, GDM increases the risk of the
newborn to develop cardiovascular and metabolic diseases (obesity, type 2 diabetes
and metabolic syndrome) [Boney et al., 2005; Gluckman et al., 2008; Lee et al., 2007]
and neurological dysfunctions (inattention, hyperactivity and lower intelligence
quotient scores) later in life [Ornoy, 2005; Stenninger et al., 1998]. Altogether, this
data support the importance of GDM in fetal programming of adult diseases.

Also, although most GDM women return to normal glucose tolerance after
delivery [Kautzky-Willer et al., 2001], they present an increased risk of developing
type 2 diabetes and having a cardiovascular event later in life [Metzger et al., 2007].

Maternal hyperglycemia is recognized as the main risk factor for the
occurrence of adverse pregnancy outcomes associated with GDM [Biri et al., 2009;
Pettitt et al., 2008; Simeoni and Barker, 2009; Yessoufou and Moutairou, 2011].
However, poor outcomes have also been reported in infants born from GDM
mothers with an adequate glycemic control [Franks et al., 2006; Takayama-Hasumi

et al, 1994], suggesting that, besides hyperglycemia, other GDM-associated
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conditions, such as hyperinsulinemia, hyperleptinemia, inflammation and also
oxidative stress - a condition in which cellular production of reactive oxygen species
(ROS) overwhelms the ability of the antioxidant system to maintain ROS within
physiological levels [Kohen and Nyska, 2002; Lappas et al, 2011] - may also be
involved in GDM pathophysiology. In fact, oxidative stress could adversely affect
insulin production by the pancreas leading to -cell apoptosis, further exacerbating
GDM metabolic phenotype [Herrera and Ortega-Senovilla, 2010].

The cellular and molecular mechanisms by which GDM and its conditions
increase perinatal and later in life adverse health outcomes are still largely
unexplored. However, some hypothesis have been raised, including changes in
nutrient supply to the fetus, particularly fatty acids, amino acids and micronutrients
[Metzger et al., 2007]; alterations in the expression of genes that control fetal growth
and development by epigenetic mechanisms [Simeoni and Barker, 2009]; and
alterations in placental development [Simeoni and Barker, 2009].

Understanding how these mechanisms are altered in GDM will certainly
contribute for a better understanding of GDM pathophysiology and to unveil
pharmacological and nutritional strategies to prevent the occurrence of GDM

complications.

1.4. Management

Antepartum care is absolutely essential to normalize maternal glycemia and
to reduce the morbidity and mortality associated with GDM [Buchanan and Xiang,
2005; Faraci et al., 2011]. Nutritional therapy is the first-line treatment [Metzger et
al, 2007] but if adequate glycemic control is not achieved, subcutaneous insulin
therapy is initiated. Physical exercise is also recommended for all GDM women
capable of performing it [Golbidi and Laher, 2013].

Due to the similar effectiveness, but easier administration and lower cost
when compared to insulin, selected oral anti-diabetic drugs (gliburyde and
metformin) can be used as an alternative to insulin therapy [Relatério de Consenso
sobre a Diabetes e Gravidez, 2011]. However, the risk/benefit of their use must be
carefully assessed [Relatério de Consenso sobre a Diabetes e Gravidez, 2011], as
their long-term safeness to the offspring health is still not completely proven [Nolan,

2011].
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2. Human Placenta

2.1. Structure and Functions

In mammals, the placenta is the main interface between the maternal and
fetal blood circulations [Fowden et al.,, 2008]. This transient organ of fetal origin
performs multiple functions required for the growth and development of the fetus.
Namely, a) it anchors the conceptus to the uterine wall and prevents its rejection by
the maternal immune system [Fowden et al., 2008; Sandovici et al.,, 2012], b) it
mediates the exchange of nutrients, respiratory gases, water and waste metabolites
between maternal and fetal blood [Fowden et al., 2008] and c) it produces and
metabolizes several hormones (including prolactin, progesterone, lactogen, growth
hormone, chorionic gonadotropin and leptin), growth factors, cytokines and
eicosanoids, that can be secreted into both the fetal and maternal circulations
[Fowden et al., 2008; Fowden et al., 2009; Sandovici et al., 2012].

The human term placenta is constituted by three tissue layers: a) the
syncytiotrophoblast (STB) epithelium, which is supported by an underlying
basement membrane, b) the fetal connective tissue and c) the fetal capillary
endothelium (Fig. 1) [Cleal and Lewis, 2008; Jansson et al., 2009].

During the first 21 days of pregnancy, trophoblast cells differentiate into
villous or extravillous cytotrophoblasts. The extravillous cytotrophoblasts invade
the myometrium and uterine vasculature, being essential for the anchorage of the
placenta to the uterus, whereas villous cytotrophoblasts differentiate and fuse
originating the STB layer [Malassine et al., 2003]. This layer has two polarized
plasma membranes: the microvillous membrane (MVM), directed towards the
maternal blood, and the basal membrane (BM), facing fetal capillaries [Jansson et al.,
2009] (Fig. 1). Since maternal blood comes into direct contact with the STB the
human placenta is designated as hemochorial [Carter, 2012]. This placental type is

also typical of many rodents and primates.
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Fig. 1. Representation of the human term placenta structure at the maternal-to fetal interface.

The STB epithelium is the most important placental tissue actively involved
in the maternal-to-fetal transport of nutrients such as glucose, amino acids, fatty
acids, vitamins and ions [Desforges and Sibley, 2010; Jansson et al., 2009; Sandovici
et al., 2012]. Nutrient transport across the STB can occur by simple diffusion,
protein-mediated transport or by receptor-mediated endocytosis [Desforges and
Sibley, 2010]. The rate at which these processes occur depend mainly on the
physico-chemical characteristics of the nutrient (eg. electrical charge and
hydrophilicity/hydrophobicity) [Desforges and Sibley, 2010], but are also
dependent on placental size, surface area, thickness and metabolism (ie. nutrient
consumption and production) [Fowden et al, 2008; Lager and Powell, 2012],
nutrient concentration gradient between maternal and fetal circulations [Fowden et
al., 2009], and on uteroplacental and fetal vasculature and blood flow. Moreover,
placental transport also depends upon the location, expression and activity of
transporter proteins present in the STB plasma membranes [Fowden et al., 2008;
Lager and Powell, 2012].

In vivo, transport across the human placenta can be studied by measuring the
appearance of nutrients labeled with stable isotopes (eg. 13C) in cord blood, after

their administration to the mother [Haggarty, 2010]. However, since these studies
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give us an indirect measure of transport (as it is inferred from isotope concentration
differences between the maternal and fetal blood circulations), in vitro placental
models have been developed in order to directly access transport rates [Haggarty,
2010], namely placental explants, STB membrane vesicles and cell cultures of human

trophoblasts (primary cells and cell lines) [Levkovitz et al., 2013].

2.2. Placental Transport of Nutrients

The transplacental transport of nutrients is of particular importance to
assure an adequate fetal growth and development [Avagliano et al, 2012].
Moreover, changes in nutrient transport capacity across the STB membranes have
been associated with abnormal size and weight at birth, which, as first noted by
[Barker et al., 1993], are both major determinants of perinatal morbidity and
mortality and of later in life development of cardiovascular and metabolic diseases
[Jansson et al., 2009; Lager and Powell, 2012].

The major subject of this study was to investigate the impact of GDM upon
placental transport of the nutrients folic acid (FA), L-methionine (L-Met),
arachidonic (AA) and docohexaenoic (DHA) acids and glucose. So, in the next section
we will briefly describe the main principles of FA, amino acids, long-chain

polyunsaturated fatty acids (LC-PUFAs) and glucose placental transport.

2.2.1. FA Transporters

FA or pteroylmonoglutamate is the parent structure and oxidized form of the
By family of water-soluble vitamins known as folates [Lucock, 2000]. N°-
methyltetrahydrofolate, a reduced folate, is the most common form naturally
occuring in food [Lucock, 2000], and nutritional supplements and fortified foods are
the most abundant dietary sources of FA [Caballero et al., 2005; Lucock, 2000].

Folates are essential micronutrients that facilitate the intracellular transfer
of one-carbon units required for a) the synthesis of purine and pyrimidine
precursors of nucleic acids [Lucock, 2000], b) the occurrence of methylation
reactions [Farkas et al, 2013], c¢) the initiation of protein synthesis in the
mitochondria and d) the metabolism of some amino acids (L-Met, L-Serine [L-Ser],
Glycine and L-Histidine) [Lucock, 2000] (Fig. 2). Due to this, folates play a crucial

role in the process of cell division and proliferation, being thus particularly
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important during pregnancy to assure placental and fetal development and uterine

expansion [Caballero et al., 2005; Lucock, 2000].

Folic acid
Purines
. P Methionine
Serine L
THF \
Glycine DMG SAM Methyl acceptor
5 10-MTHF MS BHMT Methyltransferase
o (vit. B12) DHA
/! Betaine SAH Methylated
,” product ~_
Fyrimidines > MTHE T DNA, Histones
Homocysteine Proteins
,Cysteine
Y
Glutathione \l/
Taurine

Fig. 2. Interaction of folic acid, methionine and docosahexaenoic acid in one carbon cycle.
5,10-MTHF: N5 N10-methylenetetrahydrofolate; 5-MTHF: N°-methyltetrahydrofolate; BHMT: betaine-
homocysteine methyltransferase; DHA: docosahexaenoic acid; DMG: dimethylglycine; MS: methionine
synthase; SAH: S-adenosylhomocysteine; SAM: S-adenosylmethionine; THF: tetrahydrofolate; vit B12:

vitamin Bis.

The increased demand for folates during pregnancy is well demonstrated by
the fact that maternal folate deficiency, the most common vitamin deficiency in
developed countries [Caballero et al., 2005], is associated with an increased risk of
low birth weight, spontaneous abortion, and neural tube defects (NTDs) (eg. spina
bifida and anencephaly) [Caballero et al., 2005; Lucock, 2000; Zhao et al., 2011].
Moreover, FA supplementation during the periconceptional period reduces the
incidence of such outcomes, particularly of NTDs [Caballero et al., 2005; CDC, 1991;
Lucock, 2000].

Neither the placenta nor the fetus is able to synthesize folates, so this vitamin
must be obtained from the maternal circulation through placental transport
[Giugliani et al,, 1985; Hutson et al., 2012]. The human placenta expresses three
specific folate transporters, namely the reduced folate carrier (RFC1), the alpha
isoform of the folate receptor (FRa) and the proton-coupled folate transporter

(PCFT). All of them act coordinately to ensure the vectorial transfer of folates from
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maternal to fetal circulation [Keating et al., 2009a; Solanky et al., 2010; Zhao et al,,
2009] (Fig. 3).

| Maternal circulation

MVM

circulation

Fig. 3. Main folic acid transporters present at the human syncytiotrophoblast.
: folic acid; BM: basal membrane; CTB: cytotrophoblast; FRo: folate receptor alpha; FE: fetal
endothelium; MVM: microvillous membrane; N: nucleus; OP+*: organic phosphates; PCFT: proton-

coupled folate transporter; STB: syncytiotrophoblast; RFC1: reduced folate carrier.

RFC1 is a folate:organic phosphate exchanger that utilizes the
transmembrane organic phosphate gradient to mediate the uphill transport of
folates into cells [Zhao et al., 2011; Zhao et al., 2009]. This bidirectional transporter
is expressed in both MVM and BM of the STB [Solanky et al., 2010] (Fig. 3), has a
maximal activity at physiological pH, and a higher affinity for reduced folates (such
as N°-methyltetrahydrofolate) over non-reduced folates [Zhao et al., 2011; Zhao et
al., 2009]. FRa is a high-affinity folate-binding protein selectively expressed in the
MVM of the STB (Fig. 3). This transporter is embedded in the membrane by a
glycosylphosphoinositol anchor [Solanky et al., 2010; Zhao et al.,, 2011; Zhao et al,,

2009] and mediates the unidirectional uptake of folates at neutral to mildly acidic
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pH. FRa has a higher affinity for non-reduced over reduced folates [Zhao et al,, 2011;
Zhao et al, 2009]. Concerning PCFT, this transporter is a high affinity folate:H*
symporter, with an optimal activity at acidic pH (5.5-6.0), that utilizes the
transmembrane H* gradient to achieve the uphill transport of folates into cells
[Keating et al., 2009a; Zhao et al.,, 2011; Zhao et al,, 2009]. PCFT is predominantly
present at the MVM, where it co-localizes with FRa [Solanky et al., 2010] (Fig. 3).

Recently, Solanky and co-workers proposed a model for folates transport
across the human STB (Fig. 3). The initial step involves binding of folates to FRa
localized in the MVM. Co-localization of this transporter with PCFT allows the
internalization of both into an endosome. During cytoplasmic transit, this endosome
is acidified (pH 6.0-6.5) due to an influx of protons, which promotes the dissociation
of folates from FRa and establishes a favourable H* gradient that allows PCFT-
mediated folate efflux into the cytoplasm. FRa and PCFT are then re-cycled back to
the MVM surface. At the MVM, RFC1 provides an alternative pathway for folates
uptake. Efflux across the BM does not involve neither FRa nor PCFT but instead
RFC1.

Other potential folate transporters localized at BM and MVM of the STB
(namely the ATP-binding cassette efflux transporters: multidrug resistance-
associated proteins and breast cancer resistance protein [Zhao et al.,, 2011]), may
also play a role in FA transport but their exact contribution is still poorly

understood.

2.2.1.1. Regulation of placental FA transport

Despite the recognized importance of folates for fetal development,
knowledge on the cellular mechanisms involved in its transfer across the placenta is
still very limited. Available data indicates that placental uptake of FA is
downregulated by chronic hyperglycemia, some anti-hypertensive drugs, drugs of
abuse and ethanol [Keating et al, 2009a], and is differently modulated by
polyphenolic compounds and methylxanthines [Keating et al., 2008]. Although
maternal folates deficiency and low birth weight are intimately associated, a
decrease in folates placental transport has not been demonstrated in FGR [Bisseling

et al., 2004]. Instead, an increase was reported by Keating and co-workers, which
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suggested that the placenta exhibited “a compensation for the weakness effect"

[Keating et al., 2009b].

2.2.2. Amino acid Transporters

Besides being used as building blocks for fetal protein synthesis, amino acids
constitute important energy substrates for both the fetus and the placenta [Jansson
et al, 2009] and they are biosynthetic precursors of purines, pyrimidines,
neurotransmitters, nitric oxide, glutathione, polyamines and haem [Cleal and Lewis,
2008; Grillo et al., 2008]. By virtue of not being synthesized by the fetus or placenta,
placental transport of nutritionally essential amino acids from the maternal
circulation is determinant for these functions to occur.

L-Met is a nutritionally essential large neutral amino acid that plays a key role
in one-carbon metabolism. After conversion to S-adenosylmethionine, this amino
acid provides the methyl groups necessary for the methylation of DNA, RNA,
proteins, biogenic amines and phospholipids (Fig. 2). The importance of L-Met
during pregnancy is well demonstrated by the higher occurrence of NTDs in women
with low dietary intake of L-Met, and FGR in animal models of L-Met intake
restriction during pregnancy [Kalhan and Marczewski, 2012].

Epigenetic regulation, in particular DNA methylation, plays a crucial role in
gene expression, imprinting processes and embryonic development, thereby
programming the fetus for future development of diseases [Jansson and Powell,
2007]. Since biological methylation reactions depend on the availability of L-Met
[Mato et al., 2008], and also of FA, changes in the placental transport of these
methyl-related nutrients will alter their availability to the fetus, providing a direct
link between placental function, gene methylation and fetal programming [Jansson
and Powell, 2007].

The concentration of most amino acids, including L-Met, at the placental level
is normally higher than that found in both fetal and maternal circulation [Cleal and
Lewis, 2008]. This suggests that their uptake across the MVM into the STB occurs
mainly by active processes [Desforges and Sibley, 2010], whereas their transport
across the BM into the fetal blood is mainly passive [Burton et al., 2011].

Based on the functional characteristics of amino acid transport systems, such

as substrate specificity, inhibition by L-Met and placental location, four different
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transporters have been identified in the human STB as capable of transporting L-
Met: systems A, L, y*L and b%* [Cleal and Lewis, 2008; Kudo and Boyd, 1990; Tsitsiou
etal, 2009] (Fig. 4).

circulation

Fig. 4. Main L-methionine transport systems present at the human syncytiotrophoblast.
‘: amino acids; BM: basal membrane; CTB: cytotrophoblast; FE: fetal endothelium; LAT: L-type
amino acid transporter; MVM: microvillous membrane; N: nucleus; SNAT: sodium coupled neutral

amino acids transporter; STB: syncytiotrophoblast; 7: expression not confirmed.

The Na*-dependent system A transporters mediate the uptake of neutral
amino acids (both essential and non essential) with short and unbranched side
chains, mostly L-Alanine (L-Ala), Glycine, L-Ser, L-Met and L-Glutamine [Cleal and
Lewis, 2008; Desforges and Sibley, 2010]. Although system A activity is present in
both MVM and BM of the STB, its activity is highly polarized to the MVM [Jansson et
al., 2001]. In agreement with this, the system A isoforms sodium-coupled neutral
amino acids transporter 1 (SNAT1), SNAT2 and SNAT4 are expressed mainly in the
MVM in comparison with the BM [Burton et al, 2011] (Fig. 4). SNAT1-4 are

accumulative transporters that mediate the influx of amino acids from maternal
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circulation into the STB, creating an outwardly directed concentration gradient that
will enable them to be transported outside the STB, towards the fetal circulation, by
using other amino acid transport systems.

System L is a Na*-independent amino acid transport system and the main
route for the transport of many neutral (eg. L-Met), branched-chain (eg. L-Leucine)
and aromatic (eg. L-Phenylalanine and L-Tyrosine) amino acids [Burton et al., 2011;
Cleal and Lewis, 2008]. Cellular localization of system L isoforms is polarized, with
L-type amino acid transporter 1 (LAT1) and LATZ2 being primarily, although not
exclusively, expressed in the MVM and BM, respectively (Fig. 4). Both of them allow
the exchange of intracellular non-essential amino acids (eg. transported by system
A) for extracellular essential amino acids, driving the uptake into STB of essential
amino acids [Burton et al,, 2011]. Additionally, LAT3 and LAT4 system L isoforms,
which are expressed in the BM of the STB, act as efflux transporters of amino acids
from the STB to the fetal circulation [Lager and Powell, 2012] (Fig. 4).

Besides the neutral amino acids transport systems mentioned above
(systems A and L), placental transport of L-Met also appears to involve the cationic
amino acid transport systems y*L and bo-+.

System y*L (represented by y*LAT1 and y*LAT2 amino acid transporters)
have been described to be present in both MVM and BM of the human STB (Fig. 4);
however, it is much more abundant at the BM. This system has been described to
exchange cationic amino acids (eg. L-Lysine, L-Lys), which are transported out of the
STB down their electrical potential gradient, for neutral amino acids (eg. L-Leucine,
L-Met) plus Na*, which are transported into the STB [Grillo et al., 2008]. System bo+
(isoform b%+*AT) has similar characteristics as y*L, except that it transports neutral
amino acids in the absence of Na* [Battaglia and Regnault, 2001; Cleal and Lewis,
2008; Jansson, 2001]. More detailed information about system bo* activity and
expression in the STB membranes is at the moment scarce and conflicting [Ayuk et

al,, 2000; Jansson, 2001] (Fig. 4).

2.2.2.1. Regulation of placental amino acids transport
In placentas obtained from FGR newborns, the activity and expression of
systems A, L and y*L, and of cationic amino acid transporter system y* and aromatic

amino acid transporter system T were shown to be reduced in MVM and/or BM of
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the STB (reviewed by [Avagliano et al., 2012; Larque et al,, 2013]). On the other
hand, in fetal overgrowth [Jansson et al., 2013; Jansson et al., 2002] the activity and
expression of system A transporters appears to be increased in MVM. Collectively,
these data show that reduced fetal growth is associated with a downregulation
whereas fetal overgrowth appears to be associated with an upregulation of placental
amino acid transporters. Whether these alterations are a cause or a consequence of
impaired fetal growth, is at the moment difficult to address [Cleal and Lewis, 2008].
The placental transport of amino acids is regulated by several maternal and
fetal factors [Cleal and Lewis, 2008]. Hormones (insulin and leptin) growth factors
(insulin-like growth factors) [Cleal and Lewis, 2008; Fowden et al, 2009],
proinflammatory cytokines (interleukin (IL)-6 and TNF-a) and glucocorticoids
(cortisol) [Burton et al., 2011; Fowden et al.,, 2009] have been shown to increase
system A transporter activity and SNAT1 and 2 expression. Conversely, adiponectin,
IL-13, angiotensin II, hypoxia and oxidative stress reduce system A activity and/or
SNAT?2 expression (reviewed by [Burton et al.,, 2011; Lager and Powell, 2012]).
System L is only affected by adiponectin, which downregulates its activity
[Rosario et al., 2012] and by insulin, which either increases or does not affect its
activity (Lager and Powell, 2012). The intracellular signaling pathway mammalian
target of rapamycin (mTOR) acts as a positive regulator of both systems A and L

[Jansson et al., 2012; Rosario et al., 2013].

2.2.3. LC-PUFAs Transporters

The nutritionally essential LC-PUFAs AA (20:4n-6) and DHA (22:6n-3) play a
fundamental role for both the health of the pregnant woman and for the growth and
development of the fetus [Innis, 1991]. Apart from serving as an energy substrate,
LC-PUFAs are essential components of cellular membranes, maintaining their
structure and function, and act as regulators of gene expression via nuclear
receptors [Schmitz and Ecker, 2008] and DNA methylation [Kulkarni et al., 2011]
(Fig. 2).

AA is essential for the synthesis of eicosanoids such as prostaglandins and
leukotrienes, which are important for the development of fetal nervous, visual,
immune and vascular systems [Cunningham and McDermott, 2009; Duttaroy, 2009]

and for labour [Allen and Harris, 2001]. DHA is also essential for the development of
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the fetal neurovisual system, being incorporated in high concentrations in the brain
and retina [Cunningham and McDermott, 2009; Duttaroy, 2009]. Through the
conversion of phosphatidylethanolamine-DHA to phosphatidylcholine-DHA, DHA
levels were shown to regulate methyl group availability [Kulkarni et al., 2011] (Fig.
2). A depletion of both AA and DHA in fetal tissues is associated with cognitive,
behavioral and visual abnormalities later in life [Innis, 2005]. Accordingly, several
studies suggest that maternal LC-PUFAs supplementation during pregnancy
improves neurodevelopmental functions of the infants (reviewed in [Larque et al,,
2011; Ryan et al,, 2010]) and, at the same time, reduces the risk of preterm delivery
[Greenberg et al., 2008] and low birth weight [Carlson et al., 2013; Greenberg et al,,
2008; Larque et al., 2012]. Based on this, the European Food Safety Authority (EFSA)
recommends that maternal intake of LC-PUFAs should be increased during
pregnancy and lactation [EFSA, 2010].

Optimal fetal growth and development depends on an adequate supply of AA
and DHA from maternal circulation [Duttaroy, 2009; Haggarty, 2010; Johnsen et al,,
2009]. Interestingly, most LC-PUFAs are present at higher concentrations in fetal
than in maternal circulation [Hanebutt et al, 2008] - a phenomenon termed
biomagnification [Larque et al., 2011]. This is thought to be the result of a selective
and more efficient placental transport of LC-PUFAs, over non-essential shorter fatty
acids, in favor of the fetus [Haggarty, 2010].

LC-PUFAs transported across the human STB are mainly derived from
triglyceride-rich lipoproteins (from which they must be released by the action of
placental lipases) and from fatty acids bound to albumin [Hanebutt et al., 2008] (Fig.
5). Although LC-PUFAs may be taken up by the STB via passive diffusion, membrane-
associated fatty acid transport proteins are also implicated in this transport process.
Namely, placental plasma membrane fatty acid binding protein (pFABPpm), fatty
acid transport proteins (FATP) and fatty acid translocase (FAT/CD36) [Duttaroy,
2009; Haggarty, 2010]. Additionally, intracellular fatty acid binding proteins (FABP),
in particular FABP 1, 3 and 4, are responsible for directing fatty acids to their
specific intracellular locations [Cunningham and McDermott, 2009; Duttaroy, 2009]
(Fig. 5). The precise mechanisms by which these transport proteins facilitate

transmembrane passage of LC-PUFAs are still a matter of speculation.
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Fig. 5. Long-chain polyunsaturated fatty acids transport at the human syncytiotrophoblast.

8. long-chain polyunsaturated fatty acid; ACSL: long-chain acyl-CoA synthetases; BM: basal
membrane; CTB: cytotrophoblast; FATP: fatty acid transport proteins; FAT/CD36: fatty acid
translocase; EL: endothelial lipase; FE: fetal endothelium; LP: lipoprotein; LPL: lipoprotein lipase;
LPr: lipoprotein receptor; MVM: microvillous membrane; N: nucleus; pFABPpm: placental plasma

membrane fatty acid binding protein; STB: syncytiotrophoblast.

pFABPpm is an unidirectional placenta-specific transporter with preferential
affinity for DHA and AA, that is found exclusively on the MVM of term STB (Fig. 5)
[Cunningham and McDermott, 2009; Duttaroy, 2009].

The FATP family (FATP1-6) transports fatty acids in an ATP-dependent
manner with no preference for any particular LC-PUFA [Duttaroy, 2009; Richards et
al., 2003], and FATP1, 2 and 4 are expressed in the MVM and BM of the human STB
[Cunningham and McDermott, 2009] (Fig. 5). A still ongoing debate about FATP is
whether they act solely as transmembrane transport proteins or if they also harbor
long-chain acyl-CoA synthetase (ACSL) activity [Bonen et al., 2007; Duttaroy, 2009].

ACSL are a group of cytosolic enzymes that trap and prevent the efflux of
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intracellular fatty acids by converting them into acyl-CoA derivatives for further
esterification or (3-oxidation [Pohl et al., 2004; Weedon-Fekjaer et al., 2010]. These
enzymes, in particular ACSL1, 3, 4, 5 and 6, have been proven to be involved in LC-
PUFAs uptake by trophoblasts [Duttaroy, 2009; Haggarty, 2010; Johnsen et al,
2009].

FAT/CD36 is a glycoprotein receptor that allows bididirectional and non-
selective transport of fatty acids, being expressed in both membranes of the STB
(Fig. 5) [Haggarty, 2010]. At the present, it still arguable if FAT/CD36 is really
important for AA and DHA placental transport [Cunningham and McDermott, 2009].

2.2.3.1. Regulation of placental transport of LC-PUFAs

Alterations in placental LC-PUFAs transport may occur in pregnancies
complicated by FGR, obesity or diabetes. Fetal:maternal blood ratio of AA and DHA
was found to be lower in FGR pregnancies compared with normal pregnancies
[Hanebutt et al., 2008]. Despite FAT/CD36 [Laivuori et al., 2006] and FABP1 and 3
[Cunningham and McDermott, 2009] gene expression being unchanged in placentas
from growth restricted fetuses, the activity of lipoprotein lipase was found to be
decreased, thereby reducing the availability of free fatty acids to be transported by
the STB [Magnusson et al., 2004b].

Recently, Dube et al. suggested that maternal obesity differently modulates
placental LC-PUFAs uptake: a decrease in FATP4 expression and trophoblast linoleic
acid transport but, at the same time, an increase in CD36 expression [Dube et al,,
2012].

An upregulation in the expression levels of FABP1, 3 and 4 [Magnusson et al.,
2004b; Radaelli et al.,, 2009] and ACSL2, 3 and 4 [Radaelli et al., 2009] have been
described in GDM and T1D placentas, suggesting an increase in LC-PUFAs placental
accumulation [Gauster et al, 2011; Magnusson et al., 2004b]. On the other hand,
plasma levels of AA and DHA in neonates born from T1D, type 2 diabetes and GDM
women (reviewed by [Herrera and Ortega-Senovilla, 2010]) was lower than those
born from control woman. This apparently inconsistent data suggests that placental
LC-PUFAs transport in diabetic pregnancies may be impaired [Herrera and Ortega-
Senovilla, 2010]. So, transport capacity at the STB level needs to be assessed in

diabetic pregnancies to better understand this point.
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2.2.4. Glucose Transporters

Glucose is the principal energy substrate for the feto-placental unit and, together
with amino acids, constitutes the primary stimuli for fetal secretion of the growth-
promoting hormone insulin [Jansson et al., 2009].

Placental transport of glucose occurs mainly through facilitative glucose
transporters (GLUT) [Day et al., 2013]. At least four different GLUT isoforms are
expressed in the human STB: GLUT1, 3, 4 and 12. However, the primary isoform
responsible for glucose transport across both membranes of the STB is believed to
be GLUT1 [Baumann et al., 2002; Carter, 2012; Jansson et al., 2009] (Fig. 6). GLUT1
distribution in the STB is asymmetric, with a greater expression and activity in the
MVM, which assures that glucose is transported down its concentration gradient
from maternal to fetal circulation [Baumann et al., 2002; Carter, 2012]. This led to
the proposal that GLUT-mediated transport across the BM of the STB constitutes the

rate limiting step in placental glucose transfer [Lager and Powell, 2012] (Fig. 6).

MVM

Fetal
circulation

Fig. 6. Glucose transport at the human syncytiotrophoblast.
.: glucose; BM: basal membrane; CTB: cytotrophoblast; FE: fetal endothelium; GLUT1: facilitative

glucose transporter isoform 1; MVM: microvillous membrane; N: nucleus; STB: syncytiotrophoblast.
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Glucose transporters other than GLUT1, namely GLUT3 and the insulin-sensitive
GLUT4 and 12, are found in first trimester STB, and play an important role earlier in
gestation [Baumann et al.,, 2002; Brown et al,, 2011; Lager and Powell, 2012]. In
accordance with this, insulin was shown to stimulate glucose transport in first
trimester but not in term placentas [Challier et al., 1986; Ericsson et al., 2005].

However, this point is still not completely clarified [Baumann et al., 2002].

2.2.4.1. Regulation of placental glucose transport

Alterations in placental glucose transport and metabolism have been reported to
occur in pregnancy disorders associated with aberrant fetal growth [Baumann et al,
2002; Desoye et al., 2011; Illsley, 2000; Magnusson et al., 2004a].

In T1D and GDM women, GLUT1 expression and activity was shown to be
increased in the BM of the STB [Baumann et al., 2002; Gaither et al., 1999] whereas
in growth restricted fetuses, GLUT1 expression and activity were unaltered
[Baumann et al., 2002] but placental glucose metabolism was decreased [Magnusson
et al., 2004a].

Some metabolic conditions have also been reported to regulate placental glucose
transport in human trophoblasts [Baumann et al.,, 2002]. An inverse relationship
was demonstrated between extracellular glucose concentration and GLUT1
expression and activity [Hahn et al, 1998; lllsley et al, 1998], suggesting a
downregulation in GLUT1 in response to excess glucose. Additionally,
corticotrophin-releasing hormone [Gao et al., 2012], insulin-like growth factor-1,
growth hormone and hypoxia (reviewed by [Baumann et al., 2002]) upregulated,

whereas glucocorticoids downregulated [Fowden et al., 2009] GLUT1 expression.

2.3 The Placenta as a nutrient sensor

The placenta has been proposed to acts as a nutrient sensor, by regulating the
transport capacity of nutrients in response to maternal or fetal stimuli [Jansson and
Powell, 2013]. According to this model, in the presence of a ‘low nutritional
environment’, like maternal under-nutrition (which induces FGR), the fetus signals
the placenta to upregulate nutrients transport (eg. folic acid, see section 2.2.1.1.)

through nutrient sensing signaling pathways, such as mTOR. However, this is
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inconsistent with data showing that placental transport of amino acids is
downregulated in FGR (see section 2.2.2.1.) [Jansson and Powell, 2013]. As a whole,
these obervations show that the nutrient sensing function of the placenta is still not
completely understood being presently an attractive area of research [Jansson and
Powell, 2013].
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AIMS

The main aim of this study was to investigate the impact of GDM and its
associated hallmarks upon placental nutrient transport and development.

To accomplish this, the specific aims of this study were:

CHAPTER 1 - Characterization of placental nutrient transport and

placental development in normal and GDM pregnancies

— to characterize and to compare the uptake of 3H-FA, 14C-L-Met, 14C-AA
and 14C-DHA by primary cultured human cytotrophoblasts obtained
from normal (NTB cells) and GDM pregnancies (DTB cells)

— to compare the viability, proliferation, differentiation and apoptosis of

NTB and DTB cells

CHAPTER II - Assessment of a GDM-associated hallmark (oxidative

stress) at placental level

— to assess oxidative stress status in GDM placentas

CHAPTER III - Modulation of placental nutrient transport by GDM-

associated hallmarks

— to study the effect of oxidative stress upon the uptake of 3H-

deoxyglucose (3H-DG) by the BeWo choriocarcinoma cell line

— to investigate the effect of hyperglycemia, hyperinsulinemia,
hyperleptinemia, and increased levels of inflammation and oxidative
stress upon the transport of FA, neutral amino acids and LC-PUFAs in

BeWo or NTB cells
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Characterization of placental nutrient transport and placental development

in normal and GDM pregnancies

The information contained in this chapter is included in the following original
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the human syncytiotrophoblast is affected by gestational diabetes, hyperleptinemia, and
TNF-a.
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IF: 2.67

B. Aratjo JR, Correia-Branco A, Ramalho C, Gongalves P, Pinho M], Keating E, Martel F. L-
methionine placental uptake: characterization and modulation in gestational diabetes

mellitus.

Reprod Sci. 2013;20:1492-1507
DOI: 10.1177/1933719113488442
IF: 2.06

C. Aragjo JR, Correia-Branco A, Ramalho C, Keating E, Martel F. Gestational diabetes mellitus
decreases placental uptake of long-chain polyunsaturated fatty acids: involvement of long-

chain acyl-CoA synthetase.
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A. Folic acid uptake by the human syncytiotrophoblast is affected by gestational diabetes,
hyperleptinemia, and TNF-a

.
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Folic acid uptake by the human syncytiotrophoblast is affected
by gestational diabetes, hyperleptinemia, and TNF-q

Jodo R. Araujo', Ana Correia-Branco’, Liliana Moreira', Carla Ramalho?, Fatima Martel” and Elisa Keating'

BACKGROUND: The mechanisms whereby gestational
diabetes mellitus (GDM) increases the risk of fetal overgrowth
and development of metabolic diseases later in life are likely to
involve changes in nutrient supply to the fetus. Hence, in this
work, we hypothesize that GDM may affect folic acid (FA) sup-
ply to the placenta and fetus.

METHODS: We compared *H-FA uptake by human cytotro-
phoblasts isolated from normal pregnancies (normal tropho-
blasts; NTB cells) and GDM pregnancies (diabetic trophoblasts;
DTB cells) and investigated the effect of GDM hallmarks on
H-FA uptake by BeWo cells.

RESULTS: *H-FA uptake by NTB and DTB cells was time depen-
dent and acidic pH stimulated. When compared with NTB, *H-FA
uptake by DTB cells was more sensitive to acidic pH changes
and to 5-methyltetrahydrofolate and pemetrexed (PTX) inhi-
bition, indicating a proportionally greater involvement of the
proton-coupled folate transporter (PCFT). A 4-h exposure of
BeWo cells to lipopolysaccharide (LPS, 1-10 ug/ml) or to high
levels of tumor necrosis factor-o (TNF-ar, 300 ng/l) significantly
reduced *H-FA uptake. Moreover, hyperleptinemic conditions
(100 ng/ml leptin) decreased *H-FA uptake by BeWo cells in a
time-dependent manner when compared with normoleptine-
mic conditions (1 ng/ml leptin).

CONCLUSION: GDM modulates “H-FA uptake by the syncy-
tiotrophoblast, and leptin as well as TNF-at downregulate it.

he nutritionally essential folic acid (FA; vitamin B,) is the par-
ent structure and oxidized form of the folate family of com-
pounds. These compounds facilitate the intracellular transfer of
one-carbon units, being involved in the synthesis of purine and
pyrimidine precursors of nucleic acids, the metabolism of several
amino acids, and the initiation of protein synthesis in the mito-
chondria (1). Maternal-to-fetal transport of folates at the level of
the syncytiotrophoblast epithelium is crucial for placental and
fetal development and growth because neither the placenta nor
the fetus can synthesize this vitamin. In fact, maternal folate defi-
ciency has been associated with low birth weight and neural tube
defects (2), and supplementation with FA during the periconcep-
tional period reduces the incidence of such outcomes (2,3).
The human placenta expresses the reduced folate carrier
(REC1) (4), the folate receptor isoforms o (5) and p (6), and the

proton-coupled folate transporter (PCFT) (7). These transport-
ers are believed to act coordinately to ensure the vectorial transfer
of folate from maternal-to-fetal circulation.

Gestational diabetes mellitus (GDM), defined as a degree of
glucose intolerance with onset or first recognition during preg-
nancy, affects about 7% of all pregnancies (8). This condition
is associated with fetal macrosomia, which increases the risk
of perinatal complications, and with cardiovascular and meta-
bolic diseases later in life both in the mother (9) and in the
offspring (10). The mechanisms whereby GDM increases the
risk of fetal overgrowth and development of metabolic diseases
later in life are still unclear, but are likely to involve changes
in nutrient supply to the fetus (11). Methyl-nutrients such as
folates, vitamin B, and methionine enable cellular methyla-
tion reactions and thus epigenetic regulation of gene expres-
sion. As such, we herein hypothesize that GDM may specifi-
cally affect folate supply to the placenta and the fetus.

To test our hypothesis, we characterized FA uptake by pri-
mary cultured cytotrophoblasts isolated from human placen-
tas of GDM-affected pregnancies (DTB cells) and compared it
with FA uptake by cytotrophoblasts isolated from human pla-
centas of uncomplicated pregnancies (NTB cells).

Hyperglycemia, hyperinsulinemia, and insulin resistance are
the hallmarks of GDM. Hyperleptinemia (12) and increased
inflammation (13) are also associated with this disease.
Therefore, we also investigated the modulation of FA placental
uptake by these GDM-associated conditions.

We verified that *H-FA uptake by DTB cells was more pH
dependent at acidic pH compared with NTB cells, indicat-
ing a higher PCFT:RFC1 ratio activity in these cells. We also
observed that hyperleptinemia and tumor necrosis factor-c
(TNF-ct) reduced FA uptake by BeWo cells.

RESULTS

Clinical, Anthropometric, and Demographic Characteristics of the
Study Groups

As shown in Table 1 (14), control and GDM groups were
closely matched in terms of clinical, anthropometric, and
demographic data. A trend toward increased birth weight and
length and placental weight was observed in the GDM group,
but these differences did not reach statistical significance.
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Table 1. Clinical, anthropometric, and demographic data of the
study groups

Controls GDM
Mothers

n 11 7
Maternal age (y) 324+17 334£15
BMI before delivery (kg/m?)? 31.2£21 323x1.1
Gravida (n) 25+05 21+03
Parity (n) 1.1+03 1.0£0.2
Mode of delivery

Vaginal (n (%)) 4(36) 3(43)

Cesarean (n (%)) 7(64) 4(57)
Therapeutics of GDM (n (%)) - Nutritional: 4 (57);

insulin: 3 (42)
Fasting blood glucose (mmol/1)® 43101 45+0.2
HbA, . (%) - 53+0.1
Periconceptional FA use (n (%))* 10(91)® 4(57)
Smokers (n (%)) a(0)ye 0(0)
Infants

Gestational age at birth (wk)" 39.2+03 39.3+03
Birth weight (g)' 3,1986+1226  33629+1763
Birth length (cm)’ 479+04 49.4+07
Placental weight (g) 590.6+25.8 648.4+376
SGA newborn (n (%)) SGA1(9) SGAO0(0)
AGA newborn (n (%)) AGA9(82) AGA6(86)
LGA newborn (n (%)) LGA1(9) LGA1(14)
Gender (n (%))

Male 3(27) 3(43)

Female 8(73) 4-(57)
5-min Apgar score 9.1+02 9.0+02

Values represent means + SEM.

*Parameter unknown for two subjects (one from each group). *Values obtained at
24-28wk of gestation. Parameter unknown for three subjects from the control group.
“Values obtained at 35-36wk of gestation. Parameter unknown for the subjects from
control group because this assay is not typically ordered for subjects with no history

of glucose mismanagement “Dosage and initiation period unknown. “Parameter
unknown for one subject."Parameter unknown for three subjects. sParameter unknown
for one subject. "Gestational age: number of completed weeks at the time of delivery,
determined by prenatal ultrasound at 11-13wk. Birth weight was evaluated to the
nearest gram.iLength was evaluated to the nearest tenth of a centimeter after birth

AGA, adequate for gestational age; FA, folicacid; GDM, gestational diabetic mellitus;
LGA, large for gestational age, classified according to published references standards
(14); SGA, small for gestational age.

*H-FA Apical Uptake by NTB and DTB Cells Is Time and pH
Dependent

To determine the time course of accumulation of °H-FA in NTB
and DTB cells, cells were incubated at pH 5.5 with 20 nmol/l
*H-FA for various periods of time. As shown in Figure 1, both
NTB and DTB cells accumulate *H-FA in a time-dependent
manner. In DTB cells, the rates of both inward and outward
transport (k, and k_, respectively) were significantly higher
than those for NTB cells, but the accumulation at steady state
(A,..) was unaltered (Table 2).

Copyright & 2013 International Pediatric Research Foundation, Inc.
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Figure 1. Time-course of *H-FA apical uptake by NTB (open circles) and
DTB (solid circles) cells. Cells were incubated at pH 5.5 with 20 nmol/l *H-FA
for various periods of time (n = 6-8, from three or four distinct placentas).
Values shown are arithmetic means + SEM. DTB, diabetic trophoblasts;

FA, folic acid; NTB, normal trophoblasts.

Apical uptake of *H-FA by NTB cells was linear with time for
up to 6 min of incubation. Therefore, a 6-min incubation time
was selected for subsequent experiments.

The effect of extracellular pH on the uptake of *H-FA was
examined by varying the pH of the extracellular media from
5.0 to 8.0 (Figure 2). *H-FA uptake in both NTB and DTB cells
was found to be markedly acidic-pH stimulated. Strikingly,
pH-dependence was greater in DTB cells, particularly for
acidic pH values (5.0-6.0).

Uptake was also found to be saturable in both NTB and DTB
cells but there were no differences in the evaluated kinetic
parameters, maximal velocity (V_ ), and Michaelis constant
(K ) (data not shown).

*H-FA Uptake by NTB and DTB Cells Is Differentially Modulated by
Folate Analogs and by SITS

To compare the specificity of the carrier process involved in
*H-FA uptake in NTB and DTB cells, we determined the effect
of an excess concentration of FA and ifs structural analogs
5-methyltetrahydrofolate, methotrexate (amethopterin), and
pemetrexed (PTX) and of 4-acetamido-4'-isothiocyanato-
2,2"-stilbenedisulfonic acid disodium salt hydrate (SITS; an
anion transport inhibitor) and thiamine pyrophosphate (TPP,
aknown inhibitor of RFC1) upon the uptake of *H-FA by NTB
and DTB cells at pH 5.5 (Figure 3). Most of these compounds
were able to similarly reduce *H-FA uptake in NTB and DTB
cells. The exceptions were SITS, which slightly inhibited
uptake by 12% in NTB but not in DTB cells; 5-methyltetra-
hydrofolate and PTX, which caused a greater inhibition of *H-
FA uptake in DTB cells; and TPP, which was devoid of effect
in NTB and DTB cells.

Hyperleptinemia and Inflammatory Markers Modulate *H-FA
Uptake by BeWo Cells

The next set of experiments aimed to investigate the effect of
specific GDM molecular hallmarks on *H-FA uptake by pla-
cental cells. For this purpose, we investigated the short- (1 and
4h) and long-term (24h) eftects of increasing concentrations of
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Table 2. Time-course parameters of *H-FA uptake by NTB and DTB cells

n A, (pmol-mg protein™') P k,.(pmol-mg protein~-min") P k.. (min™) P
NTB 8 384+034 0.23+0.03 0.059+0.012 0.033
DTB 6 327+0.10 NS 0.32+£0.02 0.039 0.097 £0.009

Cells were incubated at pH 5.5 with 20 nmol/I *H-FA for various periods of time (n =68, from 3 to 4 distinct placentas). Values represent means + SEM.

A, accumulation at steady state; DTB, diabetic trophoblasts; FA, folic acid; &, constant forinward transport; k_, constant for outward transport; NS, not significant; NTB, normal

trophoblasts.

25+

204

05 <

*H-FA wptake (pmolmg protein 6 min ™)
=
1

00

T T T T T T T
45 5.0 55 6.0 6.5 7.0 75 8.0 85

pH

Figure 2. pH-dependence of *H-FA apical uptake by NTB (open circles)
and DTB (solid circles) cells. Initial rates of uptake were determined in cells
incubated with 20 nmol/I *H-FA for 6 min at extracellular pH ranging from
5.0 to 8.0. Values shown are arithmetic means + SEM (n = 4-8, from two to
three distinct placentas). Two-way ANOVA retrieved significance values for
the pH (P < 0.0001) and the GDM (P = 0.0026) effects. FA, folic acid; GDM,
gestational diabetes mellitus.
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Figure 3. Effect of folic acid (FA; 100 umol/l), 5-methyltetrahydrofolate
(MTHF; 10 pmol/l), methotrexate (MTX; 10 umol/l), pemetrexed (PTX;

20 umol/l), 4-acetamido-4"-isothiocyanato-2,2"-stilbenedisulfonic acid
disodium salt hydrate (SITS; 500 umeol/l), and thiamine pyrophosphate
(TPP; 100 pmol/l) on *H-FA apical uptake by NTB (white bars) and DTB
(black bars) cells. Cells were incubated with 20 nmol/l *H-FA for 6min at
pH 5.5 in the presence of the compound (n =6-11, from 2 to 4 distinct
placentas) or the respective solvent (control; n = 5-13). Values shown are
arithmetic means + SEM. *Significantly different from control (P < 0.05);
*significantly different from NTB cells (P < 0.05).

p-glucose, insulin, leptin, lipopolysaccharide (LPS), and TNF-o
on the uptake of *H-FA by BeWo cells at physiological pH.

Hyperglycemia (10 and 30 mmol/l p-glucose (8)) and hyper-
insulinemia (50 and 100 nmol/1 insulin (15)) were devoid of
effect on *H-FA uptake by BeWo cells compared with isosmotic
normoglycemic (5.6mmol/l glucose) and normoinsulinemic
(10 pmol/l insulin (16)) conditions (Figure 4a,b).

On the other hand, as shown in Figure 4c, 100 ng/ml leptin
(experimental hyperleptinemia (15), corresponding to ~3 times
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the plasma levels of leptin found in women with GDM) decreased
*H-FA uptake by BeWo cells up to 25% in a time-dependent
manner compared with leptin 1 ng/ml (which is in the range of
concentrations found in normal pregnancies (17)). Curiously, a
4-h exposure of BeWo cells to 1, 100, 300, or 1,000 ng/ml leptin
increased *H-FA uptake to 121.9 + 4.7%; 114.3 + 3.7%; 109.5 +
2.8%; or 119.8 + 8.6%, respectively (n = 11) compared with
uptake in the total absence of this hormone.

Finally, a 4-h exposure of BeWo cells to 1 or 10 ug/ml LPS
concentrations known to induce proinflammatory cytokine
(interleukin-6 and TNF-or) secretion in trophoblast cells
(18) and to 300ng/l TNF-o itself significantly reduced *H-
FA uptake (Figure 4d). Smaller (1h) or longer (24h) periods
of exposure to these proinflammatory conditions (data not
shown) or to lower concentrations of TNF-o. (Figure 4d) did
not alter *H-FA transport.

We next tested the effect of selected GDM conditions on the
kinetic parameters of *H-FA uptake in BeWo cells. A 4-hand a
24-h treatment with 1 and 100 ng/ml leptin, respectively, and a
4-h treatment with 10 pg/ml LPS did not alter the K_and V__
of *H-FA uptake by this cell line (data not shown).

Hyperleptinemia-Induced Inhibition of ?H-FA Uptake Is
Independent of Signaling through JAK/STAT, PI3K, PKA, PKC, and
MAPK

The functions attributed to leptin depend on its binding to
OB-R leptin receptors, which have been localized in the human
syncytiotrophoblast (19), resulting in activation of the follow-
ing signal transduction pathways: janus kinases (JAK)/signal
transducers and activators of transcription (STAT), phospho-
inositide 3-kinase (PI3K), protein kinases (PK) A and C and
mitogen-activated protein kinases (MAPK) (extracellular-
signal-regulated-kinase (ERK), c-Jun N-terminal kinase
(JNK), and p38 MAPK) (20).

Thus, we investigated the signaling mechanisms involved in
the inhibitory effect mediated by leptin on *H-FA uptake by
BeWo cells by assessing the effect of exposing BeWo cells for
24h to inhibitors of intracellular signaling pathways, to leptin,
or to both.

The role of JAK2/STATS3 in leptin (100 ng/ml)-induced inhi-
bition of “H-FA uptake was investigated by treating BeWo cells
for 24h with 5 pmol/l of the well-established JAK2 inhibitor
AG490 (21). Of note, the inhibitory effect of leptin on the
uptake of *H-FA in the presence of AG490 was smaller than the
inhibitory effect of leptin alone (Figure 5). However, western
blotting phosphorylation assays failed to confirm the involve-
ment of JAK2/STAT3 signaling in the leptin effect in BeWo
cells (data not shown).

Copyright © 2013 International Pediatric Research Foundatien, Inc.
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Figure 4. Effect of GDM-associated conditions on *H-FA apical uptake by BeWa cells. Cells were exposed to (a) b-glucose at 10 or 30mmol/I

(white and black bars respectively; n = 8-9) or 5.6 mmol/l (supplemented with mannitol up to 10 or 30 mmol/l for isosmotic control, corresponding to
normoglycemia (100%), n = 9) for the indicated periods of time; (b) insulin at 1 or 50nmol/l (white and black bars respectively; n = 8-12) or at 0.01 nmol/I
(normeinsulinemia (100%), n = 9-12) for the indicated periods of time; {c) leptin at 100ng/ml (white bars; n = 8-10) or 1 ng/ml (normoleptinemia (100%),
n=9-11) for the indicated periods of time; and (d) LPS 1-50 pg/ml (white bars n = 12-17), tumor necrosis factor-c at 10-1,000ng/! (black bars; n =
10-11), or the respective solvents (control (100%); n = 11-14) for 4 h. Initial rates of uptake were determined in cells incubated with 50nmol/1 *H-FA for
6min at pH 7.5. Values shown are arithmetic means = SEM. *Significantly different from control (P < 0.05); *Significantly different from normoleptinemia
(P < 0.05). FA, folic acid; GDM, gestational diabetes mellitus; LPS, lipopolysaccharide.

i)
o

2

H-FA uptake (% of cantrol)
oo
- % g 3
Pl He|=

\?%@} \pq,b s R K 3§ aq‘g?d,}? NoXCA N
x avy S e ¢ S
& 2 a(} x o5 9.9
\PQ Q\\(\ ~ ) P & <)‘\<\ <3§\
4 & N
N S N &

Figure 5. Effect of inhibitors of signaling pathways on the apical uptake
of *H-FA and on leptin-induced inhibition of *H-FA uptake by BeWo cells.
Initial rates of uptake were determined in cells incubated for 6 min with
50 nmol/l 3H-FA after treatment for 24 h with 100 ng/ml leptin, 5 pmol/l
AG490, 100 ng/ml leptin + 5 pmol/l AG490 (leptin + AG490), 1 pmol/I
LY294002, 100ng/ml leptin + 1 pmol/l LY294002 (leptin + LY294002),

1 pmol/l H-89, 100 ng/ml leptin + 1 pmol/l H-89 (leptin + H-89), 0.1
umol/l chelerythrine, 100 ng/ml leptin + 0.1 pmol/l chelerythrine (leptin
+ chelerythrine), 2.5 umol/l PD98059, 100 ng/ml leptin + 2.5 umol/I
PD98059 (leptin + PD98059), 9.6 pmol/l SB203580, 100 ng/ml leptin +
9.6 pmol/l SB203580 (leptin + SB203580), 5 pmol/l SP600125, and

100 ng/ml leptin + 5 pmol/l SP600125 (leptin + SP600125) (n =6-11).
Values shown are arithmetic means + SEM. *Significantly different from
control (P < 0.05); "significantly different from leptin (P < 0.05). FA, folic
acid; NS, not significant.

Copyright © 2013 International Pediatric Research Foundation, Inc.

With respect to the PI3K pathway, LY29400 (1 umol/l), a spe-
cific inhibitor of PI3K activity (22), was not able to alter *H-FA
uptake by itself and it did not affect the inhibitory effect of leptin
on *H-FA uptake, indicating that PI3K signaling is not involved
in *H-FA baseline uptake or in the leptin effect on this process
(Figure 5).

H-89 (23) (1 pmol/l) and chelerythrine (24) (0.1 pmol/l),
two specific inhibitors of PKA and PKC, respectively, reduced
*H-FA uptake (by 17-18%), indicating that PKA and PKC acti-
vation is required for the baseline transport of this vitamin
(Figure 5). However, the inhibitory effect of leptin on *H-FA
uptake was not affected by either, excluding the involvement of
PKA and PKC on the leptin inhibitory effect on *H-FA uptake
by BeWo cells.

Finally, the involvement of MAPK pathways was investi-
gated by testing the effect of specific inhibitors of MAPK/
ERK kinase (MEK) (25) (PD980592.5 umol/l), p38 MAPK
(26) (SB2035809.6 pmol/l), and c-Jun N-terminal kinase
(27) (SP600125 5 pmol/l). Uptake of *H-FA was reduced (by
14-20%) in the presence of either PD98059 or SB203580
but it was not affected by SP600125. Hence, MEK and p38
MAPK, but not c-Jun N-terminal kinase activation, appear
to be required for *H-FA baseline transport into BeWo cells
(Figure 5). Moreover, the inhibitory effect of leptin on *H-FA
uptake was not affected by either of these compounds, thereby
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excluding the involvement of the MAPK pathway in the inhib-
itory effect of leptin.

DISCUSSION

It is currently accepted that GDM precipitates offsprings’ risk
for developing cardiometabolic complications later in life
(10,28). However, the exact molecular mechanisms underlying
this programming effect are still unknown. One speculative
explanation is that the intrauterine environment during GDM,
perturbed by conditions such as hyperglycemia, hyperinsu-
linemia or even hyperleptinemia, and increased inflammatory
environment, may induce epigenetic changes that will ulti-
mately influence fetoplacental physiology and developmental
programming (29).

Given that folates are obligatory cofactors for the provision
of methyl groups for epigenetic regulation of gene expression
and that little is known about the influence of GDM on feto-
placental folate homeostasis, the aims of this work were to
investigate whether GDM affects FA placental transport and to
identify specific GDM molecular hallmarks that may interfere
with this process. To do this, we used two different approaches.
First, we characterized *H-FA transport in human cytotropho-
blasts isolated from normal and GDM pregnancies. Second, we
investigated the effect of specific GDM conditions on *H-FA
uptake in the BeWo cell line, a placental cellular model.

Both NTB and BeWo cells have been shown by us (30-32)
and by others (33) to be suitable models for the study of pla-
cental transport mechanisms. Indeed, FA uptake character-
istics and modulation have been shown to be very similar in
both models (34).

When we compared *H-FA transport characteristics in NTB
and DTB cells, we found that, although GDM does not sig-
nificantly change the steady-state intracellular accumulation
of *H-FA, DTB cells have higher rates of inward and outward
transport, suggesting that a higher turnover of intracellular FA
is required in these cells to maintain normal FA homeostasis.

The pH-dependence profiles of ‘H-FA uptake by NTB and
DTB cells revealed an acidic optimum pH, pointing to the
functional presence of the high-affinity folate: H* symporter
PCFT. In addition, the greater pH-dependence observed in
DTB cells for low pH values may indicate a higher PCFT:RFC1
relative activity in these cells. This finding is confirmed by the
greater PTX-induced inhibition of uptake at pH 5.5 in DTB as
compared with NTB cells (PTX is a high-affinity PCFT sub-
strate but a very-low-affinity RFC1 substrate (35)).

Taken together, these results suggest that *H-FA uptake by
DTB cells is more dependent on PCET, although quantitatively
similar, compared with N'TB cells. Similarly, previous results
from our group revealed that GDM modulates the interplay
of different L-methionine transporters, although it does not
quantitatively affect the amino acid transport capacity (data
not shown). The strict clinical follow-up of GDM pregnant
women may have masked potential functional differences in
placental transport capacity of both nutrients.

To reinforce the biological significance of our findings, simi-
lar studies could be performed in other placental models such
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as placental perfusion or syncytiotrophoblast plasma mem-
brane vesicles isolated from normal and GDM pregnancies.

Hyperglycemia, hyperinsulinemia, hyperleptinemia (12),
and increased inflammation (13) are associated with GDM.
To understand whether these molecular markers alter *H-FA
placental uptake, we investigated their effects on *H-FA uptake
by BeWo cells.

We verified that high concentrations of glucose and insu-
lin did not affect *H-FA uptake. Accordingly, our group had
previously demonstrated that *H-FA uptake by NTB cells was
insensitive to short-term hyperglycemia and to both short-
and long-term insulin exposure (32).

Of note, experimental hyperleptinemic conditions were
revealed as an inhibitor of *H-FA uptake in a time-dependent
manner when compared with uptake in the presence of physi-
ological levels of leptin. In addition, high levels of LPS, known
to induce proinflammatory cytokine TNF-at secretion in tro-
phoblasts (18), or TNF-o. itself inhibited *H-FA uptake by BeWo
cells. Curiously, LPS and TNF-a inhibitory effects disappear
for the highest concentrations tested. It is possible, as described
by Torricelli ef al. (18), that in our cell system, the highest con-
centrations of such proinflammatory stimuli generate a nega-
tive feedback loop by the locally inducing anti-inflammatory
cytokine production that may attenuate proinflammatory-
driven responses, such as inhibition of *H-FA uptake.

To our knowledge, this is the first time that an effect of leptin,
LPS, and TNF-o on FA placental transport has been described.
These findings support the idea advanced by others that leptin
(19), and eventually TNF-c (36), may act as regulators of pla-
cental nutrient transport and therefore of fetal growth.

In this respect, Jansson ef al. (15) and von Versen-Hoynck
et al. (19) demonstrated that leptin increased system A amino
acid transporter activity in placental villous fragments. In
those works, leptin effect is expressed relative to the absence
of the hormone. Of note, when we express the effect of 4h lep-
tin relative to the absence of this hormone, we also observe an
increase in “H-FA uptake. However, when we express the effect
of leptin relative to normal leptin concentrations in pregnancy,
which is physiologically more relevant, we observe the above
referred time-dependent reduction of *H-FA uptake. These
observations indicate that the choice of control conditions for
the study of pathology markers should take into account the
levels of those markers in the healthy state.

Concerning TNF-o effects on placental nutrient transport,
different findings have been reported. High levels of this
cytokine have been shown to decrease L-methionine uptake
(data not shown) or to increase arachidonic and docosa-
hexaenoic acid uptake (data not shown) or system A activity
(36) in human trophoblasts. Altogether, these observations
reinforce the idea that TNF-c may well act as a regulator of
placental nutrient transport.

The search for intracellular pathways that could be involved
in the inhibitory effect of leptin on *H-FA uptake by BeWo
showed that "H-FA uptake was partially inhibited by JAK2/
STAT3, PKA, PKC, extracellular signal-regulated kinase/
mitogen-activated protein kinase kinase, and p38 MAPK

Copyright © 2013 International Pediatric Research Foundation, Inc.
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pharmacological inhibition. Accordingly, folate transport in
rat intestinal cells had already been described to be under the
control of PKA, PKC (37).

In addition, pharmacological assays indicated a partial rever-
sion of the leptin effect by the presence of AG490 (an inhibi-
tor of JAK2 (21)), an effect that was not confirmed by western
blotting assays. The failure in activation of JAK2/STAT3 signal-
ing cascade by leptin had already been previously observed in
BeWo cells by Caiizac et al. (38) who proposed that this path-
way is not functional in this placental cell model.

The lack of involvement of PI3K and MAPK on leptin effect
is in agreement with the lack of effect of insulin because PI3K
and the MAPK phosphorylation cascades are in the cross talk
of both leptin and insulin stimulation of placental cells (39).

In conclusion, our work demonstrates that GDM modu-
lates “H-FA uptake by placental cells and that leptin, as well as
TNEF-o, downregulate it.

These conclusions are particularly interesting if we consider
that leptin has early emerged as an important player in fetal
programming (40) and may lead to the speculation that this
programming eftect could be related to leptin's observed effect
on folate placental homeostasis.

METHODS

Materials

In this study, we used *H-FA ([3,5,7,9-°H]-FA sodium salt; specific
activity 40.0 Ci mmol™) (American Radiolabeled Chemicals, St.
Louis, MO); 5-methyltetrahydrofolate disodium salt, amethopterin,
chelerythrine chloride, Dulbecco’s modified Eagle’s medium, FA, H-89
dihydrochloride hydrate, Ham’s F12K medium (Kaighns modifica-
tion), human recombinant insulin, human recombinant TNF-ar, LPS
from Escherichia coli 0111:B4, LY294002 hydrochloride, PD98059,
SITS, SP600125, TPP, and tyrphostin AG490 (Sigma, St. Louis, MO);
human recombinant leptin (Invitrogen, Carlsbad, CA); PTX (Eli Lilly,
Indianapolis, IN); and SB203580 (Alomone Labs, Jerusalem, Israel).

Collection of Human Placentas

Collection and processing of human placentas were approved by the
Ethics Committee for Health of C.H.S. Joao, Porto. Human placentas
were obtained, with informed consent, at the Department of Obstetrics
and Gynecology of C.H.S. Jodo from uncomplicated or GDM term
pregnancies (37-41wk) within half an hour after spontaneous deliv-
ery or elective cesarean section. Control placentas represented normal
pregnancies with no associated maternal or fetal pathology and were
collected at random.

In pregnant women without prior known diabetes, the diagno-
sis of GDM was performed using a two-step approach. All pregnant
women were tested by a 50-g glucose challenge test at 24-28 wk of ges-
tation. In those with a blood glucose level =140 mg/dl (7.8 mmol/l),
1h after the oral glucose load a diagnostic oral glucose tolerance test
was performed. GDM was diagnosed according to the criteria defined
by Carpenter and Coustan (41). These pregnancies were not associ-
ated with any major maternal or fetal pathology in addition to GDM.
Women with GDM were treated with diet and exercise therapy up to
the time of delivery. Insulin therapy was introduced whenever fasting
blood glucose level was 25 mmol/l or 2-h postprandial blood glucose
level was =6.7 mmol/l, despite consistent dietary and exercise adjust-
ments. Clinical, anthropometric, and demographic data for control or
GDM groups are given in Table 1.

Primary Culture of Human Cytotrophoblasts

Villous cytotrophoblasts corresponding to control or GDM pregnan-
cies (NTB and DTB cells, respectively) were isolated using a modifi-
cation of the technique described by Kliman ef al. (42) as previously
described by Keating ef al. (31). Briefly, tissue was digested in Hank’s

Copyright & 2013 Internaticnal Pediatric Research Foundation, Inc.

balanced salt solution containing 0.15% trypsin (Invitrogen) and
0.02% DNAse I (Sigma) and the resulting cell suspensions were run
in a discontinuous Percoll gradient (Sigma). Then, cytotrophoblast
pellets were resuspended in Dulbecco’s modified Eagle’s medium and
seeded on 24-well plastic cell culture clusters (2 cm? diameter 16 mm;
TPP, Trasadingen, Switzerland) at a density of 6-7.5 x 10° cells/cm?.
After 72h in culture, cells aggregated to form syncytial clumps cor-
responding to syncytiotrophoblasts and were used for transport
experiments.

BeWo Cell Culture

The BeWo cell line was obtained from Deutsche Sammlung von
Mikroorganismenund Zellkulturen (ACC-458; DMSZ, Braunschweig,
Germany) and was used between passage numbers 6 and 29. The cells
were cultured as previously described (31).

FA Uptake Studies

The transport experiments in NTB, DTB, and BeWo cells were per-
formed in buffer with the following composition (in mmol/l): 125
NaCl, 4.8 KCI, 1.2 KH,PO,, 12.5 HEPES-NaOH, 12.5 2-[N-mor-
pholino]ethanesulfonic acid hydrate (Sigma), 1.2 MgSO,, 1.2 CaCl,,
and 5.6 mmol/l D(+)-glucose (Merck, Darmstadt, Germany), pH 5.5
or 7.5 (unless otherwise stated), as previously described (32). *H-FA
was used in concentrations of 20 or 50 nmol/l (except in the experi-
ments for determination of the kinetics of "H-FA uptake).

The concentrations of folate analogs of SITS and of TPP used in the
characterization of FA uptake were chosen based on previous work
from our group (30,32,43) and others (7,35,44).

The total protein content of cell monolayers was determined as
described by Bradford (45), and it was not altered by any of the com-
pounds tested, indicating that cell viability was not compromised
(data not shown).

Effect of GDM-Associated Hallmarks on *H-FA Uptake in BeWo
Cells

The effect of GDM-associated conditions on *H-FA uptake was tested
at physiological pH in 5- to 8-d-old BeWo cell cultures. Cells were
exposed to different concentrations of p-glucose, insulin, leptin, LPS
or TNF-c, or the respective solvent in fetal calf serum-free culture
medium for 1, 4, or 24h. After these treatments, transport experi-
ments were performed as previously described (32). The effect of
inhibitors of signaling pathways was tested by cultivating cells, dur-
ing specific time periods, in fetal calf serum-free medium containing
selected GDM markers (which significantly altered “H-FA uptake)
plus these inhibitors or the respective solvents.

Calculations and Statistics
For the analysis of the time course of *H-FA uptake, the parameters
of equation (1) were fitted to the experimental data using a nonlinear
regression analysis (46).

A(D) =k [k (1 - etout)

A(t) represents the accumulation of *H-FA at time ¢, kh1 and km are
the rate constants for inward and outward transport, respectively, and
fis the incubation time. A___is defined as the accumulation at steady
state (f»e0). k_is given in pmol-mg protein~.min~' and k_ in min~*.
Arithmetic means are given with SEM.

For the analysis of the saturation curve of *H-FA uptake, the param-
eters of the Michaelis-Menten equation were fitted to the experimen-
tal data using nonlinear regression analysis (46).

Statistical significance of the difference between various groups was
evaluated by one-way or two-way (in the case of pH-dependence)
ANOVA test followed by the Bonferroni test. For comparison between
two groups, Student’s ¢ test was used. Differences were considered sig-
nificant when P < 0.05.

The value of n indicates the number of replicates of at least two dif-
ferent experiments or placentas.
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Abstract

Qur aim was to investigate the influence of gestational diabetes mellitus (GDM) and GDM-associated conditions upon the placental
uptake of '*C-L-methionine ('*C-L-Met). The '#*C-.-Met uptake by human trophoblasts (TBs) obtained from normal pregnancies
(normal trophoblast [NTB] cells) is mainly system L-type amino acid transporter | (LATI [L])-mediated, although a small contribu-
tion of system y "LAT2 is also present. Comparison of '*C-L-Met uptake by NTB and by human TBs obtained from GDM pregnancies
(diabetic trophoblast [DTB] cells) reveals similar kinetics, but a contribution of systems A, LAT2, and b°" anda greater contribution
of system y LAT | appears to exist in DTB cells. Short-term exposure to insulin and long-term exposure to high glucose, tumor
necrosis factor-u, and leptin decrease '*C-1-Met uptake in a human TB (Bewo) cell line. The effect of leptin was dependent upon
phosphoinositide 3-kinase, extracellular-signal-regulated kinase 1/2 (ERK/MEK 1/2), and p38 mitogen-activated protein kinase. In
condusion, GDM does not quantitatively alter '*C-1-Met placental uptake, although it changes the nature of transporters involved

in that process.

Keywords
gestational diabetes, placenta, transport, L-methionine

Introduction

The placenta is the main interface between the maternal and the
fetal blood circulations, being responsible for the transfer of
nutrients from mother to fetus and clearance of waste metabo-
lites from fetal blood.! This function is mediated by transpor-
ters present both at the matemal-facing microvillous
membrane and at the fetal-facing basal membrane of the syncy-
tiotrophoblast (STB), the polarized epithelium that constitutes
the functional unit of the placenta. The activity of these trans-
porters will largely determine the extent to which the com-
pounds will cross the placenta and enter the fetal blood
circulation.? Changes in placental nutrient transfer capacity
will, therefore, have important consequences for the growth
and development of the fetus.'

Methionine (1-Met) is a nutritionally essential large neutral
amino acid indispensable to the fetus. The r-Met is required not
only for fetal protein synthesis and as an energetic substrate for
fetal oxidative catabolism but also for the production of S-
adenosyl methionine that is the principal methyl group donor
in mammalian cells, being thus essential for methylation reac-
tions.’ The importance of L-Met in fetal development is well
demonstrated by the occurrence of pregnancies affected by
neural tube defects in women with low dietary intake of .-Met.*

Transport of amino acids across the human placenta is a
complex process, resulting in amino acid concentrations in the
fetal blood circulation substantially higher than those in mater-
nal plasma. The STB expresses at least 15 different amino acid
transporters, each mediating the active uptake of several differ-
ent amino acids and each specific amino acid being able to be
transported by several distinct transport systems.*®

Gestational diabetes mellitus (GDM), defined as a degree of
glucose intolerance with the onset or first recognition during
pregnancy (usually toward the late-second and early third tri-
mesters), affects about 7% of all pregnancies.” Hyperglycemia,
hyperinsulinemia, and insulin resistance are the hallmarks of
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this disease and also of type 2 diabetes.” Although not exclu-
sive to GDM or type 2 diabetes, hyperleptinemia® and elevated
plasma levels of proinflammatory markers® are also associated
with these closely related diseases.

The most common perinatal complication associated with
GDM is fetal macrosomia, which 1s a risk factor for operative
delivery and traumatic birth injury.'® Furthermore, GDM pre-
sents fetal programming effects, because there is an increased
risk for the offspring to develop some cardiovascular and meta-
bolic diseases (obesity, type 2 diabetes mellitus, and hyperten-
sion) later in life.!""? The GDM is also associated with
adverse health outcomes for the mother, including type 2 dia-
betes mellitus and metabolic syndrome, later in life."> The
mechanisms whereby GDM increases the risk of fetal over-
growth and development of metabolic diseases later in life are
still unclear but are likely to involve changes in nutrient supply
to the fetus'* and placental development and blood flow.*

Epigenetic regulation, in particular gene methylation and
histone modification of fetal and placental genome, plays a cru-
cial role in gene expression, imprinting processes, and embryo-
nic development, thereby programming the fetus for future
development of diseases.” Biological methylation reactions are
dependent on the availability of amino acids such as L-Met (see
above) and cofactors such as folates, vitamin B, and cho-
line.'"* So, changes in placental transport of these compounds
will alter the availability of these methyl donors to the fetus,
providing a direct link between placental function, gene methy-
lation, and fetal programming,} Interestingly enough, GDM has
been associated with specific changes in nutrient transporters'”
and particularly, amino acid transporters. However, knowledge
on the placental transport of amino acids in GDM remains
scarcely studied in vitro, and the data available are quite
conflicting.”"w In addition, despite the data provided by
human studies.?**' the mechanism responsible for L-Met pla-
cental uptake in normal pregnancies is still not completely
understood.

Because GDM may have programming effects and because
long-term effects of certain stimuli during pregnancy may be
caused by genome methylation, we hypothesize that GDM may
interfere with the placental transport of the methyl group carrier
1-Met. For this purpose, we first determined the characteristics
of L-Met uptake by normal human trophoblasts (TBs) using 2 cel-
lular models: primary cultured human cytotrophoblasts (TB cells)
obtained from normal pregnancies (nomal trophoblast [NTB]
cells) and the Bewo choriocarcionoma cell line. The TB cells are
considered as a suitable model to study the placental transport
function,* because they spontaneously differentiate into a
functional and polarized STB-like structure that retains all the cel-
lular machinery of the invivo STB.2* Then, the influence of GDM
and specific GDM-associated conditions upon this process was
investigated. For this, a comparison between r-Met uptake in
NTB cells and in cytotrophoblasts isolated from GDM pregnan-
cies (diabetic trophoblast [DTB] cells) was made, and an investi-
gation of the effects of elevated levels of glucose, insulin, leptin,
and proinflammatory mediators (lypopolissacharide [LPS] and
tumor necrosis factor-o. [TNF-2]) in Bewo cells was performed.

Materials and Methods

Reagents

The reagents used include '“C-L-methionine ('*C-L-Met; specific
activity 40-60 mCi/mmol; American Radiolabeled Chemicals, St
Louis, MO), r-alanine, antibiotic/antimycotic solution (100 units/
mL penicillin, 100 pg/mL streptomycin, and 0.25 pg/mL ampho-
tericin  B), r-arginine monohydrochloride, 2-amino-2-
norbormanecarboxylic acid (BCH), bovine serum albumin (BSA),
chelerythrine chloride, collagen type I from rat tail, Dulbecco
modified Eagle medium (DMEM), DNAse T (deoxyribonuclease
I from bovine pancreas), fetal calf serum (FCS), Ham FI12K
medium (Nutrient Mixture F12-Ham Kaighn modification),
N-2-hydroxyethylpiperazine-N'-2-ethanesulfonic acid (HEPES),
human insulin (recombinant, expressed in yeast), human TNF-
o (recombinant, expressed in HEK293 cells), H-89 dihydroc-
horide hydrate, lipopolysaccharides from Escherichia coli
0111: B4, r-lysine monohydrochloride, LY-294002 hydrochlor-
ide, p-leucine, u-(methylamino)isobutyric acid (MeAIB), 2-[N-
morpholinolethanesulfonic acid (MES) hydrate), PD 98059,
Percoll, L-phenylalanine, p-phenylalanine, r-serine, SP 600125,
L-tryptophan, trypsin-EDTA  solution, tyrphostin  AG 490
(Sigma, St Louis, MO), dimethylsulfoxide (DMSO), n(+)-glu-
cose, Tris(tris-(hydroxymethyl)-aminomethane hydrochloride),
Triton X-100 (Merck, Darmstadt, Germany), Hank balanced salt
solution (HBSS), trypsin 2.5% (%10 solution, GIBCO; Invitro-
gen Corporation, Carlsbad, California), recombinant human
leptin (Invitrogen Corporation), p-mannitol (Difco Laboratories,
Detroit, MI), rapamycin (from Streptomyces hygroscopicus), and
SB 203580 (Alomone Labs Ltd, Jerusalem, Israel), and Tripure
isolation reagent (Roche Diagnostics, Mannheim, Germany).

The drugs to be tested were dissolved in water, DMSO, HCI]
0.01 mol/L, 0.1% (w/v) BSA, or 0.1% (w/v) BSA in phosphate-
buffered saline. The final concentration of these solvents in the
buffer and culture medium was 1% (v/v). Controls for the drugs
were run in the presence of the solvent. Neither of the solvents
had a significant effect on '*C-1-Met uptake (results not
shown).

Collection of Human Placenta

Collection and processing of human placenta were approved by
the ethical committee of Centro Hospitalar S. Joao (Porto, Por-
tugal). Human placenta were obtained at the Department of
Obstetrics and Gynecology of Centro Hospitalar S. Jodo from
uncomplicated (control, n = 14) and GDM (n = 9) singleton
term pregnancies (37-41 weeks), within half an hour after spon-
taneous delivery or elective cesarean section. Control placenta
represented normal pregnancies with no associated maternal or
fetal pathology and were collected at random.

In pregnant woman without prior known diabetes, the diag-
nosis of GDM was performed by a 2-step approach. All preg-
nant women were tested by a 50-g glucose challenge test at
24 to 28 weeks of gestation. In those with a blood glucose level
>140 mg/dL (7.8 mmol/L) 1 hour after the oral glucose load, a
diagnostic oral glucose tolerance test (OGTT) was performed.
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Table I. Clinical, Anthropometrical, and Demographic Data of the 2
Study Groups.®

Control GDM
Mothers
n 14 9
Maternal age, years 326 + 1.3 338 + 1.2
BMI before delivery,” kg/m® 290 £ 1.9 326 + 0.8
Gravida (n) 22 + 04 23+03
Parity (n) 0.9 + 03 12 +£03
Mode of delivery
Vaginal, n (%) 5(36) 4(44)
Cesarean, n (%) 9 (64) 5(56)
Therapeutics of GDM, n (%) - Nutritional: 5 (56)
Insulin: 4 (44)
Fasting blood glucose, mmol/L®
Al 40 £ 01 45 £ 03°
GDM without insulin therapy 44 + 04
GDM with insulin therapy 48 + 03¢
HbA, ¢, %°
All - 54+ 02
GDM without insulin therapy 52 + 0.1
GDM with insulin therapy 57 +03
Periconceptional FA use, n (%)" 12 (86)* 6 (67)"
Smokers, n (%) 0 () 0(0)
Infants
Gestational age at birth, weeks' 394 + 03 39.1 + 03
Birth weight, g 3226 + 107 3383 + 177
Length, cm' 482 + 04 494 + 05
SGA newborn, n (%)™ 1(7) 0(0)
AGA newborn, n (%) 11 (79) 7(78)
LGA newborn, n (%) 2(14) 2(22)
Placental weight, g 5944 + 32.2 6866 + 476
Gender, n (%) Male: 3 (21) Male: 3 (33)
Female: |1 (79)  Female: 6 (67)
5-Minute Apgar score 93 + 02 9.1 + 02

Abbreviations: AGA, adequate for gestational age; BMI, body mass index; FA,
folic acid; GDM, gestational diabetes mellitus; HbA, , hemoglobin A, ; LGA,
large for gestational age; SEM, standard error of the mean; SGA, small for
gestational age.
“Values represent mean + SEM.

rameter unknown for 2 patients (one from each group).
“Values obtained at 24 to 28 weeks of gestation.
“Significantly different from control (P < .05).
“Values obtained at 35 to 36 weeks of gestation. Parameter unknown for all the
Pa[ienm from control group.
Dosage and initiation period unknown.
*Parameter unknown for 2 patients.
"Parameter unknown for 3 patients.
‘Parameter unknown for 2 patients.
IGestational age: number of completed weeks at the time of delivery,
determined by prenatal ultrasound at | | to |3 weeks.
“Birth weight was evaluated to the nearest gram.
ILe!n,gth was evaluated to the nearest tenth of a centimeter after birth.
"Classified according to the published reference standards.*®

The GDM was diagnosed when 2 or more of the following
plasma glucose concentrations were met or exceeded, acc-
ording to the criteria defined by Carpenter and Coustan™:
fasting blood glucose level > 95 mg/dL (5.3 mmol/L) and/or
blood glucose level > 180 mg/dL (10 mmol/L), 155 mg/dL
(8.6 mmol/L), or 140 mg/dL (7.8 mmol/L) 1, 2, or 3 hours
after a 100 g OGTT, respectively. These pregnancies were not

associated with any major maternal or fetal pathology in addi-
tion to GDM. Women with diagnosed GDM were surveilled in
Centro Hospitalar S. Jodo and treated with diet and exercise
therapy during the course of pregnancy up to the time of deliv-
ery. In 4 patients, insulin therapy was necessary. The criterion
for initiating insulin therapy was the presence of a fasting blood
glucose level > 90 mg/dL (5 mmol/L) or a 2-hour postprandial
blood glucose level > 120 mg/dL (6.7 mmol/L), despite consis-
tent dietary and exercise adjustments. Selected clinical, anthro-
pometric, and demographic data for control or GDM groups are
given in Table 1.

Primary Culture of Human Cytotrophoblasts (TB cells)

Villous TB cells obtained from control and GDM pregnancies
(NTB and DTB cells, respectively) were isolated as described
pre\/'icuus]y,22 Briefly, fetal membranes and maternal decidua
were removed, and villous tissue without macroscopic degen-
erative alterations present immediately below the umbilical
cord insertion was cut and scraped from the blood vessels. The
tissue was then digested in HBSS containing 0.15% trypsin and
0.02% DNAse [, and the resulting cell suspension was run in a
discontinuous Percoll gradient. Then, cytotrophoblast pellets
were collected and resuspended in DMEM/F-12 medium (con-
taining 10% FCS and 1% antibiotic/antimycotic solution) and
seeded on 24-well plastic cell culture clusters (2 cm?; diameter
16 mm; Techno Plastic Products [TPP], Trasadingen, Switzer-
land) at a density of 6 to 7.5 x 10° cells/em®. After 72 hours in
culture, the TB cells aggregate to form syncytial clumps corre-
sponding to STBs and were then used for transport
experiments.

To evaluate the purity of TB cell cultures, cells in chamber
slides were fixed with 4% paraformaldehyde and immunola-
beled with mouse antivimentin (BD Biosciences, San Jose,
California) and anticytokeratin (Dako, Glostrup, Denmark)
antibodies. Staining was performed with horseradish
peroxidase-secondary antibody using DAB substrate kit,
according to the manufacturer’s instructions. Corresponding
to epithelial TB cells, 95% of the cells were cytokeratin posi-
tive and less than 5% were vimentin positive, corresponding
to fibroblast cells.

Bewo Cell Culture

The Bewo cell line was obtained from the Deutsche Sammlung
von Mikroorganismen und Zellkulturen (DMSZ GmbH, ACC-
458) and was used between passage numbers 4 to 28. The cells
were maintained in a humidified atmosphere of 3% CO5 to 95%
air and were grown in Ham F12K medium containing 2.5 g/L
sodium bicarbonate, 15% (v/v) heat-inactivated FCS, and 1%
(v/v) antibiotic/antimycotic solution. Culture medium was
changed every 2 to 3 days, and the culture was passaged every
7 to 8 days. For subculturing, the cells were removed enzyma-
tically (0.25% [v/v] trypsin-EDTA, 5 minutes, 37°C), passaged
1:3, and subcultured in plastic culture dishes (21 cm’; diameter
60 mm; BD Falcon, New Jersey). For the experiments, Bewo
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cells were seeded on collagen-coated 24-well plastic cell cul-
ture clusters (2 cm?; diameter 16 mm: TPP). After 7 to 8 days
in culture (90%-100% confluence), the cells were used in
uptake experiments. At this moment, each em? contained about
60 pg cell protein.

1C.1-Met Uptake Studies in TB and Bewo Cells

The transport experiments were performed in buffer with the
following composition (in mmol/L): 125 NaCl, 4.8 KCI, 1.2
KH,PO,, 12.5 HEPES-NaOH, 12.5 MES, 12 MgSO,, 1.2
CaCl,, and 5.6 p(+)-glucose, pH 7.5. Initially, the culture
medium was aspirated, and the cells were washed with 0.3
mL buffer at 37°C; then, the cell monolayers were preincu-
bated for 20 minutes with 0.3 mL buffer at 37°C. Uptake was
initiated by the addition of 0.2 mL buffer at 37°C containing
250 nmol/L '*C-L-Met (except in the experiments for the deter-
mination of the kinetics of "*C-r-Met uptake, as indicated).
Incubation was stopped after 6 minutes (unless otherwise
stated) by removing the incubation medium, rinsing the cells
with 0.3 mL ice-cold buffer, and placing the cells on ice. The
cells were then solubilized with 0.3 mL of 0.1% (v/v) Triton
X-100 (in 5 mmol/L Tris—=HCI, pH 7.4) and placed at room
temperature overnight. Radioactivity in the cells was measured
by liquid scintillation counting and normalized for total cell
protein. Total cell protein was determined by the Bradford
method®® using BSA as standard.

Pharmacological characterization of "Ci-Met uptake. Drugs to be
tested were present during both the preincubation and the incu-
bation periods (in a total of 26 minutes). Controls were run in
the presence of the respective solvents.

Sodium dependence of HC1-Met uptake. To study the influence
of external Na® on the uptake of "“C-L-Met, the cells were
washed, preincubated, and incubated in NaCl-free buffer, NaCl
(corresponding to 125 mmol/L) being isotonically replaced
with either lithium chloride (LiCl) or choline chloride (ChCl).

Effect of GDM-Associated Conditions Upon HC1-Met
Uptake by Bewo Cells

The effect of some specific GDM-associated conditions upon
'4C-L-Met uptake was tested in Bewo cells. The cells were
exposed to different concentrations of glucose, insulin, leptin,
TNF-o, and LPS (or the respective solvent) in the culture media
(without FCS) for 1, 4, 24, 48, 72, or 96 hours. In the 48-, 72-,
and 96-hour exposure periods, the medium was renewed daily.
After these treatments, transport experiments were performed.
These experiments were identical to the ones described in the
“C.-Met uptake studies in TB and Bewo cells,” section
except that there was no preincubation period. So, the cells
were incubated in buffer for 6 minutes in the presence of GDM
conditions or the respective solvent. For 10 and 30 mmol/L glu-
cose experiments, an isosmotic control was run using mannitol.
None of the GDM conditions tested altered the Bewo cell

viability, with the exception of 10 mmol/L p-glucose (72
hours), which increased it by 23% (results not shown).

In some experiments, we assessed whether the effect of
GDM-associated conditions upon uptake of '*C-L-Met in FCS-
free culture media (which contain elevated amino acids concen-
trations”>) and buffer would be similar, by choosing insulin as a
paradigm.

The effect of BCH (a classical substrate of the system L trans-
porter of amino acids’’) upon '*C-L-Met uptake under GDM
conditions was also tested by exposing the cells to GDM-
associated conditions or the respective solvents (as described
above), and then preincubating (20 minutes) and incubating the
cells (6 minutes) with "*C-L-Met, in the absence or presence of
BCH.

In some other experiments, the effect of inhibitors of intracel-
lular signaling pathways on '*C-L-Met uptake under specific
GDM conditions was tested. In these studies, compounds (or the
respective solvents) were present throughout the experiment,
simultaneously with the GDM-associated conditions.

RNA Extraction and Quantitative Reaktime Reverse
Transcription-Polymerase Chain Reaction

Total RNA was extracted from NTB and DTB cells using the
Tripure isolation reagent, according to the manufacturer’s
instructions (Roche Diagnostics).

Before complementary DNA (cDNA) synthesis, total RNA
was treated with DNase I (Ambion Inc, Texas) to eliminate the
potential genomic DNA contamination. Then, total RNA quan-
tity and quality were assessed spectrophotometrically by mea-
suring the absorbance ratio at 260:280 nm. In our RNA
samples, this ratio was between 1.96 and 2.17. Resulting 2 pg
of DNA-free RNA was reverse transcribed using Superscript
Reverse Transcriptase IT and random hexamer primers (Invitro-
gen Corporation) in 80 puL of final reaction volume, according to
the manufacturer’s instructions. Resulting ¢cDNA was treated
with RNase H (Invitrogen Corporation) to degrade unreacted
RNA. For the quantitative real-time reverse transcription-
polymerase chain reaction (qQRT-PCR), 2 pL of the 80 pL
reverse transcription reaction mixture was used.

For the calibration curve, placental standard cDNA (using
total RNA from NTB cells) was diluted in 5 different concen-
trations. The qRT-PCR was carried out using a LightCycler
(Roche, Nutley, New Jersey). The 20 pL of reactions were set
up in the microcapillary tubes using 0.5 pmol/L of each primer
and 4 pL of SYBR Green master mix (LightCycler FastStart
DNA MasterPlus SYBR Green I; Roche). Cyeling conditions
were as follows: denaturation (95°C for 5 minutes), amplifica-
tion, and quantification (95°C for 10 seconds, annealing tem-
perature [AT] for 10 seconds, and 72°C for 10 seconds, with
a single-fluorescence measurement at the end of the 72°C for
10 seconds segment) repeated 55 times, a melting curve pro-
gram ([AT + 10)°C for 15 seconds and 95°C with a heating rate
of 0.1°C/s and continuous fluorescence measurement), and a
cooling step to 40°C for 30 seconds. The ATs and sequence
of primers are indicated in Table 2. The primer pair for f-actin
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Table 2. Primer Sequences and ATs Used for Real-Time RT-PCR.

Gene Name Primer Sequence (5'-3') AT, °C
f-Actin Fwd: AGA GCC TCG CCT TTG CCG AT 65
Rev: CCA TCA CGC CCT GGT GCC T
LAT2 Fwd: TCG CTG TGA CTT TTG GAG A
Rev: GCC GAG AGG TGA AGA GA
SNATI Fwd: ACT ACC CTC TGC CAT AAA
Rev: TAT AGC CAA GAT ACC CTA AGT
SNAT2 Fwd: GTC ATT GGT GGT CATTCT T
Rev: GTG GTG TTT ATT GTT TCG TTA
¥ LATI Fwd: AAC TGT GCC AGG GAC ACT 65

Rev: GAG AAG AGG GCA GAG TAG AGG

Abbreviations: LAT2, L-type amino acid transporter 2; SNATI, sodium-coupled neutral amino acid transporter |; SNAT2, sodium-coupled neutral amino acid
transporter 2; y LATI, y*L-amino acid transporter |; Fwd, forward; Rev, reverse; RT-PCR, reverse transcription-polymerase chain reaction; AT, annealing

temperature.

was kindly donated by Dr Joana Marques (Department of
Genetics, Faculty of Medicine, University of Porto, Portugal).
Each sample was tested in duplicate. For each gene, the mean
threshold cycle was 19.06 to 28.42, and the intrassay coeffi-
cient of variation was 0.17% to 2.00%. Data were analyzed
using LightCycler 4.05 analysis software (Roche). The amount
of messenger RNA (mRNA) of each studied gene was normal-
ized to the amount of mRNA of the housekeeping gene
(B-actin). There was no effect of GDM on the expression levels
of B-actin (results not shown).

Calculations and Statistics

For the analysis of the time course of "“C-L-Met uptake, the para-
meters of the equation 4(f) = ki/koul(1 — ey were fitted to
the experimental data by a nonlinear regression analysis, using
a computer-assisted method.*® A1) represents the accumulation
of "C-L-Met at time ¢, k;, and ko, the rate constants for inward
and outward transport, respectively, ¢ the incubation time, and
A the accumulation at steady state (1 — o0).

For the analysis of the saturation curve of '*C-1-Met uptake,
the parameters of the Michaelis—-Menten equation were fitted to
the experimental data using a nonlinear regression analysis,
using a computer-assisted method.*®

Arithmetic means are given with standard error of the mean.
Statistical significance of the difference between various
groups was evaluated by 1-way analysis of variance test fol-
lowed by the Bonferroni post test. For comparison between 2
groups, the Student ¢ test was used. Differences were consid-
ered to be significant when P < .05.

The value of n indicates the number of replicates for at least
2 different experiments (Bewo cells) or placenta (TB cells).

Results

Clinical, Anthropometrical, and Demographic
Characteristics of the Study Groups

As shown in Table 1, control and GDM groups were closely
matched in terms of clinical, anthropometrical, and demographic

data. The only difference between these 2 groups was maternal
fasting blood glucose levels (which were determined at the time
of GDM diagnosis [24-28 weeks of gestation]) that were signif-
icantly higher in the GDM group. Women with GDM having
higher fasting blood glucose levels (Table 1) were subsequently
treated with insulin. Insulin therapy was able to induce a good
glycemic and metabolic control, as glycosylated hemoglobin
Ay levels were similar and fell within the acceptable range for
managed diabetes (<5.7%) in both insulin-treated and non-
treated women with GDM near the end of pregnancy (35-36
weeks of gestation) 20 Additionally, maternal weight gain
(8.9 + 3.4and 6.6 + 3.2 kg) and body mass index before deliv-
ery (31.6 + 1.3and 33.5 + 0.9 kg/m®), newborn weight (3433
+ 249 and 3344 + 274 g) and length (41.1 + 0.8 and 49.7 +
0.8 cm), and placental weight (705 + 98 and 673 + 48 g) and
gestational age at delivery (38.9 + 0.3 and 39.3 + 0.5 weeks)
were all similar in both insulin-treated and nontreated women
with GDM. All together, these data support that the GDM pop-
ulation in this study is homogenous, independent of insulin ther-
apy, having similar glycemic and metabolic control after GDM
diagnosis until the end of pregnancy. Newborn and placenta
weights in the GDM group tended to be higher than in control
group, but this difference did not reach statistical significance.

Characterization of "*C--Met Uptake in NTB and DTB
Cells

In a first series of experiments, we characterized and compared
C-1-Met uptake in NTB and DTB cells in terms of time and
Na' dependence, kinetic parameters, and specificity of the car-
rier systems involved.

Time course. In these initial experiments, we determined the time
course of accumulation of "*C-.-Met in NTB and DTB cells. As
shown in Figure 1A, both NTB and DTB cells accumulated '*C-
L-Met in a time-dependent way, uptake being linear for the first 6
minutes of incubation. On the basis of this information, subse-
quent experiments to characterize the uptake of this amino acid
were performed using a 6-minute incubation time.
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Figure 1. Time course (A) and kinetics (B) of C-L-methionine (MC-
L-Met) uptake by normal trophoblast (NTB) and diabetic trophoblast
(DTB) cells. For time course experiments, cells were incubated for
various periods of time at 37°C with 250 nmol/L '*C-L-Met, pH 7.5
(n = 6-7, from 3 distinct placenta). For kinetic experiments, initial
rates of uptake were determined in cells incubated at 37°C with
increasing concentrations of “C-1-Met (0.25-50 umol/L) for 6 minutes
(n =9-12, from 3 to 4 distinct placenta). Shown is arithmetic mean +
standard error of the mean.

Analysis of the time course allowed the determination of the
rate constant of inward transport (k;,), the rate constant of out-
ward transport (kgy), and the steady state accumulation (4pay)
of "*C-L-Met, which were similar in NTB and DTB cells (Fig-
ure 1A).

Kinetics. In this set of experiments, the initial rates of '*C-L-Met
uptake at increasing substrate concentrations in the apical
medium (from 0.25 to 50 pmol/L) were determined in NTB and
DTB cells (Figure 1B). The evaluated kinetic parameters, Ky,
and V.. were not different between NTB and DTB cells
(Km=39.7 + 20.4and 43.0 + 16.7 pmol/L for NTB and DTB
cells, respectively [n=9-12] and Vo = 7.04 + 1.99 and 6.19
+ 1.36 nmol mg/prot/6 min for NTB and DTB cells, respec-
tively [n = 9-12]).

Na™ dependence. Different groups of transport systems for large
neutral amino acids are present in both the microvillous and the
basal plasma membranes of the STB. These comprise Na™-

another monovalent cation (Li~ or Ch™) on '*C-L-Met uptake
by the NTB and DTB cells. Uptake was found to be partially
Na' dependent in both NTB and DTB cells, as substitution
of Nat by Li* or Ch™ decreased it by + 25% (Figure 2).

Pharmacological characterization. The specificity of the carrier
system responsible for "*C-1-Met uptake in NTB and DTB cells
was investigated by determining the effect of a variety of unla-
beled amino acids upon "“C-L-Met transport. The amino acids
tested were (1) 3 large neutral amino acids (BCH, a nonmeta-
bolizable amino acid analogue,”” 1-Phe, and 1-Trp*"), which
are substrates of LAT system, (2) the large neutral amino
acids p-Leu and p-Phe, which are substrates |:quAT1,31 (3) the
small neutral amino acids 1-Ala*'~*? and L-Sen32 which are sub-
strates of LAT2, (4) the cationic amino acids L-Arg and
r-Lys,** which are substrates of y'L and b"" amino acid trans-
porter systems, and L-Ala, which is also a substrate of y "LAT2
but not of y'LATL® and (5) the nonmetabolizable N-methy-
lated amino acid analog MeAIB, a known substrate of system
AY Despite having similar substrate specificity, system y'L
and system b®* transport neutral amino acids in the presence
and absence of Na™, respectively.™

Pharmacological characterization of '*C-L-Met uptake in
NTB and DTB cells revealed some overlapping characteris-
tics. Namely, transport in both NTB and DTB cells was
strongly reduced (by 40%-60%) by system L substrates BCH,
1-Phe ,and t-Trp (Figure 3A), less markedly inhibited (by
30%) by p-Leu and only slightly inhibited (by 17%) by L-Ala
(Figure 3B). However, distinct characteristics of '*C-L-Met
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Figure 3. Pharmacological characterization of '*C-L-methionine ('*C--Met) uptake in normal trophoblast (NTB) and diabetic trophoblast
(DTB) cells. Initial rates of uptake were determined in cells incubated at 37°C with 250 nmol/L '*C-L-Met for 6 minutes in the absence (control;
corresponding to |00%) or in the presence of (A) | mmel/L 2-amino-2-norbornanecarboxylic acid (BCH), 100 umol/L L-phenylalanine (L-Phe),
or 100 pmol/L L-tryptophan (L-Trp), (B) 100 umol/L o-leucine (p-Leu), 100 pmol/L o-phenylalanine (o-Phe), 100 pmol/L L-serine (L-Ser), or 100
pmol/L L-alanine (L-Ala), and (C) 100 pmol/L L-arginine (-Arg), |00 pmol/L L-lysine (-Lys), or | mmol/L a-(methylamino)isobutyric acid (MeAIB).
Shown is arithmetic mean + standard error of the mean (n = 5-9 from 2 to 3 distinct placenta). *Significantly different from control (P < .05) and
#significantly different from uptake by NTB cells (P < 05).

uptake in NTB and DTB cells were also found. Namely, the were able to decrease '*C-1-Met uptake (by 15%-20%) in
inhibitory effect of p-Phe was more pronounced in DTB when DTB cells (Figure 3B and C).

compared to NTB cells (42% vs 19% inhibition, respectively; As a whole, these results indicate that system L (represented
Figure 3B) and L-Ser, L-Arg, L-Lys, and MeAIB, which were by the Na"-independent and BCH-, -Phe-, and .- Trp-sensitive
devoid of the effect upon '*C-L-Met uptake in NTB cells, component) seems to play an important role in "*C-L-Met
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Figure 4. Time course (A) and characterization (B) of '*C-L-methio-
nine ('*C-L-Met) uptake by Bewo cells. For time course experiments,
the cells were incubated for various periods of time at 37°C with 250
nmollL '*C-1-Met, at pH 7.5 (n = 8). Analysis of the time course
allowed the determination of the steady state accumulation (A,,,,) and
the rate constant for inward (k;,) and outward (k) transport. For
the characterization experiments, initial rates of uptake were deter-
mined in cells incubated at 37°C with 250 nmol/L '*C-L-Met for é min-
utes in the absence (control; corresponding to 100%) or in the
presence of | mmol/L 2-amino-2-norbornanecarboxylic acid (BCH),
100 pmol/L -Phe, 100 umol/L .-Trp, 100 pumol/L p-Leu, 100 pmol/L
p-Phe, 100 pmol/L t-Ser, 100 pmol/L L-Ala, 100 pmol/L L-Lys, 100
pumol/L L-Arg, or | mmol/L o-(methylamino)isobutyric acid (MeAlB;
n = 6-12). Shown is arithmetic mean + standard error of the mean.
*Significantly different from control (P < .05).

uptake in both NTB and DTB cells, although some differences
conceming the contribution of the 2 isoforms, LATI and
LAT2, are apparent (p-Phe-sensitive LAT1 isoform seems to
be more active in NTB cells, and L-Ser-sensitive LAT2 isoform
seems to be functionally present only in DTB cells). The
results also indicate that systems A (a Na-dependent and
MeAIB-sensitive system), b®" (a Na*-independent and r-Lys-
and L-Arg-sensitive system), and y'L (a Na'-dependent and
BCH-insensitive component) may contribute to '*C-r-Met
uptake in DTB cells.

Quantification of mRNA Levels of Amino Acid
Transporters in NTB and DTB Cells

In order to investigate whether the differences in the pharmaco-
logical characteristics of "*C-L-Met uptake in NTB and DTB

cells result from differences in the transcriptional level of
amino acid transporters, we compared the steady state mRNA
levels of some transporters in NTB and DTB cells, by qRT-
PCR.

The genes encoding the following large neutral amino acid
transporters, which seemed by our uptake results to be differen-
tially active in NTB and DTB cells, were quantified: Na™-
coupled neutral amino acid transporter 1 (SNAT1) and SNAT2,
L-type amino acid transporter 2 (LAT2), and y'LATI.

The mRNA expression levels of all the studied genes were
not significantly different in NTB and DTB cells (the ratio test
gene/P-actin was 61.2 + 32.1and 29.2 + 9.8 for SNATI, 26.2
+ 4.5and 204 + 4.7 for SNAT2,24.7 + 4.8and42.1 + 12.8
for LAT2, and 0.25 + 0.02 and 0.28 + 0.04 for y"LATI,
respectively; n = 6).

Characterization of '*C-+-Met Uptake in Bewo Cells

Tn a second series of experiments, we characterized '*C-1-Met
uptake in Bewo cells in terms of time and Na™ dependence and
specificity of the carrier systems involved.

Time course and Na™ dependence. As shown in Figure 4A, Bewo
cells accumulated '*C-L-Met in a time-dependent way, uptake
being linear for the first 6 minutes of incubation. On the basis
of this information, subsequent experiments were performed
using a 6-minute incubation time. Analysis of the time course
allowed determination of Ay, kou. and A, values, which are
shown in Figure 4A.

Next, we verified that "*C-1.-Met transport in Bewo cells was
only slightly Na* dependent, as substitution of Na* with either
Li" or Ch" caused only a 6% to 7% decrease in uptake (results
not shown).

Pharmacological characterization. The specificity of the carrier
system involved in '*C-L-Met uptake was also investigated in
Bewo cells. Characterization revealed that '“C-.-Met uptake
was strongly (+50%) reduced by BCH, less markedly inhib-
ited (by 20%-30%) by r-Phe and L-Trp, and only slightly
(11%-13%) inhibited by p-Leu and p-Phe (Figure 4B). On the
contrary, "“C-L-Met uptake was not changed by any of the other
amino acids tested (namely L-Ser, L-Ala, L-Lys, and L-Arg) nor
by MeAIB (Figure 4B). As a whole, these results indicate that
14C-1-Met uptake in Bewo cells is mainly system L-mediated.

Effect of GDM-Associated Conditions Upon C1-Met
Uptake in Bewo Cells

Concentration and time dependence. In this set of experiments,
we investigated the effect of exposure to distinct concentrations
of some specific GDM-associated conditions, for different time
periods, upon the uptake of '*C-1.-Met by Bewo cells.

As can be seen in Figure 5, exposure of the cells for 48 to 72
hours to 10 mmol/L p-glucose (corresponding to an hypergly-
cemic situation)’ decreased '*C-1.-Met transport by a maximum
of 15%.
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Figure 5. Effect of hyperglycemia upon '*C-L-methionine (*C-L-Met) uptake by Bewo cells. Cells were exposed to 10 or 30 mmol/L p-glucose
(n = 6-13) or mannitol (control; corresponding to 100%) for | to 72 hours, and initial rates of uptake were then determined by incubating cells
for & minutes at 37°C in buffer with 250 nmoliL "“C-L-Met. Shown are arithmetic mean + standard error of the mean (n = 6-13). *Significantly

different from control (P <.05).

3 Insulin 0.01 nmol /L
B Insulin 1 nmol/L
W nsulin 50 nmoliL

—..

14C_L-Met uptake
(% of control)
3

40+
204
0
4
Time of exposure (h)
3 Insulin 0.01 nmeliL.
B =3 Insulin 1 nmolfL

150 W Insulin 50 nmalil

1254
o

14C.L-Met uptake
(% of control)
g8 3 8

]
o
1

o

Time of exposure (h)

Figure 6. Effect of insulin upon ' *C-L-methionine ('*C-1-Met) uptake by Bewo cells. (A) Cells were exposed to 0.01, |, or 50 nmol/L insulin or
the respective solvent (control; corresponding to 100%) for | to 48 hours, and initial rates of uptake were then determined by incubating cells
for 6 minutes at 37°C in buffer with 250 nmol/L "*C-L-Met (n = 9-14); (B) cells were exposed to 0.01, 1, or 50 nmol/L insulin or the respective
solvent (control, corresponding to 100%) for | or 4 hours, and initial rates of uptake were then determined by incubating cells for 6 minutes at
37°Cin feral calf serum (FCS)-free culture medium with 250 nmol/L "*C-L-Met (n = 8-13). Shown is arithmetic mean + standard error of the
mean. *Significantly different from control (P < .05) and *significantly different from insulin 0.01 nmaliL (P < .05).
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Figure 7. Effect of leptin and tumor necrosis factor-o (TNF-x) upon '*C-1-methionine ('*C-1-Met) uptake by Bewo cells. (A) Cells were
exposed to [, 100, 300, or 1000 ng/mL leptin or the respective solvent (control; corresponding to 100%) for | to 72 hours, and initial rates
of uptake were then determined by incubating cells for 6 minutes at 37°C with 250 nmol/L "*C-L-Met (n = 5-13); (B) cells were exposed to
100, 300, or 1000 ng/L TNF-2 or the respective solvent (control; corresponding to 100%) for | to 48 hours, and initial rates of uptake were
then determined by incubating cells for 6 minutes at 37°C with 250 nmol/L '*C-L-Met (n = 5-186). Shown is arithmetic mean + standard error of
the mean. *Significantly different from contral (P < .05) and "significantly different from leptin (I ng/mL; P < .05).

Exposure of the cells for short periods (1 and 4 hours) to 0.01
to | nmol/L insulin (normoinsulinemia conditions)™ caused a
modest (+ 10%) but significant decrease in '*C-1-Met uptake
(Figure 6A). Interestingly enough, when uptake of "*C-1-Met
was carried out in FCS-free culture media, instead of buffer as
above, a 4-hour exposure to 0.01 to 1 nmol/L insulin increased
C-L-Met uptake (Figure 6B).

Exposure for 48 hours to 100 ng/mL leptin, a concentration
known to be representative of hyperleptinemia in GDM,>*¢
caused a 12% decrease in "*C-L-Met uptake in Bewo cells,
when compared with control and normoleptinemic (1 ng/mL
leptin) conditions™ (Figure 7A).

In relation to the effect of proinflammatory mediators (LPS
and TNF-o), TNF-u did not alter the uptake of '*C-1-Met, with
the exception of a small decrease (6%) observed after treatment
of Bewo cells for 24 hours with 100 ng/L of this cytokine

(Figure 7B), which is a concentration within the range found
in GDM.™ Finally, exposure of the cells to LPS (1 pg/mL) for
1 to 48 hours did not affect '*C-1-Met uptake, as also did expo-
sure of the cells for 1 hour to higher concentrations of this agent
(10 and 50 pg/mL; results not shown). The range of concentra-
tions of LPS tested are known to stimulate proinflammatory
cytokines (interleukin 6 and TNF-u) secretion in TB cells.”’

Characterization of the effects of hyperglycemia and hyperleptinemia.
In this set of experiments, we further characterized the inhibi-
tory effect of hyperglycemia (10 mmol/L; 72 hours) and hyper-
leptinemia (100 ng/mL; 48 hours) upon '*C-L-Met uptake.
First, we examined their effect upon the kinetic parameters
of '*C-1-Met uptake. For this, uptake of "“C-L-Met (0.25-50
umol/L) was measured, either in the absence or in the presence
of these conditions. We verified that both the K, and Vi
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Figure 8. Effect of the inhibitors of intracellular signaling pathways upon hyperleptinemia-induced inhibition of '*C-L-methionine (*C-.-Met)
uptake by Bewo cells. Initial rates of uptake were determined in cells incubated for 6 minutes with C-1-Met 250 nmol/L, after treatment for 48
hours with leptin 100 ng/mL (leptin), AG 490 5 umol/L (AG 490), leptin 100 ng/mL + AG 490 5 umol/L (leptin + AG 490), LY-294002 | pmol/L
(LY-294002), leptin 100 ng/mL + LY-294002 | pmol/L (leptin + LY-294002), chelerythrine 0.1 pmol/L (chelerythrine), leptin 100 ng/mL + che-
lerythrine 0.1 pmol/L (leptin + chelerythrine), H-89 | pmol/L (H-89), leptin 100 ng/mL + H-89 | umol/L (leptin + H-89), PD 98058 2.5 pmol/L
(PD 98058), leptin 100 ng/mL + PD 98058 2.5 pmol/L (leptin + PD 98058), SB 203580 9.6 umol/L (SB 203580), leptin 100 ng/mL + SB 203580
9.6 umol/L (leptin + SB 203580), SP 600125 5 pmol/L (SP 600125), and leptin 100 ng/mL + SP 600125 5 umol/L (leptin + SP 600125; n = 9-13).
Shown is arithmetic mean + standard error of the mean. *Significantly different from the respective control (P <.05) and "significantly different
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values of '*C-L-Met uptake (179.5 + 79.6 pmol/L and 41.3 +
14.9 nmol mg/prot/6 min, respectively; n = 6) were not signif-
icantly changed by any of the treatments (results not shown).

Then, we analyzed the inhibitory effect of hyperglycemia
and hyperleptinemia upon "“C-L-Met uptake in the presence
of the system L substrate BCH (1 mmol/L). Our results strongly
suggest that these conditions reduced system L-mediated *C-
L-Met uptake (results not shown; n = 8-9), since the inhibitory
effect of BCH plus glucose or leptin was similar to the inhibi-
tory effect of BCH alone.

In the final part of this work, we investigated the intracellu-
lar signaling mechanisms involved in the inhibitory effect of
hyperglycemia and hyperleptinemia upon '*C-1-Met uptake.

The role of mammalian target of rapamycin (mTOR) in
hyperglycemia (10 mmol/L; 72 hours)-induced inhibition of
"C-1-Met uptake was investigated using a specific mTOR
inhibitor, rapamycin. No significant change was found in
"C-1-Met uptake with rapamycin alone, and the effect of
p-glucose was not changed in the presence of this compound
(results not shown; n = 9).

The functions attributed to leptin depend upon its binding to
OB-R leptin receptors, which have been localized in the human
STB,2® resulting in the activation of the following signal trans-
duction pathways: phosphoinositide 3-kinase (PI3K), protein
kinases A, B, and C, mitogen-activated protein kinases (MAPKs;
extracellular-signal-regulated kinase 1/2 [ERK/MEK 1/2], Jun-
NH,-terminal kinase [TNK], and p38 MAPK), and janus kinases

(JAKs)/signal transducers and activators of transcription (STAT;
including JAK1 and 2 and STAT2, 3, and 5).*

The role of JAK2/STAT3 in hyperleptinemia (100 ng/mL;
48 hours)-induced inhibition of ' *C-L-Met uptake was investi-
gated by treating Bewo cells for 48 hours with 5 pmol/L of
JAK2 inhibitor AG 490. When tested alone, this agent was able
to inhibit (by about 10%) '*C-.-Met uptake, indicating that a
certain basal JAK2/STATS3 activation is required for "*C-L-Met
transport activity. However, AG 490 was not able to reverse the
inhibitory effect of hyperleptinemia upon '*C-L-Met uptake
(Figure 8).

We also investigated the effect of the PI3K inhibitor (LY-
294002), of the specific PKA and PKC inhibitors H-89 and
chelerythrine, respectively, and of specific inhibitors of ERK/
MEK 1/2 (PD 98059), p38 MAPK (SB 203580), and INK
(SP600125), upon the inhibitory effect of hyperleptinemia
(100 ng/mL; 48 hours) on "*C-1-Met uptake.

As can be seen in Figure 8 '*C-L-Met uptake was not
affected by LY-294002, H-89, SB 203580, nor by SP600125,
indicating that the activation of PI3K, PKA, p38 MAPK, and
INK is not necessary for "“C-L-Met uptake by Bewo cells.
On the contrary, uptake of "*C-r.-Met was reduced (by 12%-
15%) in the presence of chelerythrine and PD 980359, indicating
that a certain basal PKC and ERK/MEK 1/2 activation is
required for the uptake of this amino acid.

Interestingly enough, the inhibitory effect of hyperleptine-
mia upon '*C-1-Met uptake in Bewo cells was abolished by
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LY-294002, PD 98059, and SB 203580, indicating that the
inhibitory effect of hyperleptinemia depends on PI3K, ERK/
MEK 1/2, and p38 MAPK, respectively (Figure 8).

Discussion

Changes in placental nutrient transport may have important
consequences for the intrauterine programming of metabolic
and cardiovascular diseases for several reasons: (1) changes
in TB nutrient transporter activity constitute an important
determinant of fetal growth and development'; (2) epigenetic
regulation of fetal and placental genome, in particular gene
methylation and histone modification, plays an important role
in programming the fetus for future diseases’; and biological
methylation reactions are dependent on the availability of
amino acids, such as rL-Met, and cofactors, which include
folates, vitamin By, and cho]inem; and (3) placental nutrient
transporters or their regulators may be by themselves key tar-
gets for epigenetic modification. Because changes in placental
transport of methyl donors alter the availability of these com-
pounds to the fetus, providing a direct link between placental
function and structure, gene methylation and fetal program-
mjrlg,3 we decided to investigate the possibility that, in GDM,
changes in r-Met placental uptake are functionally present.

For this, we first determined the characteristics of ' “C-L-Met
uptake in normal human TBs, using 2 cellular models of human
TBs: TB cells and the Bewo cell line. Uptake of '*C-L-Met by
both NTB and Bewo cells shows similar characteristics: (1) it is
time dependent, (2) it exhibits carrier-mediated kinetics, with a
similar affinity (in the micromolar range) for "*C-1-Met, (3) it
is mainly Na™ independent (although the Na*-dependent com-
ponent is greater in NTB [25%] than in Bewo cells [7%]), and
(4) it is inhibited by BCH, r-Phe, L-Trp, p-Leu, and p-Phe but
not by L-Ser, L-Arg, L-Lys, and MeAIB. However, in a distinct
way, "*C-1.-Met uptake is inhibited by r-Ala in NTB cells only.
Taken together, it is concluded that "*C-L-Met uptake in NTB
and Bewo cells is mainly system L mediated (represented by
the Na*-independent and BCH-, 1-Phe-, and 1-Trp-sensitive
component) more specifically its p-Phe- and p-Leu-sensitive
LATI isoform, although a small contribution of the Na'-
dependent, BCH-insensitive and r-Ala-sensitive transporter
y L (y"LAT2 isoform) is also present in NTB but not in Bewo
cells. The lack of inhibition of "*C-L-Met uptake in NTB cells
by the system y 'L substrates L-Arg and L-Lys is probably due
to the overlying activity of the cationic amino acid transport
system y ', which makes the major contribution to the placental
uptake of these amino acids,”” thereby reducing their efficacy
to inhibit system y " L-mediated "*C-1.-Met uptake.

Because '“C-L-Met uptake in Bewo cells is almost totally
Na* independent but was only half abolished by BCH, it can
be speculated that another Na'-independent and BCH-
insensitive transporter might participate in '*C-r-Met uptake.
This may well correspond to LAT3 and/or LAT4* system
L isoforms, both of which are expressed in the human pla-
centa®! and are sensitive to BCH in concentrations higher than
1 mmol/L*** and/or to system y*, a Nat-independent, and

BCH-insensitive transporter present in many tissues including
the human placenta,” which was recently proposed to partici-
pate in L-Met uptake in Caco-2 cells.*

Based on the functional characteristics of amino acid trans-
porters, such as substrate specificity, inhibition by 1-Met and
placental presence, placental L-Met uptake would be hypothe-
sized to occur by systems L, b%', y'L 362%2! and system
A 292! Interestingly, our results show that LAT1 and y "LAT2
seem to be functionally the most important L-Met transporters
at the placental level in a normal situation.

We also investigated the influence of GDM and specific
GDMe-associated conditions upon '*C-1-Met uptake. For this,
2 distinct approaches were used, a comparison between '*C-
L-Met uptake in TB cells obtained from normal and GDM preg-
nancies (NTB and DTB cells, respectively) and an investiga-
tion of the effects of high glucose, insulin, leptin, and
proinflammatory mediators (LPS and TNF-2) in Bewo cells.

Comparison between “C-L-Met uptake in NTB and DTB
cells shows a similar profile of time dependence, kinetics, Na™*
independence (75% in both cell types), and sensitivity to poten-
tial inhibitors. In contrast to our results, an in vivo study demon-
strated that fetal umbilical plasma concentrations of L-Met is
higher in GDM compared with normal pregnancies, in the
absence of significant differences in maternal plasma concentra-
tions.** However, placental transfer of L-Met was not measured
in that study and an alteration in placental metabolism or fetal
metabolism and/or excretion of L-Met cannot be ruled out.

Based on the comparison of "*C-1-Met uptake in NTB and
DTB cells, we conclude that system L (represented by the
Na'-independent and BCH-, L-Phe-, and L-Trp-sensitive com-
ponent), and more specifically its p-Phe- and p-Leu sensitive
LAT]1 isoform, seems to play an important role in "“C-L-Met
uptake in both NTB and DTB cells. However, a contribution
of system A (a Na -dependent and MeATB-sensitive system),
LAT2 (a r-Ser-sensitive system L isoform), and system bt
(a Na™-independent and 1-Lys- and L-Arg-sensitive system),
and a higher contribution of the Na'-dependent and BCH-
insensitive system y 'L (possibly y"LAT1, because of the sim-
ilar inhibitory effect of the y'LAT2 substrate L-Ala in both
NTB and DTB cells) appears to exist in DTB cells only.
Although L-Met is not a preferential system A substrate, other
authors have also demonstrated that system A may transport L-
Met.* Interestingly, our results suggest that L-Met becomes a
system A substrate in GDM. Analysis of mRNA levels of
SNAT1 and SNAT2 (the major system A transporters present
in STB during late gestation, with higher affinity for L-Met
as compared to SNAT4*), LAT2 and y 'LATI showed no sig-
nificant differences between NTB and DTB cells. We thus con-
clude that these transporters are not transcribed at different
levels in NTB and DTB cells; rather, posttranscriptional
changes at the protein level or changes in the intrinsic activity
of the transporters probably occur.

Data available on placental transport of amino acids in
GDM pregnancies are conflicting: an increase in systems A and
L activity but not in the transport of the essential amino acids
lysine and taurine,'” a decrease'® or no alteration in system
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A activity,"® and no alteration in system L activity'’ has been
described. The contrasting findings between these studies may
be the result of differences in study populations (different
mother’s age, ethnicity, GDM diagnostic criteria, metabolic
control, therapeutics of GDM, incidence of large-for-
gestational-age infants/fetal macrosomia, and different fetal
and placental weights). Fetal macrosomia, a very common
complication of GDM, is associated with an alteration in the
placental transfer of amino acids.'®'" Tt would be interesting
to compare L-Met transport in DTB cells isolated from GDM
pregnancies with adequate for gestational age and macrosomic
babies. However, the small number of GDM placenta with
macrosomic babies present in our GDM group did not allow
us to perform that comparison.

Moreover, compared with these previous reports, our results
concerning system L activity agree with those of Nandaku-
maran et al,'’ whereas those concerning system A activity
agree with those of Jansson et al.'”

Hyperglycemia, hyperinsulinemia,’ hyperleptinemia,® and
increased inflammation” are commonly found in GDM. More-
over, the placental gene expression of inflammatory response-
associated genes, including TNF-o and leptin, are significantly
upregulated in GDM*® So, in the last part of this work, an
investigation of the effects of short- and long-term exposure
to high glucose, insulin, leptin, and proinflammatory mediators
(LPS and TNF-z) in Bewo cells was made. Bewo cells, a
known cellular model of the human STB,23 have nutrient trans-
port mechanisms very similar to NTB cells'’ and have been
used to investigate the placental transport of neutral amino
acids, because they express the same polarized amino acid
transport systems as normal human TBs.*® As shown in this
work, uptake of *C-1.-Met by NTB and Bewo cells has very
similar characteristics, and for these particular studies, Bewo
cells have clear advantages over NTB cells due to their greater
stability, life span, viability with passage, easier mainte-
nance,*” and absence of patient variability.

Short-term (1-4 hours) exposure of Bewo cells to 0.01 and 1
nmol/L insulin (normoinsulinemic conditions)** caused a mod-
est (+ 10%) decrease in '*C-1.-Met uptake, but a higher concen-
tration of insulin (50 nmol/L), corresponding to
supraphysiological levels, ™" did not affect the uptake. More-
over, long-term exposure of these cells to normo- and hyperin-
sulinemic conditions did not affect '“C-.-Met uptake. Because
'4C-1-Met uptake in Bewo cells is mainly system L mediated,
we conclude that both short- and long-term hyperinsulinemic
conditions do not affect system L-mediated placental amino
acid uptake.

When uptake of "*C-L-Met was carried out in FCS-free cul-
ture media, a 4-hour exposure to 0.01 and 1 nmol/L insulin
increased '“C-L-Met uptake by 10% to 20%. In comparison with
incubation buffer, FCS-free culture medium contains a mixture
of amino acids, including L-Met, in very high concentrations
(0.02-2.4 mmol/L each). It is thus probable that this condition
may interfere with the effect of insulin upon '*C-1-Met uptake.

Long-term (24 hours) exposure of Bewo cells to TNF-a (100
ng/L) caused a very small (6%) decrease in uptake of “C-r.-

8

Met, leading us to conclude that this proinflammatory cytokine
does not seem to have a great impact upon system L-mediated
placental amino acid transport. [n agreement with these results,
it was reported that physiological concentrations of TNF-o sti-
mulate the activity of system A but not of system L, in NTB
cells.” In contrast, in nonplacental cell types, TNF-u is known
to affect the transport of neutral’' amino acids. Similarly, LPS,
used in concentrations known to induce increased cytokines
(including TNF-a) secretion by TB cells,’” was also devoid
of any effect on "*C-L-Met uptake. To the best of our knowl-
edge, this is the first report about the effect of LPS upon amino
acid uptake in human TB cells. However, in cell types of non-
placental origin, LPS was found to alter the uptake of amino
acids.*

Long-term (48-72 hours) exposure of Bewo cells to 10
mmol/L glucose (corresponding to an hyperglycemic situa-
tion)’ caused an 8% to 15% decrease in "*C-L-Met uptake, and
long-term (48 hours) exposure to 100 ng/mL leptin (corre-
sponding to an hyperleptinemic situation) caused a 12%
decrease in '“C-1-Met uptake.

Further experiments aimed at elucidating the mechanisms
involved in the effect of glucose (10 mmol/L; 72 hours) and
leptin (100 ng/mL; 48 hours) upon "*C-1-Met uptake revealed
that both of these conditions appear to inhibit system L-
mediated "*C-1-Met uptake, although none of them affected the
kinetics of uptake. This last observation suggests that transcrip-
tional or translational mechanisms may constitute a probable
explanation for their effect. This hypothesis can also explain
the different short- and long-term effects observed with these
GDM-associated conditions upon '*C-L-Met uptake, because
these conditions may elicit long-term adaptative changes in
system L mRNA or protein expression levels, which may not
be induced by short-term exposure.

The mTOR is a serine/threonine kinase involved in cell
growth and metabolism, whose actions are regulated by a
multitude of intracellular and extracellular signals, including
hormones, growth factors, and nutrients.®* The inhibitory
effect of glucose upon '*C-L-Met uptake was found to be
mTOR independent. This conclusion stands in contrast to a
recent publication, in which glucose regulation of systems
A and L and taurine transporters in NTB cells were mTOR
dependent.’ This discrepancy is probably related to the fact
that different cell models were used,: syncytial primary cul-
tures of human cytotrophoblasts in the work of Roos et al®®
and Bewo cells not pretreated with cyclic adenosine mono-
phospahate stimulators, to induce syncytialization, in the
present work. Because TB differentiation/syncytialization is
accompanied by changes in the activity, expression, and
polarization of neutral amino acid transporters (including sys-
tem L),* the difference in the syncycial status of the 2 cell
models may explain this discrepancy.

Finally, the inhibitory effect of leptin upon "*C-L-Met uptake
was found to be dependent on PI3K and MAP kinases ERK/
MEK 1/2 and p38 MAPK. This conclusion is in good agree-
ment with the fact that these signal transduction pathways,
which are important signal transduction pathways activated by
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leptin,*® are known to regulate the activity of amino acid trans-
porters in Bewo cells.” Studies available concerning leptin reg-
ulation of placental amino acid transport focused in system A
and state that its activity is upregulated by leptin in human pla-
cental villous fragments, via activation of JAK2-STAT3, atcon-
centrations higher than 100 ng/mL >%®

In summary, we show that "*C-L-Met uptake in NTB and
Bewo cells is mainly system L (LAT1) mediated, although
a small contribution of the Na™-dependent, L-Ala-sensitive
y'L system (most probably its y LAT2 isoform) is function-
ally present in NTB cells. Comparison of "*C-L-Met in NTB
and DTB cells shows similar kinetics of '*C-L.-Met uptake, but
in DTB cells, a contribution of system A, LAT2, and possibly
system b°*, and a higher contribution of system y'L (proba-
bly the y "LATI isoform) appears to exist in relation to NTB
cells. However, we did not find significant changes in the
steady state mRNA levels of system A (SNATI and SNAT2
isoforms), LAT2, and y'LATI. Given the broad substrate
specificities of system A (small neutral amino acids), systems
b"" and y "L (cationic and neutral amino acids), and system L
(large neutral amino acids), our results suggest that the pla-
cental uptake of other neutral amino acids and even of catio-
nic amino acids can be altered in GDM pregnancies, thereby
changing placental and fetal amino acid delivery. Interest-
ingly enough, the tendency for the higher placenta and new-
born weight in the GDM group may well be associated with
such an alteration in amino acid delivery. So, more research
is needed in order to identify potential changes in amino acid
transport across the GDM placenta. Finally, short-term expo-
sure of Bewo cells to insulin (0.01-1 nmol/L) and long-term
exposure to high glucose (10 mmol/L), TNF- (100 ng/L),
or leptin (100 ng/mL) decreased *C-1-Met uptake by 6% to
15%. High-glucose (10 mmol/L; 72 hours) and leptin (100
ng/mL; 48 hours) appear to inhibit system L-mediated uptake
of "*C-L-Met but did not change the kinetics of uptake of the
amino acid. The effect ofhigh glucose was found to be mTOR
independent, and the effect of leptin was found to be PI3K,
ERK/MEK 1/2, and p38 MAPK dependent. Because our
results suggest that uptake of L-Met in Bewo cells is mainly
system © mediated, we can hypothesize that uptake of other
neutral amino acids can also be potentially affected by spe-
cific GDM conditions.

A last point to discuss is the apparently contrasting observa-
tion that uptake of C-.-Met is quantitatively similar in NTB
and DTB cells, but that some of the GDM-associated conditions
affect the uptake of this amino acid by Bewo cells. This suggests
that the effect of GDM upon L-Met uptake cannot be mimicked
by an isolated GDM-associated metabolic condition, being
rather the result of simultaneous and interacting distinct factors.

In conclusion, uptake of '*C-L-Met in NTB and DTB cells,
although quantitatively similar, may involve the interplay of
different transporters. Moreover, GDM-associated conditions
cause a small, but significant decrease in "*C-L-Met uptake in
Bewo cells. Asa whole, these results suggest that GDM, a com-
mon pregnancy disease, could have consequences in terms of
amino acid delivery to the fetal-placental unit.
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leptin,* are known to regulate the activity of amino acid trans-
porters in Bewo cells.** Studies available concerning leptin reg-
ulation of placental amino acid transport focused in system A
and state that its activity is upregulated by leptin in human pla-
cental villous fragments, via activationof JAK2-STAT3, atcon-
centrations higher than 100 ng/mL 22

In summary, we show that '*C-.-Met uptake in NTB and
Bewo cells is mainly system L (LAT1) mediated, although
a small contribution of the Na'-dependent, 1-Ala-sensitive
y'L system (most probably its y 'LAT2 isoform) is function-
ally present in NTB cells. Comparison of "*C-L-Met in NTB
and DTB cells shows similar kinetics of ' *C-L-Met uptake, but
in DTB cells, a contribution of system A, LAT2, and possibly
system b®" and a higher contribution of system y'L (proba-
bly the y"LAT1 isoform) appears to exist in relation to NTB
cells. However, we did not find significant changes in the
steady state mRNA levels of system A (SNATT and SNAT2
isoforms), LAT2, and y"LATI1. Given the broad substrate
specificities of system A (small neutral amino acids), systems
b”* and y'L (cationic and neutral amino acids), and system L
(large neutral amino acids), our results suggest that the pla-
cental uptake of other neutral amino acids and even of catio-
nic amino acids can be altered in GDM pregnancies, thereby
changing placental and fetal amino acid delivery. Interest-
ingly enough, the tendency for the higher placenta and new-
born weight in the GDM group may well be associated with
such an alteration in amino acid delivery. So, more research
is needed in order to identify potential changes in amino acid
transport across the GDM placenta. Finally, short-term expo-
sure of Bewo cells to insulin (0.01-1 nmol/L) and long-term
exposure to high glucose (10 mmol/L), TNF-a (100 ng/L),
or leptin (100 ng/mL) decreased '*C-L-Met uptake by 6% to
15%. High-glucose (10 mmol/L; 72 hours) and leptin (100
ng/mL; 48 hours) appear to inhibit system L-mediated uptake
of "*C-L-Met but did not change the kinetics of uptake of the
amino acid. The effect ofhigh glucose was found to be mTOR
independent, and the effect of leptin was found to be PI3K,
ERK/MEK 1/2, and p38 MAPK dependent. Because our
results suggest that uptake of L-Met in Bewo cells is mainly
system L mediated, we can hypothesize that uptake of other
neutral amino acids can also be potentially affected by spe-
cific GDM conditions.

A last point to discuss is the apparently contrasting observa-
tion that uptake of "“C-L-Met is quantitatively similar in NTB
and DTB cells, but that some of the GDM-associated conditions
affect the uptake of this amino acid by Bewo cells. This suggests
that the effect of GDM upon L-Met uptake cannot be mimicked
by an isolated GDM-associated metabolic condition, being
rather the result of simultaneous and interacting distinct factors.

In conclusion, uptake of '*C-L-Met in NTB and DTB cells,
although quantitatively similar, may involve the interplay of
different transporters. Moreover, GDM-associated conditions
cause a small, but significant decrease in "*C-L-Met uptake in
Bewo cells. As a whole, these results suggest that GDM, a com-
mon pregnancy disease, could have consequences in terms of
amino acid delivery to the fetal-placental unit.
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Abstract

The long-chain polyunsaturated fatty acids (LC-PUFAs) arachidonic (AA) and docosahexaenoic (DHA) acids are essential for fetal development. Gestational
diabetes mellitus (GDM) is a pregnancy disorder associated with perinatal and lifelong risk complications for both the mother and the newbom. Qur aim was to
investigate the influence of GDM, and some of its associated conditions, upon the placental uptake of AA and DHA. Uptake of '*C-AA and "*C-DHA by human
trophoblasts obtained from normal pregnancies (NTB cells) was mediated by both saturable (for lower substrate concentrations) and non-saturable (for higher
substrate concentrations ) mechanisms. Uptake of both fatty acids was inhibited by other LC-PUFAs and, markedly, by the long-chain acyl-CoA synthetase (ACSL)
inhibitor, triacsin C. Human trophoblasts obtained from GDM pregnancies (DTB cells) showed a significantly lower "“C-AA and "*C-DHA accumulation, through a
decrease in both the saturable and the non-saturable components of uptake, which was associated with a decrease in ACSL1 mRNA levels. Uptake of LC-PUFAs by
NTB cells increased (by 20-25%) after short-term exposure to TNF-ct (**C-AA and '“C-DHA) and insulin ('C-DHA). In condusion, GDM, distinctly from its
associated conditions, markedly decreases placental uptake of LC-PUFAs, which probably contributes to the deleterious effects of this disease for the newbom.

© 2013 Elsevier Inc. All rights reserved.

Keywords: Gestational diabetes; Placentae; Transport; Long-chain polyunsaturated fatty acids

1. Introduction

The essential fatty acids linoleic (LA; 18:2n-6) and «-linolenic
(18:3n-3) acids and their respective long-chain polyunsaturated fatty
acids (LC-PUFAs) derivatives, arachidonic (AA; 20:4n-6) and doc-
osahexaenoic acids (DHA; 22:6n-3), play a fundamental role during
pregnancy for both the health of the pregnant woman and for the
growth and development of the fetus [1].

Apart from serving as an energy substrate, LC-PUFAs are essential
components of membrane lipids that maintain the structure and
function of cellular and subcellular membranes and actas regulators of
gene expression via nuclear receptors [2]. AA is essential for the
synthesis of eicosanoids such as prostaglandins, thromboxanes and
leukotrienes, which are important for the development of fetal
nervous, visual, immune and vascular systems [3,4]. DHA is also
essential for the development of the fetal neurovisual system, being
incorporated in high concentrations in the brain and retina [3,4]. A
deficiency of AA and DHA during intrauterine life is associated with
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brain abnormalities in neonates, and some evidence suggests that
supplementation during pregnancy with these fatty acids may
influence the visual, behavioral and cognitive functions of the
offspring [5]. Moreover, increased consumption of LC-PUFAs during
pregnancy is suggested to be beneficial for overall fetal development
and to lower the risk of pre-term delivery and preeclampsia [6]. Based
on this, a recommendation for DHA supplementation during preg-
nancy was made [7]. In humans, the vulnerable period of brain and
retina development and the maximal rate of LC-PUFAs accumulation
occurs during the third trimester of pregnancy and first -9 months of
postnatal life [1], leading to the concept that the last trimester fetus
and newborn infant are particularly vulnerable to irrevocable
developmental deficits if AA and DHA supply is inadequate [4].

Since human fetuses synthesize insufficient amounts of LC-PUFAs,
a considerable supply of these fatty acids must be obtained from the
maternal circulation through the placentae, by transfer across the
syncytiotrophoblast (STB) transporting epithelium [4,8,9]. Interest-
ingly, LC-PUFAs are present at higher levels in fetal circulation, in
relation to maternal circulation. This is thought to be the result of an
active and selective placental transfer of these fatty acids in favor of
the fetus [9]. Accordingly, there is a preferential and more efficient
uptake of LC-PUFAs [DHA>AA>LA>c-linolenic acid>oleic acid (OA)]
over other non-essential shorter fatty acids by human placental
membranes and trophoblasts cell lines (Bewo cells) [10-12].

Molecular mechanisms of how placental LC-PUFAs transport
occurs are complex and not fully known [4,13]. Although fatty acids
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are taken up into cells via passive diffusion, emerging reports indicate
that certain plasma membrane-located fatty acid transporters are also
implicated in this process. Additionally, intracellular fatty acid
binding proteins are responsible for directing different fatty acids to
their specific intracellular locations. At the STB epithelium, several
fatty acid transport proteins may be involved in the uptake of
maternal plasma LC-PUFAs: placental plasma membrane fatty acid
binding protein (pFABPpm), fatty acid transport proteins ( FATPs) and
fatty acid translocase (FAT/CD36), but the precise way in which these
membrane-associated proteins facilitate transmembrane passage of
fatty acids is still a matter of speculation [4,8,9]. In addition,
intracellular long-chain acyl-CoA synthetases (ACSLs), a group of
cytosolic enzymes that prevent the efflux of the incorporated fatty
acids by converting them into acyl-CoA derivatives for further
esterification or P-oxidation [14], also appear to be involved in fatty
acid uptake [4,89].

Gestational diabetes mellitus (GDM), defined as a degree of
glucose intolerance with onset or first recognition during pregnancy,
affects about 7% of all pregnancies [ 15]. Hallmarks of this disease, and
also of type 2 diabetes, include hyperglycaemia, hyperinsulinaemia
and insulin resistance [15]. Additionally, hyperleptinemia [16] and
low-grade inflammation, due to elevated levels of pro-inflammatory
cytokines [17], are also associated with these closely related diseases.
Despite advances in treatment, GDM is associated with an unfavor-
able intrauterine environment to the fetus, increasing the risk of fetal
macrosomia, the most common perinatal complication associated
with this disease and a risk factor for operative delivery and traumatic
birth injury. Furthermore, GDM presents programming effects, since
it increases the risk for both the offspring and the mother to develop
cardiovascular and metabolic diseases (obesity, type 2 diabetes
mellitus and hypertension) later in life [18,19].

GDM and its metabolic conditions are known to be associated
with specific changes in placental nutrient transport [17]. In relation
to LC-PUFAs, neonates born from women with GDM or type 2 diabetes
[20,21] have reduced plasma levels of AA and DHA. However,
knowledge on the placental transport of fatty acids, and particularly
LC-PUFAs, in GDM pregnancies remains scarcely studied, and not
much is also known concerning the effect of GDM-associated
conditions upon the placental uptake of LC-PUFAs.

Considering the important role played by LC-PUFAs in fetal visual,
behavioral and cognitive development and that GDM appears to have
programming effects, we hypothesize that this disease may interfere
with the placental transport of LC-PUFAs. For this purpose, we
decided to characterize AA and DHA uptake by primary cultured
human cytotrophoblasts obtained from normal pregnancies (NTB
cells), to compare it with uptake by primary cultured human
cytotrophoblasts obtained from GDM pregnancies (DTB cells) and
to test the effect of specific GDM-associated conditions [increased
levels of glucose, insulin, leptin and tumor necrosis factor-oe (TNF-ot)]
upon the uptake of these LC-PUFAs by NTB cells. Human primary
cultured cytotrophoblasts are a suitable model to study placental
transport because they spontaneously differentiate into a functional
and polarized STB-like structure that retain all the cellular machinery
of the in vivo STB [22].

2. Materials and methods
2.1. Materials

MC-AA (arachidonic acid, [1-'C]; specific activity 55 mCi/mmol) and "C-DHA
(docosahexaenoic acid, 4,7,10,13,16,19-1-'*C|; specific activity 55 mCi/mmol) (Amer-
ican Radiolabeled Chemicals, St. Louis, MO, USA), DIDS (4,4'-diisothiocyanatostilbene-
2,2"-disulfonic acid disodium salt), 2,4-dinitrophenol, phloretin, arachidonicacid (from
porcine liver), cis-4,7,10,13,16,19-docosahexaenoic acid, cis-5,8,11,14,17-eicosapen-
taenoic acid, linoleic acid (LA), y-linolenic acid (y-LNA), OA, sodium palmitate, human
insulin (recombinant, expressed in yeast), human TNF-e (recombinant, expressed in
HEK293 cells), DMEM/F-12 culture medium, FCS (fetal calf serum), HEPES (N-2-

hydroxyethylpiperazine-N'-2-ethanesulfonic acid), MES (2-|N-morpholinojethanesul-
fonic acid) hydrate, bovine serum albumin (BSA), BSA essentially fatty acid free, DNase |
(deoxyribonuclease | from bovine pancreas), Percoll and antibiotic/antimycotic
solution (100 U/ml penicillin; 100 pg/ml streptomycin and 0.25 pg/ml amphotericin
B), NADH ([r-nicotinamide adenine dinucleotide, reduced form), sodium pyruvate,
pNPP (p-nitrophenylphosphate), pNP (p-nitrophenol), paraformaldehyde, sodium
citrate tribasic dihydrate and TWEEN 20 (Sigma, St. Louis, MO, USA); D{+ )-glucose,
DMSO (dimethylsulfoxide), Triton X-100 and Tris [tris-(hydroxymethyl)-amino-
methane hydrochloride| (Merck, Darmstadt, Germany); HBSS (Hank's balanced salt
solution) and trypsin 2.5% (10x solution) (Gibco, Invitrogen, Carlsbad, CA, USA);
recombinant human leptin (Invitrogen); p-mannitol (Difco Laboratories, Detroit, M,
USA); triacsin C (Alomone Labs, Jerusalem, Israel); Tripure isolation reagent and DAPI
(4" 6-diamidino-2-phenylindole) (Roche Diagnostics, Mannheim, Germany).

The drugs to be tested were dissolved in water, 100% (v/v) ethanol, 50% (v/v)
ethanol, DMSO, 0.01 mol/L HQ, 0.1% (w/v) BSA in water or 0.1% (w/v) BSA in
phosphate-buffered saline (PBS). The final concentration of these solvents in the buffer
and culture medium was 1% (v/v). Controls for the drugs were run in the presence of
the solvent. Neither of the solvents had a significant effect on "*C-AA and '*C-DHA
uptake (results not shown).

2.2, Collection of human placentae

Collection and processing of human placentae were approved by the Ethical
Committee of Centro Hospitalar S. Jodo, Porto. Human placentae were obtained at the
Department of Obstetrics and Gynecology of Centro Hospitalar S. Jodo, Porto, from
uncomplicated {control, n=10) and GDM (n=6) term pregnancies {38-41 weeks),
within half an hour after spontaneous delivery or elective caesarean section. Control
placentae represented normal pregnancies with no associated maternal or fetal
pathology and were collected at random.

In pregnant women without prior known diabetes, the diagnosis of GDM was
performed by a two-step approach. All pregnant women were tested by a 50 g glucose
challenge test at 24-28 weeks of gestation. In those with a blood glucose level =140
mg/dl (7.8 mmol/L) 1 h after the oral glucose load, a diagnostic oral glucose tolerance
test (OGTT) was performed. GDM was diagnosed when two or more of the following
plasma glucese concentrations were met or exceeded (according to the criteria of
Carpenter and Coustan [23]): fasting blood glucose level =95 mg/dl (5.3 mmol/L) and/
or blood glucose level =180 mg/dl (10 mmol/L), 155 mg/dl (8.6 mmol/L) or 140 mg/dI
(7.8 mmol/L) 1, 2 or 3 h after a 100 g OGTT, respectively. These pregnancies were not
associated with any major maternal or fetal pathology in addition to GDM. Women
with diagnosed GDM were surveilled in Centro Hospitalar S. Jodo and treated with diet
and exercise therapy during the course of pregnancy up to the time of delivery. In three
patients, insulin therapy was necessary. The criterion for initiating insulin therapy was
the presence of a fasting blood glucose level =90 mg/dl (5 mmoll) or a 2 h
postprandial blood glucose level =120 mg/dl (6.7 mmol/L), despite consistent dietary
and exercise adjustments. Selected clinical, anthropometric and demographic data for
control or GDM study groups are given in Table 1 [24].

2.3, Primary cultures of human cytotrophoblasts (TB cells)

Villous cytotrophoblasts (TB cells) corresponding to control or GDM pregnancies
(NTB or DTB cells, respectively) were isolated using a modification of the technique
described by Kliman et al. [25], as previously described by our group [26,27]. After
3 days in culture, TB cells aggregate to form syncytial clumps corresponding to STB. This
‘was confirmed by observing cell morphology with an optic microscope. To evaluate the
purity of the TB cell cultures, cells in chamber slides were fixed with 4% (w/v)
paraformaldehyde and immunolabeled with anti-vimentin and anti-cytokeratin
antibodies. Ninety-five percent of the cells were cytokeratin positive, thus correspond-
ing to epithelial TB cells.

2.4. Uptake of "C-arachidonic acid (**C-AA) and **C-docosahexaenoic acid (**C-DHA) by
TB cells

For uptake studies, TB cells were seeded on 24-well plastic cell culture clusters at
a cell seeding density of 14x10° cells/well, and the experiments were performed
3 days after the initial seeding. The experiments were performed in buffer with the
following compaosition (in mmol/L): 125 NaCl, 4.8 K, 1.2 KH,P0,, 12.5 HEPES-NaOH,
12.5 MES, 1.2 Mg50,, 1.2 CaQy, 5.6 mmol/L D{+ )-glucose and 1% (w/v) essentially
fatty acid-free BSA, pH 7.5 (unless otherwise stated). Initially, the culture medium
was aspirated and the cells were washed with 0.3 ml buffer at 37°C; then the cell
monolayers were preincubated for 20 min with 0.3 ml buffer at 37°C Uptake was
initiated by the addition of 0.2 ml buffer at 37°C containing 100 or 500 nmol/L'C-AA
or "C-DHA (except in the experiments for determination of the kinetics of 'C-AA
and “C-DHA uptake, as indicated). Incubation was stopped after 6 min (unless
otherwise stated) by removing the incubation buffer, placing the cells on ice and
rinsing them with 0.5 ml ice-cold buffer without fatty acid-free BSA. The cells were
then solubilized with 0.3 ml of 0.1% (v/v) Triton X-100 (in 5 mmol/L Tris-HCl, pH
7.4) and placed at room temperature overnight Radioactivity in the cells was
measured by liquid scintillation counting.
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Table 1
Clinical, anthropometrical and demographic data of control and GDM study groups
Control GDM
Mothers
n 10 6
Maternal age (years) 323417 325415
BMI* before delivery (kg/m*) 266+15 32.8+£13%
Gravida (n) 23104 23404
Parity (n) 09+03 1.2+04
Mode of delivery
Vaginal [n (%)] 5 (50) 3(50)
Cesarean [n (%)] 5 (50) 3(50)
Therapeutics of GDM [n (%}] - Nutritional: 3 (50)
Insulin: 3 (50)
Fasting blood glucose (mmol/L) 394010 46+030%
HbA¢ (%)° - 55402
Periconceptional folic add use [n (%)]¢ 9 (90)¢ 4(67)f
Smokers [n (%)] 0(0)" 0(0)
Infants
Gestational age at birth (weeks)® 356+03 393403
Birth weight (g)" 3268641359 3382.5+196.1
Length' (cm) 485405 49.7+06
SGA! newborn [n (%)] 1(10) 0(0)
AGA newborn [n (%)] 8 (80) 5(83)
LGA newborn [n (¥)] 1(10) 1(10)
Placental weight (g) 602.9455.1 668.3466.5
Gender [n (%)] Male: 2 (20) Male: 2 (33)
Female: 8 (30) Female: 4 (67)
5-min Apgar score 9.4+0.2 92403

Values represent means=S.EM.

* Significantly different from control (P<05).

# Parameter unknown for one subject.

" Values obtained at 24-28 weeks of gestation.

€ Values obtained at 35-36 weeks of gestation. Parameter unknown for subjects
from control group.

4 Dosage and initiation period unknown.

© Parameter unknown for one subject.

f Parameter unknown for two subjects.

£ Number of completed weeks at the time of delivery, determined by prenatal
ultrasound at 11-13 weeks.

" Evaluated to the nearest gram.

' Evaluated to the nearest tenth of a centimeter.

1 SGA, small for gestational age; AGA, adequate for gestational age; LGA, large for
gestational age, according to published reference standards [23].

2.4.1. Pharmacological characterization of *C-AA and "“C-DHA uptake by NTB and
DTB cells

Compounds to be tested were present during both the preincubation (20 min} and
incubation (6 min) periods.

242, Effect of GDM-associated conditions upon **C-AA and **C-DHA uptake by NTB cells

The effect of GDM-associated conditions upon "C-AA and "C-DHA uptake by NTB
cells was tested by preincubating cells for 20 min (in culture media without FCS) and
then incubating them for 6 min (in buffer) in the presence of p-glucose (20 mmol/L),
insulin (50 nmol/L), leptin (100 ng/ml), TNF-ct (100 ng/L) or the respective solvents. In
20 mmol/L glucose experiments, an isosmotic control was run using mannitol.

2.5, RNA extraction and quantitative real-time reverse transcriptase polymerase chain
reaction (gRT-PCR)

Total RNA was extracted from 3-day-old NTB and DTB cells (both seeded at a cell
density of 107 cells/21 cm?) using the Tripure isolation reagent, according to the
manufacturer's instructions (Roche Diagnostics, Mannheim, Germany).

Before cDNA synthesis, total RNA was treated with DNase | (Ambion Inc, Texas,
USA) and 2 pg of the resulting DNA-free RNA was reverse transcribed using Superscript
Reverse Transcriptase Il and random hexamer primers (Invitrogen) in 80 ul of final
reaction volume, according to manufacturer's instructions. Resulting cDNA was treated
with RNase H (Invitrogen) to degrade unreacted RNA. For the qRT-PCR, 2 1l of the 80l
reverse transcription reaction mixture was used.

For the calibration curve, placental standard cDNA was diluted in five different
concentrations. qRT-PCR was carried out using a LightCycler (Roche, Nutley, NJ, USA).
Twenty-microliter reactions were set up in microcapillary tubes using 0.5 pmol/L of
each primer and 4 pl of SYBR Green master mix (LightCycler FastStart DNA MasterPlus
SYBR Green I, Roche, Mannheim, Germany). Cycling conditions were as follows:
denaturation (95°C for 5 min), amplification and quantification [95°C for 10 s,
annealing temperature (AT) for 10 s and 72°C for 10 s, with a single fluorescence

measurement at the end of the 72°C for 10 s segment] repeated 55 times, a melting
curve program [(AT+10)°C for 15 s and 95°C with a heating rate of 0.1°C/s and
continuous fluorescence measurement| and a cooling step to 40°C for 30 s. ATs and
sequence of primers are indicated in Table 2. The primer pair for (3-actin was kindly
donated by Dr. Joana Marques ( Department of Genetics, Faculty of Medicine, University
of Porto, Portugal). Data were analyzed using LightCycler 4.05 analysis software
(Roche, Mannheim, Germany). The amount of mRNA of each studied gene was
normalized to the amount of mRNA of the housekeeping gene (3-actin). There was no
effect of GDM on the expression levels of f-actin (results not shown).

2.6. Quantification of cell viability [lactate dehydrogenase (LDH) activity assay]

NTB and DTB cells were seeded in 24-well plastic cell culture clusters (2 om?;
diameter 16 mm; TPP) at a cell seeding density of 14x10° cells/well. After 3 days in
culture, cell viability was determined by measuring the extracellular activity of the
cytosolic enzyme LDH.

Cellular leakage of LDH into the extracellular culture medium was determined
spectrophotometrically by measuring the decrease in absorbance of NADH during the
reduction of pyruvate to lactate. LDH activity was expressed as the percentage of
extracellular activity in relation to the total cellular LDH activity. To determine total
cellular LDH acti , cells were exposed to 0.1% (v/v) Triton X-100 for 30 min at 37°C.

2.7. Quantification of cell proliferation (*H-thymidine incorporation)

After 1 day in culture, cellular DNA synthesis rate was quantified by measuring *H-
thymidine incorporation into cellular DNA, in NTB and DTB cells.

Incells seeded in 24-well plastic cell culture clusters (2cm2: diameter 16 mm; TPP)
ata cell seeding density of 14x10° cells/well, 500 pl of culture medium containing *H-
thymidine (2.5 uCi/ml) was added for 5 h. After this period, the medium was removed
and the cells were fixed by incubation with 300 pl of 10% (w/v) trichloroacetic acid
(TCA) (1 h at 4°C). Then, cells were washed twice with 10% (w/v) TCA to remove
unbound radioactivity, plates were air-dried for 30 min and finally, cells were lysed
with 1 mol/L NaOH (280 pl/well). A 250-pl aliquot of the lysate was neutralized with 5
mol/L HQ prior to the addition of scintillation fluid. The radioactivity of the samples
was quantified by liquid scintillation counting. Cellular DNA synthesis rate was
expressed as incorporation of *H-thymidine (uCi/mg protein).

2.8. Determination of cell differentiation (alkaline phosphatase activity assay)

Cell differentiation was measured by quantifying cellular alkaline phosphatase
(ALP) activity. ALP activity and expression have been used to demonstrate the ability of
isolated villous cytotrophoblasts to differentiate into an STB [28].

ALP assays were performed on cells grown for 3 days in 24-well plastic cell culture
clusters (2 cnr’; diameter 16 mm; TPP), after seeding at a cell density of 14x 10° cells/
‘well. The ALP reaction was carried out with 5 mmol/L pNPP as an ALP substrate and 1
mmol/L MgQs. After 60 min of incubation, the reaction was stopped by adding ice-cold
NaOH (0.02 mol/L). The amount of released pNP, reflecting ALP activity, was measured
at 405 nm. The results are expressed as nmol pNP min~" mg protein—".

2.9. Determination of TB cells apoptosis index (TUNEL assay)

Asimilar amount of NTB and DTB cells (3x10°) were seeded on glass coverslips for
1 day. To determine the apoptosis index, TUNEL assay (terminal deoxynudcleotidyl
transferase mediated deoxyuridine triphosphate nick-end labeling) was performed
using the In Situ Cell Death Detection kit (Roche Diagnostics, Basel, Switzerland)
according to the manufacturer's instructions. Briefly, cells were fixed with 4% (w/v)
p-formaldehyde solution in PBS for 30 min, permeabilized with sodium citrate 0.1%
(w/v) and Triton X-100 0.1% (v/v) for 2 min at 4°C and then incubated with
fluorescein isothiocyanate-conjugated dUTP for 1 h at 37°C. DAPI (0.5 pg/ml in
methanol, 5 min) was used to counter-stain total nuclei.

Table 2
Primer sequences and annealing temperatures used for gRT-PCR

Gene name  Primer sequence (5' to 3') Annealing temperature (°C)
B-Actin Fwd: AGA GCC TCG CCT TTG CCG AT 65
Rev: CCATCA CGCCCT GGT GCC T
FATP 1 Fwd: CTG CCA TCT GGG AGG AGT TCA
Rev: CCG ACC TTG CCG TCC AT
FATP 2 Fwd: TAA GCG GAT TGA AGG CAG ATG 66
Rev: GTC CGC AAG GCA AGA GTA GC
FATP 4 Fwd: GAC TGC CTC CCC CTC TAC 65
Rev: GAA CTT CTT CCG AAT CAC CAC
ACSL1 Fwd: CGA GGG (GA GGTGTG T 65

Rev: GTG TAA CCA GCCGTCTTT GTC

Fwd, forward; Rev, reverse.
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Coverslips were mounted on glass slides and visualized under a fluorescence
microscope (Nikon 50i, Nikon, Japan). The percentage of TUNEL-stained nuclei was
evaluated in relation to 700-2500 DAPI-stained nuclei observed in 15-25 randomly
chosen optical fields per slide (in a total of about 4x10° nuclei). Immunofluorescence
was visualized under a fluorescence microscope (Olympus, BH-2, UK). Apoptosis index
was calculated as the number of apoptotic cells (in % of total cells).

2.10. Protein determination

The protein content of cell monolayers was determined as described by Bradford
[29], using BSA as standard.

2.11. Calculations and statistics

For the analysis of the time-course of '*C-AA and "*C-DHA uptake, the parameters
of Eq. (1) were fitted to the experimental data by a non-linear regression analysis,
using a computer-assisted method [30].

Alt) = kin/ kour(1—e =) 8}

A(t) represents the accumulation of "C-AA or "C-DHA at time t; kin and kour, the
rate constants for inward and outward transport, respectively; and t, the incubation
time. Amay is defined as the accumulation at steady-state (t— =), ki, is given in pmol
mg protein~' min~" and Koy is given in min~". In order to obtain clearance values, ki,
was converted to ul mg protein™" min~".

For the analysis of the saturation curve of 'C-AA and "C-DHA uptake, the
parameters of the Michaelis-Menten equation were fitted to the experimental data by
using a non-linear regression analysis, using a computer-assisted method [30].

Arithmetic means are given with S.EM. n indicates the total number of replicates
obtained from the distinct placentae. Statistical significance of the difference between
two groups was analyzed with the Student's t test. Differences were considered to be
significant when P<.05.
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3. Results
3.1. Characteristics of the study groups

As shown in Table 1, control and GDM groups were closely
matched in terms of clinical, anthropometrical and demographic
characteristics. However, maternal body mass index (BMI) before
delivery and fasting blood glucose were significantly higher in the
GDM group. Pregnant women of both control and GDM groups had a
strict metabolic control as fasting blood glucose and hemoglobin A,
levels were lower than 5 mmol/L and 6%, respectively [15].

3.2. Comparison of characteristics of NTB and DTB cells: viability,
proliferation, differentiation and apoptosis

Adequate trophoblast growth, proliferation, differentiation and
programmed cell death are crucial to form and maintain the structure
and function of the placental epithelium [31]. Alterations in these
properties have been associated with pregnancy disorders such as
preeclampsia, intrauterine growth restriction and molar pregnancies
[31-33]. However, not much is known concerning this subject in
GDM. So, we decided to compare viability, proliferation, differentia-
tion and apoptosis of NTB and DTB cells.

Cell viability and differentiation were assessed in NTB and DTB
cells after 3 days in culture. These parameters were assessed at this
time period because cytotrophoblasts normally differentiate info an
STB after 3 days in culture [32]. As can be seen in Fig. 1A and C, cell
viability and differentiation were similar in both NTB and DTB cells.

B Proliferation
3001
*
[
28
w
S%‘ 2001
j =
i
(1}
s
E £ 1004
Z
z
T
NTB cells DTB cells
D Apoptosis
604 *
']
= o 404
83
L9
8%
o )
8
§-‘-' 204 —1—
T
NTB cells DTB cells

Fig. 1. Viability, proliferation, differentiation and apoptosis in NTB and DTB cells. (A) Viability was determined in cells after 3 days in culture by quantification of extracellular LDH activity (n=
18-19, from 3 to 4 distinct placentae). (B) Proliferation was determined in cells after 1 day in culture by quantification ung—thymidine incorporation (n=15-16, from 3 distinct placentae).
(C) Differentiation was determined in cells after 3 daysin culture by quantification of cellular ALP activity (n=14-15, from 3 distinct placentae). (D) Apoptosis index was determined in cells
after 1 day in culture by the TUNEL assay (n=7-8, from 3 distinct placentae). Shown are arithmetic means-+SEM. *Significantly different from NTB cells (P<.05) (Student's t test).
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Fig. 2. Time-course of "4C-AA (A) and "C-DHA (B) uptake by NTB and DTB cells. Cells
were incubated at 37°C and pH 7.5, with 100 nmol/L *C-AA or 'C-DHA for various
periods of time (n=6-10, from 3 to 4 distinct placentae). Shown are arithmetic means
+S.EM. “Significantly different from NTB cells (P<.05) (Students ¢ test).

Proliferation and apoptosis were analyzed in NTB and DTB cells,
after 1 day in culture, since trophoblast proliferation is restricted to
cytotrophoblasts [34] and because cytotrophoblasts are more sus-
ceptible to apoptosis, induced by certain stimuli, when compared
with the STB [35]. DTB cells, when compared with NTB cells,
presented a markedly higher (2.6x) proliferation rate, which was
accompanied by an increase of the same magnitude (2.7x) in the
apoptosis index (Fig. 1B and D). As whole, these results suggest that
there is a higher degree of cell turnover in DTB relative to NTB cells.

3.3. Comparison of time-course of "*C-AA and "*C-DHA uptake in NTB
and DTB cells

In asecond series of experiments, we compared the time-course of
accumulation of "“C-AA and '“C-DHA in NTB and DTB cells. For this,
cells were incubated with 100 nmol/L 'C-AA or "#C-DHA, pH 7.5, for
various periods of time.

As can be seen in Fig. 2, uptake of "“C-AA and '“C-DHA was
markedly reduced over time in DTB when compared to NTB cells. In
relation to '*C-AA uptake, analysis of the time-course showed that the
rate constant of inward transport (k;,) was significantly higher in NTB
than in DTB cells (22.64-1.8 and 10.540.84 pl mg protein~—' min~',
respectively), the same happening with the steady-state accumula-
tion (Amay) (182.14£24.6 and 55.5+4.5 pmol mg protein~', respec-
tively); however, no significant differences were found in relation
to the rate constant of outward transport (ku,) (0.0124+0.003 and
0.019+0.003 min~') (n=6-10) (Fig. 2A). In relation to '“C-DHA
uptake, the same pattern of variation was observed for the three
parameters: both the ki, (18.14:2.0 and 11.4+1.6 pl mg protein~!
min~" in NTB and DTB cells, respectively) and the Apax (94.9+11.3
and 38.94-3.6 pmol mg protein™" in NTB and DTB cells, respectively)
were significantly lower in DTB cells when compared to NTB cells.
Again, the Koy was unaltered (0.019+0.004 and 0.029+0.006 min ™'

for NTB and DTB cells, respectively; n=6-10) (Fig. 2B). From these
results, we conclude that the efficiency to remove "*C-AA and "C-
DHA from the external medium is significantly lower in DTB when
compared to NTB cells.

As can be seen in Fig. 2, uptake of '“C-AA or '“C-DHA by NTB and
DTB cells was linear for the first 6 min of incubation. Subsequent
experiments were thus performed by using a 6-min incubation period.

3.4. Comparison of kinetics of "*C-AA and "*C-DHA uptake in NTB and
DTB cells

In another set of experiments, we compared the initial rates of
uptake of "*C-AA and "*C-DHA at increasing substrate concentrations
in the apical medium (from 0.05 to 5 pmol/L) in NTB and DTB cells. As
can be seen in Fig. 3, uptake of "*C-AA and "*C-DHA for up to 5 pmol/L
was linear with increasing substrate concentrations, in both NTB and
DTB cells. However, the slope of uptake was significantly higher in
NTB than in DTB cells, for both “C-AA (0.137+0.0019 vs. 0.065+
0.0041, respectively; n=7-8) and '“C-DHA (0.089+0.0009 vs.
0.0504-0.0007, respectively; n=10-11). Moreover, analysis of uptake
of lower concentrations of "*C-AA revealed a saturable component of
uptake in both NTB and DTB cells. Although the K, of uptake was not
significantly different between NTB and DTB cells (103474 and 76+
66 nmol/L, respectively), the V., of uptake in DTB cells was about
25%of that of NTB cells (64+ 19and 1546 pmol mg prot—' 6 min~"in
NTB and DTB cells, respectively) (Fig. 3A). A saturable component of
uptake was also found for lower concentrations of *C-DHA in NTB
cells (K., of 6524608 nmol/L and V., of 105+75 pmol mg prot ' 6
min~ '), but this saturable component of uptake was not found in DTB
cells (Fig. 3B).
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Fig. 3. Kinetics of (A) "*C-AA and (B) "*C-DHA uptake by NTB and DTB cells. (A) Initial
rates of uptake were determined in cells incubated at 37°C for 6 min with
concentrations of “C-AA up to 5 ymol/L or 100 nmol/L (inset). (B) Initial rates of
uptake were determined in cells incubated at 37°C for 6 min with concentrations of
MCDHA up to 5 pmol/L or 250 nmol/L (inset) (n=7-11, from 3 to 4 distinct placentae).
Shown are arithmetic means+SEM.
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Fig. 4. pH dependence of "*C-AA and "*C-DHA uptake by NTB cells. Initial rates of uptake were determined in cells incubated at 37°C with 500 nmol/L **C-AA or "*C-DHA for 6 min. The
extracellular pH in the preincubation and incubation media ranged from 5.5 to 8.5. Shown are arithmetic means+5.EM. (n=6, from 2 distinct placentae). *Significandy different from

uptake at pH 5.5 (P<.05) (Student's t test).

3.5, Further characterization of "*C-AA and "*C-DHA uptake in NTB cells

3.5.1. pH dependence of uptake

The effect of extracellular pH on the uptake of '“C-AA and "*C-DHA
in NTBcells was examined by varying the pH of the preincubation and
incubation media from 5.5 to 8 5. These experiments were performed
because protonation of long-chain fatty acids facilitates their
transport across the membrane lipid bilayer [14]. As shown in
Fig. 4, uptake of "“C-AA and '“C-DHA was found to be pH dependent,
being higher at acidic pH (5.5).

35.2. Specificity of the uptake mechanism

In order to determine the specificity of the membrane trans-
porter(s) involved in '*C-AA and "“C-DHA uptake by NTB cells, we
first determined the effect of several long-chain fatty acids (100 pmol/
L) upon their uptake by these cells. "#C-AA uptake was not affected by
0A (18:1n-9), LA and y-LNA (18:3n-6). By contrast, palmitic acid (PA;
16:0), eicosapentaenoic acid (EPA; 20:5n-3) and DHA significantly
decreased '“C-AA uptake (by 20-35%), with the following ranking
order of potency: EPA>-DHA=PA (Fig, 5). In relation to '“C-DHA
uptake, it was significantly decreased (by 20-40%) by all the fatty
acids tested, with the exception of LA, Again, EPA was the most potent
of the tested fatty acids (ranking order of potency: EPA>PA=0A="y-
LNA=AA) (Fig. 5).

Placental transport of LC-PUFAs has been described to occur by
both a non-protein-mediated mechanism (simple diffusion) and by a
protein-mediated mechanism [4,8,9,36]. To study the contribution of
these two mechanisms for '#*C-AA and '“C-DHA uptake by NTB cells,
we first determined the effect of phloretin and DIDS, two non-specific
inhibitors of protein-mediated long-chain fatty acid uptake in distinct

10] O “caa

1254

cell types [37,38]. As shown in Fig. 6, uptake of '“C-AA was slightly
decreased by phloretin but increased in the presence of DIDS, and
uptake of "*C-DHA was increased by both phloretin and DIDS,

As phloretin and DIDS are non-specific inhibitors of various
cellular transport processes [37,38], the role of inhibitors of two
specific fatty acid binding proteins, FATP and ACSL, was next
determined. Because FATP-mediated uptake of LC-PUFAs was found
to be diminished in the face of cellular depletion of ATP [39], we
decided to test the effect of ATP depletion (by using dinitrophenol).
Dinitrophenol was not able to alter the transport of "C-AA, and
uptake of “C-DHA was even increased in the presence of this agent
(Fig. 6). On the contrary, triacsin C, an inhibitor of the activity of ACSL
1, 3 and 4 [12], was able to markedly reduce "*C-AA and '“C-DHA
uptake (to 47% and 63% of control, respectively) (Fig. 6).

These results show that uptake of '“C-AA and '“C-DHA by NTB
cells is inhibited by both saturated and unsaturated fatty acids, being
however most potently inhibited by other PUFAs (especially by EPA),
and that it is dependent on ACSL activity.

3.6. Effect of GDM-associated conditions upon "C-AA and "C-DHA
uptake by NTB cells

In this series of experiments, we investigated the effect of specific
GDM-associated markers, such as elevated concentrations of p-
glucose, insulin, leptin and the pro-inflammatory cytokine TNF-,
upon the uptake of "*C-AA and "*C-DHA by NTB cells. As can be seen
in Fig. 7, 20 mmol/L p-glucose (corresponding to an hyperglycemic
situation [15]) and 100 ng/ml leptin (a concentration known to be
representative of hyperleptinemia in GDM [40]) were devoid of effect
upon "“C-AA and "*C-DHA uptake. In contrast, high concentrations of
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Fig. 5. Specificity of '*C-AA and "*C-DHA uptake by NTB cells. Initial rates of uptake were determined in cells incubated at 37°C with 500 nmol/L **C-AA or '*C-DHA for 6 min. Cells were
both preincubated for 20 min and incubated with **C-AA or "*C-DHA in the absence (control; corresponding to 100%) or presence of PA, OA, LA, y-LNA, DHA, AA or EPA, all at 100 umol/
L (n=6-12, from 3 to 4 distinct placentae). Shown are arithmetic means-+S.EM. *Significantly different from control (P<.05); “Significandy different from EPA (Student's t test).
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Fig. 6 Pharmacological characterization of '“C-AA and 'C-DHA uptake by NTB celk. Initial rates of uptake were determined in cells incubated at 37°C with 500 nmol/L "*C-AA or -
DHA for 6 min. Cells were both preincubated for 20 min and incubated with '*C-AA or *C-DHA in the absence (control; corresponding to 100%) or presence of 0.5 mmol/L phloretin
(Phloretin}, 0.5 mmol/L DIDS (DIDS), 1 mmol/L dinitrophenol (Dinitrophenol) or 10 ypmol/L triacsin C (Triacsin C) (n=8-14 from 4 to 5 distinct placentae). Shown are arithmetic

means +5.EM. *Significantly different from control (P<.05) (Student's f test).

TNF-oc (100 ng/L), known to be representative of the increased
plasma levels of inflammation observed in GDM [41], increased by a
similar magnitude (20%) the uptake of both LC-PUFAs. Moreover,
insulin at 50 nmol/L, corresponding to hyperinsulinaemia [40]
increased '#C-DHA uptake by 23% (Fig. 7).

3.7. Comparison of mRNA expression levels of AA and DHA transporters
in NTB and DTB cells

Because uptake of "*C-AA and "*C-DHA is significantly reduced in
DTB cells in relation to NTB cells, we decided to compare the mRNA
levels of LC-PUFAs transporter/binding proteins in NTB and DTB cells,
by gRT-PCR.

pFABPpm is a preferential transporter for LC-PUFAs, particularly
DHAand AA, atthe placentallevel [3,8]. FATP 1,2 and 4 have also been
implicated in the uptake of LC-PUFAs [3], and these three isoforms are
present in the placenta [4,36,42]. On the contrary, FAT/CD36 does not
seem to be of major importance for placental transport of DHA and AA
[3]. Additionally, intracellular ACSLs are also known to stimulate fatty
acid uptake, and recently, exposure to LC-PUFAs was found to
increase the uptake of LC-PUFAs in a human trophoblast cell line by
increasing the activity and expression of ACSL, particularly ACSL 1 [8].

So, we quantified the mRNA expression of FATP 1, FATP 2, FATP 4
and ACSL 1. Despite the recognized importance of pFABPpm for

placental transport of DHA and AA, its complete cDNA or amino acid
sequence has not been reported [3]. As a consequence, we could not
quantify the mRNA levels of this transporter.

As shown in Fig. 8, the mRNA levels of FATP 1, FATP 2 and FATP 4
were not significantly different in NTB and DTB cells. On the other
hand, ACSL 1 mRNA levels were decreased by almost 50% in DTB
relative to NTB cells.

4. Discussion

The aim of this study was to characterize the uptake of AA and
DHA by normal human trophoblasts and to investigate if uptake of
these LC-PUFAs is altered in GDM and in response to some of its
associated conditions (increased levels of glucose, insulin, leptin and
TNF-a). For this, we compared "*C-AA and "*C-DHA uptake by NTB
and DTB cells and tested the effect of specific GDM-associated
conditions upon the uptake of these LC-PUFAs by NTB cells.

Comparison of NTB and DTB cells showed a marked increase (to
26-2.7x) in proliferation and apoptosis index in DTB, in relation to
NTB cells, suggesting that a GDM-related phenotype — a higher cell
turnover — may be preserved in DTB cells. In line with this,
Sgarbosa et al. also reported an increase in trophoblast apoptosis
index in GDM, suggesting that hyperglycemia may be a key factor
evoking this response [43]. Interestingly, in other pregnancy
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Fig. 7. Effect of GDM-associated conditions on *C-AA and "C-DHA uptake by NTB cells. Initial rates of uptake were determined in cells incubated at 37°C with 500 nmol/L "C-AA or C-
DHA for 6 min. Cells were both preincubated for 20 min and incubated with "*C-AA or "C-DHA in the absence (control; corresponding to 100%) or presence of 20 mmol/L p-glucose
(Glucose), 50 nmol/L insulin (Insulin), 100 ng/ml leptin (Leptin) or 100 ng/L TNF-cx (TNF-zx) (n=8-9, from 3 distinct placentae). Shown are arithmetic means +5.EM. *Significantly
different from control (P<.05) (Student's t test).
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Fig. 8. Comparison of mRNA levels of fatty acid transport protein 1(FATP 1), 2 (FATP 2) and 4 (FATP4) and ACSL 1 in NTB and DTB cells, by qRT-PCR (n=6 placentae for each group).
Shown are arithmetic means+S.EM. corresponding to the expression of each test gene relative to $-actin. *Significantly different from NTB cells (P<.05) (Student's ¢ test).

pathologies, the turnover of trophoblasts cells is similarly altered as
reported by us for GDM: an up-regulation of proliferation in
preeclampsia and molar pregnancies [33] and an up-regulation of
apoptosis in preeclampsia, intrauterine growth restriction and
molar pregnancies [32,44].

The characteristics of "*C-AA and "*C-DHA uptake by NTB cells are
compatible with the involvement of a protein-mediated mechanism,
as demonstrated by the following characteristics: the presence of
saturable kinetics, the sensitivity to the non-specific inhibitor of
plasma membrane fatty acid transporters, phloretin, and the
inhibitory effect of long-chain fatty acids, particularly LC-PUFAs. LC-
PUFAs uptake in skeletal muscle cells [38], myocytes [45] and
hepatocytes [37] showed a higher sensitivity to non-specific in-
hibitors of membrane fatty acid transporters, when compared to NTB
cells. It thus appears that LC-PUFAs uptake in NTB cells is less
dependent on protein-mediated mechanisms, when compared to
other tissues. Moreover, the ATP independence of '“C-AA and '“C-
DHA uptake argues against the involvement of FATP and supports the
previous notion that fatty acid uptake is not dependent on cellular
ATP [9]. Importantly, uptake of '“C-AA and "*C-DHA by NTB cells was
found to greatly depend on the activity of ACSLs, as it was markedly
inhibited by triacsin C. So, inhibition of ACSL-mediated fatty acid
esterification into acyl-CoA can modulate, to a great extent, the
degree of transport of *C-AA and '“C-DHA into trophoblasts. This
observation is in good agreement with recent data obtained in
another cellular model of human trophoblasts, the Bewo cells [8,12].
Nevertheless, because '“C-AA and "“C-DHA uptake by NTB cells was
strongly (40-50%) but not completely inhibited by triacsin C, we
cannot rule out the possible involvement of other transporters/
binding proteins in this process. This transporter may well correspond
to pFABPpm, which was found on the microvillous membrane of the
STB [36], has a preferential affinity and binding capacity for AA and
DHA and is triacsin C-insensitive [4,11,46].

Kinetic analysis showed that, besides a saturable component (for
lower substrate concentrations), a non-saturable component
(for higher substrate concentrations) was also involved in '“C-AA
and "“C-DHA uptake. So, protein-mediated transport is the more
important mechanism for uptake of lower concentrations of these LC-
PUFAs and, distinctly, simple diffusion is quantitatively the more
important mechanism for uptake at higher concentrations of these
compounds. This observation is in agreement with claims of other
authors suggesting that, under blood physiological concentrations of
LC-PUFAs (nanomolar range), most of the cellular uptake occurs via
the protein-mediated pathway, simple diffusion being quantitatively
less important [47]. Nevertheless, the observed increase of '“C-AA
and '#C-DHA uptake at an acidic pH, where protonation of the LC-

PUFAs increases, is most probably due to an increase in passive
diffusion transport across the cell membrane [14].

Human type 2 diabetes and animal models of insulin resistance or
type 2 diabetes are associated with changes in LC-PUFAs uptake in
several tissues [48]. However, not much is known concerning the
effect of GDM on the placental uptake of LC-PUFAs. In the present
study, we show that uptake of "*C-AA and '“C-DHA is markedly
reduced in DTB cells, through a decrease in both the saturable and the
non-saturable components of uptake. In relation to the saturable
component, a decrease in the Vima, of transporter-mediated uptake of
C-AA was observed, and for '“C-DHA, the transporter-mediated
component could not even be found.

Moreover, qRT-PCR analysis revealed that mRNA levels of FATP 1,
2 and 4 were not significantly changed in DTB cells, but importantly, a
50% reduction in the mRNA levels of ACSL 1 in DTB cells was
found. This observation further supports the involvement of ACSL 1 in
“C-AA and "C-DHA uptake by human trophoblasts and clearly
implicates the decrease in its expression as related to the decrease
in "C-AA and '“C-DHA uptake found in DTB cells. Of note, the
interaction between FATP 1 and ACSL 1 activity, which is still a matter
of debate [47], does not appear to exist in trophoblast cells.

By clearly showing a decrease in the placental transport of LC-
PUFAs in GDM associated with a decrease in ACSL1 mRNA
expression levels, our results may well explain the reduced plasma
levels of AA and DHA found in neonates born from women with
GDM [20.21]. This is very important in the context of the known
crucial role that LC-PUFAs have for fetal visual, behavioral and
cognitive development [3,4].

Not much is known concerning the effect of GDM-associated
conditions upon the placental uptake of fatty acids [49-51]. In tissues
other than the placenta, insulin and leptin were found to increase the
functional expression of fatty acid transporters or binding proteins
[48]. So, we decided also to evaluate the short-term effect of high
glucose, insulin, leptin and TNF-& upon "*C-AA and '*C-DHA uptake
by NTB cells. Glucose and leptin showed no effect, but TNF-cx caused a
20% increase in "“C-AA uptake, and both insulin and TNF-x increased
'4C-DHA uptake by 20-25%. In line with our results, others found out
that TNF-a induces accumulation of fatty acids in human trophoblasts
by up-regulating the expression of phospholipase A; [52] and fatty
acid synthase [53]. By contrast, TNF-ce was recently found to have no
effect on fatty acid accumulation by NTB cells [49], but the different
TNF-ae concentrations used by Lager et al. may explain this
discrepancy. In relation to insulin, it was previously reported to be
devoid of effect upon AA and DHA uptake in Bewo cells [51] and upon
the uptake of OA in NTB cells [50]. The lower insulin concentrations
used in these studies (0.1-10 nmol/L) might not be sufficient to elicit
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an increase in '*C-DHA uptake as observed by us. Interestingly
enough, insulin has a relatively rapid stimulatory effect upon fatty
acid uptake in other tissues (e.g., cardiac and skeletal muscle and
adipocytes) [48,54].

Concerning the results obtained with leptin, which did not affect
9C-AA and "*C-DHA uptake by NTB cells, they perfectly agree with a
previous report [51], showing that long-chain fatty acids stimulate
leptin internalization in trophoblasts, thereby interfering with its
binding to the receptors. In relation to the effect of high glucose levels
upen the placental uptake of LC-PUFAs, almost nothing is known [55].
Available data state that chronic hyperglycemic conditions, in the
presence of a mixture of farty acids, reduce the expression of
adipophilin in NTB cells [55]. However, our results clearly show that
short periods of hyperglycaemia do not seem to have a great impact
upon ACSL-mediated placental uptake of AA and DHA.

An important point to discuss is the contrasting effect of acute
insulin and TNF-o upon LC-PUFAs uptake (increase) and the observed
changes in the uptake of these fatty acids in DTB cells (decrease).
These results may imply that either (a) the acute and chronic effect of
GDM and its conditions is different because, e.g., of chronic adaptative
changes in the mRNA and protein expression levels of specific
transporters or (b) changes in LC-PUFA uptake in DTB cells cannot be
attributed to changes in the level of a single condition, but rather
result from simultaneous and interacting long-term changes in
several metabolic mediators.

In conclusion, this study shows that uptake of "*C-AA and '“C-DHA
by NTB cells involves both a protein-mediated mechanism, for lower
concentrations, and simple diffusion, for higher concentrations, and
that it is highly dependent on ACSL 1 activity. In DTB cells, uptake of
both 'C-AA and 'C-DHA is markedly inhibited, which is associated
with a marked decrease in ACSL 1 gene expression. By contrast, short-
term exposure to some GDM-associated conditions (insulin and
TNF-«) produced a 20% increase in LC-PUFA uptake by NTB cells.
Finally, DTB cells show an increased cell turnover (increased
proliferation and apoptosis) when compared with NTB. In view of
the important role of LC-PUFAs during pregnancy, the marked
decrease in LC-PUFAs placental uptake associated with GDM may
have deleterious consequences for fetal and postnatal development.
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Assessment of a GDM-associated hallmark (oxidative stress) at placental level
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We aimed to determine the oxidative stress status in placentas obtained from gestational (GDM) and
type 1 (T1D) diabetic pregnancies. Malonaldehyde and protein carbonyls, two biomarkers of oxidative
damage, were higher in T1D but not in GDM placentas. Also, higher reduced glutathione and lower
oxidized glutathione levels and higher glutathione peroxidase activity were found in T1D but not in GDM
placentas. These results suggest that T1D placentas may develop a protective antioxidant mechanism to
overcome higher oxidative stress levels.

© 2013 Elsevier Ltd. All rights reserved.

1. Introduction

Diabetes is the most prevalent metabolic disorder diagnosed in
pregnant women |1,2]. Both gestational (GDM) and pre-gestational
type 1 diabetes (T1D) are associated with an increased risk of
adverse perinatal outcomes and later in life metabolic diseases for
both the mother and the offspring [2,3]. While maternal hypergly-
cemia is recognized as the main factor responsible for those compli-
cations [3,4], other factors, such as oxidative stress, also seem to play
animportant role in the pathophysiology of maternal diabetes and its
complications [ 3]. Increased levels of oxidative stress have been found
in diabetic pregnant women. However, the majority of these studies
analyzed maternal tissues such as plasmaand serum [5—7],and only a
few analyzed both GDM and T1D human placentas [8].

So, in order to test the hypothesis that diabetic pregnancy is
associated with an increase in placental oxidative stress, we
decided to compare the placental oxidative stress status in un-
complicated, GDM and T1D pregnancies.

2. Materials and methods

Following ethical approval, human placentas were collected at the Department
of Dbstetrics and Gynecology of Centro Hospitalar S. Jodo, Porto, from uncompli-
cated (control), GDM and T1D singleton term pregnancies (Table 1), within half an

Abbreviations: GDM, gestational diabetic pregnandes; GSX, total glutathione;
MDA, malonaldehyde; T1D, pre-gestational type 1 diabetic pregnancies; tert-BOOH,
tert-butyl hydroperoxide.

* Corresponding author. Tel.: +351 22 0426654; fax: +351 22 5513624,

E-mail address: fmartel@med.up.pt (E Martel)

0143-4004/$ — see front matter © 2013 Elsevier Ltd. All rights reserved.
http://dx.doi.org/10.1016/j.placenta 2013.09.001

hour after spontaneous delivery or elective cesarean section. GDM was diagnosed
according to published criteria defined by the Intemational Association of the Dia-
betes and Pregnancy Study Group (IADPSG) consensus panel [9]. None of these
pregnancies were associated with any major maternal or fetal pathology or
diabetes-associated complications

Placental villous tissue homogenates were incubated in the absence or presence
of tert-butyl hydroperoxide (tert-BOOH) 3 mM for 1 h at 37 °C, as previously
described [10]. Afterwards, levels of malonaldehyde (MDA), protein carbonyls, total
{GSX), axidized (GSSG) and reduced (GSH) glutathione and the activity of Se-
dependent glutathione peroxidase (GPX) were quantified in supernatants as
described elsewhere [ 10,11]

Statistical significance (P < 0.05) between various groups and two groups were
analyzed by one-way ANOVA (followed by the Bonferroni test) and Student’s ¢ test,
respectively. Pearson correlation coefficients were calculated to determine signifi-
cant associations between maternal metabolic parameters and oxidative stress.

3. Results and discussion

Biomarkers of oxidative damage to lipids (MDA) and proteins
(carbonyls) [12] were elevated in T1D, but not in GDM placentas,
when compared to control (Fig. 1a and b), indicating that greater
lipid and protein oxidation levels exists in T1D placentas only.
Exposure to an oxidative challenge (tert-BOOH) induced an in-
crease in MDA levels in all groups, although the relative increase
was smaller in T1D (2x ) than in control and GDM placentas (9 and
11, respectively)(Fig. 1a). By contrast, protein carbonyl levels were
not changed by tert-BOOH (Fig. 1b).

Hyperglycemia is one of the most important mechanisms
leading to increased oxidative stress in GDM [ 1,5,13]. However, no
correlations were found between placental biomarkers of oxidative
stress and maternal third trimester fasting glycemia or glycosylated
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Table 1
Clinical characteristics of the three study groups.
Control GDM' TID"
Mothers
N 11 15 5
Maternal age (years) 331413 349 + 09 272 + 29
BMI before delivery (Kg/m*) 265+ 1.6 316 + 1.0° 23.7 + 1.4#
Gravida (n) 24+04 23+02 1.8 £ 06
Parity (n) 09 +03 13+02 0.6 =04
Mode of delivery
Vaginal [n (%)) 4(36) 6(40) 2 (40)
Cesarean [n{‘k]l“ 7 (64) 9 (60) 3 (60)
Therapeutics of GDM [n (%)] - No insulin: 8 (53) —
Insulin®: 7 (47)
Fasting blood glucose (mM)"
All 39+01 48 + 02° 79 £ 1L.6%#
Insulin therapy 44 + 03
No insulin therapy 5.0+ 02*
HbA ¢ (X)*
All - 56+ 01 6.3 +04
Insulin therapy 56+ 02
No insulin therapy 57+ 02
Periconceptional FA use [n (%)]" 10 (90) 14 (93)' 3 (60)
Smokers [n (%)} 0(0) oo 1(20%)
Infants
Gestational age at birth (weeks)* 39.6 + 0.3 392 + 02 376 £ 0.7°#
Birth weight (g} 3200 £ 128 3486 + 138 3293 £ 166
Length (cm)™ 482 £ 035 496 + 04" 479 £ 1.0
SGA newborn [ (%)]" 1(9) 0(0) 0(0)
AGA newborn [n (%)] 9(82) 11(73) 5 (100)
LGA newborn [n (%)] 1(7) 4(29) 0(0)
Placental weight (g) 621.7 + 496 702.3+ 41.9 588.0 + 489
Sex [n (%)] Male: 2 (18) Male: 7 (47) Male: 3 (60)
Female: 9 (82) Female: 8 (53)  Female: 2(40)
5-min Apgar Score 9.5 +02 93+ 02 10.0 + 0.0#

Values represent mean + SEM.
*Significantly different from control (P < 0.05); #significantly different from GDM
(P < 0.05).

* GDM, gestational diabetic pregnancies.

b T1D, pre-gestational type 1 diabetic pregnancies.

© BMI, body mass index.

4 All cesarean sections were elective except one from control and one from GDM
group, which were laboring.

* The criteria for initiating insulin therapy was the presence of a fasting glycemia
=90 mg/dL (5 mM) or a 2 h-postprandial blood glucose level =120 mg/dL (6.7 mM),
despite consistent dietary and exercise adjustments.

f The majority of values were obtained at 24—28 weeks of gestation. Parameter
unknown for 3 subjects from GDM group and 1 from T1D group. Women with TID
were treated with intermediate or long-acting insulin regimens in order to achieve a
fasting glycemia <90 mg/dL and a 2 h-postprandial blood glucose level <120 mg/dL

£ Values obtained at 35-36 weeks of gestation. Parameter unknown for one
subject from GDM group and for all subjects from control group, as this assay is not
typically ordered for subjects with no history of glucose mismanagement.

I EA, folic add. Dosage and initiation period unknown.

! Parameter unknown for 1 subject.

1 parameter unknown for 2 subjects from control group and 1 from T1D group.

Gestational age: number of completed weeks at the time of delivery, deter-
mined by prenatal ultrasound at 11-13 weeks.

! Birth weight was evaluated to the nearest gram.

™ Length was evaluated to the nearest tenth of a centimeter after birth.

" SGA, small-for-gestational-age: AGA, adequate-for-gestational-age: LGA, large-
for-gestational-age, classified according published reference standards (Battaglia FC,
Lubchenco LO (1967) A practical classification of newborn infants by weight and
gestational age. | Pediatr 71:159-163).

hemoglobin (HbA,¢) in GDM pregnancies (which do not present
overt hyperglycemia at this time point) (Table 1). Also, no corre-
lations were observed between biomarkers of oxidative stress,
body mass index and gestational or maternal age in GDM women
(results not shown). Due to the low number of T1D placentas
analyzed (n = 5), correlation data are not shown.

Glutathione and GPX are reliable indicators of antioxidant status
[13]. When compared to control and GDM placentas, higher GSH
and lower GSSG concentrations (Fig. 2b and ¢) and a higher [GSH]/
[GSSG] ratio (78 + 45 for T1D, 1.3 £+ 04 for GDM, and 0.8 + 0.3 for
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Fig. 1. Levels of malonaldehyde (a) and protein carbonyls (b) in placentas from control
(n = 11), gestational diabetic (GDM; n — 15) and pre-gestational type 1 diabetic (T1D;
n = 5) pregnancies. These parameters were determined in human placental homogenates
after a 1 h-exposure to 3 mM tert-butyl hydroperoxide (tert-BOOH) or its solvent (basal).
Shown are arithmetic means + SEM. #Significantly different from control placentas with
the same treatment (P < 0.05). 1 Significantly different from GDM placentas with the same
treatment (P < 0,05). *Significantly different from basal (P < 0.05)

control) were found in T1D placentas. On the other hand, GSX, GSH
and GSSG levels and [ GSH]/[GSSG] ratios were similar in GDM and
control placentas (Fig. 2a—c). In the presence of tert-BOOH, the
decrease in GSH levels was greater in T1D than in control and GDM
placentas, suggesting that T1D glutathione is more sensitive to an
additional oxidative challenge (Fig. 2b). Additionally, GPX basal
activity was higher in T1D but not in GDM placentas in comparison
to control, but exposure to tert-BOOH decreased the enzyme ac-
tivity to similar levels in all groups (Fig. 2d).

As a whole, these results suggest that a compensatory antioxi-
dant mechanism — upregulation of glutathione/GPX system — may
develop in T1D placentas to overcome higher oxidative stress
levels. In agreement with our results, a parallel increase in blood
levels of oxidative stress biomarkers and antioxidant enzymes ac-
tivity have been reported in T1D pregnant women [14,15].

Concerning GDM, we did not find any effect on placental
oxidative stress and antioxidants levels, even after stratification for
insulin and non-insulin therapy and for labored (vaginal) or non-
labored (elective cesarean section) deliveries (results not shown).
By contrast, in controls, levels of MDA were more sensitive to tert-
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Fig. 2. Total (GSX) (a), oxidized (GSSG) (b) and reduced { GSH) glutathione (] levels, and glutathione peroxidase activity (GPX) (d) in placentas from control (n = 8—11), gestational
diabetic (GDM; n = 12-15) and pre-gestational type 1 diabetic (T1D; n = 5) pregnancies. These parameters were determined in human placental homogenates after a 1 h-exposure
to 3 mM tert-butyl hydroperoxide (tert-BOOH) or its solvent (basal). Shown are arithmetic means + 5.E.M. #Significantly different from control placentas with the same treatment
(P < 0.05). {Significantly different from GDM placentas with the same treatment (P < 0.05). *Significantly different from basal (P < 0.05).

BOOH and basal GPX activity was lower in labored than in non-
labored placentas (results not shown). So, normal labored de-
liveries appear to be more susceptible to placental oxidative stress
than non-labored deliveries, reinforcing a previous conclusion by
Cindrova-Davies et al. [ 16].

In contrast to our results, previous studies have associated GDM
with increased oxidative stress [ 7,17—19]. We believe that the main
reason for this apparent inconsistency is that women in our GDM
group were diagnosed according to the new IADPSG criteria [9],
which encompass women with a less severe diabetic phenotype.
This is supported by the observation of HbA¢ levels at 35—-36
weeks of gestation in GDM women within the acceptable range for
managed diabetes (<5.7%) (Table 1) [20,21].

In conclusion, increased levels of oxidative stress are associated
with an up-regulation, and higher sensitivity to oxidative insults, of
the antioxidant glutathione system inT1D but notin GDM placentas.
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The aim of this work was to investigate the putative modulation of glucose uptake in
trophoblast cells by several dietary compounds and by drugs of abuse. For this, the
acute (26min) and chronic (48h) effect of these substances on the apical uptake
of *H-2-deoxy-n-glucose (*H-DG) by a human choriocarcinoma cell line (BeWo) was
determined. *H-DG apical uptake by BeWo cells was time dependent, displayed
saturable kinetics (V.= 1210 + 29 nmol mg protein™' 6min~"' and K,,,=13.4 £0.5mM)
and was insulin-insensitive and cytochalasin B-sensitive (by up to 60%). Acutely,
acetaldehyde (30-100mM), resveratrol, xanthohumol, epigallocatechin-3-gallate
(100pM), chrysin and quercetin (10-100pM) decreased *H-DG apical uptake, whereas
rutin, catechin (10-100 pM), epicatechin (100 pM) and ethanol (10mM) increased it.
Quercetin and xanthohumol seem to be non-competitive inhibitors of *H-DG apical
uptake, whereas both epigallocatechin-3-gallate and acetaldehyde decreased both
the K, and V., values. Chronically, rutin and myricetin increased the apical uptake
of *H-DG both isolated (0.1-1pM) and in combination (both at 1pM), whereas theoph-
ylline (0.1-1pM) and amphetamine, 3,4-methylenedioxymethamphetamine (0.25-1 pM)
and A’-tetrahydrocannabinol (1nM) decreased it. In conclusion, *H-DG apical uptake
by BeWo cells is differentially modulated by different compounds present in drinks
and by drugs of abuse.

Key words: BeWo cells, drugs of abuse, glucose uptake, methylxanthines, polyphenols.

Abbreviations: DG, 2-deoxy-D-glucose; EGCG, epigallocatechin-3-gallate; GLUT, facilitative glucose family
of transporters; IGF-1, insulin growth factor-1; MDMA, 3,4-methylenedioxymetamphetamine; SGLT1,
sodium-glucose co-transporter 1; THC, tetrahydrocannabinel.

Glucose serves as the primary source of energy for
metabolism and growth of the feto-placental unit, and
thus the supply of glucose from maternal blood to fetal
circulation represents a major determinant of fetal
growth and development (I, 2). Glucose supply to the
fetus is dependent on placental glucose transport from
the maternal circulation. At the placental level, glucose
transport is thought to be mediated by one or more
members of the facilitative glucose family of transporters
(GLUTs). This assumption is largely based on the
characteristics of placental glucose transport. Transport
of glucose in both the microvillous and basal membrane
of the syncytiotrophoblast has similar kinetic char-
acteristics, is sodium-independent, selective for p- over
L-glucose and sensitive to inhibition by phloretin and
cytochalasin B (3-5).

The GLUT1 glucose transporter, present at both the
microvillous and basal membranes of the syncytial bar-
rier, is the predominant glucose transporter expressed in
the placenta (6-10), and the primary isoform involved
in the transplacental movement of glucose. The distribu-
tion of GLUT1 within the syneytiotrophoblast is asym-
metric, with a greater degree of expression at the
microvillous membrane than at the basal membrane.

#*To whom correspondence should be addressed. Tel: 351 22 551
36 24, Fax: 351 22 551 36 24, E-mail: fmartel@med.up.pt

Vol. 144, No. 2, 2008

Apart from GLUT1, GLUT3 mRNA was also reported to
be expressed in the human placenta (11), but GLUT3
protein appears not to be expressed in the syncytiotro-
phoblast layer of the placenta (8, 12, 13), but rather
in the arterial vascular endothelium (I14). Preliminary
results also suggest that GLUT2 and GLUT5 may be
expressed in the apical and basal membranes of the
human placenta, respectively (I5), but these findings
remain unsubstantiated.

Although the existence and nature of the glucose
transporters in the placenta have been known for many
years, there is little data on the expression and activ-
ity of glucose transporters in pathological conditions
(13, 16, 17). Also, little is known about glucose transport
regulation in the placenta other than the effects of hyper
and hypoglycaemia and of insulin (and 1GF-1) (18).

Pregnant women are frequently exposed to xenobiotics
due to lifestyle factors such as diet, smoking, drug abuse
and alcohol consumption. It is known that these condi-
tions have (or may have) deleterious effects on the fetus,
but the cellular mechanisms involved remain to be com-
pletely elucidated. So, we decided to investigate the
putative modulation of glucose uptake in trophoblast
cells by some dietary bioactive compounds and by some
drugs of abuse, by determining the acute and chronic
effect of these substances upon the apical uptake of
9H-2-deoxy-n-glucose (*H-DG) by BeWo cells. The sub-
stances tested were ethanol (and its metabolite

© 2008 The Japanese Biochemical Society.
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acetaldehyde), some polyphenolic compounds (catechin,
chrysin, epicatechin, epigallocatechin-3-gallate, myrice-
tin, quercetin, resveratrol, rutin and xanthohumol)
present in alcoholic (e.g. red wine) or non-alecoholic
drinks (e.g. green tea), two methylxanthines (caffeine
and teophylline) present in drinks such as coffee and tea,
and the drugs of abuse amphetamine, ecstasy (MDMA),
tetrahydrocannabinol (THC), nicotine and cocaine.

The BeWo cell line derives from a human gestational
choriocarcinoma, and is a known cellular model of the
human syncytiotrophoblast (19, 20), having been much
used to investigate placental trophoblast transport func-
tion for a number of compounds. BeWo cells, besides
exhibiting morphological properties, producing biochem-
ical marker enzymes and secreting hormones character-
istic of normal trophoblasts, rapidly form a confluent
polarized monolayer, being particularly attractive for
studies on transplacental kinetics (19). Indeed, they have
been shown to exhibit polarized nutrient uptake systems
(21, 22) and polarized transcellular transport of trans-
ferrin (23) and serotonin (24).

MATERIALS AND METHODS

BeWo Cell Culture—The BeWo cell line was obtained
from the American Type Culture Collection (ATCC
CCL-98, Rockville, MD, USA) and was used between
passage number 34 and 65. The cells were maintained in
a humidified atmosphere of 5% C0,-95% air, and were
grown in Ham's F12K medium containing 2.5 g/l sodium
bicarbonate, 10% heat-inactivated fetal calf serum and
1% antibiotic/antimycotic solution. Culture medium was
changed every 2 to 3 days and the culture was split every
7 days. For sub-culturing, the cells were removed enzy-
matically (0.25% trypsin-EDTA, 5min, 37°C), split 1:2,
and sub-cultured in plastic culture dishes (21 cm?%
@ 60mm; TPP®, Trasadingen, Switzerland). For the
transport studies, BeWo cells were seeded on collagen-
coated 24-well plastic cell culture clusters (2em?
@16 mm; TPP®), and were used after 3-5 days in culture
(90-100% confluence). At this moment, each square
centimetre contained about 60ug cell protein.

Transport Studies—The transport experiments were
performed in glucose-free HEPES-buffered solution with
the following composition (in mM): 140 NaCl, 5 KCI,
20 HEPES-NaOH, 2.5 MgS0,, 1 CaCly, pH 7.4. Initially,
the culture medium was aspirated and the cells were
washed with buffer at 37°C; then the cell monolayers
were pre-incubated for 20min in buffer at 37°C. Uptake
was initiated by the addition of 0.3ml buffer at 37°C
containing 1pM *H-2-deoxy-n-glucose (except in the
experiments for determination of the kinetics of *H-DG
uptake). Incubation was stopped after 6min (except in
the time-course experiments) by removing the incubation
medium, placing the cells on ice and rinsing the cells
with 0.5ml ice-cold buffer. The cells were then solubi-
lized with 0.3ml 0.1% (v/v) Triton X-100 (in 5mM
Tris—HCI, pH 7.4), and placed at room temperature over-
night. Radioactivity in the cells was measured by liquid
scintillation counting.

Acute and Chronic Treatment of the Cells—The concen-
trations of compounds to test both acutely and

J.R. Aradjo et al.

chronically were chosen based on previous works from
our group (25-30).

The acute effect of compounds on *H-DG uptake by
BeWo cells was tested by pre-incubating (20min) and
incubating cells with *H-DG (1uM; 6 min) in the pres-
ence of the compounds to be tested.

The chronic effect of compounds on *H-DG uptake
by BeWo cells was tested by cultivating 3-day-old
cell cultures (90-95% confluence) in culture medium
containing the compounds to be tested. The medium was
renewed daily, and the transport experiments were
performed after 48h. The transport experiments were
identical to the experiments described above, except that
there was no pre-incubation period, and cells were
incubated with *H-DG for 6min in the absence of drugs.

Assessment of Cell Viability—The effect of the dietary
compounds on BeWo cell viability was determined
by the MTT (3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-
2H-tetrazolium bromide) assay (31).

To test whether the compounds that had an acute
effect (26min) upon *H-DG uptake affected ecellular
viability, BeWo cells were incubated for 3h at 37°C in
500l of culture medium with 0.5mg/ml MTT solution.
In the last 26min of this period, the compounds to be
tested were added.

To test whether the compounds that had a chronic
effect (48h) upon SH-DG uptake affected cellular viabil-
ity, BeWo cells where chronically treated with the
compounds as described above. After 45h of treatment,
50ul MTT solution (5mg/ml) was added to each well. The
cells were then further incubated for 3h at 37°C.

The MTT solution was removed after the 3h incubation
period, and the cells were lysed by addition of 200 ul DMSO
followed by plate shaking for 10 min at room temperature.
Optical density for the solutions in each well was
determined at both 550 and 650nm. Optical density at
650 nm corresponds to unspecific light absorption and was
subtracted from the OD at 550nm to give the OD value
specific to formazan crystals derived from MTT cleavage.

Protein Determination—The protein content of cell
monolayers was determined as described by Bradford
(32), using human serum albumin as standard.

Calculations and Statistics—For the analysis of the
time-course of *H-DG uptake, the parameters of Eq. 1
were fitted to the experimental data by a non-linear reg-
ression analysis, using a computer-assisted method (33).

k in
keou

A(#) represents the accumulation of *H-DG at time £, ky,
and k., the rate constants for inward and outward
transport, respectively, and ¢ the incubation time. A, is
defined as the accumulation at steady state (¢ — o). Ky,
is given in picomoles milligrams protein * min ™ and oy
in min~%. In order to obtain clearance values, ki, was
converted to micro litre milligram protein™ min

For the analysis of the saturation curve, the param-
eters of the Michaelis—Menten equation were fitted to the
experimental data by using a non-linear regression
analysis, using a computer-assisted method (33).

For calculation of ICj5, values, the parameters of the
Hill equation for multi-site inhibition were fitted to the

A(f) = 22 (1 — ¢ hat)

J. Biochem.
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experimental data by a non-linear regression analysis,
using a computer assisted method (33).

Arithmetic means are given with SEM and geometric
means with 95% confidence intervals. n represents the
number of replicates of at least two different experiments.
Statistical significance of the difference between two
groups was evaluated by the Student’s ¢-test. Differences
were considered to be significant when P<0.05.

Materials—*H-2-deoxy-p-glucose (deoxy-p-glucose,
2-(1,2-3H]; specific activity 40-50Ci/mmol) (Amersham
Pharmacia Biotech, Buckinghamshire, UK); antibiotic/
antimycotic solution (100U ml * penicillin; 100pug ml !
streptomycin  and 0.25pg ml ' amphotericin  B),
(+)catechin hydrate, chrysin, collagen type I, cytochalasin
B (from Diechslera dematioidea), 2-deoxy-n-glucose, epi-
catechin, EGCG [(-) epigallocatechin-3-gallate], Ham’s
F12 K (nutrient mixture F12-Ham Kaighn's modification),
HEPES (N-2-hydroxyethylpiperazine-N'2-ethanesulpho-
nic acid), myricetin, MTT (3-(4,5-dimethyl-2-thiazolyl)-2,
5-diphenyl-2H-tetrazolium bromide), (—)nicotine hydrogen
tartrate, quercetin dihydrate, resveratrol, rutin, theophyl-
line, trypsin-EDTA solution (Sigma, St Louis, MO, USA);
DMSO (dimethylsulphoxide), Triton X-100 (Merck,
Darmstadt, Germany); fetal calf serum (Invitrogen Corpo-
ration, Carlsbad, CA, USA); (+)-amphetamine, (+)-MDMA
(ecstasy; 3,4-methylenedioxymetamphetamine), THC
[(-)-A°-tetrahydrocannabinol (tetrahydro-6,6,9-trimethyl-
3-pentyl-6H-dibenzo[b,d|pyran-1-ol] (Cerilliant Corpora-
tion, Round Rock, TX, USA); acetaldehyde (May &
Baker, Dagenham, UK); caffeine (BDH Laboratory Chem-
icals Ltd., Poole, UK); cocaine hydrochloride (Uquipa,
Lisbon, Portugal).

Xanthohumol was kindly donated by Eng. José M.
Machado Cruz, from iBeSa — Instituto de Bebidas e
Satide (S. Mamede Infesta, Portugal).

The drugs to be tested were dissolved in water,
ethanol, methanol, DMSO or HCl 0.01M, the final
concentration of these solvents being 1% in the buffer
or 0.1% in the culture media for acute or chronic treat-
ments, respectively. Controls for these drugs were run in
the presence of the solvent. None of these solvents
significantly affected H-DG uptake by BeWo cells (data
not shown).

RESULTS

Time-Course of *H-DG Uptake—In a first series of
experiments, we determined the time-course of *H-DG
accumulation by BeWo cells. For this, cells were incu-
bated with 1uM of *H-DG for various periods of time,
in the absence or presence of cytochalasin B.

As shown in Fig. 1, BeWo cells accumulated *H-DG in
a time-dependent manner. Analysis of the time-course
of *H-DG accumulation revealed a ki, of 24.1+4 1plmg
protein Tmin!, a ko of 0.045+0.010min ' and an
Apax of 535.7+46.8pmol mg protein 1 In other words,
an amount of BeWo cells corresponding to lmg cell
protein removed *H-DG present in 24.1pl of buffer,
and simultaneously 4.5% of intracellular *H-DG left the
cells per minute. In the presence of cytochalasin B,
the ki, was reduced to 8.9+1.4pl mg protein 'min !
and the Ay, to 339.0+35.7 pmol mg protein*. The kqy,
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Fig. 1. Time-course of *"H-DG apical uptake by BeWo cells.
Cells were incubated at 37°C with 1yM *H-DG for various
periods of time, in the absence (control; n=6) or presence of

cytochalasin B 50uM (Cyt B; n=56-6). Shown are arithmetic
means + SEM.
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Fig. 2. Effect of increasing concentrations of cytochalasin
B upon *H-DG apical uptake by BeWo cells. Cells were
incubated at 37°C for 6min, in the absence (n=14) or presence
of cytochalasin B (n=6-9). Shown are arithmetic means+ SEM.

however, was not significantly changed in the presence
of this compound (Fig. 1).

Analysis of the time-course of *H-DG uptake also
showed that uptake was linear with time for up to 6 min
of incubation, after which uptake reached a plateau
(Fig. 1). On the basis of this information, a 6-min incu-
bation time was selected as the standard incubation time
in subsequent experiments.

Specificity of *H-DG Uptake—Next, we investigated the
acute effect of increasing concentrations of eytochalasin B
upon “H-DG uptake by BeWo cells (Fig. 2). This compound
inhibited *H-DG uptake in a concentration-dependent
manner, having a maximal inhibitory effect of 60%. The
calculated IC5, of cytochalasin B in relation to *H-DG
uptake by BeWo cells was 17.0 (8.9-32.6) uM (n=6-9).
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Fig. 3. Effect of acute exposure of BeWo cells to different
concentrations of (A) ethanol (EtOH; n = 5-6), acetaldehyde
(ACA; n =3-4), (B) resveratrol (Resv;n =9), quercetin (Querc;
n=6), myricetin (Myr; n=6), rutin (Rut; n=6), (C) EGCG
(n =6), chrysin (Chr; n = 5), caffeine (Caf: n = 5-7), teophylline
(Teo; n=4) and (D) catechin (Cat; n=8), epicatechin

We also investigated the acute effect of insulin upon
SH-DG uptake by BeWo cells. Insulin (0.1, 1 or 10 pg/ml)
did not affect *H-DG uptake (uptake in the presence of
increasing concentrations of insulin corresponded to
100.8+ 2.6, 97.0+ 3.3 and 94.4 +3.1% of control, respec-
tively; n=6).

Effect of Dietary Bioactive Compounds on °H-DG
Uptake—Acute Effect

The acute (26 min) effect of different concentrations
of ethanol or acetaldehyde (0.1-100mM) upon ®H-DG
uptake by BeWo cells was investigated (Fig. 3). With the
exception of an 11% increase observed with 10 mM
ethanol, this compound had no significant effect upon
3H-DG uptake. On the other hand, acetaldehyde reduced
*H-DG uptake in a concentration-dependent manner
(producing a maximal reduction of uptake of 65%).
Next, the acute effect of increasing concentrations
(1-10-100 uM) of several distinct polyphenols (catechin,
chrysin, epicatechin, epigallocatechin-3-gallate, iso-
xanthohumol, myricetin, quercetin, resveratrol, rutin
and xanthohumol) and two metilxanthines (caffeine and
teophylline) was tested (Fig. 3). Quercetin and chrysin
inhibited ®H-DG uptake in a concentration-dependent
manner, causing a maximal reduction in *H-DG uptake
to 43 and 79% of control, respectively. Moreover, the
highest concentration of resveratrol, EGCG and xantho-
humol also caused a reduction in uptake (to 85, 61% and
T4% of control, respectively). On the other hand, rutin,
epicatechin and catechin caused an increase in the
uptake of *H-DG (to a maximum of 114, 119 and 114%
of control, respectively). Finally, myricetin and the two
methylxanthines tested were devoid of effect (Fig. 3).
Chronic Effect
The chronic (48h) effect of two different concentrations
of ethanol and acetaldehyde (0.1 and 1mM) on *H-DG
uptake by BeWo cells was next investigated. None of
these agents was able to change *H-DG uptake (data not
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(Epi; n=3), xanthohumol (XH; n=6) on °H-DG apical
uptake. BeWo cells were incubated at 37°C with 1uM *H-DG for
6min, in the absence (control; n=8-30) or presence of the
compound. Shown are arithmetic means+SEM. *Significantly
different from control (P <0.05).

shown). The effect of polyphenols and methylxanthines
was also evaluated (Fig. 4). Myricitin and rutin increased
SH-DG uptake in a concentration-dependent way, and
teophylline decreased it in a concentration-dependent
way. All the other compounds tested were devoid of
effect (Fig. 4).

Effect of Drugs of Abuse on *H-DG Uptake—Acute
Effect

The acute effect of increasing concentrations of some
drugs of abuse [nicotine (1-100 M), cocaine (0.1-10 pM),
MDMA (0.1-10 uM), amphetamine (0.1-10 pM) and THC
(0.01-1pM)] on *H-DG uptake by BeWo cells has also
been investigated. Surprisingly, none of the drugs tested
had any significant effect upon *H-DG uptake (data not
shown).

Chronic Effect

The chronic effect of different concentrations of these
drugs of abuse was also investigated. We observed that
both concentrations of amphetamine and MDMA, and
the lowest concentration of THC, produced a small but
significant reduction in *H-DG uptake (Fig. 4). Nicotine
(0.1, 1 and 1uM) and cocaine (0.25 and 2.5 uM) were
devoid of effect (data not shown).

Effect of Dietary Bioactive Compounds and Drugs of
Abuse on Cell Viability—In order to assess the cytotoxicity
of the tested compounds, we determined both the acute
and chronic effect of these compounds upon cell viability.

Acutely, none of the dietary bioactive compounds had
any significant effect on cell viability, with the exception
of chrysin and theophylline. Chrysin (10 and 100 pM;
n =6) reduced the viability to 79 + 9 and 82 + 6% of control,
respectively. Theophyllin, on the other hand, increased
the cellular viability (to 113+1% of control; n=4) at
the lowest concentration tested (1uM), but decreased it
(to 91+ 1% of control; n =4) at the highest concentration
used (100 uM). In relation to the drugs of abuse, all of them,
with the exception of THC, reduced cellular viability.
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Fig. 4. Effect of chronic exposure of BeWo cells to different
concentrations of (A) resveratrol (Resv; n=4), quercetin
(Querc; n=4), myricetin (Myr; n=4), rutin (Rut; n=5-6),
(B) EGCG (n =6), chrysin (Chr; n=4), caffeine (Cafi n=4),
teophylline (Teo; n =4), (C) catechin (Cat; n =5), epicatechin
(Epi;n =5-8), xanthohumol (XH; r = 6), and (D) MDMA (n = 6),

Cocaine decreased it in a concentration-dependent
manner (0.1, 1 and 10 pM of this agent caused a reduction
to 92+2, 8445 and 81+4% of control, respectively;
n=12). Moreover, nicotine and MDMA produced an
about 12% reduction in cellular viability, but only at the
lowest concentration tested (1 and 0.1uM, respectively;
n=8-9). The higher concentrations tested (10 and 100 uM
nicotine and 1 and 10uM MDMA; n =8-9) had no effect.
Finally, 1 pM amphetamine (n =9) reduced the viability in
6% (but 0.1 and 10 uM of this drug had no effect; n=8-9).

Chronically, none of the dietary bioactive compounds
tested affected the cellular viability, with the exception of
xanthohumol, which at the highest concentration tested
(1pM) increased viability to 109+3% of control (n=6).
Also, none of the drugs of abuse tested chronically
had any significant effect upon BeWo cellular viability
(data not shown).

Characterization of the Effect of Dietary Bioactive
Compounds and Drugs of Abuse on *H-DG Uptake—
Effect of the Compounds in the Presence of Cytochalasin B

In order to better characterize the inhibitory or stimu-
latory effect of the compounds upon *H-DG uptake, the
effect of the compounds, which, acutely or chronically,
affected *H-DG uptake, was assessed in the presence of
50uM cytochalasin B. If the compounds are interfering
with GLUT-mediated transport, they should not change
the maximal inhibitory effect of cytochalasin B, which is
a GLUT inhibitor, upon *H-DG uptake. On the other
hand, if the compounds are interfering with non-GLUT-
mediated glucose uptake, they would change the max-
imal inhibitory effect observed with cytochalasin B.
Acute Effect

Cytochalasin B (50uM) reduced °H-DG uptake to
about 50% of control (Fig. 5). When associated with
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amphetamine (AMPH; n=6), THC (r =6-9) on "H-DG apical
uptake. BeWo cells were cultured for 48h in the presence of
different concentrations of the compound or the respective solvent
(control; n =12-15). For uptake experiments, cells were incubated
at 37°C with 1pyM *H-DG for 6min. Shown are arithmetic
means = SEM. *Significantly different from control (P < 0.05).

cytochalasin B, none of the compounds which showed an
acute effect upon *H-DG uptake (ethanol 10mM, acetalde-
hyde 30mM, resveratrol 100uM, xanthohumol 100pM,
EGCG 100uM, chrysin 100pM, catechin 10uM, epicate-
chin 100uM and quercetin 10pM) caused a significant
change in the inhibitory effect of cytochalasin B, with the
exception of acetaldehyde. In the presence of this com-
pound, the uptake of *H-DG in the presence of cytochalasin
B was further decreased by about 12% (Fig. 5).

Chronic Effect

Cytochalasin B (50 uM) for 48 h caused a small (83+4%
of control; n=9) but significant decrease in °H-DG
uptake by BeWo cells. None of the compounds which
affected *H-DG uptake after a chronic exposure (myr-
icietin 1puM, rutin 1uM, teophylline 1uM, amphetamine
1pyM, MDMA 1puM and THC 1nM) were able to
significantly change the inhibitory effect of cytochalasin
B (data not shown).

Effect of Two Different Compounds in Combination—
Acute Effect

As shown in Fig. 4, both 100 M catechin and 100uM
epicatechin produced an increase in “H-DG uptake
(to 108+ 3 and 119+6% of control, respectively). Unex-
pectedly, when these two drugs were combined, a reduc-
tion in *H-DG uptake (to 89+ 3% of control; n=8) was
observed. On the other hand, the combination of
epicatechin (100 M) and xantho-humel (100 uM), which
alone produced antagonic effects upon H-DG uptake
(epicatechin increased it to 119+6% and xanthohumol
decreased it to 74 +8% of control; see Fig. 3), resulted in
a counterbalanced effect (95 £3% of control; n=8).
Chronic Effect

The combined effect of myricetin (1pM) and rutin (1puM)
was also investigated. When these two compounds were
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Fig. 5. Effect of acute exposure of BeWo cells to different
concentrations of (A) ethanol (EtOH; n =6), acetaldehyde
(ACA; n=6), (B) resveratrol (Resv; n=9), quercetin
(Quere; n=9), rutin (Rut; n=9), EGCG (n=6), chrysin
(Chr; n=9), and (C) catechin (Cat; n =6), epicatechin (Epi;
n=8), xantho-humol (XH; n=8) on "H-DG apical uptake
in the presence of eytochalasin B 50 uM (Cyt B). BeWo
cells were incubated at 37°C with 1M SH-DG for 6 min, in the
absence (control; n=6-12) or presence of the compound. Shown
are arithmetic means+ SEM. *Significantly different from
control (P<0.05). *Significantly different from cytochalasin B
(P<0.05).

combined, the resultant effect (130 £5% of control; n =9)
was higher than the effect of each of these drugs alone
(114 +2 and 120+5% of control for myricetin and rutin,
respectively; see Fig. 4).

Effect of the Compounds Upon Kinetic Parameters of
SH-DG Uptake—In this final set of experiments,
we determined initial rates of *H-DG uptake (6-min
incubation) at increasing substrate concentrations
(1-10,000uM). Uptake of *H-DG was found to be
saturable with a K, of 13.44+05mM and a V.. of
1210+ 29 nmol mg protein ! 6min "' (n=4).

In order to further characterize the acute inhibitory
effect of quercetin, EGCG, acetaldehyde and xantho-
humol upon *H-DG uptake, we examined the effect of
these compounds (in the concentration causing the maxi-
mum inhibitory effect upon *H-DG uptake) on the kinetic
parameters of H-DG uptake by BeWo cells. The results
(Table 1) show that all the compounds caused a signif-
icant decrease in the V., of transport. Moreover,
EGCG and acetaldehyde also significantly reduced the
K, value (i.e. increased the affinity of the transporter to
“H-DG).

J.R. Araujo et al.

Table 1. Acute effect of quercetin (QUERC 100 M), EGCG
(100pM), acetaldehyde (ACA 30mM) and xanthohumol
(XH 100pM) on the kinetic parameters of *H-DG uptake
by BeWo cells.

K. Vinax n

(mM) (nmol.mg protei.n‘lﬁmi.n‘l]
C (DMSO) 10.54+0.31 976.8+ 16.8 10
QUERC 100uM 10.70 £0.56 475.3+14.5" 6
EGCG 100 uM 9.16 +£0.37" 772.5+17.1" 6
C (H20) 13.444+0.51 1210.0+28.9 4
ACA 30mM 6.63 £0.08" 500.7+3.1* 4
C (EtOH) 12.23+0.70 1330.0+45.8 4
XH 100 uM 11.13+0.55 1120.0+32.8" 4

BeWo cells were incubated for 6min, at 37°C, with increasing
concentrations of “H-DG (1-10,000 uM), in the absence (control, C)
or presence of the compounds. Shown are arithmetic means = SEM.
*Significantly different from control (P<0.05).

DISCUSSION

The aim of this work was to determine both the acute
and chronic effect of some dietary bioactive compounds
and drugs of abuse upon the apical uptake of glucose by
BeWo cells. The BeWo cell line derives from a human
gestational choriocarcinoma, and is a known cellular
model of the human syncytiotrophoblast (19, 20).

In our work, uptake of glucose was studied by using
*H-DG as a substrate. DG is a p-glucose analogue that is
transported efficiently by facilitated glucose transporters
such as GLUT1 and GLUT?2, but is poorly transported by
SGLT1 (34). Moreover, once inside cells, this compound
is phosphorylated by hexokinase to 2-deoxy-p-glucose-
6-phosphate. This latter compound is metabolically
inactive and is also poorly transportable across biological
membranes. So, accumulation of *H-DG-6-phosphate in
the cells is a good estimate of *H-DG rates of uptake.

We verified that *H-DG apical uptake by BeWo cells
was time dependent, displayed saturable kinetics
(Vinax=1210+ 29nmol mg protein ' 6min ! and K, =
13.4+0.5mM), and was significantly (by up to 60%)
inhibited in the presence of cytochalasin B. Moreover,
uptake of *H-DG was insulin-resistant. These results
indicate that *H-DG apical uptake is mainly mediated
via a facilitative glucose transport mechanism, most
probably distinet from GLUT4. This conclusion is in
perfect agreement with previous works showing that
the BeWo choriocarcinoma cell line expresses GLUTI,
GLUT3 and GLUT5 mRNA and protein (10, 35, 36), and
with functional studies demonstrating that uptake of
*H-DG by this cell line occurs through a facilitative
glucose transport system (36, 37). So, we may conclude
that in our experiments, the apical uptake of *H-DG by
BeWo cells was mainly mediated by a GLUT transport
system, most probably GLUTL. The remainder of “H-DG
uptake might correspond to non-GLUT-mediated trans-
port, or, alternatively, to some non-specific adsorption
of the compound to the cell membrane.

It is known that the increased glucose transport in
malignant cells is associated with increased and deregu-
lated expression of glucose transporter proteins, with
over-expression of GLUT1 and/or GLUT3 being a char-
acteristic feature. However, as stated in the INTRODUCTION
section, the main transplacental transfer of glucose is
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mediated by members of the GLUT family of trans-
porters (3-5), predominantly the GLUT1 isoform (6-10).
Moreover, similarly to human syncytiotrophoblasts,
GLUT1 is the main glucose transporter expressed in
BeWo cells (36). This indicates that the characteristics
of glucose transport in normal trophoblast cells and
BeWo cells are probably not very different.

One of the substances tested was ethanol. Ethanol is
the most frequently used drug worldwide (chronic alcohol
addiction affects at least 5% of the US population) (38),
and its consumption is not uncommon during pregnancy.
In the US, for example, between the years 2003 and
2004, 11% of pregnant women aged 1544 years reported
alcohol use, 4.5% reported binge drinking during the
prior month and 0.5% reported heavy alcohol use during
pregnancy (39, 40). This agent is recognized as a potent
teratogen in humans (41), and alcohol abuse during
pregnancy can give rise to alcohol-related birth defects
such as spontaneous abortion, decreased immune func-
tion, attention problems, hearing impairment (42),
permanent fetal brain damage and a wide variety of
manifestations, known as fetal alcohol spectrum disorder
(FASD) (43). Among children with FASD, a small popu-
lation present a specific set of anomalies [specific facial
abnormalities, intrauterine growth retardation and sig-
nificant impairments in neurodevelopment (41, 44—46)].
One of the factors involved in the toxic effect of ethanol
is the formation of its metabolite acetaldehyde at the
maternal, placental and fetal level (47, 48).

In our experiments, both ethanol and acetaldehyde
affected the apical uptake of *H-DG only when tested
acutely. However, their effects were very distinct:
ethanol (10 mM) produced only a slight (10%) increase
in *H-DG uptake whereas acetaldehyde decreased uptake
in a concentration-dependent manner, to a maximum of
65% (with 100 mM). The effects of both compounds were
not related to changes in the cellular viability. Moreover,
from the experiments where the compounds were asso-
ciated with cytochalasin B, we concluded that ethanol
interacts with GLUT, whereas acetaldehyde exerts its
effect, at least partially, by a mechanism distinct from
interaction with GLUT. Finally, acetaldehyde affected
the kinetic parameters of >H-DG uptake, decreasing both
the K, and the V...

Among the various possible mechanisms underlying
FASD, there is some evidence that ethanol toxicity
during pregnancy is associated with altered placental
transport function for some nutrients (glucose, amino-
acids and folic acid) (23, 47, 49-52). However, in our
experiments, ethanol was devoid of significant effect
upon the apical uptake of *H-DG, and so they do not
confirm the involvement of placental glucose uptake
reduction in the deleterious effects of ethanol during
pregnancy. Interestingly enough, inhibition of placental
glucose transport was observed in rats fed ethanol
throughout pregnancy (51, 52). We may speculate that
differences between these works and the present one
relate to the duration of placental exposure to this agent.
On the other hand, we may speculate that inhibition
of the placental uptake of glucose may be involved in the
negative effects of acetaldehyde. Interestingly enough,
20mM of this agent also reduced the placental transport
of aminoacids (53).
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To further investigate the nutritional modulation
of glucose placental uptake, we also investigated the
effect of acute and chronic exposure of BeWo cells to
different polyphenols (catechin, chrysin, epicatechin,
epigallocatechin-3-gallate, myricetin, quercetin, resvera-
trol, rutin and =xanthohumol) and methylxanthines
(caffeine and theophylline) present in alcoholic (e.g. red
wine) and non-alcoholic (e.g. green and black tea) drinks.
The increasing interest in studying polyphenols arises
from their antioxidant properties and their potential role
in the prevention of cancer and cardiovascular, neurode-
generative and inflammatory diseases (54-56). Polyphe-
nols and methylxanthines freely cross the placenta
(57, 58) and thus their effect on the placenta and fetus
should be investigated. In relation to caffeine and the-
ophylline, the effect of these substances was investigated
because drinks containing these substances (e.g. coffee
and black tea) are often consumed by pregnant women.
For instance, 75% of US pregnant women consume low or
moderate amounts of caffeine (59). Although there is
still some controversy concerning the risks associated
with the maternal use of caffeine during pregnancy
(e.g. spontaneous abortion and intrauterine growth res-
triction), the FDA recommends that pregnant women
should avoid the ingestion of caffeine (59, 60).

Acutely, H-DG apical uptake was significantly reduced
by resveratrol, xanthohumol and EGCG (100 uM), and by
quercetin and chrysin (10 and 100 uM). On the other hand,
rutin and catechin (10 and 100uM) and epicatechin
(100 M) increased *H-DG apical uptake. Together, cate-
chin and epicatechin (both at 100 pM) decreased the apical
uptake of *H-DG, whereas epicatechin and xanthohumol
(both at 100 uM) counterbalanced each one’s isolated effect.
From the experiments in the presence of cytochalasin B,
all these compounds seem to interact with GLUT in order
to exert their effects. From the analysis of the effect
of these compounds on the kinetic parameters of *H-DG
uptake, quercetin and xanthohumol seem to be non-
competitive inhibitors of *H-DG uptake, whereas epigallo-
catechin-3-gallate decreased both the K, and V.. values.

Chronically, rutin and myricetin (0.1 and 1pM)
increased the apical uptake of *H-DG. When associated,
uptake was further increased. On the contrary, theophyl-
line (0.1 and 1pM) decreased *H-DG uptake. All these
compounds seem to exert their effect by interacting
with GLUT.

The atypical behaviour of acetaldehyde and EGCG
(decreasing both the K,,, and V., of H-DG uptake) may
be explained by binding of these compounds to an allosteric
site of GLUT, inducing an alteration in the conformation
of the active site, thus increasing the affinity for the
substrate and decreasing the transporter’s capacity for
high concentrations of the substrate.

To our knowledge, the effect of polyphenolic com-
pounds upon the placental uptake of *H-DG have not
been studied. In agreement with our results, some of
these compounds, when tested acutely, were also found
to inhibit (resveratrol, quercetin and EGCG) or stimulate
(catechin, epicatequin) GLUT-mediated glucose uptake in
other cell types (61-65), but other compounds (myricetin
and rutin) had a distinet effect from that observed by us
(61, 62). However, the chronic effect of these compounds
was not evaluated before. The daily intake of polyphenols
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in the US population (1g/day on average) originates
blood concentrations in the range 1-10puM (66), but
dietary supplementation with polyphenols might origi-
nate higher blood levels of these compounds.

It was recently shown that GLUTs are upregulated
by hypoxia, via a hypoxia-inducible factor-1 (HIF-1)-
mediated mechanism, in trophoblast cells (67). Interest-
ingly enough, some polyphenolic compounds have been
shown to modulate HIF-1 activity (68-69). So, it is
possible that the effect of polyphenols on *H-DG uptake
in BeWo cells is HIF-1 mediated.

Concerning the effect of methylxanthines, although in
our experiments *H-DG uptake was reduced by chronic
theophylline only, some previous studies have shown a
negative effect of both caffeine and theophylline upon
GLUT-mediated transport of glucose (70-72). However,
it is important to note that in these studies only the
acute effect of high (mM) concentrations of methyl-
xanthines was assessed.

Finally, we also determined the effect of the drugs of
abuse amphetamine, MDMA, THC, nicotine and cocaine
upon the apical uptake of H-DG by BeWo cells. The
consumption of drugs of abuse has been increasing
among young women; ethanol and tobacco, consumed
by about half of the US pregnant women, being the most
prevalent ones (73). Moreover, a study conducted in
the late 90s reported that 5-6% of the US pregnant
women consumed illicit drugs of abuse, with marijuana
and cocaine being the most consumed ones (73, 74). It is
known that tobacco (and its ingredient nicotine) may
cause spontaneous abortion, premature delivery, intrau-
terine growth restriction and low birth weight (75). As to
illicit drugs, some studies have show that there is an
association between their use during pregnancy and
adverse effects on both maternal (e.g. spontaneous
abortion and premature delivery) and fetal (e.g. intrau-
terine growth restriction, congenital malformations)
health (73, 76).

When tested acutely, none of the drugs of abuse
significantly changed apical *H-DG uptake. However,
chronic exposure of the cells to MDMA, amphetamine
(0.25 and 1uM) or THC (1 nM) caused a small (£10%)
but significant reduction in this parameter. The inhibi-
tory effect of these drugs did not result from a cytotoxic
effect. Moreover, these drugs seem to interact with
GLUT in order to exert their effects. The blood concen-
tration of amphetamine in therapeutic and drug users
[0.3-0.8 and 1-2 uM, respectively; (77)] is on the same
order of magnitude of the concentrations found to affect
SH-DG uptake, in this study.

Interestingly enough, an inhibitory effect of some of
these drugs of abuse in the placental transport of other
nutrients (aminoacids and L-carnitine) and monoamines
(dopamine, noradrenaline and serotonin) has been previ-
ously described (77-79).

In summary, our results show a detrimental effect
of acute acetaldehyde, resveratrol, xanthochumol, EGCG,
quercetin and chrysin and of chronic theophylline, THC,
MDMA and amphetamine and a benefic effect of acute
rutin, catechin and epicatechin and of chronic rutin and
myricetin on “H-DG uptake by BeWo cells. In relation
to the acute effect, quercetin and xanthohumol seem to
be non-competitive inhibitors of *H-DG uptake, whereas

J.R. Aratjo et al.

both EGCG and acetaldehyde decreased both the K., and
Vmax values. Apart from acetaldehyde, all these com-
pounds seem to interact with GLUT in order to exert
their effects. Moreover, apart from the acute inhibitory
effect of chrysin, both the acute and chronic effects of
these compounds on *H-DG uptake do not result from
cytotoxic effects on cells.

Finally, it is worth noticing the fact that acute and
chronic treatment with all the dietary bioactive com-
pounds did not produce parallel results. Therefore, care
should be taken when speculating about chronic effects
from acute effects, and vice versa. Moreover, our results
also show that the effect of polyphenolic compounds in
combination may be very different from the expected
ones taking into account the effect of each of these com-
pounds alone. So, care should be taken when speculating
for the effect of a drink based on the effect of one
component only.

This work was supported by Fundac@o para a Ciéncia e a
Tecnologia and Programa Ciéncia, Tecnologia e Inovacio

do Quadro Comunitario de Apoio [POCTL/SAU-FCF/
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Increased oxidative stress is implicated in the onset and progression of prevalent pregnancy disorders
(e gestational diabetes and fetal growth restriction), and in programming the fetus to develop
metabolic diseases later in life. Since the molecular mechanisms underlying these effects of oxidative
stress are largely unexplored, we aimed to investigate if the placental transport of glucose - the main
energetic substrate for the fetus and placenta - is altered by oxidative stress. In a human syncytio-
trophoblast (STB) cell model, the BeWo cell line, oxidative stress was induced by treatment with 100 uM

Keywords: tert-butylhydroperoxide (tert-BOOH) for 24 h. Tert-BOOH decreased the steady-state intracellular
Glucose accumulation (Ama.) of [*H]2-deoxyglucose ([*H]DG) mediated by both facilitative (GLUT) and non-
|c=)|);fe‘::3e stress facilitative (non-GLUT) glucose transporters. These effects were not associated with a change in the
Transport mRNA expression level of GLUT1, the major placental glucose transporter. Also, they seemed to be

independent from phosphoinositide 3-kinase and protein kinase C signaling pathways and were
unchanged either by inhibitors of free radical-generating enzymes or by free radical scavengers. In
contrast, the dietary polyphenols quercetin, epigallocatechin-3-gallate and resveratiol completely
reversed the inhibitory effect of tert-BOOH upon [*H]DG accumulation through a specific effect on
GLUT-mediated transport. Finally, tert--BOOH induced an increase in the transepithelial permeability to
[H]DG in the apical-to-basal direction, apparently related to an increase in its paracellular transport. In
conclusion, tert-BOOH-induced oxidative stress reduces STB accumulation of glucose associated with an
increase in its transepithelial permeability. This effect may contribute to the deleterious consequences of
pregnancy disorders associated with oxidative stress.

© 2013 Elsevier BV. All rights reserved.

1. Introduction with aberrant fetal growth (Baumann et al, 2002; Desoye et al.,

2011; llisley, 2000; Magnusson et al., 2004), which increases the

One of the major functions of the placenta is to mediate the
transport of nutrients from the mother to the fetus over the course
of gestation. This function depends on the activity of specific
transporters present at the apical (maternal-facing) and basal
(fetal-facing) membranes of the syncytiotrophoblast (STB) epithe-
lium (Jansson et al., 2009).

Glucose is the primary substrate for energy metabolism in the
feto-placental unit, and together with amino acids, it constitutes
the primary stimuli for fetal secretion of the growth-promoting
hormone insulin (Jansson et al,, 2009). Since fetal glucose produc-
tion is minimal (Magnusson et al, 2004), placental transport
constitutes the primary source of glucose to the fetus (Baumann
et al, 2002; Carter, 2012). Accordingly, alterations in glucose
transport and metabolism at the STB level are strongly associated

* Corresponding author. Tel.: +351 22 0426654; fax: +351 22 5513624,
E-mail address: fmartel@med.up.pt (E Martel ).
! Jodo R. Aradjo and Ana C. Pereira equally contributed to the work.

0014-2999/$ - see front matter © 2013 Elsevier BV. All rights reserved.
http: /[dx.doiorg/10.1016/j.ejphar.2013.10.023

risk of perinatal complications and predispose the newborn to
develop cardiovascular and metabolic diseases later in life (Jansson
et al., 2009; Vo and Hardy, 2012).

Placental transport of glucose occurs mainly through facilitative
glucose transporters (GLUT). At least five different GLUT isoforms
are expressed in the human STB: GLUT1, 3, 4, 9 and 12. However,
the primary isoform responsible for glucose transport across the
apical and basal membranes of the STB in term pregnancy is
GLUT1 (Baumann et al., 2002; Carter, 2012; Jansson et al., 2009).
GLUT1 distribution in the STB is asymmetric, with a greater
expression and activity in the apical membrane, which assures
that glucose is transported down its concentration gradient from
maternal to fetal circulation (Baumann et al, 2002; Carter, 2012).

An increasing amount of evidence implicates oxidative stress in
the pathophysiology of prevalent pregnancy complications such as
miscarriage (Myatt and Cui, 2004), preeclampsia (Siddiqui et al.,
2010), fetal growth restriction (Son et al,, 2004; Takagi et al., 2004)
and gestational diabetes (Coughlan et al, 2004; Lappas et al., 2011;
Peuchant et al,, 2004), Moreover, increased oxidative stress at the

Please cite this article as: Araiijo, J.R,, et al., Oxidative stress induced by tert-butylhydroperoxide interferes with the placental transport
of glucose: in vitro studies with BeWo cells. Eur ] Pharmacol (2013), http://dx.doi.org/10.1016/j.ejphar.2013.10.023
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intrauterine environment has been demonstrated to program the
fetus to develop metabolic and cardiovascular complications later
in life (Dong et al., 2013; Giussani et al., 2012). Given that there are
major gaps both in the understanding of the cellular and mole-
cular mechanisms that underlie the pathological and program-
ming effects of oxidative stress during pregnancy, and in the study
of the impact of oxidative stress upon placental and fetal nutrition,
we aimed to investigate the effect of oxidative stress upon the
placental uptake of glucose, by using a cell model of human STB,
the BeWo cell line. This cell line is a well-characterized and widely
used cell model to investigate placental glucose transport, since
GLUT expression (Baumann et al., 2007; Shah et al, 1999) and
activity (Illsley, 2000; Vardhana and Illsley, 2002) (particularly of
GLUT1) in BeWo cells are similar to that of primary cultured
trophoblast cells (Baumann et al, 2007) and human term placen-
tae (Baumann et al., 2002).

2. Materials and methods
2.1. Materials

2-[1,2-*H(N)]deoxy-p-glucose — specific activity 60 mCi/mmol, and
o-[¥C(U)]sorbitol - specific activity 300 mCi/mmol (American Radi-
olabeled Chemicals, St. Louis, MO, USA); albumin from bovine serum,
chelerythrine chloride, collagen type |, cytochalasin B (from Diechslera
dematioidea), decane, 5,5'-dithiobis(nitrobenzoic) acid, 2,4-dinitrophe-
nylhydrazine, (-)-ds-3,3'4',5,5',7-hexahydroxy-fla-vane-3-gallate ((-)
epigallocatechin-3-gallate), fetal clf serum, glutathione reductase
from baker's yeast (Saccharomyces cerevisiae), Ham's F12K medium
(Kaighn's modification), 2-(4-morpholinyl)-8-phenyl-1(4H)-benzo-
pyran-4-one (LY-294002) hydrochloride, N-acetyl-.-cysteine, -
nicotinamide adenine dinucleotide 2'-phosphate reduced tetrasodium
salt hydrate, p-nicotinamide adenine dinucleotide reduced disodium
salt hydrate, 33'4',5,6-pentahydroxy-flavone (quercetin) dihydrate,
P-(4-hydroxyphenyl)-2,4,6-trihydroxypropiophenone, ~ 2'4',6"-trihy-
droxy-3-(4-hydroxyphenyljpropiophenone, 3-(4-hydroxyphenyl)-1-(2,
4 6-trihydroxyphenyl}-1-propanone  (phloretin),  3,4’,5-trihydroxy-
trans-stilbene (resveratrol), sodium pyruvate, phenol red sodium salt,
sulforhodamine B, tert-butyl hydroperoxide (tert-BOOH), 2-thiobar-
bituric add, trichloroacetic acid sodium salt, and 2-vinylpyridine
(Sigma, St. Louis, MO, USA); and dimethylsulfoxide, D(+ )-glucose
and Triton X-100 (Merdk, Darmstadt, Germany).

Compounds to be tested were dissolved in decane, water, or
dimethylsulfoxide. The final concentration of these solvents in the
buffer and culture medium was 1% (v/v).

22. BeWo cell culture

The BeWo cell line was obtained from the Deutsche Sammlung
von Mikroorganismen und Zellkulturen (DMSZ GmbH, ACC-458).
Cells were used between passage numbers 16 and 49 and cultured
as previously described (Aradjo et al., 2008). For cell viability and
cytotoxicity assays and for [*H]2-deoxyglucose ([*H]DG) apical
uptake studies, cells were seeded on collagen-coated 24-well
plastic cell culture clusters (2 cm?; @16 mm; TPP, Trasadingen,
Switzerland), and for measurement of glutathione levels, lipid
peroxidation products and protein carbonyl groups, cells were
seeded on collagen-coated 12-well plastic cells culture clusters
(4 cm? @21 mm; TPP). Experiments were performed 6-7 days
after the initial seeding (90-100% confluence). For transepithelial
transport experiments, BeWo cells were seeded on collagen-
coated Transwell® inserts (0.4pum pore size, 12 mm diameter;
Corning Costar, NY, USA) and experiments were performed 9-10
days after the initial seeding (100% confluence).

For cellular viability and cytotoxicity assays and quantification
of oxidative stress biomarkers, confluent BeWo cells were exposed
for 24 h to 1, 3, 10, 30, 100, 300 or 1000 uM of the oxidizing and
free radical generating agent tert-BOOH (Tormos et al., 2004), or its
solvent (decane), in fetal calf serum-free culture media.

2.3. Cellular viability and cytotoxicity assays

Cellular viability and cytotoxicity were quantified by measuring
the activity of extracellular lactate dehydrogenase (LDH) and by
the sulforhodamine B assay, respectively, as described elsewhere
(Gongalves et al., 2013).

24. Evaluation of tert-BOOH-induced oxidative stress in BeWo cells

Tert-BOOH has been previously shown by our group to induce
oxidative stress in non-placental cell lines (Aradjo et al, 2013;
Couto et al, 2012; Gongalves et al, 2013). To confirm that tert-
BOOH induced oxidative stress in BeWo cells we measured total
glutathione (GSX), GSSG and GSH levels, and the generation of
lipid peroxidation products and protein carbonyl groups, as
described previously (Gongalves et al,, 2013).

2.5. Transport studies

2.5.1. Apical uptake

The transport experiments were performed in glucose-free
buffer solution containing (mM): 140 NaCl, 5 KCI, 20 HEPES-
NaOH, 2.5 MgS04 and 1 CaCl,, pH 7.4.

After treatment with tert-BOOH (100 pM; 24 h) or its solvent,
BeWo cells were washed with buffer at 37 °C, and preincubated for
20 min. Incubation was then initiated by the addition of buffer
containing 50 nM [PH]DG for various periods of time. [*H|DG is a
p-glucose analog efficiently transported by GLUT transporters but
poorly transported by sodium-dependent glucose transporters (Shah
et al, 1999), Incubation was stopped by rinsing the cells with ice-cold
buffer, and then cells were solubilized with 0.1% (v/v) Triton X-100
(5 mM Tris—HCl, pH 7.4). Radioactivity in the cells was measured by
liquid scintillation counting and normalized for total cell protein,
which was determined as described by Bradford (1976).

Tert-BOOH 100 pM and compounds to be tested (inhibitors of
intracellular signaling pathways and antioxidants) were present
during both the preincubation and incubation periods. Controls
were run in the presence of the respective solvents, which did not
significantly affect [*°H]DG uptake (results not shown).

GLUT-mediated transport was measured as the Na*-indepen-
dent and cytochalasin B (50 uM)-sensitive component of [*H|DG
accumulation and non-GLUT-mediated transport was calculated as
the Na'-independent and cytochalasin B (50 uM)-insensitive
component of [*H]DG accumulation, To measure Na*-indepen-
dent transport, cells were incubated in buffer in which 125 mM
NaCl was isotonically replaced by LiCL. Cytochalasin B, a well-
established inhibitor of GLUT isoforms (Aradjo et al., 2008; Lappas
et al,, 2012; Shah et al., 1999), did not affect cellular viability at the
tested concentration (50 pM) (results not shown).

252, Apical-to-basal transepithelial transport

Transepithelial [*H]DG transport was determined by measuring
the apical-to-basal passage of [*H]DG across BeWo cell monolayers
grown in Transwells®, Both apical-to-basal transport and intracel-
lular accumulation of [*H]DG were measured by adding buffer at
37°C containing 20 nM [*H]DG to the apical reservoir, after a
preincubation period of 20 min. Transport was followed as a function
of time, as samples (50 pl) were taken from the basal side every
30 min for 120 min and were replaced with equal volumes of buffer.
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Results were expressed as apparent permeability coefficient (Papp).
Tert-BOOH was present in both apical and basal reservoirs through-
out the experiment.

The effect of tert-BOOH upon paracellular transport across
BeWo cells was assessed by (a) adding the paracellular marker
phenol red (100 uM) to the apical reservoir at the beginning of the
experiment and measuring (spectrophotometrically at 560 nm)
the apical-to-basal transport after 120 min, and by (b) measuring
the apical-to-basal transport of the paracellular marker [*C]
sorbitol (500 nM), as described above.

BeWo cell monolayer integrity and confluence was evaluated at
the beginning and at the end of the experiment by measurement
of transepithelial electrical resistance, using an epithelial voltohm-
meter fitted with planar electrodes (EVOM; World Precision
Instruments, Stevenage, UK). Measurements of transepithelial
electrical resistance showed that BeWo cells formed a confluent
monolayer from the beginning until the end of the permeability
study both in the absence or presence of tert-BOOH (results not
shown).

2.6. RNA extruction and real-time RT-PCR

RNA extraction, cDNA synthesis and real-time RT-PCR per-
formed in BeWo cells are described in Supplementary data.

2.7. Quantification of lactate levels

Glucose metabolism was assessed by quantification of lactate in
the extracellular medium after treatment of BeWo cells with
100 uM tert-BOOH for 24 h. Lactate concentration was measured
by the lactate oxidase/peroxidase colorimetric assay, following
manufacturer's instructions (Olympus Life and Material Science
Europa GmbH, Hamburg, Germany). Lactate production was
expressed in nmol mg prot~ ",

2.8. Calculations and statistics

The analysis of time-course of [*H|DG apical uptake was
performed by using a non-linear regression analysis, as previously
described by our group (Aradjo et al., 2008).

Papp values were determined over a 120-min flux period, as
described by Santos et al. (2008).

Arithmetic means are given with S.E.M. Statistical significance
of the difference between various groups was evaluated by one-
way analysis of variance followed by the Student-Newman-Keuls
post-test. For comparison between two groups, Student’s t-test
was used. Differences were considered to be significant when
P < 0.05.

The value of n indicates the number of replicates of at least two
different experiments.

3. Results
3.1. Cytotoxicity of tert-BOOH and effect upon BeWo cell viability

In a first series of experiments, we evaluated the cytotoxic effect
and the effect upon cell viability of exposure of BeWo cells to
increasing concentrations of tert-BOOH (1-1000 uM) for 24 h. Expo-
sure of cells up to 100 pM tert-BOOH did not affect cell viability
(assessed with the extracellular lactate dehydrogenase assay) (Fig. 1A)
and caused no cytotaxicity (assessed with the sulforhodamine B assay)
(Fig. 1B). In contrast, higher concentrations (300-1000 uM) of tert-
BOOH significantly decreased cell viability and induced cytotoxicity
(Fig. 1A and B).
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Fig. 1. Effect upon cell viability (a) and cytotoxicity (b) of tert-BOOH in BeWo cells.
These parameters were determined after a 24 h-exposure of BeWo cells to 1-
1000 uM tert-BOOH or to its solvent (control) (n=9-12). Shown are arithmetic
means+S.EM. *Significantly different from control (P< 0.05) and *significantly
different from tert-BOOH 1-100 uM (P < 0.05).

32. Tert-BOOH efficiently induces oxidative stress in BeWo cells

Treatment of BeWo cells with 100 pM tert-BOOH for 24 h
increased cellular GSX and GSSG levels. GSH levels did not change,
probably due to its greater intracellular pool size, in comparison with
GSSG, as high and similar GSH/GSSG ratios were found in control and
tert-BOOH-treated cells (8.6 + 16 and 9.1 + 2.4, respectively; n=9)
(Fig. 2).

Under the same condition, tert-BOOH induced an increase in the
levels of the lipid peroxidation product malonaldehyde, an indicator of
oxidative damage to lipids (Fig. 3A), and of protein carbonyl groups, an
indicator of oxidative damage to proteins (Fig. 3B).

Since exposure of BeWo cells to 100 pM tert-BOOH for 24 h
induced an increase in oxidative stress biomarkers while main-
taining cellular viability and not causing cytotoxicity, this condi-
tion was used in subsequent experiments aimed at determining
the effect of oxidative stress upon glucose transport in BeWo cells.

3.3. Tert-BOOH decreases the steady-state accumulation of [*H]DG
in BeWo cells

In a first series of experiments, we determined the effect of
tert-BOOH upon [*H]DG apical uptake over time (Fig. 4). Tert-
BOOH caused a significant decrease in [°"H]DG intracellular accu-
mulation at steady-state (Anay), as a result of a 2.6 % increase in
the rate constant of [*H]DG outward transport (k) and of a not
so marked (1.7 x ) increase in the rate constant of [*H|DG inward
transport (ki) (Fig. 4A). Moreover, we verified that tert-BOOH
decreased the Anux of both GLUT- and non-GLUT mediated uptake
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Fig. 3. Effect of tert-BOOH upon {a) malonaldehyde (a lipid peroxidation product)
and (b) protein carbonyl levels in BeWo cells. These parameters were determined
04 after a 24 h-exposure of BeWo cells to 10-100 uM tert-BOOH or to its solvent
: ; : . uM (control) (n=15-30). Shown are arithmetic means+S5.EM. *Significandy different
Control  tert-BOOH 10 ert-BOOH 30 tert-BOOH 100 from contral (P<0.05)
C 200 shown to be important regulators of glucose transport in placental
(Lappas et al, 2012; Riley et al., 2005) and non-placental cells
(Fernandes et al, 2011; Han et al., 2006; Wieman et al,, 2007), and
150 their activity and expression have been shown to be modulated by
E oxidative stress (Li et al., 2011; Perez et al,, 2006; Poli et al., 2004).
- E GLUT-dependent [*H]DG accumulation was reduced (by 15%) in
8 E 100 the presence of a PI3K specific inhibitor (LY-294002 1 pM) (Vlahos
; et al,, 1994), suggesting that PI3K activation is required for GLUT-
< mediated uptake of [*H|DG. On the other hand, non-GLUT-
50 4 dependent accumulation was not affected by this compound
(Fig. 5). As to PKC, neither total, nor GLUT or non-GLUT compo-
nents of [*H]DG accumulation were affected by the PKC specific
0- inhibitor chelerythrine (0.1 pM) (Herbert et al, 1990) (Fig. 5).
T T T T uM The inhibitory effect of tert-BOOH upon total, GLUT and non-
Control 1er-BOOH 10 tert-BOOH 30 ten-BOOH 100

Fig. 2. Effect of tert-BOOH upon (a) total glutathione (GSx), (b) GSSG and (c) GSH
levels in BeWo cells. These parameters were determined after a 24 h-exposure of
BeWo cells to 10-100 pM tert-BOOH or to its solvent (control) (n=9-16). Shown are
arithmetic means+SEM. *Significantly different from control (P<0.05) and
“significantly different from tert--BOOH 10 and 30 M (P < 0.05).

(from 8.8 + 0.7 to 64 + 0.4 pmol mg prot ! and from 7.4 + 0.8 to
4.5+ 0.4 pmol mg prot~?, respectively) (Fig. 4B).

GLUT1 is considered the main functional glucose transporter
expressed in the STB (Baumann et al.,, 2002) and BeWo cells (Shah
et al, 1999). By real-time RT-PCR, we verified that tert-BOOH did not
affect the mRNA expression level of GLUT1 (results not shown).

3.4. PI3K and PKC inhibition does not alter the inhibitory effect of
tert-BOOH upon [PH|DG accumulation by BeWo cells

The involvement of phosphoinositide 3-kinase (PI3K) and
protein kinase € (PKC) on the effect of tert-BOOH upon [*H]DG
accumulation was next investigated. Both pathways have been

GLUT-mediated [*H]DG accumulation was not modified by either
LY-294002 or chelerythrine, excluding the involvement of PI3K
and PKC in this effect (Fig. 5).

3.5. Polyphenols reverse the inhibitory effect of tert-BOOH upon [°H]
DG accumulation by BeWo cells

We also investigated the ability of some antioxidants (inhibi-
tors of reactive oxygen species-generating enzymes, free radical
scavengers and dietary polyphenols) to reverse the inhibitory
effect of tert-BOOH upon [*H]DG accumulation (Fig. 6).

The NADPH oxidase inhibitor apocynin (1 mM) (Johnson et al,,
2002), the xanthine oxidase inhibitor allopurinol (1 mM) (Pacher
et al, 2006), and the free radical scavengers N-acetyl-cysteine
(0.1 mM) (Gallo et al,, 2010) and a-tocopherol (1 mM) (Al-Gubory
et al., 2010) were all devoid of the effect upon total (Fig. 6A), GLUT-
and non-GLUT-dependent [*H]DG accumulation (results not
shown). Also, these compounds did not interfere with the effect
of tert-BOOH upon total (Fig. 6A), GLUT- and non-GLUT-dependent
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[*HIDG accumulation (results not shown). Thus, free radical
production neither appears to affect [°H]DG accumulation nor to
be involved in the inhibitory effect of tert-BOOH upon it.
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Fig. 4. Time-course of [*H]deoxyglucose ([*H|DG) uptake by BeWo cells after
treatment with tert-BOOH (24 h; 100 uM). Cells were incubated at 37 °C for
different periods of time with 50 nM [*H]DG, pH 74, in buffer containing Na* (a)
or in Na'-free buffer in the absence or presence of cytochalasin B 50 uM (b)
(n=10-19). Analysis of the time courses allowed determination of the steady-state
accumulation (Am.) and the rate constant for inward (ki) and outward (Ko
ransport. Shown are arithmetic means + SEM.
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Previous works from our group showed that the polyphenols
epigallocatechin-3-gallate, quercetin and resveratrol were able to
prevent the inhibitory effect of tert-BOOH upon alanine (Aratjo
et al., 2013), butyrate (Gongalves et al., 2013) and folic acid (Couto
et al., 2012) transport.

Interestingly enough, our results showed that epigallocatechin-
3-gallate, quercetin and resveratrol (50 pM), which per se did not
modify total, GLUT- and non-GLUT-dependent [*H]DG accumula-
tion, completely reversed the inhibitory effect of tert-BOOH upon
total [*H]DG accumulation. This effect was associated with a
complete blockade of the inhibitory effect of tert-BOOH upon
GLUT-dependent component of [*H]DG accumulation (Fig. 6B).

3.6. Tert-BOOH does not alter glucose metabolism

The amount of extracellular lactate, a product of the glycolysis
pathway, was similar in control and tert-BOOH-treated cells (27.7
+ 0.7 and 29.7 + 1.3 nmol lactate mg prot~ !, respectively, n=17).

3.7. Tert-BOOH increases the apical-to-basal transepithelial
permeability to [PH]DG across BeWo cells

In the last part of this work, we investigated the effect of tert-
BOOH upon [*H]DG apical-to-basal transepithelial apparent perme-
ability (P,pp). In agreement with the results shown above, tert-BOOH
induced a decrease in [*H]DG intracellular content in BeWo cells
(Table 1). However, this compound increased the apical-to-basal Papy
to ['H]DG (Table 1). Moreover, tert-BOOH also increased the Pspp to
two markers of paracellular transport: ["*C]sorbitol (Table 1) and
phenol red (from 100 + 22% to 308 + 95% of control, n=12).

4. Discussion

Cellular oxidative stress arises when the production of reactive
oxygen species overwhelms the ability of enzymatic and non-
enzymatic antioxidant defense systems to maintain reactive oxy-
gen species within physiological levels (Kohen and Nyska, 2002).

In this work, we hypothesized that oxidative stress would alter
the placental transport of glucose, which is an important deter-
minant of fetal growth and future health of the newborn (Jansson
et al., 2009; Vo and Hardy, 2012).

Qur results showed that a 24 h-exposure of BeWo cells, a
human STB cell model, to 100 pM tert-BOOH increased GSX and
GSSG levels. Glutathione is a major intracellular antioxidant (Rossi

Non-GLUT

J

Fig. 5. Effect of inhibitors of intracellular signaling pathways upon the inhibitory effect of tert-BOOH on total, GLUT and non-GLUT *H-2-deoxyglucose ([*H]DG) accumulation
by BeWo cells. Cells previously exposed to tert-BOOH (100 uM; 24 h) or to its solvent, were incubated at 37 °C with 50 nM [*H]DG for 120 min, at pH 7.4, in the absence or
presence of L¥-294002 1 uM or chelerythrine 0.1 uM (n=10-12). Shown are arithmetic means+S.E.M. *Significantly different from the respective control (P < 0.05).
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Fig. 6. Effect of antioxidants upon the inhibitory effect of tert-BOOH on total *H-deaxyglucose {[*H|DG) accumulation by BeWo cells. Cells previously exposed to tert-BOOH
(100 sM; 24 h) or to its solvent, were incubated at 37 “C with 50 nM [*H|DG for 120 min, at pH 7.4, in the absence or presence of (a) inhibitors of reactive axygen species-
generating enzymes: apocynin {1 mM), allopurinol (1 mM), e-tocopherol (1 mM), and N-acetyl-cysteine (NAC; 0.1 mM), and (b) polyphenols: resveratrol (50 uM), quercetin
(50 uM) or epigallocatechin-3-gallate (EGCG; 50 pM), (n=8-12). Shown are arithmetic means+S.EM. *Significantly different from the respective control (P <0.05) and

“significantly different from tert-BOOH (P < 0.05)

Table 1

Apical-to-basal apparent permeability (P,,,) and intracellular accumulation of [*HJdeoxyglucose and [**Clsorbitol in BeWo cells treated with tert-BOOH (100 uM; 24 h).

Pugp (pmols ') P Intracelullar content (pmol mg prot ') P
Control tert-BOOH Control tert-BOOH
[*H]deoxyglucose 0.0015 + 0.00009 0.0026 + 0.00014 0.000 167+ 035 0.60 +0.24 0.026
["Clsorbitol 0.00056 + 0.00008 0.00093 + 0.0001 0.015 0.1+ 0.06 007 +0.02 0.014

Values represent mean + SEM (n=8-9)

et al., 2006), and an increased intracellular accumulation of GSSG
is considered a reliable biomarker of oxidative stress (Rossi et al.,
2006). Exposure of BeWo cells to tert-BOOH also increased lipid
peroxidation and protein carbonylation levels, which constitute
two widely accepted markers of oxidative damage to lipids and
proteins (Dalle-Donne et al., 2006). As a whole, these results
indicate that BeWo cells exposed to 100 pM tert-BOOH for 24 h
constitute a good cellular model of placental oxidative stress.
Elevated lipid peroxidation and protein carbonylation and altered
levels of glutathione have also been found in placentae from
women with pregnancy disorders associated with oxidative stress
(please see Section 1), which is considered an important contri-
buting factor for fetal programming of adult diseases (Giussani
et al, 2012). Since the molecular mechanisms underlying these

effects of oxidative stress are still largely unexplored (Thompson
and Al-Hasan, 2012), our aim was to investigate the effect of tert-
BOOH (100 puM; 24 h) upon [*H]DG (a glucose analog) uptake and
transepithelial permeability in BeWo cells.

Our results showed that tert-BOOH reduced the intracellular
accumulation of [*H]DG in BeWo cells via both GLUT- and non-
GLUT-mediated transports. As described in previous works (Aratijo
et al,, 2008; Shah et al., 1999), [°H]DG uptake by BeWo cells mainly
involves a Na*-independent and insulin-insensitive transporter.
This most probably corresponds to GLUT1, which is functionally
the most relevant glucose transporter present in the STB trans-
porting epithelium (Baumann et al,, 2002), although the contribu-
tion of other GLUTs, more specifically GLUT3, cannot be excluded.
However, it is stll controversial whether GLUT3 is expressed
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(Brown et al, 2011) or not (Shah et al, 1999) in BeWo cells.
Concerning non-GLUT-mediated [*H|DG uptake, this could corre-
spond to adsorption of [*H]DG to the cell membrane of BeWo cells.

Our results also demonstrated that the effect of tert-BOOH was
not associated with a change in the mRNA level of GLUT1. This
suggests that it rather involves changes in protein levels of GLUTI,
post-translational GLUT1 modifications, such as oxidation (Burton
and Jauniaux, 2011; Fiorentini et al., 1999) phosphorylation (Han
et al., 2006), nitration (Webster et al., 2008) and ubiquitination
(Fernandes et al, 2011), or changes in GLUT1 intrinsic activity.
These parameters should be accessed in a future work in order to
increase knowledge about the impact of tert-BOOH-induced oxi-
dative stress upon GLUT1-mediated transport.

We also verified that the inhibitory effect of tert-BOOH upon
[*HIDG accumulation was not associated with an alteration in
glycolytic metabolism, as assessed by measurement of lactate
production. Since the first enzyme of glycolysis (hexokinase) is of
high affinity (Moraes and Reithmeier, 2012), the reduction in [*H]
DG accumulation caused by tert-BOOH was probably not suffi-
ciently marked to elicit a decrease in the glycolysis rate.

Very few studies relating oxidative stress with placental glucose
uptake have been performed. Interestingly and according to our
results, Lappas et al. (2012) and Li et al. (2004) showed that oxidative
stress-generating agents reduced placental glucose uptake, although
this effect was associated with a reduction in GLUT1 gene expression.
These different findings can be explained by the use of distinct
oxidative stress-generating agents in these works.

Alterations in placental transport or intracellular metabolism of
glucose have been described in some pregnancy disorders asso-
ciated with increased reactive oxygen species generation, namely
fetal growth restriction (Magnusson et al, 2004), gestational
diabetes and chronic hypoxia (which is present in preeclampsia)
(Baumann et al., 2002; Illsley, 2000). However, placental glucose
transport and lactate production are differently altered in these
pathologies, suggesting that besides oxidative stress, other factors
play an important role in determining the rate of placental glucose
transport and metabolism observed in these pathologies.

PI3K and PKC signaling pathways are important regulators of
glucose transport (Fernandes et al.,, 2011; Han et al, 2006; Lappas
et al, 2012; Riley et al, 2005; Wieman et al, 2007). Moreover,
activation of both of these pathways as a consequence of tert-BOOH-
induced cellular oxidative stress has also been demonstrated
(Li et al,, 2011; Perez et al, 2006). Therefore, we decided to clarify
the role of these two signaling pathways in the inhibitory effect of
tert-BOOH upon [*H|DG accumulation by BeWo cells. The results
indicated that neither PI3K nor PKC activation seemed to be involved
in this effect. Interestingly, the results of PI3K agree with those of a
very recent paper, also relating oxidative stress with placental DG
uptake (Lappas et al,, 2012).

Antioxidants are compounds that inhibit or delay the produc-
tion of reactive oxygen species and the consequent oxidation of
biomolecules (Al-Gubory et al, 2010). These compounds have
been used as supplements to counteract oxidative stress and
improve fetal health outcomes in females with, or at higher risk
of developing, preeclampsia (Chappell et al,, 1999), fetal growth
restriction (Rueda-Clausen et al., 2012) and gestational diabetes
(Cederberg et al., 2001). So, we decided to investigate the ability of
different antioxidants to revert tert-BOOH-induced inhibition of
[*H]DG accumulation. Interestingly, we verified that the polyphe-
nols quercetin, epigallocatechin-3-gallate and resveratrol totally
abolished the reduction in [*H]DG accumulation induced by tert-
BOOH, by specifically blocking the effect of tert-BOOH upon GLUT-
dependent [*H]DG accumulation, Since these compounds alone
did not interfere with GLUT-dependent [*H|DG accumulation, we
believe that the effect of polyphenols does not involve a direct
interaction with glucose transporters.

Dietary polyphenols possess antioxidant properties due to their
ability to scavenge reactive oxygen species, modulate transcription
factors, and induce histone modifications (Mitjavila and Moreno,
2012), A previous work from our group showed that the inhibitory
effect of quercetin upon tert-BOOH-induced reduction of butyrate
uptake in intestinal cells is associated with its capacity to abolish lipid
peroxidation (Gongalves et al., 2013). Moreover, resveratrol is able to
reverse the decrease in placental GLUT1 activity evoked by hypox-
anthine/xanthine oxidase-induced oxidative stress via sirtuin 1, an
enzyme with histone deacetylase activity (Lappas et al, 2012). Finally,
GLUTs can be upregulated trough a hypoxia-inducible transcriptional
factor-1(HIF-1}-mediated pathway in BeWo cells (Baumann et al,
2007), and epigallocatechin-3-gallate (Mandel et al,, 2008), quercetin
(Bach et al,, 2010) and resveratrol (Lin et al, 2012) increase HIF-1
activity and/or expression. Altogether, these observations suggest that
polyphenols may exert a protective role against oxidative stress-
induced inhibition of placental glucose transport through distinct
antioxidant mechanisms.

The reactive oxygen species scavengers o-tocopherol and N-
acetyl-1-cysteine, the NADPH oxidase inhibitor apocynin and the
xanthine oxidase inhibitor allopurinol were not able to reverse
the inhibitory effect of tert-BOOH upon [*H]DG accumulation.
These results suggest that the inhibitory effect of tert-BOOH up-
on DG accumulation does not seem to greatly depend upon
reactive oxygen species generation. Curiously, other works also
reported that N-acetyl-i-cysteine and «-tocopherol were not
able to alter oxidative stress-induced reduction of DG transport
(Fernandes et al,, 2011; Lappas et al., 2012). This can be due to the
fact that, in the case of endogenous antioxidants such as vitamin
E and glutathione (for which N-acetyl-i-cysteine is a precursor
(Gallo et al, 2010)), the interaction of multiple systems is neces-
sary to counteract oxidative processes. For instance, the antiox-
idant activity of vitamin E against lipid peroxidation needs to
be supported by the activity of GSH and vitamin C (Gallo et al.,
2010).

Fetal glucose availability does not solely rely on placental
transport across the apical membrane of the STB. Indeed, changes
in glucose transport across the basal membrane of the STB will
also have a significant impact upon transplacental glucose trans-
port (Baumann et al, 2002). So, in the last part of this work, we
investigated the effect of tert-BOOH upon [*H]DG transepithelial
permeability in the apical-to-basal direction in BeWo cells. The
results obtained showed that, although tert-BOOH decreased the
intracellular accumulation of [*H]DG in BeWo cells, it significantly
increased the transepithelial permeability of [*H]DG in the apical-
to-basal direction. Moreover, tert-BOOH increased the apical-to-
basal transport of the paracellular markers [“*C|sorbitol and
phenol red. Noteworthy, in intestinal epithelial cells, tert-BOOH
was recently found to decrease the expression (Kim et al.,, 2012)
and to alter the phosphorylation pattern (Sheth et al., 2009) of the
tight junction proteins zonula occludens-1 and occludin, in asso-
ciation with an increase in paracellular transport activity. So, we
suggest that tert-BOOH, by affecting BeWo cell tight junctions,
induces an increase in [*H]DG paracellular transport, and that this
effect contributes to the observed increase in transepithelial
permeability to [*H]DG.

In conclusion, our work demonstrates that tert-BOOH-induced
oxidative stress in BeWo cells decreased DG accumulation, and that
this effect was completely reversed by some dietary polyphenols.
Moreover, tert-BOOH-induced oxidative stress increased the transe-
pithelial permeability to DG across BeWo cell monolayers, by
increasing its paracellular transport. As a whole, we suggest that
oxidative stress reduces placental accumulation of glucose associated
with an increase in its transepithelial permeability. This effect may
contribute to the deleterious consequences of pregnancy disorders
associated with oxidative stress.
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Increased oxidative stress (0S) is implicated in the pathophysiology of several pregnancy disorders. We
aimed to investigate the effect of tert-butylhydroperoxide (TBHP)-induced OS upon the placental trans-
port of the neutral amino acids L-methionine (L-Met) and L-alanine (1-Ala), by using a human trophaoblast
cell model (BeWo cells). TBHP reduced both total and Na*-independent 4C-L-Met intracellular steady-
state accumulation over time (Ap, ), by reducing non-system L-mediated uptake — most probably system
y* —while having no effect an system L. Moreover, TBHP reduced total '*C-1-AlaAmay through an inhibition
of system A. The effect of TBHP upon total, but not system A-mediated, '*C-L-Ala uptake was dependent
upon phosphoinositide 3-kinase (PI3K) and protein kinase C (PKC) activation, and was completely pre-
vented by the palyphenol quercetin. In conclusion, areduction in placental uptake of neutral amino acids
may contribute to the deleterious effects of pregnancy disorders associated with 0S.

© 2013 Elsevier Inc. All rights reserved.

1. Introduction

The placenta constitutes the main interface between mater-
nal and fetal blood circulations, and one of its major functions
is to mediate the transfer of nutrients from the mother to the
fetus, which occurs at the syncytiotrophoblast (STB) epithelium[1].
Placental nutrient transport is absolutely necessary for fetal devel-
opment, and changes in the activity of specific nutrient (e.g. amino
acids) transporters in the human STB have been demonstrated in
both growth restriction [2,3] and overgrowth [4]. However, it is
still unknown whether these changes are a cause or rather a con-
sequence of the aberrant fetal growth [5].

Amino acids constitute the building blocks for fetal protein
synthesis, and are potent stimulators of fetal secretion of insulin,
which is the primary growth-promoting hormone during fetal
life [6]. At the STB, transport of neutral amino acids occurs pri-
marily via systems A and L [7]. System A is a Na"-dependent
transporter that mediates the uptake of mainly non-essential and

Abbreviations:  Amay, accumulation at steady state; BCH, 2-amino-2-
norbornanecarboxylic acid; EGCG, epigallocatechin-3-gallate; k;,, rate constant for
inward transport; Koy, rate constant for outward transport; LAT, L-type amino acid
transporter; MeAIB, a-(methylamino)isobutyric acid; NEM, N-ethylmaleimide; 0S,
oxidative stress; SNAT, Na*-coupled neutral amino acid transporter; STB, syncy-
tiotrophoblast; TBHP, tert-butylhydroperoxide.

* Corresponding author. Tel.: +351 22 0426658; fax: +351 22 5513624,

E-mail address: jaraujo@med.up.pt (J.R. Aratijo).

0890-6238/5 - see front matter © 2013 Elsevier Inc. All rights reserved.
http://dx.doi.org/10.1016/j.reprotox.2013.06.073

short-chain amino acids such as L-alanine (L-Ala), and system L is
a Na*-independent transporter mainly involved in cellular uptake
of essential, branched-chain and aromatic amino acids such as -
methionine (L-Met) [6]. L-Ala [8] and L-Met [9] have been used as
model substrates to study the activity of systems A and L in the
human placenta, respectively.

Cellular oxidative stress (OS) arises when the production of
reactive oxygen species (ROS) overwhelms the enzymatic and non-
enzymatic antioxidant defense systems that maintain ROS within
physiological levels [10]. ROS play an important physiological role
as second messengers in intracellular signaling pathways aimed
at maintaining cell homeostasis [11,12]. However, at heightened
levels, OS can cause damage to several biological molecules [11],
leading to loss of function and ultimately to cell death [13].

Considerable evidence implicates increased OS in the patho-
physiology and progression of prevalent pregnancy complications
such as miscarriage and preeclampsia [ 14], fetal growth restriction
[15] and both gestational [16] and type 1 [17] diabetes mellitus.
Interestingly enough, alterations in placental amino acids trans-
port have been associated with most of these disorders [2,4,18].
Moreover, an increased OS intrauterine environment has been
demonstrated to program the fetus to develop metabolic and
cardiovascular diseases later in life [19]. Since the molecular mech-
anisms underlying the pathological effects of OS during pregnancy
are only beginning to be addressed [20], we aimed to investigate the
effect of OS upon the placental uptake of L-Met and L-Ala, by using a
human choriocarcinoma cell line (BeWo cells). This cell line, which
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displays many characteristics of third-trimester trophoblasts [21],
is suitable to investigate the placental transport of neutral amino
acids, as the expression of transport systems for these nutrients
[22,23] is similar to human term placentas [7,24].

2. Materials and methods

2.1. Reagents

J.R. Araiijo et al./ Reproductive Toxicology 40 (2013) 76-81 77
Table 1
Primer sequences and annealing temperatures (AT) used for real time RT-PCR.
Gene name Primer sequence (5'-3') AT(°C)
HPRT? Fwd?: GGT CAA GGT CGC AAG € 65
Rev®: GGG CAT ATC CTA CAA CAA ACT
SNAT1P Fwd: ACT ACC CTC TGC CAT AAA 60
Rev: TAT AGC CAA GAT ACC CTA AGT
SNAT2° Fwd: GTC ATT GGT GGT CATTCT T 60

L-[1-14C]-Methionine - specific activity 40-60 mCi/mmol
- and L-[U-'C]-Alanine - specific activity 56 mCi/mmol
- (American Radiolabeled Chemicals, St. Louis, MO, USA);
BCH (2-amino-2-norbornanecarboxylic acid), albumin from
bovine serum, chelerythrine chloride, decane, EGCG [(-)
epigallocatechin-3-gallate], fetal calf serum, Ham's F12K
medium (Kaighn's medification), H-89 dihydrochoride hydrate,

L-lysine monohydrochloride, LY-294002 (2-(4-Morpholinyl)-
8-phenyl-1(4H)-benzopyran-4-one hydrochlaride), MeAIB
(o-(methylamino)isobutyric acid), N-acetyl-L-cysteine, NEM

(N-ethylmaleimide), PD 98059 (2-(2-Amino-3-methoxyphenyl)-
4H-1-benzopyran-4-one), SP 600125 (1,9-Pyrazoloanthrone,
Anthrapyrazolone), quercetin dihydrate, resveratrol and TBHP
(tert-butyl hydroperoxide solution) (Sigma, St. Louis, MO,
USA); DMSO (dimethylsulfoxide) (Merck, Darmstadt, Germany);

SB 203580 (4-(4-Fluorophenyl)-2-(4-methylsulfinylphenyl)-
5-(4-pyridyl)-1H-imidazole; Alomone Labs Ltd., Jerusalem,
Israel).

The final concentration of the solvents in the buffer and culture
medium was 1% (v/v).

2.2. BeWo cell culture

The BeWo cell line was obtained from the Deutsche Sammlung
von Mikroorganismen und Zellkulturen (DMSZ GmbH, ACC-458).
Cells were used between passage numbers 33 and 54 and with
seven to eight days after the initial seeding, so that they could
spontaneously differentiate and form a confluent and functional
STB-like structure [25].

2.3. Treatment with tert-butylhydroperoxide (TBHP)

BeWo cells were exposed to 100 pM of the oxidizing and free
radical generating agent TBHP [ 13] for 24 h in fetal calf serum-free
culture media. We recently verified that this treatment induces an
increase in OS biomarkers (total and oxidized glutathione, lipid per-
oxidation products and protein carbonyl groups)- similarly to what
is found in placentas obtained from pregnancies with gestational
diabetes [26,27], fetal growth restriction [28] and preeclampsia
[29,30] - while maintaining cellular viability and proliferation [31].
In contrast, exposure of BeWo cells to concentrations of TBHP
higher than 100 pM (300-1000 M) significantly decreased cell
viability and proliferation [31]. So, 100 uM TBHP (24 h) was used
in the present experiments aimed at determining the effect of OS
upon L-Ala and L-Met transport in BeWo cells.

2.4. Uptake studies

After exposure to TBHP, BeWo cells were preincubated at 37°C
in buffer with the following composition: 125 mM NaCl (unless
otherwise stated), 4.8 mM KCl, 1.2 mM KH;PO,, 12.5mM HEPES-
NaOH, 12.5mM MES, 1.2mM MgS04, 1.2mM CaCl; and 5.6 mM
D(+)-glucose, pH 7.5) for 20 min and incubation was then initiated
by the addition of buffer containing 250 nM '#C-L-Met or '4C-1-Ala.
Amino acid uptake was stopped by rinsing the cells with ice-cold
buffer, and then cells were solubilized with 0.1% (v/v) Triton X-100
(in 5mM Tris-HCl, pH 7.4). Radioactivity in the cells was measured

Rev: GTG GTG TTT ATT GTT TCG TTA

* Hypoxanthine-guanine phosphoribosyltransferase.
b Sodium-coupled neutral amino acid transporter 1.
¢ Sodium-coupled neutral amino acid transporter 2.
4 Forward.
¢ Reverse.

by liquid scintillation counting and normalized for total cell protein,
which was determined as described [32].

TBHP and transport inhibitors were present during both the
preincubation and incubation periods. Inhibitors of intracellular
signaling pathways and antioxidants were present throughout
the experiment together with TBHP (i.e. 24 h plus preincubation
(20min) and incubation (30 min) periods). Controls were run in
the presence of the respective solvents.

TBHP and inhibitors of intracellular signaling pathways (LY-
294002 1 pM, H-89 1 M, chelerythrine 0.1 w.M, PD 98059 2.5 uM,
SB 203580 10 uM and SP 600125 5 uM) or antioxidants (N-acetyl-
L-cysteine (NAC), quercetin, epigallocatechin-3-gallate (EGCG) and
resveratrol, all at 50 M) alone or in combination with TBHP did
not alter cell viability (results not shown).

System A-mediated '4C-1-Ala uptake was measured as the
MeAIB (2 mM)-sensitive component of total 14C-L-Ala uptake, as
previously described [8,33]. Non-system A-mediated '*C-1-Ala
uptake was calculated as the MeAIB (2 mM )-insensitive component
of total 4C-1-Ala uptake.

System L-mediated '4C-L-Met uptake was measured as the
Na*-independent and BCH (2 mM)-sensitive component of '4C-L-
Met uptake, and non-system L-mediated '4C-L-Met uptake was
calculated as the Na“-independent and BCH (2 mM)-insensitive
component of "C-L-Met uptake. Na™-independent uptake was
measured by incubating cells in buffer in which 125 mM NaCl was
isotonically replaced by LiCl.

2.5. RNA extraction and real-time RT-PCR (qRT-PCR)

RNA extraction, cDNA synthesis and qRT-PCR were performed
in BeWo cells as described by Araujo et al. [34]. Annealing tem-
perature and sequence of primers used are listed in Table 1. The
amount of mMRNA of each tested gene was normalized to the amount
of mRNA of the housekeeping gene (hypoxanthine-guanine phos-
phoribosyltransferase). TBHP did not affect the expression levels
of hypoxanthine-guanine phosphoribosyltransferase (results not
shown).

2.6. Calculations and statistics

The analysis of time-course and saturation curves of 14C-L-Ala or
14¢C_L-Met uptake was performed by using a non-linear regression
analysis, as previously described by our group [35].

Arithmetic means are given with standard error of the mean
(S.E.M). Statistical significance of the difference between various
groups was evaluated by one-way analysis of variance followed
by the Student-Newman-Keuls post test. For comparison between
two groups, Student’s t-test was used. Differences were considered
to be significant when P <0.05.

The value of n indicates the number of experiments.
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Fig. 1. Effect of TBHP (24 h; 100 uM) upon '“C-1-Met uptake by BeWo cells. (a, b)
Time-course of uptake of 250 nM '*C-1-Met at 37 °C, pH 7.5, in buffer containing Na*
(total; a) orin Na*-free buffer in the absence (Na"-independent; a) or presence of BCH
(non-system L; b) (n=6-8). (c) Effect of inhibitors or substrates of system y* upon
non-system L-mediated '*C-L-Met accumulation, determined in cells incubated at
37°Cwith250 nM **C-1-Met for 30 min, at pH 7.5, in Na”-free buffer containing BCH
2mM, in the absence or presence of N-ethylmaleimide (NEM) 0.2 mM or L-Lysine
(L-Lys) 10mM (n=6-10). Analysis of the time course allowed the determination of
the rate constant of inward transport (k;; ) and the steady state accumulation (Amay ).
Shown are arithmetic means+S.E.M. *Significantly different from the respective
control (P<0.05); ns, not significantly different.

3. Results
3.1. Effect of TBHP upon 1-Met uptake by BeWo cells

We first determined the effect of TBHP upon the time-course
of 14C-1-Met uptake, by incubating BeWo cells with 14C-L-Met
(250 nM) for various periods of time (Fig. 1). Our results showed
that TBHP reduced total and Na™-independent 4C-L-Met steady-
state accumulation (Amax) (from 145+ 6to 127 £ 5and from 99 £ 2
to 85+ 3 pmol mg prot—!, respectively) (Fig. 1a).

Na*-independent '4C-L-Met uptake involved a BCH-sensitive
transporter (system L) and a BCH-insensitive transporter (des-
ignated as non-system L), having a similar contribution to total
14¢C_L-Met uptake (Amax of 48 =1 pmol mg prot—! for system L and
54 +2 pmol mg prot~! for non-system L). The effect of TBHP was
associated with a decrease in non-system L-component of 14C-L-
Met uptake, as TBHP decreased both the A, and the rate constant
of inward transport (ki) of *C-L.-Met uptake mediated by this
component (Fig. 1b). System L-mediated 'C-L-Met uptake was not
affected by TBHP (results not shown).

So, in the next series of experiments, we further character-
ized the effect of TBHP upon non-system L-mediated '4C-L-Met
uptake. First, we investigated its effect upon the kinetic parameters
of non-system L-mediated '4C-L-Met uptake. Our results revealed
that neither Km (142 +£47 pM) nor Vmax (6.7 = 1.7 nmol mg prot~!
5min~") (n=6) values were significantly affected by TBHP (results
not shown). Then, because we recently reported that besides sys-
tem L, a Na*-independent and BCH-insensitive transporter, which
we hypothesized to be system y*, appears to participate in 4C-
L-Met uptake by BeWo cells [34], we decided to investigate the
effect of the system y~ inhibitor NEM [36,37] and of the system
y* substrate L-Lys [38] upon '*C-L-Met accumulation. As shown
in Fig. 1c, "4C-L-Met accumulation was inhibited by NEM and by
L-Lys under control conditions, suggesting the involvement of sys-
tem y* in 'C-L-Met uptake. Additionally, our results also suggest
that TBHP probably reduced system y*-mediated '4C-L-Met accu-
mulation, because the inhibitory effect of TBHP disappeared in the
presence of NEM or L-Lys, which inhibit system y* (Fig. 1c).

3.2. Effect of TBHP upon L-Ala uptake by BeWao cells

3.2.1. Effect upon " C-L-Ala uptake

The effect of TBHP upon the time-course of '“C-L-Ala uptake
is shown in Fig. 2a. TBHP was found to reduce the Amax of both
total and system A-mediated '4C-1-Ala uptake (total uptake: from
83.1+5.7 to 63.5+3.0pmolmgprot'; and system A-mediated
uptake: from 23.0+3.3 to 7.2+ 1.1 pmol mg prot !). On the other
hand, non-system A-mediated '*C-L-Ala uptake was not affected
(results not shown).

Our next step was to investigate the intracellular signaling
pathways involved in the effect of TBHP upon total and system
A-mediated '4C-1-Ala uptake, by assessing the effect of exposing
BeWo cells to inhibitors of some intracellular signaling pathways,
to TBHP or both. Based on previous works from our group [34,39],
the signaling pathways studied were phosphoinositide 3-kinase
(PI3K)), protein kinases A (PKA) and C (PKC), and members of the
mitogen-activated protein kinases (MAPK): extracellular-signal-
regulated-kinase 1/2 (ERK/MEK 1/2), Jun-NH2-terminal kinase
(JNK) and p38 MAPK. All of these pathways have been shown to
be modulated by OS [12,40] and to affect system A activity [41].

Total 1¥C-L-Ala uptake was reduced (by 10-15%) in the presence
of a INK inhibitor (SP 600125 5 M), indicating that JNK activation
may be required for the basal uptake of this amino acid (Fig. 2b).
On the other hand, the inhibitory effect of TBHP upon total '4C-
L-Ala uptake was reversed by LY-294002 1 M and chelerythrine
0.1 pM(specificinhibitors of PI3K and PKC, respectively), but not by
SP 600125, suggesting that the effect of TBHP depends upon PI3K
and PKC, but not JNK, activation (Fig. 2b). In contrast, inhibition
of PKA (with H-89 1 M), ERK1/2 (with PD 98059 2.5 M) or p38
MAPK (with SB 203580 10 p.M) did not alter neither total '4C-1-Ala
uptake nor the effect of TBHP upon it (Fig. 2b).

We also verified that basal system A-mediated
14¢C_L-Ala uptake appears to depend on p38 MAPK and JNK activa-
tion, because specific inhibitors of these pathways reduced system
A-mediated '4C-L-Ala uptake (by about 15%). However, none of the
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Fig. 2. Effect of TEHP (24 h; 100 pM) upon '*C-1-Ala uptake by Bewo cells. (a) Time-course of uptake of 250 nM "*C-L-Ala at 37 °C, pH 7.5, in the absence (total; a) or presence
of MeAIB 2mM (system A; a) (n=6-8). (b) Effect of inhibitors of intracellular signaling pathways upon total ¥C-1-Ala accumulation, determined in cells incubated at 37-C
with 250 nM C-L-Ala for 30min, at pH 7.5, in the absence or presence of LY-294002 1 puM, H-89 1 M, chelerythrine 0.1 M, PD 98059 2.5 pM, SB 203580 10 uM or SP
6001255 M (n=11-15).(c) Effect of quercetin upon total, non-system A and system A-mediated '*C-1-Ala accumulation, determined in cells incubated at 37 *C with 250 nM
14C-1-Ala for 30 min, at 37 °C, pH 7.5, in the absence or presence of quercetin 50 M (n=12). Shown are arithmetic means =5.E.M. "Significantly different from the respective
control (total, non-system A or system A mediated-uptake) represented in dashed lines (P<0.05). *Significantly different from TBHP (P< 0.05).

14C-L-Ala uptake. Apart from quercetin, none of the compounds
tested were able to interfere with the inhibitory effect of TBHP
upon total '#C-Ala uptake (results not shown). As for quercetin,
free radical scavenger and glutathione precursor NAC [42], and this compound alone increased total 4C-L-Ala uptake (by 15%;
the polyphenols EGCG, quercetin and resveratrol [43] - to prevent Fig. 2c), which was associated with a strong (£30%; Fig. 2c) stimu-
the inhibitory effect of TBHP upon total and system A-mediated latory effect upon non-system A-mediated component of uptake.

above-mentioned inhibitors reversed the effect of TBHP upon
system A-mediated '¥C-L-Ala uptake (results not shown).
We also investigated the ability of some antioxidants - the
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Unexpectedly, quercetin was able to completely prevent the
inhibitory effect of TBHP upon total '4C-Ala uptake, by increas-
ing non-system A-mediated uptake, while having no effect upon
system A-mediated '4C-Ala uptake (Fig. 2c).

3.2.2. Effect upon the mRNA levels of system A transporters
Na™-coupled neutral amino acid transporters (SNAT) 1 and 2 are
the major proteins responsible for system A activity and expression
in STB at term [8,44] and in BeWo cells [24,45]. By qRT-PCR, we
verified that the mRNA expression levels of SNAT1 and SNAT2 were
similar in both control and TBHP-treated cells (results not shown).

4. Discussion

In this work, we hypothesized that OS may impair the placental
transport of neutral amino acids, which are important determi-
nants of fetal growth [6] and future health of the newborn [1]. So,
we aimed to investigate the effect of an OS inducer (TBHP) upon
14C.1-Met and '#C-1-Ala uptake by BeWo cells.

0S was induced with TBHP, which is known to increase lipid
peroxidation and protein carbonylation levels and decrease antiox-
idant(glutathione) capacity in BeWo cells [31]. Importantly, similar
oxidative modifications have been found in placentas and mater-
nal circulation in pregnancy disorders associated with increased
0S, namely miscarriage [ 14], preeclampsia [29,30,46], fetal growth
restriction [15,28,47] and gestational diabetes [16,17,26,27].

Our results showed that TBHP reduced total and Na*-
independent '#C-L-Met uptake by decreasing non-system L-
mediated uptake, while it did not affect system L-mediated uptake.
Confirming our previous hypothesis [34], non-system L-mediated
14¢_1-Met uptake by BeWo cells most probably corresponds ta sys-
temy*. This is supported by the Na*-independence, by the NEM and
L-Lys-sensitivity and by its similar affinity (Km =142 uM) to two
system y~ isoforms (Kpy, +100-400 wM) [48]. Interestingly, TBHP
appears to reduce system y"-mediated '#C-L-Met uptake.

One probable explanation for the contribution of OS to fetal
programming involves alterations in DNA methylation [20], which
depend on the bioavailability of methyl carriers such as L-Met [1].
TBHP is known to generate methyl radicals [49] which may induce
hypermethylation of DNA bases [50]. This epigenetic modification
may act as a trigger to reduce the placental uptake of L-Met, thereby
decreasing its intracellular levels. So, the observed decrease in pla-
cental transport of 14C-L-Met, probably via a reduction in system y*
activity, may provide a potential link between 0S, placental func-
tion and fetal programming.

Our results also showed that TBHP reduced total '*C-L-Ala
uptake by decreasing system A-mediated uptake, while not affect-
ing either SNAT1 or SNAT2 mRNA expression. These results suggest
that increased OS might have consequences for fetal growth by
decreasing placental system A activity. In agreement with our find-
ings, fetal growth restriction - which has been associated with
oxidative damage in trophoblasts [15] - is correlated with reduced
placental system A activity [2], although no changes in SNAT1 or
SNAT2 mRNA expression levels were found [51].

Interestingly enough, previous works using other 0S-inducing
agents and different models of human STB also described that OS
inhibits system A [8,52,53] but not system L-mediated transport
[8,52]. So, TBHP-treated BeWo cells appear to be a good paradigm
to study the effect of OS upon placental amino acid transport. The
fact that BeWo cells have clear advantages over other STB mod-
els, such as greater stability, life-span, viability with passage, easier
maintenance [54] and absence of patient variability, reinforces even
more the suitability of this cell model to study the effect of OS upon
placental transport function.

One important consequence of cellular OS is the activation
of intracellular serine/threonine kinases [12,43]. So, in order to

clarify the molecular mechanisms by which TBHP reduced total and
system A-mediated '#C-L-Ala uptake in BeWo cells, we searched
for the involvement of intracellular signaling pathways. '4C-L-Ala
uptake was found to be dependent on JNK (total and system A-
mediated) and p38 MAPK (system A-mediated) activation. The
results of system A agree with a previous study also performed
in BeWo cells [41] except that, in contrast to our observation, Fang
et al. found system A activity also to be regulated by PI3K. This dis-
crepancy may be related to the different modes of action of the PI3K
inhibitors used (LY-294002 vs. wortmannin).

In this study, we also demonstrated that PI3K and PKC stim-
ulation are involved in the inhibitory effect of TBHP upon total
14C.1-Ala uptake. However, none of the studied intracellular
signaling pathway inhibitors (PI3K, PKA, PKC and MAPK) reversed
the effect of TBHP upon system A-mediated '4C-L-Ala uptake.

Antioxidants have been demonstrated to counteract OS asso-
ciated with the pathogenesis of reproductive disorders such as
preeclampsia [55], fetal hypoxia [19] and gestational diabetes [16].
So, in the last part of this work, we investigated the ability of NAC
and some polyphenols to prevent TBHP-induced inhibition of total
and system A-mediated '#C-L-Ala uptake. Of the tested antioxi-
dants, quercetin was able to blunt the reduction in total *C-L-Ala
uptake induced by TBHP (through an increase in non-system A-
mediated '#C-L-Ala uptake, which most probably corresponds to
system ASC) [56], thereby counteracting the inhibitory effect of
TBHP upon system A activity.

Quercetin is one of the polyphenols with the highest antioxidant
activity [57] due to its ability to directly scavenge ROS and con-
sequently to decrease the oxidation of biological molecules [43].
Recently, our group demonstrated that the preventive effect of
quercetin upon TBHP-induced inhibition of "4C-butyrate uptake
was associated with its capacity to abolish lipid peroxidation
induced by TBHP [58]. So, the protective role of quercetin against
0S-induced inhibition of L-Ala transport is probably related to its
antioxidant capacity.

In conclusion, our work demonstrates that TBHP-induced OS in
BeWo cells: (a) decreases L-Met uptake through a decrease in non-
system L-mediated transport (probably corresponding to system
y*) and (b) decreases L-Ala uptake through a decrease in system A-
mediated transport. The effect of TBHP upon total '4C-L-Ala uptake
was found to be PI3K- and PKC-dependent and to be prevented by
the polyphenol quercetin. We can thus speculate that a reduction
in placental transfer of neutral amino acids may contribute to the
deleterious implications of increased OS for fetal growth.
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It is currently accepted that GDM precipitates offspring’s risk for developing
adverse perinatal outcomes and cardiometabolic [Boney et al., 2005; Gluckman et
al., 2008] and neurological [Ornoy, 2005; Stenninger et al., 1998] complications
later in life. However, the exact molecular mechanisms underlying this pathological
and programming effects are still largely unexplored [Lehnen et al., 2013]. One
hypothesis is that GDM affects the maternal-to-fetal transport of nutrients
[Metzger et al, 2007] and placental development [Simeoni and Barker, 2009],
thereby inducing lifelong changes in gene expression through epigenetic
mechanisms.

Nutrient transporters present in the STB epithelium have been suggested to
play an important role in fetal programming because: 1) transporters activity and
expression constitute an important determinant of fetal growth and development
[Jansson et al,, 2009]; 2) epigenetic modifications, in particular gene methylation,
depend on an adequate provision of nutrients such as folates, L-Met [Jansson et al.,
2009], and LC-PUFAs [Kulkarni et al, 2011] (Fig. 2) and changes in placental
transport of these nutrients will alter their availability to the fetus, providing a
direct link between placental function, gene methylation and fetal programming;
and 3) placental nutrient transporters may be themselves key targets for
epigenetic modification [Jansson et al., 2009; Jansson and Powell, 2007].

So, considering the important role of nutrient transporters in determining
fetal growth and future health of the newborn, the first aim of this work was to
investigate if GDM (diagnosed according to [Carpenter and Coustan, 1982])
affected the placental transport of FA, L-Met and essential LC-PUFAs (AA and
DHA). For that, we characterized the uptake of 3H-FA, 14C-L-Met, 14C-AA and 14C-
DHA by NTB cells and compared it with the uptake by DTB cells.

Human primary cultured cytotrophoblasts are a suitable model to study the
placental transport function because they spontaneously differentiate into a
functional and polarized STB-like structure that retains all the cellular machinery
of the in vivo STB [Bischof and Irminger-Finger, 2005; Bloxam et al., 1997; Kliman
et al., 1986; Lager et al., 2011]. When comparing 3H-FA transport characteristics in
NTB and DTB cells, we found that, although intracellular accumulation of 3H-FA

was similar in both cells, DTB cells showed higher rates of inward and outward
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transport, suggesting that in GDM placentas a higher turnover of intracellular FA
was required to maintain FA homeostasis (publication A).

Keating et al. reported that FA uptake by NTB cells is pH-dependent,
operating optimally at acidic pH (5.0-5.5), and shows different transport
characteristics at acidic (5.5) and physiological (7.5) pH [Keating et al., 2009a].
Similarly to the in vivo situation [Solanky et al., 2010], FA uptake into NTB cells at
pH 7.5 was shown to involve RFC1, FR-a and PCFT [Keating et al., 2009a],
reinforcing the suitability of this cell model to study FA placental transport. In
addition, at pH 5.5, RFC1 and PCFT seem to mediate FA apical uptake into NTB
cells [Keating et al., 2009a].

In the present work, we showed that 3H-FA uptake by both NTB and DTB
cells exhibited similar kinetics and occurred optimally at an acidic pH. However, a
greater pH-dependence was observed in DTB cells for low pH values (5.0-6.0),
which could indicate a proportionally greater involvement of the high affinity
folate:H* symporter PCFT. In other words, there seemed to be a higher PCFT:RFC1
relative activity in DTB in comparison with NTB cells (publication A).

As a whole, these results suggested that, although quantitatively similar to
normal pregnancies, placental transport of FA was more dependent on PCFT than
on RFC1 in GDM pregnancies (publication A). Since GDM modulates the
methylation of genes responsible for fetal growth and energy metabolism at
placental level [Lehnen et al.,, 2013], and methylation of RFC1 gene is associated
with a lower expression of this transporter [Farkas et al., 2013], we can speculate
that GDM affects FA transport through epigenetic mechanisms.

Comparison of the uptake of L-Met, another nutrient crucial for methylation
reactions, between NTB and DTB cells, revealed that 14C-L-Met uptake was
quantitatively similar in both cells, in a similar way as described for FA.
Specifically, our results showed that 14C-L-Met uptake in both NTB and DTB cells
presented a similar profile of time-dependence, kinetics and Na*-independence
(publication B). Additionally, system L, more specifically its LAT1 isoform,
seemed to greatly contribute (40-60%) to 14C-L-Met uptake in both NTB and DTB
cells. System y*L (possibly corresponding to y*LAT2 activity) was also functionally
present in both NTB and DTB cells, although it had a small contribution

(approximately 20%) to 14C-L-Met uptake. On the other hand, some differences
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were apparent: systems A and b% and LAT2 system L isoform were functionally
capable of transporting L-Met in DTB cells only, and system y*L (possibly through
the activity of both y*LAT1 and y*LAT2Z) seemed to be more active in DTB
compared to NTB cells (publication B).

We also investigated if the differences in the uptake characteristics of 14C-L-
Met uptake in NTB and DTB cells were associated with differences at the
transcriptional level (mRNA) of amino acid transporters. The mRNA levels of
SNAT1 and SNAT2 (the major system A isoforms present in STB during late
gestation) [Tsitsiou et al,, 2011]), and of LAT2 and y*LAT1 were similar in NTB and
DTB cells (publication B). System b0+ expression was not tested because its
function at the MVM and BM of the human STB is still under discussion [Ayuk et al.,
2000; Cleal et al,, 2011; Cleal and Lewis, 2008; Jansson et al., 2002].

Data available on placental transport of amino acids in GDM pregnancies is
conflicting: either an increase [Jansson et al, 2002] or no alteration [Dicke and
Henderson, 1988; Nandakumaran et al., 2004] in systems A and L activity and no
alterations in the transport of L-Lys (a substrate of systems y* and y*L) [Jansson et
al., 2002] have been described. The contrasting findings between these studies
(including our own) may be the result of differences in study populations
(different maternal body mass index, metabolic control following diagnosis,
therapeutics of GDM, GDM diagnostic criteria, incidence of large-for-gestational-
age infants and fetal and placental weights).

In conclusion, the results of L-Met uptake showed that GDM does not
quantitatively alter L-Met placental transport capacity, although it involved
distinct amino acid transporters (LAT1 and y*LAT2 in NTB cells and LAT1 and 2,
y*LAT1 and 2 and systems A and b%* in DTB cells) (publication B). Given the
broad substrate specificities of systems L, y*L, A and b%* (see Introduction), we
suggest that the transport of other neutral amino acids and of cationic amino acids
may be altered in GDM pregnancies. Considering this, it will be important to study
the placental transport of other amino acids in this disease.

GDM adversely affects behavioral, cognitive and intellectual development of
the offspring [Fraser et al, 2012; Larque et al, 2011; Ornoy, 2005] (see
Introduction), and low LC-PUFAs concentrations (which are important for fetal

neurological and visual development [Innis, 2005]) are observed in placentas
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[Pagan et al., 2013] and cord blood [Min et al., 2005; Pagan et al., 2013; Thomas et
al, 2005] obtained from GDM pregnancies, indicating that maternal-to-fetal
transfer of LC-PUFAs might be impaired. According to this, it seemed of particular
importance to compare placental transport of LC-PUFAs in normal and GDM
pregnancies.

Uptake of 14C-AA and *C-DHA by NTB cells was shown to involve both a
protein-mediated mechanism - which was quantitatively more important for lower
substrate concentrations - and simple diffusion - which was quantitatively more
important for higher substrate concentrations (publication C). This observation is
in agreement with claims of other authors suggesting that under blood
physiological concentrations of LC-PUFAs, most of the cellular uptake in peripheral
tissues (eg. skeletal muscle, adipose tissue and heart) occurs via a protein-
mediated pathway, simple diffusion being quantitatively less important (reviewed
by [Bonen et al,, 2007; Doege and Stahl, 2006]). In a more detailed characterization
of protein-mediated uptake of 14#C-AA and 1#C-DHA, we could demonstrate that this
process greatly depended on the activity of ACSL, as it was markedly inhibited by
triacsin C, a potent inhibitor of ACSL activity [Tobin et al., 2009; Tomoda et al,,
1991] (publication C). On the other hand, the ATP-independence of 14#C-AA and
14C-DHA uptake argued against the involvement of FATP in this process
(publication C). So, we could conclude that ACSL-mediated fatty acid esterification
into acyl-CoA was an important mediator of the placental transport of 14#C-AA and
14C-DHA (publication C). Nevertheless, because 14C-AA and *C-DHA uptake by
NTB cells was strongly (40-50%) though not completely inhibited by triacsin C, we
cannot rule out the potential involvement of other transporters in this process, in
particular pFABPpm (publication C), which has a preferential affinity for AA and
DHA and is found exclusively on the MVM of the STB (please see Introduction).
However, since pFABPpm protein and its gene sequence has not yet been
described, further information on its structure and function is needed before more
detailed conclusions can be drawn regarding its involvement in LC-PUFAs
placental transport [Gil-Sanchez et al., 2012; Larque et al., 2011].

Uptake of both LC-PUFAs was found to be markedly reduced (= 50%) in
DTB cells, through a decrease in both protein-mediated uptake and simple

diffusion, suggesting a compensatory downregulation of fatty acid transporters at
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the placental level in response to high nutritent availability, an hallmark of GDM.
LC-PUFAs uptake downregulation was associated with a quantitatively similar
reduction of ACSL1 mRNA levels in DTB cells (publication C). Both these
observations supported the involvement of ACSL1 in the placental transport of 14C-
AA and 1%C-DHA, and clearly indicated that the decrease in its expression
underlined the decrease in 14#C-AA and 1#C-DHA uptake found in DTB cells. Also
important is the fact that the interaction between FATP and ACSL, ie. matched
activity and/or expression, which is still a matter of debate [Doege and Stahl, 2006;
Richards et al., 2006], did not appear to exist in primary trophoblast cells,
according to our results (publication C).

By clearly showing a decrease in the placental uptake of LC-PUFAs associated
with a decrease in ACSL1 gene expression in GDM, our results may well explain the
reduced plasma levels of AA and DHA found in neonates born from women with
GDM [Min et al, 2005; Pagan et al., 2013; Thomas et al,, 2005; Wijendran et al,,
2000], and the neurodevelopmental fetal malprogramming associated with this
disease [Pagan et al,, 2013].

Due to the crucial role that LC-PUFAs have for fetal visual, behavioral and
cognitive development [Cunningham and McDermott, 2009; Duttaroy, 2009],
further investigation is needed to elucidate if maternal LC-PUFAs supplementation
during pregnancy, which has been proved in a clinical trial to increase fetal levels
of LC-PUFAs [Carlson et al., 2013], can overcome GDM-induced adverse health

outcomes in the newborn associated with an insufficient fetal supply of LC-PUFAs.

Normal placental development relies on a balanced growth, proliferation,
differentiation and programmed cell death of trophoblasts [Huppertz and Herrler,
2005]. Alterations in these properties have been associated with miscarriage
[Minas et al., 2007; Pestka et al., 2011], preeclampsia [Arnholdt et al., 1991; Shaker
and Sadik, 2013] and FGR [Erel et al., 2001; Ishihara et al., 2002]. Since there is
scarce and conflicting knowledge concerning the impact of GDM on these
properties [Belkacemi et al., 2013; Sgarbosa et al., 2006], we decided to compare
the viability, proliferation, differentiation and apoptosis of both NTB and DTB cells.

A marked and similar increase in proliferation and apoptosis, but no change in

viability or differentiation, was observed in DTB, in relation to NTB cells. These
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observations suggested that a higher cell turnover may be present in DTB cells as a
GDM-related phenotype (publication C). Sgarbosa and co-workers also reported
an increase in trophoblast apoptosis in GDM, and suggested that hyperglycemia
may be a key factor evoking this response [Sgarbosa et al., 2006]. On the other
hand, Belkacemi et al. reported a decrease in trophoblast apoptosis with no change
in proliferation in GDM placentas [Belkacemi et al., 2005]. These contrasting
results, in comparison with ours, can be explained by differences in GDM therapy
(women were treated with either diet or diet associated with metformin in
Belkacemi’s study and in our study women were treated with diet or diet
associated with insulin) and placental and neonatal birth weight (which were both
higher in GDM compared with control women in Belkacemi’s study, but not in
ours).

Trophoblast development has been demonstrated to be regulated by GDM-
associated hallmarks. In extravillous trophoblasts, we observed that
hyperinsulinemia increased proliferation and TNF-a increased viability, although
hyperglycemia and hyperleptinemia did not affect these properties (Aratjo et al.
preliminary results) (publication C). In human villous trophoblasts, leptin
stimulates proliferation and inhibits apoptosis [Gambino et al., 2012] and TNF-a
induces apoptosis [Al-Nasiry et al., 2006; Yui et al.,, 1994] and proliferation [Yang
et al.,, 1993]. Altogether, these observations suggest that GDM may impair placental
development through many of the conditions associated with it.

From the analysis and discussion of the results presented in chapter I we can
conclude that GDM can disturb the maternal-to-fetal transport of nutrients,
particularly of LC-PUFAs, and also trophoblast development. These alterations may
eventually contribute to the fetal and postnatal adverse health outcomes

associated with GDM.

Oxidative stress is defined as an imbalance in pro-oxidants and antioxidants, in
favor of the former [Jones, 2008]. Pregnancy per se is considered as a physiological
state of oxidative stress [Chen and Scholl, 2005], which is important for embryo
implantation, for fetal and placental development, and for labor [Myatt, 2010].
However, at abnormally high levels, oxidative stress can cause damage to

macromolecules (inhibiting their normal function [Burton and Jauniaux, 2011])
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and disruption of intracellular signaling pathways [Jones, 2008], leading ultimately
to cell death [Shaker and Sadik, 2013]. Oxidative stress has been implicated in the
pathophysiology of prevalent pregnancy disorders, such as miscarriage [Myatt and
Cui, 2004], preeclampsia [Siddiqui et al., 2010], FGR [Son et al., 2004; Takagi et al.,
2004] and maternal diabetes (T1D and GDM) [Lappas et al,, 2011; Peuchant et al,,
2004; Toescu et al.,, 2004]. This condition has also been demonstrated to program
the fetus to develop metabolic and cardiovascular complications later in life
[Giussani et al., 2012; Thompson and Al-Hasan, 2012].

In both T1D and GDM, increased levels of oxidative stress have been found in
maternal plasma and serum [Peuchant et al., 2004; Rajdl et al., 2005; Toescu et al.,
2004], but the placenta have been scarcely studied [Pustovrh et al., 2000]. Due to
this, we decided to compare the oxidative stress levels and antioxidant capacity in
placentas from GDM, T1D and control women.

From the analysis of our results, we could observe that two widely accepted
biomarkers of oxidative damage (malonaldehyde [MDA] and protein carbonyls)
[Dalle-Donne et al., 2006] were elevated in T1D, but not in GDM placentas, when
compared to controls (publication D).

Antioxidants are compounds of enzymatic or non-enzymatic origin that inhibit
or delay the production of ROS and the consequent oxidation of biomolecules [Al-
Gubory et al., 2010]. Glutathione, the major cellular non-enzymatic antioxidant [Al-
Gubory et al, 2010] and the antioxidant enzyme glutathione peroxidase (GPx)
[Agarwal et al., 2012] are reliable indicators of antioxidant status [Chen and Scholl,
2005]. When compared to control and GDM placentas, higher reduced (GSH) and
lower oxidized (GSSG) glutathione concentrations were found in T1D placentas. On
the other hand, GSX, GSH and GSSG levels were similar in GDM and control
placentas (publication D). Additionally, GPx activity was higher in T1D but not in
GDM placentas, in comparison to control ones. These results suggest that a
compensatory antioxidant mechanism may develop in T1D placentas to overcome
higher oxidative stress levels. In agreement with our results, a parallel increase in
blood levels of oxidative stress biomarkers and antioxidant enzymes activity have
been reported in T1D pregnant women [Al-Shebly and Mansour, 2012; Orhan et al.,
2003]. On the other hand, we found that placental oxidative stress and

antioxidants levels were unaltered in GDM, even after stratification for GDM
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therapy, mode of delivery and large-for-gestational age newborns (publication D).
This observation is in contrast to previous studies that associated GDM with
increased levels of oxidative stress [Biri et al., 2006; Coughlan et al., 2004; Gelisgen
etal, 2011; Toescu et al., 2004]. We believe that the main reason for this apparent
inconsistency is that women in our GDM group were diagnosed according to the
new [ADPSG criteria [Long and Cundy, 2013; Metzger et al, 2010], which
encompassed women with a less severe diabetic phenotype. Of note, our GDM
women showed third trimester fasting glycemia that is not characteristic of overt
diabetes (< 5.0 mM) [ADA, 2013; Anger et al,, 2012] and glycosylated hemoglobin
levels at term that were within the acceptable range for managed diabetes (< 5.7
%). In contrast, maternal third trimester fasting glycemia in T1D women was
characteristic of overt diabetes (7.9 mM), which was positively correlated with
placental MDA levels (publication D).

As a whole, the results from chapter II: 1) showed that T1D, but not GDM, is
associated with increased oxidative stress at the placental level; 2) support the
concern that the new IADPSG criteria may be diagnosing as GDM a large number of
women that may not in fact be metabolically at high risk [ADA, 2013; Long and
Cundy, 2013], with consequences in terms of maternal stress, quality of life and of
health care costs [Long and Cundy, 2013]; and 3) support the role of
hyperglycemia as an important condition associated with increased oxidative
stress in T1D pregnancies [Chen and Scholl, 2005; Lappas et al., 2011; Peuchant et
al.,, 2004].

Altought we did not found increased levels of oxidative stress at placental level
in GDM, this condition has been reported to be present in blood of GDM women
(see above). Also, increased levels of oxidative stress have been found in placentas
obtained from pregnancies complicated by FGR [Karowicz-Bilinska et al., 2004]
and preeclampsia [Gulmezoglu et al., 1996; Zusterzeel et al., 2001]. According to
this, and considering that glucose is the primary substrate for fetal oxidative
metabolism [Hahn et al., 1999], it seemed particularly interesting to investigate if
oxidative stress altered the placental transport of glucose (chapter III,
publication E). To accomplish this, we first characterized the uptake of 3H-2-

deoxy-D-glucose (3H-DG) - a D-glucose analogue efficiently transported by GLUT
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transporters [Shah et al., 1999] - by the human choriocarcinoma-derived cell line
BeWo (publication E).

BeWo cells are a well-characterized trophoblast cell model that is widely used
to study placental transport of nutrients [Bode et al., 2006; Sastry, 1999]. They
show great stability, life-span and viability with passage, easy maintenance and
absence of patient variability [Antony et al., 2007; Bode et al., 2006]. Additionally,
BeWo cells grow rapidly and form a confluent and polarized monolayer that
exhibit morphological, hormonal and enzymatic properties common to NTB cells
[Bode et al., 2006; Liu et al., 1997].

Our results indicated that 3H-DG uptake by BeWo cells mainly involved a Na*-
independent, insulin-insensitive and low affinity (Km = 13.4 mM), high capacity
(Vmax = 1210 nmol mg protein-! 6 min-1) transporter, that most probably
corresponded to GLUT1 (publication E), which is the most functional glucose
carrier present in the human STB [Baumann et al., 2002] (please see Introduction,
section 2.2.4.).

To investigate the effect of oxidative stress upon the transport of glucose,
BeWo cells were exposed to tert-butylhydroperoxide (TBHP) for 24h, which
increased the intracellular levels of oxidative stress biomarkers (MDA, carbonyl
groups and GSSG) without compromising cellular viability (publication F). Similar
oxidative modifications have been found in blood of GDM women [Biri et al., 2006;
Coughlan et al., 2004; Gelisgen et al., 2011; Toescu et al., 2004].

TBHP-induced oxidative stress reduced GLUT-mediated placental
accumulation of 3H-DG. This effect was not associated with changes in either
GLUT1 mRNA levels or intracellular glucose metabolism (glycolysis). Moreover, it
was associated with an increase in 3H-DG paracellular and hence transepithelial
transport (publication F). Paracellular transport of glucose, although poorly
defined, has been recently demonstrated to occur across the human STB [Day et al.,
2013].

The intracellular signaling pathways PI3K and PKC, known to regulate
placental glucose transport [Lappas et al., 2012; Riley et al., 2005], did not seem to
be involved in the inhibitory effect of oxidative stress upon 3H-DG accumulation
(publication F). Interestingly, Lappas and co-workers, although using a different

oxidative challenge (hypoxanthine and xanthine oxidase) and placental model
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(explants), also reported that nuclear factor kappa B and PI3K signaling pathways
were not involved in the inhibitory effect of oxidative stress upon GLUT1-mediated
transport [Lappas et al,, 2012].

In experimental diabetic pregnancy, maternal supplementation with dietary
antioxidants has been shown to reduce maternal oxidative stress and improve fetal
health outcomes [Cederberg and Eriksson, 2005; Cederberg et al., 2001; Siman and
Eriksson, 1997]. So, we decided to investigate if antioxidants were able to reverse
the inhibitory effect of oxidative stress upon 3H-DG accumulation in BeWo cells.

The dietary polyphenolic compounds quercetin, epigallocatechin-3-gallate
(EGCG) and resveratrol totally abolished the reduction in 3H-DG accumulation
induced by oxidative stress, by specifically reversing the effect of TBHP upon
GLUT-mediated transport (publication F). Interestingly, quercetin, EGCG and
resveratrol have been previously found to prevent the inhibitory effect of oxidative
stress upon the transport of other nutrients, more specifically folic acid [Couto et
al., 2012], butyrate [Gongalves et al., 2013] and glucose [Lappas et al., 2012]. Their
effect was associated with a decrease in lipid peroxidation [Gongalves et al., 2013]
and with an increase in the expression of antioxidant responsive genes [Lappas et
al,, 2012].

Also in this work, the ROS scavengers N-acetyl-L-cysteine and a-tocopherol
(the most active form of vitamin E) and inhibitors of ROS-generating enzymes
(NADPH and xanthine oxidase) did not reverse the inhibitory effect of oxidative
stress upon 3H-DG accumulation, suggesting that this effect did not depend upon
ROS generation (publication F). This can be explained by the fact that, for
endogenous antioxidants such as vitamin E and glutathione (for which N-acetyl-L-
cysteine is a precursor [Gallo et al,, 2010]), the interaction of multiple systems is
necessary to counteract oxidative processes. For instance, the antioxidant activity
of vitamin E needs to be supported by the activity of GSH and vitamin C [Gallo et
al,, 2010].

GDM is associated with elevated maternal blood levels of glucose, insulin,
leptin, inflammatory mediators and oxidative stress (see Introduction). The
placenta, mainly the STB, may contribute for the appearance of these conditions

since it produces a large number of proinflammatory cytokines (eg. TNF-a and IL-
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6), hormones (eg. leptin) [Desoye and Hauguel-de Mouzon, 2007; Jansson et al,,
2009] and ROS [Myatt and Cui, 2004] that can be released into both the maternal
and fetal circulations.

The results presented in chapter III (publications A, B, C and G) identified
which specific GDM molecular hallmarks interfered with the placental transport of
FA, amino acids and LC-PUFAs. In this context, the effect of GDM-associated
conditions - increased levels of glucose, insulin, leptin, proinflammatory mediators
(lipopolysaccharide [LPS] and TNF-a) and oxidative stress - upon the uptake of 3H-
FA, 14C-L-neutral amino acids (1*C-L-Met and 14C-L-Alanine [14C-L-Ala]) and 14C-LC-
PUFAs by NTB or BeWo cells were investigated. Additionally, the uptake of 14C-L-
Met was also characterized in BeWo cells.

The characteristics of FA transport were previously shown to be very similar
in both NTB and BeWo cells [Keating et al., 2007; Keating et al., 2006; Keating and
Martel], reinforcing the suitability of both cell models to study the placental
transport of FA. Concerning the characterization of 14C-L-Met uptake in BeWo cells,
we found it to be similar to uptake by NTB cells. Both processes showed similar
time-dependence and kinetics (with an affinity in the micromolar range) and were
mainly Na*-independent and system L (more specifically LAT1 isoform)-mediated,
(publication B). Although system L was the major transporter responsible for 14C-
L-Met uptake in BeWo cells (+ 50%) it did not account for the entire uptake. So, a
non-system L-mediated transporter also appeared to participate in this process,
which most probably corresponds to system y*. In fact, besides transporting
cationic amino acids (eg. L-Lys and L-arginine), system y* has also been
demonstrated to be involved in the transport of large neutral amino acids
[Battaglia and Regnault, 2001; Jansson et al., 2001; Martin-Venegas et al., 2009]. At
least 3 isoforms of system y* are expressed in the human STB: CAT1, CAT2B and
CAT4 [Carter, 2012].

The involvement of system y* in 14C-L-Met by Bewo cells was strongly
suggested by the N-ethylmaleimide (NEM) and L-Lys-sensitivity of non-system L-
mediated uptake (NEM and L-Lys are inhibitors of system y*-mediated transport
[Deves et al., 1993]) and by the similar affinity of non-system L-mediated uptake
(Km + 142 pM) with that of CAT1- and CAT2B-mediated uptake (Kmn = 100-400 uM)
[Casanello et al., 2009; Sobrevia and Gonzalez, 2009] (publication G).
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To study the effect of GDM-associated conditions upon 3H-FA, 14C-L-Met, 14C-
AA and #C-DHA placental uptake, BeWo or NTB cells were short- (26 min - 4h) or
long-term (24-72h) exposed to those conditions.

Our results showed that short (4h) and particularly long-term (24h)
hyperleptinemia decreased 3H-FA uptake, and that short-term (4h) exposure to
LPS (in concentrations [1-10 ug/ml] known to induce IL-6 and TNF-a secretion by
trophoblasts [Torricelli et al., 2009]) or to high levels of TNF-a (300 ng/l) itself
reduced 3H-FA uptake in BeWo cells. On the other hand, hyperglycemia and
hyperinsulinemia were devoid of effect upon 3H-FA uptake (publication A).

Leptin has important placental functions including regulation of nutrient
metabolism and trophoblast proliferation, invasion and angiogenesis [Mouzaki et
al., 2012; von Versen-Hoynck et al,, 2009; White et al., 2004], suggesting that this
hormone may affect fetal growth [D'Ippolito et al., 2012]. The functions attributed
to leptin depend upon its binding to specific receptors, which have been localized
in the human STB [von Versen-Hoynck et al., 2009], resulting in activation of the
following signal transduction pathways: JAK (janus kinases)/STAT (signal
transducers and activators of transcription), PI3K, protein kinases (PK) A and C,
and mitogen-activated protein kinases (MAPK) such as extracellular-signal-
regulated-kinase (ERK), c-Jun-N-terminal kinase (JNK) and p38 MAPK [Fruhbeck,
2006; von Versen-Hoynck et al., 2009]. However, further experiments searching
for the intracellular pathways involved in the inhibitory effect of long-term leptin
upon 3H-FA uptake in BeWo cells, showed that this effect seemed to be
independent of JAK/STAT, PI3K, PKA, PKC and MAPK signaling pathways
(publication A).

Concerning the effect of GDM conditions upon the uptake of the neutral amino
acids 14C-L-Met and 14C-L-Ala in BeWo cells, we observed that: a) oxidative stress
(TBHP; 24h) reduced the uptake of 14C-L-Ala mediated by system A (publication
G), and b) long-term hyperleptinemia, hyperglycemia (48-72h) and oxidative
stress (TBHP; 24h) decreased, and hyperinsulinemia and high levels of LPS (1-50
pug/ml) and TNF-o (100-1000 ng/1) did not substantially alter, 1#C-L-Met uptake
(publications B and G). Further experiments aimed at characterizing the
inhibitory effect of hyperleptinemia, hyperglycemia and oxidative stress upon 14C-

L-Met and 14C-L-Ala uptake revealed that: a) hyperglycemia and hyperleptinemia
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appeared to inhibit system L-mediated 14C-L-Met uptake, whereas oxidative stress
appeared to inhibit system y*-mediated 1#C-L-Met uptake (publication B and G);
b) the effect of hyperglycemia upon 14C-L-Met uptake seemed to be mTOR-
independent, whereas the effect of hyperleptinemia upon 4C-L-Met uptake
seemed to be PI3K-, ERK- and p38 MAPK-dependent (publication B); and c) the
inhibitory effect of oxidative stress upon 14C-L-Ala uptake seemed to be PI3K- and
PKC-dependent and was completely prevented by the polyphenolic compound
quercetin (publication G).

Maternal intake of quercetin, one of the most abundant polyphenols found in
the human diet [Aherne and O'Brien, 2002], during gestation has been reported to
decrease DNA oxidation in offspring tissues, thereby decreasing their susceptibility
to develop oxidative stress-related diseases latter in life [Vanhees et al., 2013]. So,
we suggest that the protective role of quercetin against oxidative stress-induced
inhibition of L-Ala placental transport, observed by us, is probably related with its
antioxidant capacity (publication G).

We also studied the modulation of placental uptake of 14C-AA and 1#C-DHA by
GDM-associated conditions (publication C). Our results showed that, in NTB cells,
short-term (26 min) exposure to high levels of TNF-a (100 ng/l) increased both
14C-AA and 1*C-DHA uptake, whereas short-term hyperinsulinemia increased 14C-
DHA uptake. Hyperglycemia and hyperleptinemia were devoid of effect upon 4C-
AA and *C-DHA uptake (publication C).

Nuclear receptors such as peroxisome proliferator-activated receptors,
retinoid X receptors and liver X receptors (LXR) are key regulators of placental
fatty acids transport and metabolism [Duttaroy, 2009]. Since activation of LXR has
been shown to increase ACSL-mediated transport of LC-PUFAs in human
trophoblast [Weedon-Fekjaer et al, 2010] and inducers of proinflammatory
cytokines production (such as TNF-a) [Aye et al., 2012] and insulin [Chen et al,,
2004] were shown to activate LXR, we suggest that the effect of hyperinsulinemia
and of high levels of TNF-a upon 14C-AA and 1#C-DHA in NTB cells uptake may
depend on LXR activation.

Altogether, the results from chapter III suggest that GDM-associated
conditions, in particular hyperleptinemia, high inflammatory status and oxidative

stress, may act as regulators of placental nutrient transport and thus of fetal
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growth. On the other hand, both hyperglycemia and hyperinsulinemia do not seem
to have a great impact upon the placental transport of nutrients. These results are
particularly interesting considering that leptin [Bouret et al., 2004; Mouzaki et al.,
2012], proinflammatory mediators [Mouzaki et al, 2012] and oxidative stress
[Giussani et al., 2012; Thompson and Al-Hasan, 2012] have been reported to be
important players in fetal programming,.

An additional point to discuss is the contrasting effect of some GDM-associated
conditions upon the transport of L-Met, FA and LC-PUFAs (chapter III) and the
transport of these nutrients in DTB in comparison with NTB cells (chapter I)
(Table 1). This observation implies that the effect of GDM upon the placental
transport of nutrients cannot be attributed to a single GDM condition, but rather to

a complex interaction between multiple conditions.

Table 1. Effect of gestational diabetes (GDM) and its associated conditions upon the placental

uptake of nutrients

Placental uptake of nutrients

Folic acid L-Met L-Ala DHA AA Glucose
Hyperglycemia = Vv = =
Hyperinsulinemia = = ) =
Hyperleptinemia v v = =
Inflammation (TNF-a) Vv = " N
Inflammation (LPS) v = = =
Oxidative Stress Vv v = = 7
GDM = = v v

AA: arachidonic acid; DHA: docosahexaenoic acid; FA: folic acid; L-Met: L-methionine; L-Ala: L-Alanine; W: decrease in

uptake; A\: increase in uptake; =: uptake not altered.

As a general conclusion of this study, we can say that GDM induces alterations
in placental development and transport of nutrients which may ultimately
contribute to the fetal and postnatal adverse health outcomes associated with
GDM. Because these nutrients are involved in the metabolism of methyl groups
necessary for epigenetic regulation, we can speculate that these alterations may

eventually contribute for the fetal programming effects associated with this
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disease, suggesting a close link between GDM, placental function and fetal

programming.

The final conclusions of this study are listed below.

With respect to the placental transport of nutrients in normal and GDM

pregnancies:

1) Folic acid (FA) transport in human cytotrophoblasts isolated from normal
and GDM pregnancies (NTB and DTB cells, respectively) was quantitatively
similar, although in DTB cells it depended more on the activity of PCFT

2) L-methionine (L-Met) transport by NTB and DTB cells was mainly mediated
by system L

3) In NTB and DTB cells, L-Met transport was quantitatively similar although it
involved the interplay of different transporters: system L was involved in L-
Met transport in NTB and DTB cells, but LAT2 and systems A and b% were
capable of transporting L-Met only in DTB cells, and system y*L seemed to be

more active in DTB compared with NTB cells

4) LC-PUFAs transport by NTB cells involved both a protein-mediated
mechanism (dependent upon long-chain acyl-CoA synthetases - ACSL) and

simple diffusion

5) Transport capacity of LC-PUFAs was markedly reduced in DTB cells, which
was coincident with a reduction of similar magnitude in ACSL1 gene
expression

With respect to placental development in normal and GDM pregnancies:

6) DTB cells seemed to have a higher cell turnover when compared to NTB

cells
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With respect to assessment of GDM-associated hallmarks and their effect

upon placental nutrient transport:

7) Higher levels of oxidative stress along with an increased antioxidant
capacity were present in T1D placentas, compared to normal and GDM
placentas. Oxidative stress and antioxidants levels were unaltered in GDM

placentas

8) Oxidative stress (induced by tert-butylhydroperoxide) reduced GLUT-
mediated 3H-2-D-deoxyglucose (3H-DG) cellular accumulation, but stimulated

its paracellular transport

9) Hyperleptinemia and high levels of LPS and TNF-a per se decreased FA

uptake in a human trophoblast cell line (BeWo cells)

10) Hyperleptinemia and hyperglycemia per se decreased system L-mediated

L-Met uptake in BeWo cells
11) Oxidative stress (induced by tert-butylhydroperoxide) reduced non-
system L-mediated uptake of L-Met (probably via system y*), and system A-

mediated L-Ala uptake in BeWo cells

12) In NTB cells, high levels of TNF-a increased both AA and DHA uptake,

whereas hyperinsulinemia increased only DHA uptake

Several physiological implications arise from these main conclusions:

1) In GDM pregnancies, the reduced placental uptake of LC-PUFAs and

decreased ACSL1 gene expression, originating an insufficient supply of AA and

DHA to the placenta and fetus, may constitute one possible mechanism underlying

GDM fetal programming of neurological disorders
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2) Alterations in fetal growth associated with GDM might not be explained by

quantitative changes in placental transport of FA and L-Met

3) The known regulatory effect of GDM upon the placental transport of
nutrients cannot not be attributed to an isolated GDM-associated condition, but

rather to the interplay of multiple conditions

4) The observed increase in trophoblast proliferation and apoptosis may
disturb the normal development of the placenta in GDM, and so ultimately induce

perinatal and latter in life adverse health outcomes for both the mother and fetus
5) The actual GDM diagnosis, based on the new IADPSG criteria, is likely to be

diagnosing with GDM, women that may not really show relevant dysglycemia or

oxidative imbalance
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We believe that this work contributed for a better knowledge on the impact of
GDM upon the placental transport of nutrients and placental development.
However, it also showed that new aspects should be investigated in more detail,
namely:

a) the modulation of placental transport of cationic (eg. L-arginine) and neutral
(eg. L-serine and L-histidine) amino acids by GDM and its associated conditions.
These amino acids are substrates of LAT2 and y*LAT1 transporters and of systems
A, y+ and b%* [Cleal and Lewis, 2008], which are altered in GDM,

b) the effect of GDM-associated conditions upon the invasive, angiogenic and
migration capacities of extravillous trophoblasts,

c) the search for epigenetic modifications (DNA methylation) in placental FA, L-
Met and LC-PUFAs transporter genes in GDM

d) the impact of maternal AA and DHA supplementation during the
perigestational period (which extends from conception throughout pregnancy till
the end of lactation) in the metabolic and neurologic phenotype of offsprings born

from GDM women.
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SUMMARY

Gestational diabetes mellitus (GDM) is the most prevalent metabolic
disorder diagnosed in pregnant women. This disease increases the risk of adverse
perinatal outcomes and later in life metabolic and neurological diseases for the
newborn. However, the cellular and molecular mechanisms underlying these
pathological and programming effects of GDM are still largely unexplored.

The human placenta is the main interface between the maternal and fetal
blood circulations, being responsible - at the level of the syncytiotrophoblast
epithelium - for the maternal-to-fetal transfer of nutrients essential for fetal
growth and development. In this context, we hypothesized that changes in
placental transport function and development may be present in GDM pregnancies.

So, our main aim was to investigate the effect of GDM and its associated
hallmarks (hyperglycemia, hyperinsulinemia, hyperleptinemia and elevated levels
of inflammation and oxidative stress) upon the placental transport of folic acid
(FA), neutral amino acids (L-methionine [L-Met] and L-alanine [L-Ala]), long-chain
polyunsaturated fatty acids (arachidonic [AA] and docosahexaenoic [DHA] acids)
and glucose, and upon placental development. Additionaly, we also aimed to assess
oxidative stress status in GDM placentas.

Our results led us to conclude that: a) FA and L-Met uptake by human
trophoblasts isolated from both normal and GDM pregnancies (NTB and DTB cells,
respectively) was quantitatively similar, although it involved the interplay of
distinct transporters; b) AA and DHA uptake (which was both mediated by simple
diffusion and by transporter proteins) was markedly reduced in DTB cells,
coincident with a similar reduction of long-chain acyl-CoA synthetase (ACSL) 1
gene expression; and c) proliferation and apoptosis was higher in DTB than in NTB
cells, suggesting a higher cell turnover.

With respect to GDM-associated conditions, we verified that: a) in a human
trophoblast cell line (BeWo cells) cells, hyperleptinemia and high levels of the
inflammatory mediators lipopolysaccharide and tumor necrosis factor-alpha (TNF-
a) decreased FA uptake, and hyperleptinemia and hyperglycemia decreased
system L-mediated L-Met uptake; b) in NTB cells high levels of TNF-a increased
both AA and DHA uptake and hyperinsulinemia increased DHA uptake; c) placental
oxidative stress and antioxidant levels were found to be increased in type 1

diabetic pregnant women but unaltered in GDM women; and d) oxidative stress
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(induced by tert-butylhydroperoxide) reduced the uptake of L-Met, most probably
mediated by system y*, reduced system A-mediated uptake of L-Ala, and reduced
facilitative glucose transporters (GLUT)-mediated 2-D-deoxyglucose (DG) uptake.
In conclusion, GDM disturbs placental transport, and consequently fetal
supply, of nutrients and it also alters trophoblast development. These effects
eventually contribute to the fetal and post-natal adverse health outcomes

associated with GDM.
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A diabetes mellitus gestacional (DMG) é a doenga metabdlica mais comum
diagnosticada em mulheres gravidas. Esta doen¢a aumenta o risco de morbilidade
perinatal bem como de doencas metabodlicas e neuroldgicas a longo prazo no
recém-nascido. Contudo, os mecanismos moleculares e celulares responsaveis por
este efeito patoldgico e programador da DMG estao ainda muito pouco explorados.

A placenta humana constitui a principal ligacdo entre a mae e o feto, sendo
responsavel - ao nivel do epitélio do sinciciotrofoblasto - pelo transporte
materno-fetal de nutrientes necessarios ao crescimento e ao desenvolvimento do
feto. Neste contexto, levantamos a hipétese de que a DMG induz alteracbes na
funcdo transportadora e no desenvolvimento da placenta.

Como tal, o nosso principal objetivo foi investigar o efeito da DMG e das
condi¢cdes a ela associadas (hiperglicemia, hiperinsulinemia, hiperleptinemia e
niveis elevados de inflamacdo e stresse oxidativo) sobre o transporte placentario
de acido fo6lico (AF), aminoacidos (L-metionina [L-Met] e L-alanina [L-Ala]), acidos
gordos polinsaturados de cadeia longa (acido araquidénico [AA] e
docosahexaenoico [ADH]) e glicose, bem como sobre o desenvolvimento da
placenta. Adicionalmente, foi também nosso objetivo avaliar o estado redox
placentario na DMG.

Os nossos resultados levaram-nos a concluir que: a) a captagao de AF e L-
Met em trofoblastos humanos provenientes de gravidezes normais e com diabetes
gestacional (células NTB e DTB, respetivamente) foi quantitativamente
semelhante, apesar de estarem envolvidos mecanismos de transporte distintos; b)
a captacdao de AA e ADH (que envolveu difusao simples mas também proteinas
transportadoras) é marcadamente inferior nas células DTB, sendo acompanhado
por uma reducao da mesma ordem de grandeza da expressao génica da sintétase
de acil-CoA de cadeia longa (ACSL) 1; e c) a proliferacdo e apoptose foi maior nas
células DTB comparativamente as NTB, sugerindo uma maior velocidade
renovacao celular nas primeiras.

Relativamente as condi¢des da DMG, verificamos que: a) numa linha celular
de trofoblastos humanos (células BeWo) a hiperleptinemia e niveis elevados dos
mediadores inflamatdrios lipopolissacarideo e fator de necrose tumoral-alfa (TNF-
a) reduziram a captacao de AF, e a hiperleptinemia e a hiperglicemia reduziram a

captacao de L-Met mediada pelo sistema L; b) em células NTB, niveis elevados de
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TNF-a aumentaram a captacao de AA e ADH e a hiperinsulinemia aumentou a
captacao de ADH, c) os niveis de stresse oxidativo e defesas antioxidantes estavam
aumentados nas placentas provenientes de mulheres gravidas com diabetes tipo 1,
mas nao estavam alterados nas placentas provenientes de mulheres diabéticas
gestacionais, e d) o stresse oxidativo (induzido pelo tert-butilhidroperdxido)
reduziu a captacdo de L-Met mediada pelo sistema y*, a de L-Ala mediado pelo
sistema A, e a de 2-D-desoxiglicose (DG) mediada pelos transportadores
facilitativos de glicose (GLUT).

Em conclusdo, a DMG altera o transporte placentario, e consequentemente a
disponibilidade fetal, de nutrientes bem como o desenvolvimento dos trofoblastos.
Estas alteracoes podem eventualmente contribuir para os efeitos adversos da DMG

sobre o feto e sobre o recém-nascido.
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