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  Maternal obesity affects almost 20% of all pregnancies 
in the United States ( 1 ), with obese women being more 
likely to deliver large babies ( 2 ). Fetal overgrowth is associ-
ated with increased risks of perinatal complications ( 3 ) 
and metabolic syndrome in childhood and later in life 
( 4, 5 ). Moreover, obese women who were born large them-
selves have a higher probability of delivering large babies 
( 6 ). Thus, fetal overgrowth has both short- and long-term 
adverse consequences, potentially also impacting future 
generations. The mechanisms underlying fetal overgrowth 
in maternal obesity are not well established. Previous stud-
ies have shown that placental nutrient transport is upregu-
lated in pregnancies complicated by type-1 or gestational 
diabetes with fetal overgrowth ( 7, 8 ), raising the possibility 
that increased placental nutrient transport capacity con-
tributes to increased fetal growth also in obese women. 

 Fatty acids are essential for fetal development. For ex-
ample, they constitute part of cellular membranes, are 
precursors of bioactive molecules, and are important for 
proper development of the brain and retina ( 9 ). In addi-
tion, fatty acids may function as modulators of toll-like 
receptor 4 (TLR4) signaling activity ( 10, 11 ). Activation 
of TLR4 results in transcription of infl ammatory related 
genes, mediated by numerous signaling pathways, includ-
ing c-Jun N-terminal kinase (JNK), nuclear factor-ĸB (NFĸB), 
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TLR4, mTOR, and STAT3 signaling pathways. We investi-
gated the effect of oleic acid on system A and system L 
amino acid transporter activity and activation of intracel-
lular signaling pathways in cultured human primary tro-
phoblast cells isolated from term placentas. We used oleic 
acid because it is one of the most predominant fatty acids 
in vivo and constitutes approximately 30% of maternal cir-
culating nonesterifi ed fatty acids (NEFAs) during preg-
nancy ( 30 ). Using RNA interference techniques, TLR4 
expression was downregulated to test the hypothesis that 
oleic acid alters placental amino acid transport through 
interaction with this receptor. 

 MATERIALS AND METHODS 

 Subjects 
 Human term (>37 weeks gestation) placental tissue and/or 

maternal blood were collected from singleton pregnancies after 
informed consent (n = 57). Women with pregnancy complica-
tions (such as gestational diabetes and preeclampsia) or con-
current maternal diseases were excluded from the study. The 
protocols were approved by the Committee for Research Ethics 
at University of Gothenburg and the Institutional Review Board 
at University of Texas Health Science Center, San Antonio. Only 
nonlaboring women were included in the study of circulating 
NEFAs and placental TLR4 mRNA expression; their clinical char-
acteristics are presented in   Table 1    (n = 38). 

 Measurement of plasma NEFAs 
 Fasting maternal blood was collected prior to Cesarean sec-

tion. NEFA concentrations were determined with an enzymatic 
colorimetric assay (Wako Diagnostics, Richmond, VA). 

 Isolation and maintenance of trophoblast cells 
 Placental villous cytotrophoblasts were isolated as previously 

described ( 31, 32 ) by DNase/trypsin digestion and purifi ed by 
separation on a Percoll gradient (n = 19 placentas). This protocol 
has been widely used and validated, and results in the isolation   
of cells that are expressing cytokeratin 7, a syncytial marker, that 
do not express vimentin, and that undergo biochemical differen-
tiation as measured by hCG release ( 21, 27, 32, 33 ). The cells 
were plated on 6-well plates at a density of 1.5 × 10 6  per well (for 

and p38 mitogen-activated protein kinase (MAPK). The 
TLR4 signaling network is complex. There are several 
adaptor proteins downstream of the TLR4 receptor, and 
depending on which adaptor proteins are recruited fol-
lowing receptor stimulation, different intracellular signal-
ing pathways may be activated ( 12 ). 

 In human placenta, TLR4 is expressed in the maternal 
facing microvillous plasma membrane (MVM) of the syn-
cytiotrophoblast ( 13, 14 ), the transporting epithelium, sug-
gesting that placental TLR4 can be activated by factors 
in the maternal circulation. Recently it was reported that 
placental TLR4 mRNA expression is increased in obese 
ewes ( 15 ) and in Japanese macaques fed a high-fat diet 
( 16 ). However, it is unknown whether maternal obesity af-
fects TLR4 expression in human placenta. Furthermore, 
lipopolysaccharide (LPS), which activates TLR4 signaling 
( 12 ), has been shown to increase system A amino acid 
transporter activity in rat liver ( 17 ), consistent with a link 
between TLR4 and amino acid transport. 

 The human placenta exhibits distinct alterations in 
its ability to transport nutrients in cases of altered fetal 
growth. Placenta from pregnancies complicated by fetal 
growth restriction have a reduced activity of the amino 
acid transporters system A and system L ( 18, 19 ), whereas 
these transporter activities are increased in diabetic 
pregnancies associated with fetal overgrowth ( 7, 8 ). The 
mole cular mechanisms regulating placental amino acid 
transporters involve multiple signaling pathways ( 20 ). 
We have previously shown in cultured human primary 
trophoblast cells that the mammalian target of rapamycin 
(mTOR) signaling pathway is a positive regulator of sys-
tem A and system L amino acid transporter activities ( 21 ). 
Furthermore, placental mTOR signaling is reduced in 
cases of fetal growth restriction ( 22 ). Data from our lab-
oratory suggests that mTOR signaling is increased in 
response to maternal obesity ( 23, 24 ). Several factors 
modulate mTOR signaling, such as hormones and nutri-
ents levels ( 25 ), and oleic acid has been reported to acti-
vate mTOR signaling ( 26 ). Activation of mTOR leads to 
phosphorylation of the downstream targets eukaryotic 
initiation factor 4E binding protein 1 (4EBP1), S6 kinase 1 
(S6K1), and ribosomal protein S6 (rpS6) ( 25 ). 

 Cytokines and hormones represent another mechanism 
by which placental amino acid transport is regulated. For 
instance, interleukin 6 (IL-6), leptin, and tumor necrosis 
factor ɑ (TNF-ɑ) increases the activity of the system A amino 
acid transporter ( 27, 28 ). The effects of IL-6 and leptin, 
but not TNF-ɑ, are mediated through activation of signal 
transducer and activator of transcription 3 (STAT3) ( 27, 
28 ). In a hepatocarcinoma cell line (HepG2), exposure to 
oleic acid increases phosphorylation of STAT3 ( 29 ) and 
activates mTOR signaling ( 26 ). Hence, oleic acid can acti-
vate two different signaling pathways, mTOR and STAT3, 
both known as positive regulators of placental amino acid 
transport. 

 We tested the hypothesis that circulating fatty acids and 
placental TLR4 expression are increased in women with 
high prepregnancy body mass index (BMI), and that fatty 
acids stimulate placental amino acid transport through 

 TABLE 1. Clinical characteristics of study subjects 

Characteristic
Normal BMI
(BMI < 24.9)

High BMI
(BMI  �  25.0)

N 13 25
BMI (kg/m 2 ) 22.0 ± 0.6 32.4 ± 1.4*
BMI range (min–max) 18.4–24.4 25.0–54.3
Maternal age (years) 30.0 ± 1.6 27.2 ± 1.1
Ethnicity (% Hispanic) 69.2 72.0
Parity (primiparous/multiparous) 1/12 1/24
Gestational age (weeks) 39.2 ± 0.3 39.1 ± 0.2
Birth weight (g) 3,354 ± 80 3,420 ± 80
Ponderal index 

(100 × BW / length 3 )
2.50 ± 0.05 2.64 ± 0.05

Placental weight (g) 638 ± 34 730 ± 28*
Macrosomic (>4000 g) 1 3
Fetal gender (female/male) 6/7 15/10

Data is presented as mean ± SEM. BMI based on prepregnancy 
weight or early pregnancy weight (<20 weeks gestation). * P  < 0.05 
normal BMI versus high BMI,  t -test. BW, birth weight.
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(#9252), phosphorylated JNK (#4668; T183/Y185), p38 MAPK 
(#9212), phosphorylated p38 MAPK (#4511; T180/Y182), rpS6 
(#2217), phosphorylated rpS6 (#4858; S235/236), S6K1 (#9202), 
phosphorylated S6K1 (#9205; T389), STAT3 (#9139), and phos-
phorylated STAT3 (#9145; Y705). Schematic representation of 
the TLR4 and mTOR signaling pathways are presented in  Figs. 
3A and 4A . The antibodies were diluted in TBS-T containing 
3–5% BSA, and primary antibody incubations were carried out 
overnight at 4°C. After washing, membranes were incubated with 
the appropriate peroxidase-labeled IgG antibody for 1 h at room 
temperature. Immunolabeling was detected using SuperSignal 
Dura West or enhanced chemilumescent detection solution 
(Thermo Scientifi c). All membranes were stripped (2% SDS, 
62.5 mM Tris-HCl, 100 mM  � -mercaptoethanol; 35 min at 60°C), 
and thereafter reprobed with an antibody targeting  � -actin 
(A2228; Sigma-Aldrich). The relative density of bands was mea-
sured by densitometry using ImageJ software (National Institutes 
of Health), and the expression of the target protein was normal-
ized to the density of the  � -actin band. The mean value of con-
trols was arbitrarily assigned a value of 1.0 for comparisons 
between groups. 

 Quantifi cation of TLR4 mRNA expression 
 We used RNA STAT-60 (Tel-Test Inc., Friendswood, TX) ac-

cording to the manufacturer’s instructions to isolate RNA from 
cultured trophoblast cells. For determination of TLR4 expres-
sion in placentas from women with varying BMI, tissue samples 
were collected within 30 min of delivery. After removing decidua 
and chorionic plate, several small randomly collected villous 
tissue pieces were rinsed in ice-cold physiological saline and 
placed in RNAlater (Qiagen, Valencia, CA) at 4°C. After 24 h, the 
RNAlater was removed and the samples were stored at  � 80°C 
until further processing. RNA was isolated with RNeasy mini 
kit (Qiagen). Concentration and quality of the purifi ed RNA 
samples were determined on a Nanodrop (Thermo Scientifi c, 
Wilmington, DE). In cultured trophoblast cells, TLR4 expres-
sion was measured with QuantiTect primer assay and Quanti-
Fast SYBR Green PCR master mix (Qiagen) on a LightCycler 
(Roche Diagnostics, Mannheim, Germany). In placentas from 
normal and high BMI women, TLR4 expression was measured 
with SYBR Green master mix (Applied Biosystems, Carlsbad, CA) 
on a StepOnePlus real-time PCR system (Applied Biosystems). 
Primer design: forward, 5 ′ -TTTGGACAGTTTCCCACATTGA-3 ′ ; 
reverse, 5 ′ -AAGCATTCC CACCTTTGTTGG-3 ′ . Succinate dehy-
drogenase complex, subunit A (SDHA) and TATA box binding 
protein (TBP) were selected as housekeeping genes, with primers 
designed according to a previously published report ( 21 ). All 
samples were analyzed in at least duplicates. The amplifi ed tran-
scripts were quantifi ed using the relative standard curve method 
and normalized using the geometric mean of SDHA and TBP. 
The mean value of control or normal BMI women were arbi-
trarily assigned a value of 1.0 for comparisons between groups. 

 Measurement of amino acid uptake 
 Measuring activity of system A and system L amino acid 

transporters was performed as previously reported ( 21 ). System 
A transporter activity was measured as sodium-dependent 
 14 C-methylaminoisobutyric acid (MeAIB) uptake, and system 
L transporter activity by 2-amino-2norbornanecarboxylic acid 
(BCH)-inhibitable uptake of  3 H-leucine. Cells were incubated in 
buffer with sodium (135 mM NaCl, 5 mM KCl, 1.8 mM CaCl 2 , 
1 mM MgCl 2 , 10 mM Hepes, 5.6 mM glucose; pH 7.4), or without 
sodium (135 mM choline chloride replaced NaCl). The sodium-
free buffer also contained 1 mM BCH. Uptakes were stopped 
after 8 min by rapidly washing the cells three times with ice-cold, 
isotope- and sodium-free buffer. After washing, cells were lysed 

amino acid uptake experiments and protein expression analysis) 
or 3.5 × 10 6  per well (for amino acid uptake after siRNA transfec-
tion). The cells were cultured for a total of 90 h at 37°C in 95% 
air, 5% CO 2  atmosphere. The cell culture media (10% FBS, 45% 
high glucose DMEM, 45% Ham’s F-12, supplemented with antibi-
otics) was changed daily. Sixty-six hours after plating, to allow for 
syncytialization, 400 µM oleic acid (dissolved in 10% BSA; Sigma-
Aldrich, St. Louis, MO) was added to the cell culture media. Simi-
lar fatty acid concentrations have previously been used by us ( 31 ) 
and others ( 34 ). Although high for a single fatty acid, the con-
centration is within the physiological range ( � 350–600 µM) of 
total NEFA concentration in maternal circulation during late 
pregnancy ( 30 ). Control cells were treated with an equal amount 
of the appropriate stock buffer (10% fatty acid free BSA in PBS). 
The cells were incubated for 24 h before measurement of amino 
acid uptake or protein expression analysis. 

 RNA interference (siRNA) 
 Transfection of primary trophoblast cell cultures was carried 

out as previously described ( 27, 35 ). Twenty hours after plating, 
the trophoblast cells were transfected with cell culture media 
containing 0.1 µM TLR4 siRNA (Validated MISSION siRNA, 
SASI_Hs01_00122250, NM_138554; Sigma-Aldrich) and 0.3% 
Dharmafect transfection reagent (Thermo Scientifi c, Rockford, 
IL) for 24 h. Mock transfected trophoblast cells were given an 
equal amount of Dharmafect transfection reagent. After 66 h (to-
tal culture time), trophoblast cells were treated with either con-
trol media or 400 µM oleic acid, and incubated for a further 24 h 
before measuring system A and system L activities. We have previ-
ously shown that transfecting trophoblast cells with noncoding 
siRNA does not affect system A activity or interfere with cellular 
differentiation ( 27 ). 

 Characterization and viability of isolated cells 
 As an indicator of biochemical differentiation, release of hu-

man chorionic gonadotropin (hCG) into the cell culture media 
was assessed with a commercial ELISA ( � -hCG ELISA; DRG In-
struments, Marburg, Germany) at 18 and 66 h after plating the 
cells. To detect contamination from cells of mesenchymal origin 
in the cell cultures, expression of vimentin (ab20346; Abcam, 
Cambridge, UK) was measured by Western blot as previously de-
scribed ( 32 ). Lactate dehydrogenase (LDH) release into the cell 
culture media was measured by an in vitro assay (Sigma-Aldrich). 
Cell culture media from trophoblast cells lysed by sonication 
were used as a positive control for the LDH assay. 

 Harvesting cells 
 After 90 h culture, trophoblast cells were harvested for West-

ern blot analysis by adding buffer D (250 mM sucrose, 50 mM 
Hepes/Tris, pH 7.0, at room temperature) and collected with a 
rubber spatula. Phosphatase inhibitor cocktail 1 and 2 and pro-
tease inhibitor cocktail (Sigma-Aldrich) were added to the cell 
lysates, and protein concentrations were determined by the 
method of Bradford (Bio-Rad, Hercules, CA). Cell lysates were 
stored at –80°C until further analysis. 

 Western blotting 
 Western blots were performed on NuPAGE precast 4–12% 

gels (Invitrogen, Carlsbad, CA) or SDS-PAGE as previously de-
scribed ( 31, 32 ). After electrophoresis and transfer, the mem-
branes were blocked in 5% (phosphorylated STAT3 was blocked 
in 2.5%) nonfat milk in TBS with 0.1% tween (TBS-T) for 1 h. 
Primary antibodies were purchased from Cell Signaling Technol-
ogy (Davers, MA): 4EBP1 (#9452), phosphorylated 4EBP1 (#9459; 
T37/46), phosphorylated 4EBP1 (#9455; T70), IĸBɑ (#4812), JNK 
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TLR4 was not infl uenced by maternal BMI because the ex-
pression level did not differ between normal BMI (n = 8) 
and high BMI (n = 8) groups ( Fig. 1B ). 

 Characterization of cultured trophoblast cells 
 Increased levels of hCG were detected at 66 h after plating 

compared with 18 h (36 ± 8 versus 1,497 ± 377 mIU/mg pro-
tein/hour;  P  < 0.05, n = 6), confi rming that trophoblast cells 
differentiate into syncytium in culture. After 90 h, no expres-
sion of vimentin was detected in the cultures of isolated tro-
phoblast cells (data not shown). The release of LDH into the 
cell culture media was similar between control (0.029 ± 0.009 
optical density (OD) units; n = 3) and oleic acid-treated cells 
(0.028 ± 0.006 OD; n = 3). As a positive control, trophoblast 
cells subjected to sonication released almost a 6-fold larger 
amount of LDH (0.164 ± 0.088 OD; n = 3) compared with 
controls or oleic acid-treated cells. 

 System A activity is increased by oleic acid 
 Activity of the system A amino acid transporter was mea-

sured by sodium-dependent uptake of  14 C-MeAIB and was 
increased in trophoblast cells exposed to oleic acid for 
24 h (+94%,  P  < 0.05, n = 6;   Fig. 2A  ).  In contrast, system L 
amino acid transporter activity, assessed by BCH-inhib-
itable uptake of  3 H-leucine, was not altered by oleic acid 
treatment (n = 6;  Fig. 2B ). 

 Oleic acid increases phosphorylation of JNK and STAT3 
 In trophoblast cells incubated with oleic acid, phos-

phorylation of JNK (T183/Y185) and STAT3 (Y705) was 

with distilled water to release the isotopes. The water, with re-
leased isotopes, was removed and mixed with scintillation fl uid, 
and radioactivity was counted in a  � -counter. Protein content of 
lysed cells was measured. Transporter-mediated uptake was cal-
culated by subtracting the nonmediated uptake (sodium-free/
BCH buffer) from the total uptake (sodium containing buffer). 
Uptakes were expressed as picomoles of amino acid uptake per 
milligram of protein per minute. 

 Data presentation and statistics 
 The results are presented as mean ± SEM. Statistical analysis 

was carried out with GraphPad Prism 5 (version 5.04; GraphPad 
Software, La Jolla, CA). Differences between two groups were 
evaluated statistically by  t -test, and for multiple groups by re-
peated measures ANOVA followed by Tukey’s post hoc test. Cor-
relation between maternal BMI and circulating NEFAs was 
evaluated by Pearson’s correlation coeffi cient. A  P -value less than 
0.05 was considered signifi cant. 

 RESULTS 

 Maternal BMI, plasma fatty acids, and placental TLR4 
expression 

 Maternal prepregnancy/early pregnancy BMI corre-
lated positively with fasting plasma NEFAs at term ( P  < 
0.01, n = 33;   Fig. 1A  ).  The placental mRNA expression of 

  Fig.   1.  Effect   of maternal obesity on plasma fatty acids and pla-
cental TLR4 expression. (A) Maternal plasma NEFAs at term are 
increased in women with high prepregnancy/early pregnancy BMI. 
Pearson correlation,  r  = 0.4597,  P  < 0.01, n = 33. (B) mRNA expres-
sion of TLR4 in human placenta collected from women with nor-
mal BMI (18.4–24.4 kg/m 2 ) or high prepregnancy/early pregnancy 
BMI (27.4–43.8 kg/m 2 ). The expression level of TLR4 was not af-
fected by maternal BMI. The mean value for the normal BMI group 
was assigned a value of 1.0 AU  , n = 8/group.   

  Fig.   2.  Effect of oleic acid on amino acid transporter activity. Sys-
tem A amino acid transporter activity (A) was doubled after 24 h 
incubation with 400 µM oleic acid, while system L amino acid trans-
porter activity (B) was unaffected. * P  < 0.05 oleic acid versus con-
trol (paired  t -test), n = 6.   
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as well as mock-transfected oleic acid-treated trophoblast 
cells ( P <  0.05, n = 7;  Fig. 5C ). 

 DISCUSSION 

 The novel fi nding in this study is that oleic acid stimu-
lates system A amino acid transport in primary human tro-
phoblast cells mediated by TLR4. This is, to the best of our 
knowledge, the fi rst evidence that fatty acids stimulate 
amino acid transport in any tissue. The unaffected system 
L transporter activity together with the unchanged LDH 
release after oleic acid exposure indicates specifi c stimula-
tion of system A amino acid transport rather than a gen-
eral effect on, for example, cell membrane permeability. 
As maternal fatty acid levels progressively rise during preg-
nancy ( 36 ), this activation of system A amino acid trans-
port by fatty acids may function as a natural stimulus to 
increase placental amino acid uptake in all pregnancies. 
However, the additionally elevated circulating fatty acid 
levels of obese pregnant women may further activate pla-
cental amino acid transporting systems, contributing to 
increased birth weights in these pregnancies. 

 Placental system A amino acid transport activity is stimu-
lated by a variety of signaling molecules, including adipok-
ines such as globular adiponectin ( 33 ), IL-6 ( 27 ), and 
leptin ( 28 ). Activation of trophoblast system A activity by 

signifi cantly increased compared with control ( P  < 0.05, 
n = 6;   Fig. 3  ),  while the levels of total JNK and STAT3 re-
mained stable. There was no difference in expression lev-
els of IĸBɑ (NFĸB inhibitor) or p38 MAPK (T180/Y182) 
between control and oleic acid-treated cells (n = 6;  Fig. 3 ). 
Similarly, there was no alteration in activity of the mTOR 
signaling pathway after exposure to oleic acid as measured 
by expression and phosphorylation of 4EBP1, S6K1, and 
rpS6 (n = 6;   Fig. 4  ).  

 Silencing TLR4 prevents oleic acid stimulation of system 
A activity 

 Transfecting trophoblast cells with siRNA targeting 
TLR4 decreased the mRNA levels of TLR4 to approxi-
mately one third of control (n = 3;   Fig. 5A  ).  Treatment 
with transfection reagent alone (between 20 and 44 h after 
plating) did not change the response of trophoblast cells 
to oleic acid. Exposure to oleic acid doubled the system A 
activity ( P  < 0.05, n = 7;  Fig. 5B ), while the activity of the 
system L transporter remained unchanged (n = 7;  Fig. 5C ). 
Reducing TLR4 expression did not affect basal system A 
activity (n = 7;  Fig. 5B ). However, silencing TLR4 pre-
vented the stimulation of system A activity by oleic acid (n = 
7;  Fig. 5B ). Basal system L activity was not affected by si-
lencing TLR4. However, silencing TLR4 and exposing the 
cells to oleic acid resulted in a small but signifi cant de-
crease in the system L activity compared with controls 
(both mock-transfected and TLR4-silenced control cells) 

  Fig.   3.  Oleic acid increases phosphorylation of JNK and STAT3 in trophoblast cells. (A) Schematic fi gure 
for activation of TLR4 signaling and effect on analyzed downstream target proteins. (B) Western blots of 
trophoblast cells incubated for 24 h with 400 µM oleic acid or control medium. Western blot for expression 
and/or phosphorylation (P) of IĸBɑ, p38 MAPK, JNK, and STAT3 in control and oleic acid exposed tropho-
blast cells from three different placentas. (C) While expression of IĸBɑ, p38 MAPK, total JNK, and total 
STAT3 was unaffected by the oleic acid exposure, the levels of phosphorylated JNK and STAT3 were signifi -
cantly increased. Protein expression was normalized to the density of the  � -actin band, and the mean of the 
controls was assigned a value of 1.0 AU. * P  < 0.05 oleic acid versus control (paired  t -test), n = 6.   
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mediate oleic acid-stimulated increase of system A activity 
remains to be established. JNK and STAT3 signaling may 
cooperate in regulating placental system A activity since 
these two pathways are known to interact ( 41–43 ). 

 It is well established that mTOR functions as a nutrient 
sensor, and we have previously demonstrated that this sig-
naling pathway is a positive regulator of placental amino 
acid transport ( 21, 22 ). Because oleic acid has been re-
ported to activate mTOR signaling in HepG2 cells ( 29 ), 
mTOR is a potential mediator of oleic acid-stimulated 
amino acid transport. However, oleic acid-stimulated tro-
phoblast system A activity without a concurrent increase in 
phosphorylation of 4EBP1, S6K1, or rpS6 (all well-estab-
lished readouts of mTOR activity) indicates that system A 
activation after oleic acid treatment is independent of 
the mTOR signaling pathway. Taken together our results 
suggest that there are at least two separate mechanisms 
regulating system A amino acid transporter activity in 
trophoblast cells, mTOR-dependent as well as mTOR-
independent pathways. 

 To investigate a possible causal link between oleic acid 
and system A activity, the expression of TLR4 was silenced 
with siRNA. We have previously demonstrated that trans-
fecting trophoblast cells with noncoding siRNA does not 
affect system A transporter activity ( 27 ). Similarly, in this 
study, reducing the expression of TLR4 did not alter the 
basal amino acid transport activity. Furthermore, transfec-
tion reagent alone did not affect their response to oleic 

globular adiponectin and IL-6 involves an increase in 
the protein expression of the system A isoform SNAT2 
(sodium-dependent neutral amino acid transporter) ( 27, 33 ). 
In cultured trophoblast cells, silencing STAT3 expression 
prevented stimulation of system A activity by globular adi-
ponectin and IL-6 ( 27, 33 ) demonstrating that regulation 
of trophoblast amino acid uptake by these adipokines is 
mediated through STAT3. In addition, STAT3 may also be 
involved in the increased system A activity in response to 
leptin ( 28 ). Collectively, these data suggest that STAT3 sig-
naling is an important regulator of placental system A 
amino acid transporter activity. 

 In several cell types, amino acid deprivation results in 
upregulation of system A amino acid transporter activity 
( 37–40 ), including the trophoblast-like human choriocar-
cinoma cell line BeWo ( 38, 40 ). Amino acid deprivation 
increases SNAT2 expression in BeWo trophoblast-like cells 
( 38, 40 ). In cell types other than trophoblast cells, activa-
tion of JNK signaling has been implicated as an important 
component in the adaptive response to amino acid depri-
vation ( 37, 39 ). Whether JNK is important for the upregu-
lation of system A activity in trophoblast cells is currently 
unknown. 

 We demonstrated that oleic acid activates both JNK and 
STAT3. These fi ndings are consistent with the possibility 
that JNK and/or STAT3 signaling constitutes a link be-
tween elevated NEFAs and increased placental amino acid 
uptake. How activation of these signaling pathways may 

  Fig.   4.  Oleic acid does not affect trophoblast mTOR signaling. (A) Schematic fi gure for activation of 
mTOR signaling and effect on analyzed downstream target proteins. (B) Western blots for expression and 
phosphorylation (P) of 4EBP1, S6K1, and rpS6 in trophoblast cells incubated for 24 h with 400 µM oleic acid 
or control medium. Western blot showing control and oleic acid exposed trophoblast cells from three differ-
ent placentas. (C) There was no signifi cant alteration in either expression or phosphorylation of these 
downstream targets in the mTOR signaling pathway. Protein expression was normalized to the density of the 
 � -actin band, and the mean of the controls was assigned a value of 1.0 AU, n = 6.   
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critical in mediating the effect of oleic acid on trophoblast 
amino acid uptake. In general agreement with our fi nd-
ings, LPS stimulation (which also initiates TLR4 signaling) 
increases activity of hepatic system A but not system L 
amino acid transport ( 17 ). As with the system A transporter, 
basal activity of the system L transporter was not affected by 
reducing TLR4 expression. This fi nding suggests that TLR4 
is not critical for maintaining basal trophoblast system A or 
system L amino acid transporter activity. Unexpectedly, re-
ducing the TLR4 expression in the trophoblast cells com-
bined with oleic acid exposure caused a small but signifi cant 
reduction ( � 20%) in the system L amino acid transport 
activity. These results suggest that oleic acid modulates tro-
phoblast system L activity in the absence of TLR4; how-
ever, the underlying mechanism remains to be established. 
Oleic acid activates multiple signaling pathways, including 
the peroxisome proliferator-activated receptors (PPAR), 
which are important for placental function ( 44, 45 ). It is 
therefore possible that any of these alternative signaling 
pathways may mediate the decrease in system L activity in 
TLR4-silenced cells in response to oleic acid. 

 The placentas used for isolation of trophoblast cells were 
from women of unknown prepregnancy BMI; presumably 
placentas from women with a variety of BMIs are included. 
Hence, the trophoblast cells will almost certainly have been 
exposed to diverse in vivo conditions, potentially resulting 
in differences sustained throughout culture, which may 
contribute to some variability in our results. However, the 
cultured trophoblast cells capacity to respond to oleic acid 
through TLR4 and stimulate amino acid transport is most 
likely not compromised since maternal BMI does not 
change placental TLR4 expression. 

 In the human placenta, TLR4 is localized to the MVM of 
the syncytiotrophoblast ( 13, 14 ), where it can be readily 
affected by circulating maternal fatty acids. However, 
whether fatty acids bind directly to the TLR4 receptor or 
interact with the receptor through another mechanism re-
mains unknown ( 46, 47 ). The data in this report suggest 
that oleic acid in the maternal circulation modifi es placen-
tal function by affecting TLR4 signaling. The current study 
has been focused on oleic acid, a monounsaturated fatty 
acid, which constitutes almost one third of maternal NEFAs 
during late pregnancy ( 30 ). How fatty acid species other 
than oleic acid might affect amino acid transport remains 
to be established. However, in other tissues, it has been 
shown that different fatty acid species modulate TLR4 sig-
naling differently, with saturated fatty acids activating and 
polyunsaturated fatty acids inhibiting TLR4 signaling 
( 10, 11 ). TLR4 was required for oleic acid to stimulate 
amino acid transport, and oleic acid activated JNK and 
STAT3. We therefore speculate that saturated fatty acids 
increase whereas polyunsaturated fatty acids may reduce 
placental system A amino acid transporter activity. 

 Placental TLR4 gene expression has been reported to 
be upregulated in animal models of maternal obesity ( 15 ), 
and it is increased by maternal high-fat diet ( 16 ) and in-
fl ammation ( 48 ). In contrast, human placenta appears to 
respond to maternal obesity differently, because placental 
expression of TLR4 was not infl uenced by maternal BMI. 

acid. However, the effect of oleic acid on trophoblast sys-
tem A amino acid transport was abolished by silencing of 
TLR4. In TLR4-defi cient cells, oleic acid was unable to 
stimulate system A activity, suggesting that this receptor is 

  Fig.   5.  Amino acid transporter activity after TLR4 silencing. (A) 
Transfecting trophoblast cells with siRNA targeting TLR4 after 20 h 
in culture reduced TLR4 mRNA expression to approximately 
one third of controls at 90 h in culture. Relative TLR4 mRNA ex-
pression was measured by quantitative real-time PCR and normal-
ized against the housekeeping genes SDHA and TBP. The mean of 
the controls was assigned a value of 1.0 AU, n = 3. B, C: Mock trans-
fection with the transfection reagent Dharmafect alone did not al-
ter the response to oleic acid of either system A or system L amino 
acid transporters. System A activity (B) was increased after a 24 h 
incubation with oleic acid, while system L activity (C) was unaf-
fected. In trophoblast cells transfected with siRNA targeting TLR4, 
oleic acid did not increase the system A activity (B), but reduced 
the system L activity (C). * P  < 0.05 compared with all other groups; 
repeated measures ANOVA followed by Tukey’s post hoc test, n = 7.   
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Nonetheless we demonstrate that intact TLR4 expression 
is necessary for oleic acid to stimulate system A activity. It 
is possible that trophoblast TLR4 signaling represents a 
link between high dietary fat intake/obesity and placental 
function, which subsequently affects fetal growth. Other 
required molecular components in the signaling cascade 
linking oleic acid and increased system A activity remain to 
be determined. 

 In conclusion, our data suggest that elevated maternal 
levels of oleic acid activates trophoblast JNK and STAT3 
signaling as well as increase system A amino acid transport 
activity. Furthermore, TLR4 appears to be a critical com-
ponent for the stimulatory effect of oleic acid on system A 
activity because reducing TLR4 expression prevents the 
increase in amino acid transport after oleic acid exposure. 
However, intact TLR4 expression is not required for main-
taining basal system A or system L amino acid transporter 
activity.  
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