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Abstract
Our aim was to investigate the influence of gestational diabetes mellitus (GDM) and GDM-associated conditions upon the placental
uptake of 14C-L-methionine (14C-L-Met). The 14C-L-Met uptake by human trophoblasts (TBs) obtained from normal pregnancies
(normal trophoblast [NTB] cells) is mainly system L-type amino acid transporter 1 (LAT1 [L])-mediated, although a small contribu-
tion of system yþLAT2 is also present. Comparison of 14C-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 b0þ and a greater contribution
of system yþLAT1 appears to exist in DTB cells. Short-term exposure to insulin and long-term exposure to high glucose, tumor
necrosis factor-a, and leptin decrease 14C-L-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
conclusion, GDM does not quantitatively alter 14C-L-Met placental uptake, although it changes the nature of transporters involved
in that process.
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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.1 This function is mediated by transpor-

ters present both at the maternal-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.2 Changes in placental nutrient transfer capacity

will, therefore, have important consequences for the growth

and development of the fetus.1

Methionine (L-Met) is a nutritionally essential large neutral

amino acid indispensable to the fetus. The L-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.3 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 L-Met.4

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.5,6

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.7 Hyperglycemia,

hyperinsulinemia, and insulin resistance are the hallmarks of
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this disease and also of type 2 diabetes.7 Although not exclu-

sive to GDM or type 2 diabetes, hyperleptinemia8 and elevated

plasma levels of proinflammatory markers9 are also associated

with these closely related diseases.

The most common perinatal complication associated with

GDM is fetal macrosomia, which is a risk factor for operative

delivery and traumatic birth injury.10 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.11,12 The GDM is also associated with

adverse health outcomes for the mother, including type 2 dia-

betes mellitus and metabolic syndrome, later in life.12 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 fetus13 and placental development and blood flow.3

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.3 Biological methylation reactions are

dependent on the availability of amino acids such as L-Met (see

above) and cofactors such as folates, vitamin B12, and cho-

line.14 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.3 Interestingly enough, GDM has

been associated with specific changes in nutrient transporters15

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.16-19 In addition, despite the data provided by

human studies,20,21 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

L-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 (normal trophoblast [NTB]

cells) and the Bewo choriocarcionoma cell line. The TB cells are

considered as a suitable model to study the placental transport

function,22,23 because they spontaneously differentiate into a

functional and polarized STB-like structure that retains all the cel-

lular machinery of the in vivo STB.23 Then, the influence of GDM

and specific GDM-associated conditions upon this process was

investigated. For this, a comparison between L-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-a [TNF-a]) in Bewo cells was performed.

Materials and Methods

Reagents

The reagents used include 14C-L-methionine (14C-L-Met; specific

activity 40-60 mCi/mmol; American Radiolabeled Chemicals, St

Louis, MO), L-alanine, antibiotic/antimycotic solution (100 units/

mL penicillin, 100 mg/mL streptomycin, and 0.25 mg/mL ampho-

tericin B), L-arginine monohydrochloride, 2-amino-2-

norbornanecarboxylic acid (BCH), bovine serum albumin (BSA),

chelerythrine chloride, collagen type I from rat tail, Dulbecco

modified Eagle medium (DMEM), DNAse I (deoxyribonuclease

I from bovine pancreas), fetal calf serum (FCS), Ham F12K

medium (Nutrient Mixture F12-Ham Kaighn modification),

N-2-hydroxyethylpiperazine-N0-2-ethanesulfonic acid (HEPES),

human insulin (recombinant, expressed in yeast), human TNF-

a (recombinant, expressed in HEK293 cells), H-89 dihydroc-

horide hydrate, lipopolysaccharides from Escherichia coli

0111: B4, L-lysine monohydrochloride, LY-294002 hydrochlor-

ide, D-leucine, a-(methylamino)isobutyric acid (MeAIB), 2-[N-

morpholino]ethanesulfonic acid (MES) hydrate), PD 98059,

Percoll, L-phenylalanine, D-phenylalanine, L-serine, SP 600125,

L-tryptophan, trypsin-EDTA solution, tyrphostin AG 490

(Sigma, St Louis, MO), dimethylsulfoxide (DMSO), D(þ)-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), D-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, HCl

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 14C-L-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. João (Porto, Por-

tugal). Human placenta were obtained at the Department of

Obstetrics and Gynecology of Centro Hospitalar S. João from

uncomplicated (control, n ¼ 14) and GDM (n ¼ 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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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 Coustan24:

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. João 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

previously.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 I, 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 cm2; diameter

16 mm; Techno Plastic Products [TPP], Trasadingen, Switzer-

land) at a density of 6 to 7.5 � 105 cells/cm2. 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 5% CO2 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 cm2; diameter

60 mm; BD Falcon, New Jersey). For the experiments, Bewo

Table 1. Clinical, Anthropometrical, and Demographic Data of the 2
Study Groups.a

Control GDM

Mothers
n 14 9

Maternal age, years 32.6 + 1.3 33.8 + 1.2
BMI before delivery,b kg/m2 29.1 + 1.9 32.6 + 0.8

Gravida (n) 2.2 + 0.4 2.3 + 0.3

Parity (n) 0.9 + 0.3 1.2 + 0.3
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/Lc

All 4.0 + 0.1 4.5 + 0.3d

GDM without insulin therapy 4.4 + 0.4
GDM with insulin therapy 4.8 + 0.3d

HbA1C, %e

All - 5.4 + 0.2

GDM without insulin therapy 5.2 + 0.1
GDM with insulin therapy 5.7 + 0.3

Periconceptional FA use, n (%)f 12 (86)g 6 (67)h

Smokers, n (%) 0 (0)i 0 (0)

Infants
Gestational age at birth, weeksj 39.4 + 0.3 39.1 + 0.3

Birth weight, gk 3226 + 107 3383 + 177
Length, cml 48.2 + 0.4 49.4 + 0.5

SGA newborn, n (%)m 1 (7) 0 (0)
AGA newborn, n (%) 11 (79) 7 (78)

LGA newborn, n (%) 2 (14) 2 (22)
Placental weight, g 594.4 + 32.2 686.6 + 47.6

Gender, n (%) Male: 3 (21) Male: 3 (33)
Female: 11 (79) Female: 6 (67)

5-Minute Apgar score 9.3 + 0.2 9.1 + 0.2

Abbreviations: AGA, adequate for gestational age; BMI, body mass index; FA,
folic acid; GDM, gestational diabetes mellitus; HbA1c, hemoglobin A1c; LGA,
large for gestational age; SEM, standard error of the mean; SGA, small for
gestational age.
aValues represent mean + SEM.
bParameter unknown for 2 patients (one from each group).
cValues obtained at 24 to 28 weeks of gestation.
dSignificantly different from control (P < .05).
eValues obtained at 35 to 36 weeks of gestation. Parameter unknown for all the
patients from control group.
fDosage and initiation period unknown.
gParameter unknown for 2 patients.
hParameter unknown for 3 patients.
iParameter unknown for 2 patients.
jGestational age: number of completed weeks at the time of delivery,
determined by prenatal ultrasound at 11 to 13 weeks.
kBirth weight was evaluated to the nearest gram.
lLength was evaluated to the nearest tenth of a centimeter after birth.
mClassified according to the published reference standards.25
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cells were seeded on collagen-coated 24-well plastic cell cul-

ture clusters (2 cm2; 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 cm2 contained about

60 mg cell protein.

14C-L-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 KCl, 1.2

KH2PO4, 12.5 HEPES-NaOH, 12.5 MES, 1.2 MgSO4, 1.2

CaCl2, and 5.6 D(þ)-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 14C-L-Met (except in the experiments for the deter-

mination of the kinetics of 14C-L-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–HCl, 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

method25 using BSA as standard.

Pharmacological characterization of 14C-L-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 14C-L-Met uptake. To study the influence

of external Naþ on the uptake of 14C-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 14C-L-Met
Uptake by Bewo Cells

The effect of some specific GDM-associated conditions upon
14C-L-Met uptake was tested in Bewo cells. The cells were

exposed to different concentrations of glucose, insulin, leptin,

TNF-a, 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

‘‘14C-L-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 D-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 14C-L-Met in FCS-

free culture media (which contain elevated amino acids concen-

trations2,26) 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 acids27) upon 14C-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 14C-L-Met, in the absence or presence of

BCH.

In some other experiments, the effect of inhibitors of intracel-

lular signaling pathways on 14C-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 Real-time 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 mg

of DNA-free RNA was reverse transcribed using Superscript

Reverse Transcriptase II and random hexamer primers (Invitro-

gen Corporation) in 80 mL 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 (qRT-PCR), 2 mL of the 80 mL

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 mL of reactions were set

up in the microcapillary tubes using 0.5 mmol/L of each primer

and 4 mL of SYBR Green master mix (LightCycler FastStart

DNA MasterPlus SYBR Green I; Roche). Cycling 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 ([ATþ 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 b-actin
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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 14C-L-Met uptake, the para-

meters of the equation A(t) ¼ kin/kout(1 � e�koutt) were fitted to

the experimental data by a nonlinear regression analysis, using

a computer-assisted method.28 A(t) represents the accumulation

of 14C-L-Met at time t, kin and kout the rate constants for inward

and outward transport, respectively, t the incubation time, and

Amax the accumulation at steady state (t!1).

For the analysis of the saturation curve of 14C-L-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.28

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 t 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

A1c 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) .29,30 Additionally, maternal weight gain

(8.9 + 3.4 and 6.6 + 3.2 kg) and body mass index before deliv-

ery (31.6 + 1.3 and 33.5 + 0.9 kg/m2), 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 14C-L-Met Uptake in NTB and DTB
Cells

In a first series of experiments, we characterized and compared
14C-L-Met uptake in NTB and DTB cells in terms of time and

Naþ 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 14C-L-Met in NTB and DTB cells. As

shown in Figure 1A, both NTB and DTB cells accumulated 14C-

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.

Table 2. Primer Sequences and ATs Used for Real-Time RT-PCR.

Gene Name Primer Sequence (50-30) AT, �C

b-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 64
Rev: GCC GAG AGG TGA AGA GA

SNAT1 Fwd: ACT ACC CTC TGC CAT AAA 60
Rev: TAT AGC CAA GAT ACC CTA AGT

SNAT2 Fwd: GTC ATT GGT GGT CAT TCT T 60
Rev: GTG GTG TTT ATT GTT TCG TTA

yþLAT1 Fwd: AAC TGT GCC AGG GAC ACT 65
Rev: GAG AAG AGG GCA GAG TAG AGG

Abbreviations: LAT2, L-type amino acid transporter 2; SNAT1, sodium-coupled neutral amino acid transporter 1; SNAT2, sodium-coupled neutral amino acid
transporter 2; yþLAT1, yþL-amino acid transporter 1; Fwd, forward; Rev, reverse; RT-PCR, reverse transcription-polymerase chain reaction; AT, annealing
temperature.
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Analysis of the time course allowed the determination of the

rate constant of inward transport (kin), the rate constant of out-

ward transport (kout), and the steady state accumulation (Amax)

of 14C-L-Met, which were similar in NTB and DTB cells (Fig-

ure 1A).

Kinetics. In this set of experiments, the initial rates of 14C-L-Met

uptake at increasing substrate concentrations in the apical

medium (from 0.25 to 50 mmol/L) were determined in NTB and

DTB cells (Figure 1B). The evaluated kinetic parameters, Km

and Vmax, were not different between NTB and DTB cells

(Km¼ 39.7 + 20.4 and 43.0 + 16.7 mmol/L for NTB and DTB

cells, respectively [n¼ 9-12] and Vmax¼ 7.04 + 1.99 and 6.19

+ 1.36 nmol mg/prot/6 min for NTB and DTB cells, respec-

tively [n ¼ 9-12]).

Naþ 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 Naþ-

dependent (eg, systems A and yþL/yþL-type amino acid trans-

porter [LAT]) and Naþ-independent (eg, systems L and b0þ)

transport systems.6 So, we examined the effect of isosmotically

replacing NaCl in the preincubation and incubation buffer with

another monovalent cation (Liþ or Chþ) on 14C-L-Met uptake

by the NTB and DTB cells. Uptake was found to be partially

Naþ dependent in both NTB and DTB cells, as substitution

of Naþ by Liþ or Chþ decreased it by + 25% (Figure 2).

Pharmacological characterization. The specificity of the carrier

system responsible for 14C-L-Met uptake in NTB and DTB cells

was investigated by determining the effect of a variety of unla-

beled amino acids upon 14C-L-Met transport. The amino acids

tested were (1) 3 large neutral amino acids (BCH, a nonmeta-

bolizable amino acid analogue,27
L-Phe, and L-Trp31), which

are substrates of LAT system, (2) the large neutral amino

acids D-Leu and D-Phe, which are substrates of LAT1,31 (3) the

small neutral amino acids L-Ala31,32 and L-Ser,32 which are sub-

strates of LAT2, (4) the cationic amino acids L-Arg and

L-Lys,33 which are substrates of yþL and b0þ amino acid trans-

porter systems, and L-Ala, which is also a substrate of yþLAT2

but not of yþLAT1,6 and (5) the nonmetabolizable N-methy-

lated amino acid analog MeAIB, a known substrate of system

A.27 Despite having similar substrate specificity, system yþL

and system b0þ transport neutral amino acids in the presence

and absence of Naþ, respectively.33

Pharmacological characterization of 14C-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,

L-Phe ,and L-Trp (Figure 3A), less markedly inhibited (by

30%) by D-Leu and only slightly inhibited (by 17%) by L-Ala

(Figure 3B). However, distinct characteristics of 14C-L-Met

Figure 2. Extracellular Naþ dependence of 14C-L-methionine (14C-L-
Met) uptake in normal trophoblast (NTB) and diabetic trophoblast
(DTB) cells incubated at 37�C with 250 nmol/L 14C-L-Met for 6 min-
utes, at pH 7.5. NaCl in the preincubation and incubation buffer was
isotonically replaced by either LiCl or choline chloride (ChCl) (n ¼
6-11, from 2 to 3 distinct placenta). Shown is arithmetic mean + stan-
dard error of the mean. *Significantly different from control (NaCl;
P < .05).

Figure 1. Time course (A) and kinetics (B) of 14C-L-methionine (14C-
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 14C-L-Met, pH 7.5
(n ¼ 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 14C-L-Met (0.25-50 mmol/L) for 6 minutes
(n ¼ 9-12, from 3 to 4 distinct placenta). Shown is arithmetic mean +
standard error of the mean.
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uptake in NTB and DTB cells were also found. Namely, the

inhibitory effect of D-Phe was more pronounced in DTB when

compared to NTB cells (42% vs 19% inhibition, respectively;

Figure 3B) and L-Ser, L-Arg, L-Lys, and MeAIB, which were

devoid of the effect upon 14C-L-Met uptake in NTB cells,

were able to decrease 14C-L-Met uptake (by 15%-20%) in

DTB cells (Figure 3B and C).

As a whole, these results indicate that system L (represented

by the Naþ-independent and BCH-, L-Phe-, and L-Trp-sensitive

component) seems to play an important role in 14C-L-Met

Figure 3. Pharmacological characterization of 14C-L-methionine (14C-L-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 14C-L-Met for 6 minutes in the absence (control;
corresponding to 100%) or in the presence of (A) 1 mmol/L 2-amino-2-norbornanecarboxylic acid (BCH), 100 mmol/L L-phenylalanine (L-Phe),
or 100 mmol/L L-tryptophan (L-Trp), (B) 100 mmol/L D-leucine (D-Leu), 100 mmol/L D-phenylalanine (D-Phe), 100 mmol/L L-serine (L-Ser), or 100
mmol/L L-alanine (L-Ala), and (C) 100 mmol/L L-arginine (L-Arg), 100 mmol/L L-lysine (L-Lys), or 1 mmol/L a-(methylamino)isobutyric acid (MeAIB).
Shown is arithmetic mean + standard error of the mean (n¼ 5-9 from 2 to 3 distinct placenta). *Significantly different from control (P < .05) and
#significantly different from uptake by NTB cells (P < .05).
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uptake in both NTB and DTB cells, although some differences

concerning the contribution of the 2 isoforms, LAT1 and

LAT2, are apparent (D-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 Naþ-dependent and

MeAIB-sensitive system), b0þ (a Naþ-independent and L-Lys-

and L-Arg-sensitive system), and yþL (a Naþ-dependent and

BCH-insensitive component) may contribute to 14C-L-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 14C-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: Naþ-

coupled neutral amino acid transporter 1 (SNAT1) and SNAT2,

L-type amino acid transporter 2 (LAT2), and yþLAT1.

The mRNA expression levels of all the studied genes were

not significantly different in NTB and DTB cells (the ratio test

gene/b-actin was 61.2 + 32.1 and 29.2 + 9.8 for SNAT1, 26.2

+ 4.5 and 20.4 + 4.7 for SNAT2, 24.7 + 4.8 and 42.1 + 12.8

for LAT2, and 0.25 + 0.02 and 0.28 + 0.04 for yþLAT1,

respectively; n ¼ 6).

Characterization of 14C-L-Met Uptake in Bewo Cells

In a second series of experiments, we characterized 14C-L-Met

uptake in Bewo cells in terms of time and Naþ dependence and

specificity of the carrier systems involved.

Time course and Naþ dependence. As shown in Figure 4A, Bewo

cells accumulated 14C-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 kin, kout, and Amax values, which are

shown in Figure 4A.

Next, we verified that 14C-L-Met transport in Bewo cells was

only slightly Naþ dependent, as substitution of Naþ with either

Liþ or Chþ caused only a 6% to 7% decrease in uptake (results

not shown).

Pharmacological characterization. The specificity of the carrier

system involved in 14C-L-Met uptake was also investigated in

Bewo cells. Characterization revealed that 14C-L-Met uptake

was strongly (+50%) reduced by BCH, less markedly inhib-

ited (by 20%-30%) by L-Phe and L-Trp, and only slightly

(11%-13%) inhibited by D-Leu and D-Phe (Figure 4B). On the

contrary, 14C-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-L-Met uptake in Bewo cells is mainly system L-mediated.

Effect of GDM-Associated Conditions Upon 14C-L-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 14C-L-Met by Bewo cells.

As can be seen in Figure 5, exposure of the cells for 48 to 72

hours to 10 mmol/L D-glucose (corresponding to an hypergly-

cemic situation)7 decreased 14C-L-Met transport by a maximum

of 15%.

Figure 4. Time course (A) and characterization (B) of 14C-L-methio-
nine (14C-L-Met) uptake by Bewo cells. For time course experiments,
the cells were incubated for various periods of time at 37�C with 250
nmol/L 14C-L-Met, at pH 7.5 (n ¼ 8). Analysis of the time course
allowed the determination of the steady state accumulation (Amax) and
the rate constant for inward (kin) and outward (kout) transport. For
the characterization experiments, initial rates of uptake were deter-
mined in cells incubated at 37�C with 250 nmol/L 14C-L-Met for 6 min-
utes in the absence (control; corresponding to 100%) or in the
presence of 1 mmol/L 2-amino-2-norbornanecarboxylic acid (BCH),
100 mmol/L L-Phe, 100 mmol/L L-Trp, 100 mmol/L D-Leu, 100 mmol/L
D-Phe, 100 mmol/L L-Ser, 100 mmol/L L-Ala, 100 mmol/L L-Lys, 100
mmol/L L-Arg, or 1 mmol/L a-(methylamino)isobutyric acid (MeAIB;
n ¼ 6-12). Shown is arithmetic mean + standard error of the mean.
*Significantly different from control (P < .05).
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Figure 5. Effect of hyperglycemia upon 14C-L-methionine (14C-L-Met) uptake by Bewo cells. Cells were exposed to 10 or 30 mmol/L D-glucose
(n ¼ 6-13) or mannitol (control; corresponding to 100%) for 1 to 72 hours, and initial rates of uptake were then determined by incubating cells
for 6 minutes at 37�C in buffer with 250 nmol/L 14C-L-Met. Shown are arithmetic mean + standard error of the mean (n ¼ 6-13). *Significantly
different from control (P < .05).

Figure 6. Effect of insulin upon 14C-L-methionine (14C-L-Met) uptake by Bewo cells. (A) Cells were exposed to 0.01, 1, or 50 nmol/L insulin or
the respective solvent (control; corresponding to 100%) for 1 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 14C-L-Met (n ¼ 9-14); (B) cells were exposed to 0.01, 1, or 50 nmol/L insulin or the respective
solvent (control, corresponding to 100%) for 1 or 4 hours, and initial rates of uptake were then determined by incubating cells for 6 minutes at
37�C in fetal calf serum (FCS)-free culture medium with 250 nmol/L 14C-L-Met (n ¼ 8-13). Shown is arithmetic mean + standard error of the
mean. *Significantly different from control (P < .05) and #significantly different from insulin 0.01 nmol/L (P < .05).
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Exposure of the cells for short periods (1 and 4 hours) to 0.01

to 1 nmol/L insulin (normoinsulinemia conditions)34 caused a

modest (+10%) but significant decrease in 14C-L-Met uptake

(Figure 6A). Interestingly enough, when uptake of 14C-L-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
14C-L-Met uptake (Figure 6B).

Exposure for 48 hours to 100 ng/mL leptin, a concentration

known to be representative of hyperleptinemia in GDM,2,26

caused a 12% decrease in 14C-L-Met uptake in Bewo cells,

when compared with control and normoleptinemic (1 ng/mL

leptin) conditions35 (Figure 7A).

In relation to the effect of proinflammatory mediators (LPS

and TNF-a), TNF-a did not alter the uptake of 14C-L-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.36 Finally, exposure of the cells to LPS (1 mg/mL) for

1 to 48 hours did not affect 14C-L-Met uptake, as also did expo-

sure of the cells for 1 hour to higher concentrations of this agent

(10 and 50 mg/mL; results not shown). The range of concentra-

tions of LPS tested are known to stimulate proinflammatory

cytokines (interleukin 6 and TNF-a) secretion in TB cells.37

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 14C-L-Met uptake.

First, we examined their effect upon the kinetic parameters

of 14C-L-Met uptake. For this, uptake of 14C-L-Met (0.25-50

mmol/L) was measured, either in the absence or in the presence

of these conditions. We verified that both the Km and Vmax

Figure 7. Effect of leptin and tumor necrosis factor-a (TNF-a) upon 14C-L-methionine (14C-L-Met) uptake by Bewo cells. (A) Cells were
exposed to 1, 100, 300, or 1000 ng/mL leptin or the respective solvent (control; corresponding to 100%) for 1 to 72 hours, and initial rates
of uptake were then determined by incubating cells for 6 minutes at 37�C with 250 nmol/L 14C-L-Met (n ¼ 5-13); (B) cells were exposed to
100, 300, or 1000 ng/L TNF-a or the respective solvent (control; corresponding to 100%) for 1 to 48 hours, and initial rates of uptake were
then determined by incubating cells for 6 minutes at 37�C with 250 nmol/L 14C-L-Met (n¼ 5-16). Shown is arithmetic mean + standard error of
the mean. *Significantly different from control (P < .05) and #significantly different from leptin (1 ng/mL; P < .05).
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values of 14C-L-Met uptake (179.5 + 79.6 mmol/L and 41.3 +
14.9 nmol mg/prot/6 min, respectively; n ¼ 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 14C-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 14C-

L-Met uptake (results not shown; n ¼ 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 14C-L-Met uptake.

The role of mammalian target of rapamycin (mTOR) in

hyperglycemia (10 mmol/L; 72 hours)-induced inhibition of
14C-L-Met uptake was investigated using a specific mTOR

inhibitor, rapamycin. No significant change was found in
14C-L-Met uptake with rapamycin alone, and the effect of

D-glucose was not changed in the presence of this compound

(results not shown; n ¼ 9).

The functions attributed to leptin depend upon its binding to

OB-R leptin receptors, which have been localized in the human

STB,26 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-

NH2-terminal kinase [JNK], and p38 MAPK), and janus kinases

(JAKs)/signal transducers and activators of transcription (STAT;

including JAK1 and 2 and STAT2, 3, and 5).38

The role of JAK2/STAT3 in hyperleptinemia (100 ng/mL;

48 hours)-induced inhibition of 14C-L-Met uptake was investi-

gated by treating Bewo cells for 48 hours with 5 mmol/L of

JAK2 inhibitor AG 490. When tested alone, this agent was able

to inhibit (by about 10%) 14C-L-Met uptake, indicating that a

certain basal JAK2/STAT3 activation is required for 14C-L-Met

transport activity. However, AG 490 was not able to reverse the

inhibitory effect of hyperleptinemia upon 14C-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 JNK

(SP600125), upon the inhibitory effect of hyperleptinemia

(100 ng/mL; 48 hours) on 14C-L-Met uptake.

As can be seen in Figure 8, 14C-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

JNK is not necessary for 14C-L-Met uptake by Bewo cells.

On the contrary, uptake of 14C-L-Met was reduced (by 12%-

15%) in the presence of chelerythrine and PD 98059, 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 14C-L-Met uptake in Bewo cells was abolished by

Figure 8. Effect of the inhibitors of intracellular signaling pathways upon hyperleptinemia-induced inhibition of 14C-L-methionine (14C-L-Met)
uptake by Bewo cells. Initial rates of uptake were determined in cells incubated for 6 minutes with 14C-L-Met 250 nmol/L, after treatment for 48
hours with leptin 100 ng/mL (leptin), AG 490 5 mmol/L (AG 490), leptin 100 ng/mL þ AG 490 5 mmol/L (leptin þ AG 490), LY-294002 1 mmol/L
(LY-294002), leptin 100 ng/mL þ LY-294002 1 mmol/L (leptin þ LY-294002), chelerythrine 0.1 mmol/L (chelerythrine), leptin 100 ng/mL þ che-
lerythrine 0.1 mmol/L (leptin þ chelerythrine), H-89 1 mmol/L (H-89), leptin 100 ng/mL þ H-89 1 mmol/L (leptin þ H-89), PD 98058 2.5 mmol/L
(PD 98058), leptin 100 ng/mL þ PD 98058 2.5 mmol/L (leptin þ PD 98058), SB 203580 9.6 mmol/L (SB 203580), leptin 100 ng/mL þ SB 203580
9.6 mmol/L (leptin þ SB 203580), SP 600125 5 mmol/L (SP 600125), and leptin 100 ng/mL þ SP 600125 5 mmol/L (leptin þ SP 600125; n ¼ 9-13).
Shown is arithmetic mean + standard error of the mean. *Significantly different from the respective control (P < .05) and #significantly different
from leptin (100 ng/mL; P < .05).
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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 development1; (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 diseases3; and biological

methylation reactions are dependent on the availability of

amino acids, such as L-Met, and cofactors, which include

folates, vitamin B12, and choline14; 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-

ming,3 we decided to investigate the possibility that, in GDM,

changes in L-Met placental uptake are functionally present.

For this, we first determined the characteristics of 14C-L-Met

uptake in normal human TBs, using 2 cellular models of human

TBs: TB cells and the Bewo cell line. Uptake of 14C-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 14C-L-Met, (3) it

is mainly Naþ independent (although the Naþ-dependent com-

ponent is greater in NTB [25%] than in Bewo cells [7%]), and

(4) it is inhibited by BCH, L-Phe, L-Trp, D-Leu, and D-Phe but

not by L-Ser, L-Arg, L-Lys, and MeAIB. However, in a distinct

way, 14C-L-Met uptake is inhibited by L-Ala in NTB cells only.

Taken together, it is concluded that 14C-L-Met uptake in NTB

and Bewo cells is mainly system L mediated (represented by

the Naþ-independent and BCH-, L-Phe-, and L-Trp-sensitive

component) more specifically its D-Phe- and D-Leu-sensitive

LAT1 isoform, although a small contribution of the Naþ-

dependent, BCH-insensitive and L-Ala-sensitive transporter

yþL (yþLAT2 isoform) is also present in NTB but not in Bewo

cells. The lack of inhibition of 14C-L-Met uptake in NTB cells

by the system yþL substrates L-Arg and L-Lys is probably due

to the overlying activity of the cationic amino acid transport

system yþ, which makes the major contribution to the placental

uptake of these amino acids,20 thereby reducing their efficacy

to inhibit system yþL-mediated 14C-L-Met uptake.

Because 14C-L-Met uptake in Bewo cells is almost totally

Naþ independent but was only half abolished by BCH, it can

be speculated that another Naþ-independent and BCH-

insensitive transporter might participate in 14C-L-Met uptake.

This may well correspond to LAT339 and/or LAT440 system

L isoforms, both of which are expressed in the human pla-

centa41 and are sensitive to BCH in concentrations higher than

1 mmol/L,39,40 and/or to system yþ, a Naþ-independent, and

BCH-insensitive transporter present in many tissues including

the human placenta,5 which was recently proposed to partici-

pate in L-Met uptake in Caco-2 cells.42

Based on the functional characteristics of amino acid trans-

porters, such as substrate specificity, inhibition by L-Met and

placental presence, placental L-Met uptake would be hypothe-

sized to occur by systems L, b0þ, yþL,5,6,20,21 and system

A.20,21 Interestingly, our results show that LAT1 and yþLAT2

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

GDM-associated conditions upon 14C-L-Met uptake. For this,

2 distinct approaches were used, a comparison between 14C-

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-a) in Bewo cells.

Comparison between 14C-L-Met uptake in NTB and DTB

cells shows a similar profile of time dependence, kinetics, Naþ

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.43 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 14C-L-Met uptake in NTB and

DTB cells, we conclude that system L (represented by the

Naþ-independent and BCH-, L-Phe-, and L-Trp-sensitive com-

ponent), and more specifically its D-Phe- and D-Leu sensitive

LAT1 isoform, seems to play an important role in 14C-L-Met

uptake in both NTB and DTB cells. However, a contribution

of system A (a Naþ-dependent and MeAIB-sensitive system),

LAT2 (a L-Ser-sensitive system L isoform), and system b0þ

(a Naþ-independent and L-Lys- and L-Arg-sensitive system),

and a higher contribution of the Naþ-dependent and BCH-

insensitive system yþL (possibly yþLAT1, because of the sim-

ilar inhibitory effect of the yþLAT2 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.44 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 SNAT445), LAT2 and yþLAT1 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,19 a decrease18 or no alteration in system

Araújo et al 1503



A activity,16 and no alteration in system L activity17 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.18,19 It 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,17 whereas those concerning system A activity

agree with those of Jansson et al.19

Hyperglycemia, hyperinsulinemia,7 hyperleptinemia,8 and

increased inflammation9 are commonly found in GDM. More-

over, the placental gene expression of inflammatory response-

associated genes, including TNF-a and leptin, are significantly

upregulated in GDM.46 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-a) 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 cells47 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.48 As shown in this

work, uptake of 14C-L-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,49 and absence of patient variability.

Short-term (1-4 hours) exposure of Bewo cells to 0.01 and 1

nmol/L insulin (normoinsulinemic conditions)34 caused a mod-

est (+10%) decrease in 14C-L-Met uptake, but a higher concen-

tration of insulin (50 nmol/L), corresponding to

supraphysiological levels,2,26 did not affect the uptake. More-

over, long-term exposure of these cells to normo- and hyperin-

sulinemic conditions did not affect 14C-L-Met uptake. Because
14C-L-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 14C-L-Met was carried out in FCS-free cul-

ture media, a 4-hour exposure to 0.01 and 1 nmol/L insulin

increased 14C-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 14C-L-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 14C-L-

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. In agreement with these results,

it was reported that physiological concentrations of TNF-a sti-

mulate the activity of system A but not of system L, in NTB

cells.50 In contrast, in nonplacental cell types, TNF-a is known

to affect the transport of neutral51 amino acids. Similarly, LPS,

used in concentrations known to induce increased cytokines

(including TNF-a) secretion by TB cells,37 was also devoid

of any effect on 14C-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.52

Long-term (48-72 hours) exposure of Bewo cells to 10

mmol/L glucose (corresponding to an hyperglycemic situa-

tion)7 caused an 8% to 15% decrease in 14C-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 14C-L-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 14C-L-Met uptake revealed

that both of these conditions appear to inhibit system L-

mediated 14C-L-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 14C-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.53 The inhibitory

effect of glucose upon 14C-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.53 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 al53

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),48 the difference in the syncycial status of the 2 cell

models may explain this discrepancy.

Finally, the inhibitory effect of leptin upon 14C-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

1504 Reproductive Sciences 20(12)



leptin,38 are known to regulate the activity of amino acid trans-

porters in Bewo cells.54 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, at con-

centrations higher than 100 ng/mL.2,26

In summary, we show that 14C-L-Met uptake in NTB and

Bewo cells is mainly system L (LAT1) mediated, although

a small contribution of the Naþ-dependent, L-Ala-sensitive

yþL system (most probably its yþLAT2 isoform) is function-

ally present in NTB cells. Comparison of 14C-L-Met in NTB

and DTB cells shows similar kinetics of 14C-L-Met uptake, but

in DTB cells, a contribution of system A, LAT2, and possibly

system b0þ, and a higher contribution of system yþL (proba-

bly the yþLAT1 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 (SNAT1 and SNAT2

isoforms), LAT2, and yþLAT1. Given the broad substrate

specificities of system A (small neutral amino acids), systems

b0þ and yþL (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 14C-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 14C-L-Met but did not change the kinetics of uptake of the

amino acid. The effect of high 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 14C-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 14C-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 14C-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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