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Abstract Maternal protein restriction diminishes pla-

cental 11b-hydroxysteroid dehydrogenase type 2 (11b-

HSD2) activity and causes fetal growth restriction in

mammals. However, it is unknown whether such effect was

caused directly by nutrient deficiency, or indirectly through

the mediation of maternal hormones. In the present study, a

human placental cell line (BeWo) was cultured in F12K as

control and F12 as low amino acids (LAA) media for 48 h

to investigate the effects of amino acids deficiency on 11b-

HSD2 expression and activity. Despite a significant up-

regulation of 11b-HSD2 mRNA expression in LAA cells,

11b-HSD2 activity and protein content were decreased by

38 and 54%, respectively (P \ 0.05), indicating a mecha-

nism of post-transcriptional regulation. Among 5 miRNAs

targeting 11b-HSD2, miR-498 was expressed significantly

higher in LAA cells. Leptin concentration was significantly

lower (P \ 0.01) in LAA medium. The mRNA expression

of both isoforms of leptin receptor was significantly higher

in LAA cells, although no difference was detected at pro-

tein level. To further clarify whether leptin is involved in

mediating the effect of LAA on 11b-HSD2 activity, leptin

was supplemented to LAA medium, whereas three specific

inhibitors of leptin signaling pathways, WP1066 for JAK-

STAT, PD98059 for MAPK and LY294002 for PI3K,

respectively were added to control medium. Leptin restored

the diminished 11b-HSD2 activity in LAA cells, whereas

WP1066 (5 nM) and PD98059 (50 nM) significantly

decreased 11b-HSD2 activity in control cells. In conclu-

sion, the present results indicate that LAA diminishes

11b-HSD2 expression and activity in BeWo cells through

leptin-activated JAK-STAT and MAPK pathways.
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Introduction

Placental 11b-hydroxysteroid dehydrogenase type 2 (11b-

HSD2) converts cortisol to inactive cortisone to protect the

fetus from over-exposure to maternal glucocorticoids.

Disruption of placental 11b-HSD2 activity can cause per-

manent adverse effects on fetus (Jansson and Powell 2007).

Maternal low protein diet causes diminished expression

and/or activity of placental 11b-HSD2 (Bertram et al.

2001; Langley-Evans et al. 1996; Stocker et al. 2004),

which is presumed to be mediated by the elevated maternal

or fetal cortisol secretion caused by maternal nutrition

deficiency (Cottrell and Seckl 2009; Reynolds 2010).

However, not all the reports support this hypothesis. Glu-

cocorticoids have been reported to increase, rather than

decrease, 11b-HSD2 expression and/or activity in human

and baboon models in vivo (Clifton et al. 2006; Ma et al.

2003) or in vitro (van Beek et al. 2004). Furthermore,

glucocorticoid level was unchanged in either maternal

or fetal circulation under maternal protein restriction

(Fernandez-Twinn et al. 2003). Therefore, it remains

unclear whether the decreased 11b-HSD2 activity was

caused directly by nutrient deficiency, or indirectly through

the mediation of glucocorticoids or other hormones.
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Leptin concentration in maternal blood increases 2–3

times in rat and human, and 25 times in mouse during

pregnancy, which is contributed primarily by leptin

secreted from placenta (Ashworth et al. 2000; Masuzaki

et al. 1997). Under the maternal low protein diet, maternal

serum leptin concentration was reported to decrease in the

pregnant rat (Fernandez-Twinn et al. 2003; Jansson et al.

2006). Leptin administration to pregnant rats prevented the

decrease in placental 11b-HSD2 activity induced by

maternal low protein diet (Stocker et al. 2004). Two forms

of leptin receptor are expressed in the placenta, the long

form leptin receptor (Ob-Rl) and the short form leptin

receptor (Ob-Rs) (Bajoria et al. 2002; Ebenbichler et al.

2002), which indicates that placenta is not only a source of

leptin (Hassink et al. 1997), but also a target for the action

of leptin. Leptin has been reported to act on placental cells

to prevent apoptosis (Magarinos et al. 2007; Perez-Perez

et al. 2008), stimulate protein synthesis (Perez-Perez et al.

2009, 2010), or promote amino acid transport (Jansson

et al. 2003; von Versen-Hoynck et al. 2009), through dif-

ferent signaling pathways, including MAPK, JAK-STAT

or PI3K. It is speculated that leptin secreted by placenta per

se might participate in linking maternal nutrition and pla-

cental 11b-HSD2 expression and activity. Nevertheless, it

has not been elucidated how maternal low protein diet

affects placental leptin secretion and through what signal-

ing pathways leptin affects the expression and activity of

11b-HSD2 in the placenta.

It has been shown that maternal low protein diet or the

maternal nutrient restriction causes significant decrease in

free amino acid concentrations in maternal circulation

(Bhasin et al. 2009; Kilberg et al. 2009; Kwon et al. 2004;

Rees et al. 2006). Branched-chain amino acids (BCAAs),

particularly leucine, stimulate leptin production by rat

adipocytes in vivo (Lynch et al. 2006) and in vitro (Roh

et al. 2003). It is likely that amino acid deficiency caused

by maternal low protein diet is responsible for diminished

leptin secretion from placenta, and subsequently results in

disrupted expression and activity of 11b-HSD2 in the

placenta via leptin-activated pathways.

Human choriocarcinoma cells display many of the bio-

chemical and morphological characteristics for in utero

invasive trophoblast cells and have been widely used as a

model in placenta research (Myren et al. 2007; Sarkar et al.

2001; Jones et al. 2006). Here we use BeWo cells, a human

choriocarcinoma cell line, as a model to investigate the

effects of low amino acids medium on leptin secretion and

11b-HSD2 expression and activity. To further elucidate the

possible role of leptin in mediating the effect of low amino

acids, leptin and the specific inhibitors of three different

leptin signaling pathways were added, respectively, to low

amino acids and control media and 11b-HSD2 activity of

the BeWo cells was determined.

Materials and methods

Cell culture

BeWo cells were obtained from the Chinese Academy of

Medical Sciences and Peking Union Medical College. The

cells were maintained in 25 cm2 flasks at 37�C under 5%

CO2 and cultured in the basal medium F-12 Kaighn’s

(F12K, GIBCO, USA) with 10% fetal calf serum (FCS,

LanZhou National Hyclone Bio-Engineering CO., Ltd

China). The medium was changed every 2 days and cells

were passaged every 4 days. Cells used were between

passages 5–18. At 80% confluency, flasks of cells were

separated randomly into two groups, one group of cells

being cultured in F12K as control (Con) and the other in

F12 (GIBCO, USA) as low amino acids (LAA). The amino

acid concentrations in the F12 medium are approximately

half of those in F12K. The formulas are shown in the

following links. F12: http://www.invitrogen.com/site/us/en/

home/support/Product-Technical-Resources/media_formu

lation.64.html, F12K: http://www.invitrogen.com/site/us/

en/home/support/Product-Technical-Resources/media_

formulation.65.html. After 48 h, the cells and the media

were collected for further analysis.

Leptin (398-LP, R&D, USA) was added at 5 ng/mL to the

LAA medium after 24 h of seeding, whereas leptin signal

pathway inhibitors (Sigma, USA), WP1066 (JAK-STAT),

PD98059 (MAPK), and LY294002 (PI3K) were added to

the control medium at the doses of 5 and 50 nM. After 48 h,

11b-HSD2 activity was determined.

Radioimmunoassay of leptin and glucocorticoids

in media

The culture media were lyophilized for leptin analysis.

Cortisol and leptin were measured with commercial RIA

kits purchased from Beijing North Institute of Biotech-

nology, Beijing, China. The detection limit for leptin was

0.45 ng/mL and the intra- and inter-assay coefficients of

variation were 5 and 10%, respectively. The detection limit

for cortisol was 2 ng/mL and the intra- and inter-assay

coefficients of variation were 10 and 15%, respectively.

Reverse transcription and real-time RT-PCR

A 2 lg of total RNA extracted from BeWo cells was

reverse transcribed following the standard protocol, and

2 lL of 5–20 folds diluted RT products was used for PCR

in a final volume of 25 lL containing 12.5 lL SYBR

Green Real-time PCR Master Mix (TOYOBO Ltd., Japan)

and 0.2–0.8 lM of each forward and reverse primers spe-

cific for Ob-Rs, Ob-Rl, 11b-HSD2 (Table 1). Human

GAPDH was used as a reference gene for normalization
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purposes (no marked difference in GAPDH mRNA was

detected between Con and LAA). The method of 2-DDCt

was used to analysis the real-time RT-PCR data (Livak and

Schmittgen 2001). All samples were included in the same

run of RT-PCR and repeated at least for three times.

Western blotting

Whole cell lysates were prepared in cold lysis buffer (Sato

et al. 2008) containing Mini EDTA-free protease inhibitors

(11697498001, Roche, USA) for Western blot analysis as

described previously (Yuan et al. 2009). Monoclonal

mouse antibody against human leptin receptor (1:400,

MAB867, R&D, USA), rabbit polyclonal antibody against

human 11b-HSD2 (1:500, sc-20176, Santa Cruz, USA),

and mouse monoclonal antibody against glyceraldehyde-3-

phosphate dehydrogenase (GAPDH) (1:10000, KC-5G4,

KangChen, China) were used, respectively, as primary

antibodies and followed by goat anti-mouse (1:5000,

GGHL-90P, Univ-bio, China) or goat anti-rabbit (1:5000,

GGHL-15P, Univ-bio, China) horse radish peroxidase

conjugated secondary antibodies. The blots were then

washed and detected by enhanced chemiluminescence

(ECL) using the LumiGlo substrate (Super Signal West

Pico Trial Kit, Pierce, USA). ECL signals recorded on

X-ray film were scanned and analyzed with Kodak 1D

Electrophoresis Documentation and Analysis System 120

(Kodak Photo Film Co. Ltd., USA). The band densities of

leptin receptors and 11b-HSD2 were normalized with that

of GAPDH.

11b-HSD2 activity: radiometric conversion assay

[1,2,6,7-3H(N)]-Cortisol (72.4 Ci/mmol) was purchased

from Perkin Elmer Life and Analytical Science, Boston,

USA. Polyester-backed thin-layer chromatography (TLC,

GF254) plates were obtained from Qingdao Haiyang

Chemical Co., Ltd, China. Non-radioactive cortisol and

cortisone were products of Sigma, USA.

At the end of treatment, cells were washed three times

with respective serum-free medium, F12K or F12, to

remove hormones and serum residues. 11b-HSD2 activity

was determined by measuring the rate of cortisol to corti-

sone conversion, as described previously (Tremblay et al.

1999). Briefly, the cells were incubated for 1 h at 37�C in

1–2 ml of serum-free medium containing approximately

50,000 cpm [3H]-cortisol and 100 nM unlabeled cortisol.

At the end of incubation, the medium was collected, and

steroids were extracted with ethyl acetate, including cor-

tisol and cortisone (each 40 lg). The extracts were dried,

and the residues were resuspended with 100 lL ethyl

acetate. A fraction of the resuspension were spotted on a

thin-layer chromatography plate, and outspreaded in chlo-

roform/methanol (9:1, vol/vol). The bands containing the

labeled cortisol and cortisone were identified by UV light

and cut out into the ethyl acetate to extract. After drying,

the radioactivity was counted with Multi-Purpose Scintil-

lation Counter (LS 6500, BerckMan Coulter, USA). The

rate of cortisol to cortisone conversion was calculated, and

the blank values (defined as the amount of conversion in

the absence of cells) were subtracted and the 11b-HSD2

Table 1 Nucleotide sequences of specific primers

Target gene name Primer PCR products (bp) GenBank accession References

11b-HSD2 50-GGTCAAGGTCAGCATCATCCAG-30 153 NM000196.3

50-CCATGCAAGTGCTCGATGTAGTC-30

Ob-Rs 50-GTAAGAGGCTAGATGGACTGGGATAT-30 115 NM002303 (Meissner et al. 2005)

50-ATTCTCCAAAATTCAGGTCCTCTCA-30

Ob-Rl 50-TGTTCCTGGGCACAAGGACTTA-30 177 NM002303

50-CACAGTTGTTGGCATCATCTCATC-30

GAPDH 50-GCACCACCAACTGCTTAGCA-30 118 NM002046.3 (Murthi et al. 2008)

50-GTCTTCTGGGTGGCAGTGATG-30

7HSL scRNA 50-ATCGGGTGTCCGCACTAAGTT-30 126 904248 (Galiveti et al. 2010)

50-CAGCACGGGAGTTTTGACCT-30

miR-101 50-TACAGTACTGTGATAACTGAA-30

miR-515-5p 50-TTCTCCAAAAGAAAGCACTTTCTGAA-30

miR-195 50-TAGCAGCACAGAAATATTGGCAA-30

miR-498 50-TTTCAAGCCAGGGGGCGTTTTTCAA-30

miR-155 50-TTAATGCTAATCGTGATAGGGGTAA-30

Poly(T)Adapter 50-TAGAGTGAGTGTAGCGAGCACAGAATTAATACGACTCACTATAGGTTTTTTTTTTTTTTTTVN-30

Reverse primer 50-TAGAGTGAGTGTAGCGAGCA-30
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activity was expressed as picomoles of cortisone formed

per 1.0 9 107 cells per hour.

Quantitation of miRNAs targeting 11b-HSD2

Total RNA was isolated from the cells using TRIzol�

reagent (Invitrogen, USA) and treated with RNase-free

Dnase I (Takara Biotechnology, China). The treated total

RNA (4 lg) was polyadenylated by poly(A) polymerase

(PAP) at 37�C for 1 h in a 20 lL reaction mixture fol-

lowing the manufacturer’s directions for the Poly(A) Tail-

ing Kit (AM1350, Ambion, USA) (Shi and Chiang 2005).

After phenol–chloroform extraction and ethanol precipita-

tion, the RNAs were dissolved in DEPC-treated water and

reverse transcribed with 25 lL mixture consisting of 19

RT buffer (Promega, USA), 100 U Moloney Murine Leu-

kemia Virus reverse transcriptase (M-MLV) (Promega,

USA), 8 U RNase inhibitor (Promega, USA), 5.3 lmol/L

Oligo dT-Adaptor Primer (TaKaRa Biotechnology, China)

and 0.8 mmol/L dNTP (TaKaRa Biotechnology, China).

The miRNAs for 11b-HSD2 are predicted as described

previously (Brown and Sanseau 2005; Rajewsky 2006).

Five miRNAs were selected for quantification and the

primer sequences are shown in Table 1. Human 7SL

scRNA was used as a reference gene for normalization

purposes (no marked difference in 7SL scRNA expression

was detected between Con and LAA). Real-time PCR was

performed for the five miRNAs. All samples were included

in the same run of RT-PCR and repeated at least for three

times.

Statistical analysis

All data are presented as mean ± SEM, and were analyzed

using SPSS 13.0 for Windows. Values of mRNA abun-

dance and protein content are expressed as the fold change

relative to that of control. The data were analyzed by one-

way ANOVA followed by LSD test or t test for indepen-

dent samples. P \ 0.05 was considered significant.

Results

11b-HSD2 expression and activity

As shown in Fig. 1a, 11b-HSD2 mRNA expression

increased significantly in LAA cells when compared

with the control. However, the protein content and the

activity of 11b-HSD2 were decreased in LAA cells by

54 and 38%, respectively (P \ 0.05, Fig. 1b, c) when

compared with the control suggesting a post-transcrip-

tional regulation.

miRNAs targeting 11b-HSD2

Among 5 miRNAs predicted to target 11b-HSD2, miR-498

was expressed significantly higher in cells cultured in LAA

medium than that in control medium (P \ 0.05, Fig. 2).

Cortisol and leptin concentrations in media

Cortisol was detected in the media of both control

(7.1 ± 1.1 ng/ml) and LAA (7.2 ± 1.4 ng/ml) groups.

Cortisol contents in both groups were lower than that in the

fresh medium in the absence of cells, no difference in

cortisol concentration was found between two groups.

Leptin was detected in both LAA and control media, with

significantly reduced concentration in LAA medium com-

pared with control after 48 h of culture (P \ 0.01, Fig. 3).

mRNA and protein expression of Ob-Rs, Ob-Rl

Both Ob-Rs and Ob-Rl mRNA abundances were found to

be significantly up-regulated in LAA cells as compared to

the control (P \ 0.05, Fig. 4). However, Western Blotting

analysis failed to detect significant alterations in the protein

contents of either Ob-Rs or Ob-Rl (Fig. 5).

Leptin and leptin signaling pathway inhibitors

on 11b-HSD2 activity

As shown in Fig. 6, leptin supplementation to LAA med-

ium prevented the decrease of 11b-HSD2 activity

(P \ 0.05) in LAA medium, whereas administration of

5 nM WP1066, an inhibitor for JAK-STAT pathway, and

50 nM PD98059, an inhibitor for MAPK pathway,

decreased 11b-HSD2 activity of cells cultured in control

medium (P \ 0.05, Fig. 7).

Discussion

It is reported that maternal nutrient restriction (50% of

NRC nutrient requirement) in ewes resulted in 17–35% of

decrease in the concentrations of 16 free amino acids on

day 78 of gestation, including the 8 essential amino acids,

in the maternal plasma (Kwon et al. 2004). Maternal pro-

tein restriction (60 g protein/kg diet) throughout pregnancy

in rats decreased maternal serum concentration of the

branched chain amino acids (valine, isoleucine and leu-

cine) by 29–36%, and the threonine concentration was

reduced by 80% compared with the control group fed on

180 g protein/kg diet (Rees et al. 1999). Similar results

have been reported in rats showing significantly decreased

maternal serum concentrations of the branched-chain

amino acids and/or the total essential amino acids under
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maternal protein restriction (Bhasin et al. 2009; Parimi

et al. 2004; Rees et al. 2006). BeWo cells have been used to

study the effects of amino acid restriction on amino acid

transport (Jones et al. 2006), in which DMEM Glutamax 1

was used as control, while the amino acid deprivation

medium was a balanced salt solution containing no non-

essential, and 50% essential amino acids used in MEM.

This may be suitable for investigating the short-term

(within 6 h) effects on amino acid transport, but may not be

suited for long-term effects. As we needed to maintain the

BeWo cells in healthy condition for at least 48 h to

investigate the effects of amino acid deficiency on the

expression and activity of 11b-HSD2, we chose F12K and

F12 media in the present study. The F12K is a standard

medium recommended for BeWo cell culture, containing

20 amino acids including the 8 essential amino acids. The

formula of F12 is similar to that of F12K in amino acid

composition, except that the amino acid concentrations are

approximately half of the F12K. No significant difference

was observed in the viability of the BeWo cells between

control and LAA media over 48 h.
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To our knowledge, this is the first study regarding the

effect of amino acid restriction on 11b-HSD2 expression

and activity in placental cells in vitro. In agreement with

the in vivo studies on maternal protein restriction (Langley-

Evans et al. 1996; Stocker et al. 2004), we found amino

acid restriction significantly decreased 11b-HSD2 protein

expression and activity in BeWo cells in vitro. However,

opposite changes were observed in 11b-HSD2 mRNA

abundance which was significantly increased in LAA

group. Recently, microRNAs (miRNAs), small non-coding

RNAs of 22 nt in average, are identified to play important

roles in post-transcriptional regulation by binding to the

complementary sequences of the targeting genes resulting

in mRNA cleavage or translational repression (Bartel

2004). The mismatch of mRNA and protein abundances

could be induced by miRNA-mediated post-transcriptional

regulation. We found a significant up-regulation of

miRNA-498, one of the five miRNAs predicted to target

11b-HSD2, in LAA group, indicating a possible role of

miRNA-498 in translational repression of 11b-HSD2

mRNA in BeWo cells subjected to amino acid deficiency.

The effects of amino acids on miRNA expression have

been reported previously in human skeletal muscle

(Drummond et al. 2009). Nevertheless, further studies are
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required to validate the post-transcriptional regulation

and/or translational repression functions of miRNA-498 on

11b-HSD2 under low amino acids challenge.

The present in vitro study demonstrated the direct

effects of low amino acids on 11b-HSD2 expression and

activity. Despite the fact that in vitro studies allow single

factor analysis compared to the in vivo studies in which

multiple factors interact, it remains a question whether the

effects are elicited directly by amino acids or mediated by

the hormones secreted from the BeWo cells per se.

Placenta is lacking enzyme P450c17 and not capable of

synthesizing cortisol de novo from cholesterol (Jeschke

et al. 2007). However, trophoblasts cells express predom-

inately 11b-HSD2 and are able to convert cortisol to

inactive cortisone. Cortisol was detected in both control

and LAA media as they contain 10% of FCS. After 48 h of

culture, the cortisol concentration in the supernatant was

lower than that in the fresh media used as blank control,

indicating the role of 11b-HSD2 under basal condition.

However, the cortisol concentrations in the supernatant did

not show significant difference between two groups,

probably because the cortisol in the media was too low to

saturate the activity of 11b-HSD2 in BeWo cells under

both control and LAA media. The radiometric conversion

assay allows more sensitive and reliable determination of

11b-HSD2 activity in BeWo cells.

Maternal protein restriction was reported to decrease

maternal serum leptin concentration in rats (Fernandez-

Twinn et al. 2003; Jansson et al. 2006). However, it was

not possible to clarify which of the major sources of leptin

in the pregnant mother, adipose tissue or placenta, or both,

are affected. In agreement with the previous reports

(Grosfeld et al. 2001; Nuamah et al. 2004; Wyrwoll et al.

2005; Yura et al. 1998), we confirmed that BeWo cells are

able to produce and secret leptin. Moreover, we observed,

for the first time, reduced leptin secretion from BeWo cells

under the challenge of amino acid deficiency.

Stocker et al. (2004) reported that treating the pregnant

rats with leptin prevented the reduction in placental 11b-

HSD2 activity induced by maternal low protein diet.

Consistent with the in vivo finding, leptin supplementation

prevented the decrease of 11b-HSD2 activity in LAA

medium. BeWo cells express both isoforms of leptin

receptor, the long form Ob-Rl and the short form Ob-Rs

(Magarinos et al. 2007). Leptin affects placental amino

acid transport by activating JAK-STAT signaling pathway

(von Versen-Hoynck et al. 2009), while leptin’s anti-

apoptotic effects on human trophoblastic cells are mediated

by MAPK pathway (Perez-Perez et al. 2008). Recently, it

was reported that leptin stimulates protein synthesis in the

human trophoblastic cells via the activation of MAPK and

PI3K pathways (Perez-Perez et al. 2009, 2010). In the

present study, WP1066 and PD98059 supplemented to the

control medium decreased the 11b-HSD2 activity of BeWo

cells, indicating that JAK-STAT and MAPK pathways are

involved in mediating the effects of amino acids on 11b-

HSD2 activity in BeWo cells.

In conclusion, the present study provides the first evi-

dence that low supply of amino acids reduces leptin

secretion from BeWo cells and diminishes 11b-HSD2

activity in BeWo cells through leptin-activated JAK-STAT

and MAPK pathways.
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