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Abstract

Antenatal overexposure to glucocorticoids causes fetal intrauterine growth restriction

(IUGR) and adult metabolic disorders. 11β-hydroxysteroid dehydrogenase (11β-HSD) 1

and 2 are key enzymes for glucocorticoid metabolism, however, the detailed effects of ante-

natal overexposure to glucocorticoids on placental 11β-HSD1 and 2 expression and adult

metabolic disorders remain obscure. Here, we report that, in placenta 11β-HSD1 is diffusely

localized, whereas 11β-HSD2 is specifically expressed in labyrinthine layer. Exposure of

pregnant dams to betamethasone significantly increases the expression of placental 11β-

HSD2 but not 11β-HSD1, and decreases the weights of fetuses but not placentas. Antenatal

exposure to betamethasone leads to either significant weight loss in the offspring younger

than 10-week-old, or weight gain in those older than 14-week-old. Furthermore, antenatal

exposure to betamethasone results in coexistence of various metabolic disorders in adult

offspring, including hyperglycemia, glucose intolerance, low insulin secretory capacity and

hyperlipidemia. The present study demonstrates that exposure of pregnant dams to beta-

methasone induces the expression of placental 11β-HSD2 but not 11β-HSD1, leads to fetal

IUGR and causes adult metabolic disorders, providing evidence for fetal origins of adult dis-

eases and the potential role of placental 11β-HSD2 in them.

Introduction

11β-hydroxysteroid dehydrogenase (11β-HSD) is a key enzyme for metabolism of glucocorti-

coids (GC), and two types of 11β-HSD, including11β-HSD1 and 11β-HSD2, have been charac-

terized and successfully cloned from both human and rodent tissues [1, 2]. 11β-HSD1 is

expressed in numerous human tissues, such as liver, testis, ovary, lung, and placenta as well,

and it converts biologically inert 11-ketoglucocorticoids (cortisone, 11-dehydrocorticosterone)

into active 11β-hydroxyglucocorticoids (cortisol, corticosterone). In human placenta, 11β-

HSD1 is abundantly localized in decidua where it guarantees enough active GC to maintain
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local immunosuppressive effects for the blastocyst implantation and immunological tolerance

to the alien tissue [1,3,4]. 11β-HSD2 is expressed in mineralocorticoid target tissues, such as

kidney, salivary glands, ileum, distal colon, and placenta [5], and it functions as an exclusive

dehydrogenase for endogenous steroids (cortisol and corticosterone). In humans, 11β-HSD2

catalyzes their unidirectional conversion to inactive 11-oxo metabolites, converting cortisol to

the inactive GC, cortisone; in rodents, it catalyzes corticosterone into dehydrocorticosterone.

In human placenta, 11β-HSD2 is selectively expressed in the syncytiotrophoblasts [6], forming

a GC barrier to block more than 5~10 folds of maternal GC into fetal blood circulation [7, 8].

Metabolic syndrome is characterized by the variable coexistence of obesity, hyperglycemia,

insulin resistance, dyslipidemia and hypertension [9]. A large number of epidemiological stud-

ies indicate that adverse pregnant environments lead to intrauterine growth restriction

(IUGR), low birth weight as well as premature birth, and these risk factors permanently decide

and "code" (programming) metabolic syndrome in adulthood, increasing the incidence of fetal

origin of adult diseases (FOAD) including type II diabetes, hyperlipidemia, hypertension and

coronary heart disease [9,10]. Among these adverse pregnant environments, exposure of the

fetus to excessive GC due to chronic maternal stress plays very important roles in origin of

IUGR and low birth weight, and is one of the main factors "imprinting" FOAD [10–12] As GC

is important for the development of not only intrauterine but also postnatal fetuses, maternal

GC levels in circulation increase and reach values in the range seen in Cushing’s syndrome in

normal pregnancy [12,13]. GC levels in intrauterine fetuses are controlled by placental gluco-

corticoid barrier during gestation. Normally, 11β-HSD2 in the placental syncytiotrophoblast

layer catalyzes maternal active cortisol into inactive cortisone, blocking the entering of cortisol

to the fetus [14]. However, when the endogenous maternal GC levels are markedly increased

under stress, either the high levels of maternal GC exceeding the capacity of placental 11β-

HSD2 for inactivation of excessive GC or pathological conditions impairing placental func-

tions could lead to fetal overexposure to GC [15].

It is well established that intrauterine overexposure to GC induces fetal IUGR, hyperglyce-

mia and hypertension in adult offspring [9]. Though placental 11-βHSD expressions are regu-

lated by synthetic GC treatment and GC programming of glucose intolerance in the adult

offspring[16–19], the detailed effects of GC overexposure during pregnancy on placental 11β-

HSD expression and lipid homeostasis in adult offspring remain obscure. In the present study,

we examined the expression patterns for both 11β-HSD1 and 11β-HSD2 in murine placenta in

different stages, and then modeled murine IUGR through antenatal exposure to synthetic ste-

roid derivative, betamethasone (BTM), which is not metabolized by 11β-HSD2, and thus can

be poured into the fetuses like dexamethasone [2,20–22], to investigate the effects of exposure

to BTM on placental 11β-HSD1 and 2 expression and on adult metabolic disorders.

Materials and methods

Chemicals and reagents

Betamethasone (CASNo. 378-44-9) was obtained from Melone Pharmaceutical Co., Ltd.

(Dalian, China), and streptavidin-horseradish peroxidase (HRP) kit was from CoWin Biosci-

ence Co., Ltd. (Beijing, China). Rabbit polyclonal anti-11β-HSD2 (H-145), anti-β-actin, and

anti-α-tubulin antibodies were purchased from Beyotime Institute of Biotechnology, Inc.

(Shanghai, China), and rabbit polyclonal anti-11β-HSD1 was purchased from Abcam Ltd.

(Cambridge, MA). Rat/mouse insulin ELISA kit was obtained from EMD Millpore Co. (Biller-

ica, MA), and mouse corticosterone ELISA kit was from Abnova Co. (Taipei City, Taiwan).

Glucose (GLU) test kit, triglyceride (TG) test kit, total cholesterol (TC) test kit, serum high-

density lipoprotein cholesterol (HDL-C) test kit and serum low-density lipoprotein cholesterol
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(LDL-C) test kit were obtained from Nanjing Jiancheng Bioengineering Institute (Nanjing,

China). All other chemicals were of reagent grade.

Animals

Eight-week-old ICR mice with the weights of 22 ± 0.5 g for females and 26 ± 0.6 g for males

were purchased from Shanghai Slac Laboratory Animal Co., Ltd. (China, Certificate No. 2007–

0005). All mice were housed in a room maintained at 23 ± 2˚C with 50 ± 10% humidity and a

12-h light 12-h dark cycle (lights on from 8:00 a.m. to 8:00 p.m.). Mice were allowed free access

to tap water and regular rodent chow. All the animal care and handling procedures were

approved by the Institutional Animal Care and Use Committee of Zhejiang University ([2016]

040). Every two female mice were mated with one male mouse, and the plugged mice were

used for further experiments. For timed mating, day 0.5 of pregnancy (E0.5) was defined as the

morning on the day a vaginal plug was found after overnight mating.

Procedure of experiments

To determine the localization and expression of 11β-HSD1 and 2 in murine placentas of differ-

ent embryonic stages, the placentas were harvested at E11.5, E13.5, E15.5 and E17.5 (or E18.5),

respectively. Each time-point contains three pregnant dams. To investigate the effects of expo-

sure to BTM on the expression of 11β-HSD1 and 2 in placentas, we subcutaneously injected

the pregnant dams at E8.5, E9.5, E10.5 and E14.5 (or E15.5) with either normal saline (NS) or

BTM at 600 μg/kg/d for 4 d. Each group contains twelve pregnant dams (three each time-

point). Eight hours after last injection, the placentas were harvested at E11.5, E12.5, E13.5 and

E17.5 (or E18.5), respectively, and were subject to preparation of protein samples for determi-

nation of 11β-HSD1 and 11β-HSD2 protein levels by western blots. To investigate the effects

of exposure to BTM on the fetal and placental weights and metabolic disorders, we subcutane-

ously injected the pregnant dams with NS or BTM at either 400 or 600 μg/kg/d from E14.5 for

4 d. Each group contains twelve pregnant dams. BTM was dissolved in ethanol. Briefly, 50 mg

BTM powder was dissolved with 7.5 ml ethanol to make the BTM solution. When injection,

500 μl BTM solution was diluted by 500 ml saline to make the working solution with the final

concentration of 10 mg/150 ml. Eighteen pregnant dams were sacrificed at E18.5 for weighing

the fetuses and placentas, and the rest of them (eighteen pregnant dams) underwent further

bearing. After weaned, the pups from either NS- or BMT-treated pregnant dams were fed with

high-fat diets containing 16.20% calories as fat (M04-F, Shanghai Slac Laboratory Animal Co.,

Ltd., Shanghai, China), and were weighed and subjected to various assays including glucose

tolerance test, serum glucose determination, measurements of insulin secretory capacity,

serum corticosterone and lipid determination in different postnatal stages. Mice were eutha-

nized with CO2, all efforts were made to minimize suffering. All experiments were repeated

three times.

Immunohistochemistry

After the murine placentas were fixed with 10% neutralized formalin for 24 h, the paraffin-

embedded placental sections (6 μm) were prepared, and underwent deparaffinization and

rehydration. After that, sections were boiled in Tris-EDTA buffer (pH 9.0) for antigen

retrieval, and endogenous peroxidase activity was inactivated by incubation with 0.3% H2O2

for 20 min. After blocked with rabbit normal serum at room temperature for 60 min, sections

were incubated with normal rabbit IgG (negative control), primary rabbit polyclonal anti-11β-

HSD2 antibody (1:50) or anti-11β-HSD1 antibody (1:100) overnight at 4˚C. After rinsed, sec-

tions were incubated with the secondary HRP-labeled goat anti-rabbit IgG for 30 min at room
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temperature. Then, the sections were subjected to 3, 3’-diaminobenzidine (DAB) chromogenic

reaction by incubation for 10 min at room temperature. After termination of the reaction, the

sections were counter-stained with hematoxylin and examined using Olympus microscopy.

Western blot

The protein extraction and western blot were described previously [23, 24]. Briefly, after

thawed in lysis buffer (50 mM Tris–Cl, pH7.4, 150 mM NaCl, 1% Triton-X-100, and 0.5 mM

EDTA) containing protease inhibitor cocktail (Santa Cruz Biotechnology, Santa Cruz, CA),

the placentas were homogenized. The lysates were centrifuged at 13000 g for 30 min at 4˚C,

and the protein samples (25 μg protein/well) were subjected to SDS-PAGE electrophoresis in a

10% gel, and were transferred to a PVDF membrane. Immunoblotting was performed with

rabbit polyclonal 11β-HSD1 and anti-11β-HSD2 antibodies, respectively. A peroxidase-conju-

gated anti-rabbit IgG was used as a secondary antibody, and the immunoreactive bands were

visualized with an ECL system (Thermo Fisher Scientific). Either α-tubulin or β-actin was

used as internal controls for quantification of 11β-HSD2 and 11β-HSD1 expression, respec-

tively. Image software from National Institutes of Health was used to quantify the immunore-

active bands (ImageJ sofware, http://rsb.info.nih.gov/ij/download.html), and the normalized

antigen signals were calculated from 11β-HSD2-, 11β-HSD1-, α-tubulin-derived or β-actin-

derived signals. The mean levels that arose from E11.5 were defined as 1.

Glucose and insulin determination and glucose tolerance test

After adult offspring at different ages were fasted for 12 h, they were subjected to isolation of

sera for determination of glucose levels by a glucose (GLU) test kit according to the manufac-

ture’s instruction. The glucose tolerance test was performed in adult offspring at 16-week-old,

after they were fasted for 12 h. Blood was collected from the caudal vein. The sera was isolated

for determination of glucose levels right after orally administrated with glucose at 2.0 g/kg for

0, 1, 2 and 4 h, respectively, and the sera was isolated for determination of insulin levels, right

after orally administrated with the same dosage of glucose for 0, 15, 30 and 60 min, respec-

tively. The inter-assay and intra-assay coefficients of variation were 5% and 5% for Glucose

test kit, and were 3.6% and 4.5% for insulin ELISA kit, respectively.

ELISA assay for serum corticosterone levels

After fasted for 12 h, the adult offspring at different ages were subjected to isolation of sera for

determination of corticosterone levels by ELISA kits according to the manufacture’s instruc-

tion. For the corticosterone ELISA kit, the inter-assay and intra-assay coefficients of variation

were 3.7% and 4.5%, respectively.

Determination of serum lipid levels

Serum triglyceride (TG), total cholesterol (TC), high-density lipoprotein cholesterol (HDL-C)

and low-density lipoprotein cholesterol (LDL-C) were determined by using TG enzymatic test

kit, TC enzymatic test kit, HDL-C test kit and LDL-C test kit, respectively. The inter-assay and

intra-assay coefficients of variation were 3% and 5% for TG determination, 3% and 5% for TC

determination, 5% and 5% for HDL-C determination, 10% and 10% for LDL-C determination,

respectively.
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Statistics

Numerical data were presented as means ± SEM, and were analyzed by two-Way ANOVA and

Tukey’s multiple comparisons test with SPSS software (Chicago, IL). Significance was assessed

at p<0.05 and p<0.01 levels. All the experiments were triplicated, and the results were qualita-

tively identical. The representative results are shown.

Results

Expression of 11β-HSD1 and 2 in murine placentas

To determine the localization and expression of 11β-HSD1 and 2 in murine placentas of differ-

ent embryonic stages, we performed immunohistochemistry and western blot assays. 11β-

HSD2 was specifically localized in the labyrinthine layer of murine placentas, and was

expressed at from E11.5 to E18.5 (Fig 1A–1D). And, at E13.5, the expression level of 11β-

HSD2 reached a peak (Fig 1A–1D). Consistent with the immunohistochemistry findings,

Fig 1. Expression of 11β-HSD1 and 2 in murine placentas in different stages. The murine placentas at E11.5 (A, F), E13.5 (B, G), E15.5 (C, H),

E17.5 (I) and E18.5 (D) were harvested for determination of either 11β-HSD1 or 11β-HSD2 expression by immunohistochemistry stainings (A-D,

F-I) and western blot assays (E, J), respectively. The relative expression of 11β-HSD1 and 2 were normalized by internal control β-actin and α-

tubulin values, respectively, the mean levels arose from E11.5 were defined as 1, and quantitative information was provided. Representative data

from three independent experiments are shown. Data are expressed as means ± SEM, ��p< 0.01 versus E11.5.

https://doi.org/10.1371/journal.pone.0203802.g001
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western blot assays revealed that 11β-HSD2 level was increased from E11.5 to E13.5, gradually

decreased from E15.5 to E18.5, and reached to almost undetectable one at E18.5 (Fig 1E). In

contrast, 11β-HSD1 was mainly distributed in the decidua and spongiotrophoblast layer of

murine placenta at E11.5 and E13.5, and was diffusely expressed in both spongiotrophoblast

and labyrinthine layers at E15.5 and E17.5 (Fig 1F–1I). Unlike 11β-HSD2, the 11β-HSD1 was

expressed almost evenly in different embryonic stages (Fig 1J).

Effects of BTM on the expression of 11β-HSD1 and 2

Both 11β-HSD1 and 2 are rate-limiting enzymes for GC metabolism. To investigate whether

GC affected their expression, we administrated the pregnant dams with either NS or BTM at

600 μg/kg/d for 4 d, and harvested the placentas at E11.5, E12.5, E13.5, and E17.5 (or E18.5)

for determination of 11β-HSD1 and 2 protein levels by western blots. Exposure to BTM at

600 μg/kg/d induced placental 11β-HSD2 levels to a different extent from E11.5 to E17.5, and

the maximal induction was achieved at E13.5 (Fig 2A and 2B). However, exposure to BTM at

600 μg/kg/d for 4 d did not affect the 11β-HSD1 protein levels at all (Fig 2C and 2D).

Effects of exposure to BTM on the weights of placentas and offspring

To examine the long-term effects of exposure to BMT on the weights of placentas and off-

spring, we administrated the pregnant dams with either NS or BTM at 400 or 600 μg/kg/d for

4 d (from E14.5 to E17.5). The placentas and intrauterine fetuses were weighed at E18.5, and

postnatal offspring were weighed in different developmental stages after weaning. The fetal

weights were significantly declined at E18.5 in the pregnant dams challenged with BTM at 600

but not at 400 μg/kg/d (Fig 3A), and the placental weights in the pregnant dams treated with

either 400 or 600 μg/kg/d of BMT were not significantly changed (Fig 3B). Exposure to BMT

at 600 but not 400 μg/kg/d led to the significant reduction in body weights of the postnatal off-

spring younger than 10-week-old, whereas BMT at either 600 or 400 μg/kg/d led to the signifi-

cant increases in body weights of the postnatal offspring older than 14-week-old (Fig 3C).

Interestingly, a decline with no significance in the body weight in the control group after

14-week could be observed as well.

Effects of exposure to BTM on glucose homeostasis and insulin secretion

To examine the effects of antenatal exposure to GC on glucose homeostasis and insulin secre-

tory capacity, we determined serum glucose levels, glucose tolerance and insulin secretory

capacity in adult offspring fasted for 12 h. Within 8 to 16 postnatal weeks, the fasting glucose

levels were significantly higher in the offspring exposed to BTM at 600 μg/kg/d than in those

exposed to BTM at 400 μg/kg/d or NS (Fig 4A). In the glucose tolerance test, within 4 h, the

serum glucose levels in the 16-week-old offspring exposed to BTM at 600 μg/kg/d were signifi-

cantly higher than those in the offspring exposed to BTM at 400 μg/kg/d or NS (Fig 4B). In the

insulin secretory capacity tests, fasting insulin levels were quite low, but exhibited no signifi-

cant difference in the offspring antenatally exposed to NS, BTM at 400 μg/kg/d or BTM at

600 μg/kg/d, however, glucose challenges led to significantly lower insulin secretion in the off-

spring exposed to BTM at 600 μg/kg/d than in those exposed to BTM at 400 μg/kg/d or NS

(Fig 4C).

Effects of exposure to BTM on serum corticosterone and lipid levels

To evaluate the effects of antenatal exposure to BTM on corticosterone and lipid homeostasis

in adult offspring, we performed serum corticosterone and lipid determination in the
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Fig 2. Effects of exposure to BTM on expression of placental 11β-HSD1 and 2. Pregnant dams were subcutaneously

injected with normal saline (-) or BTM at 600 μg/kg/d (+) for 4 d, and the placentas were harvested at E11.5, E12.5,

E13.5 and either E17.5 or E18.5, respectively. The placentas were further subjected to protein extraction and western

blots for determination of 11β-HSD1 and 2 protein levels. The relative expression of 11β-HSD1 and 2 were normalized

by internal control β-actin and α-tubulin values, respectively. Data are expressed as means ± SEM (each n = 6 from 3

littermates). �p< 0.05, ��p< 0.01 versus exposure to normal saline (-).

https://doi.org/10.1371/journal.pone.0203802.g002
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16-week-old offspring exposed to BTM at 600 μg/kg/d, BTM at 400 μg/kg/d or NS. The corti-

costerone levels exhibited no significant difference between the offspring exposed to BTM at

600 μg/kg/d, BTM at 400 μg/kg/d and NS (Fig 5A). However, the serum TG, TC, LDL-C, and

HDL-C levels were significantly higher in the offspring prenatally exposed to BTM at 600 μg/

kg/d than in those prenatally exposed to BTM at 400 μg/kg/d or NS (Fig 5B–5E).

Discussion

The present study examined the localization of 11β-HSD1 and 2 in murine placenta, and dem-

onstrated that exposure of pregnant dams to BTM induced the expression of placental 11β-

HSD2 but not 11β-HSD1, led to fetal IUGR and caused adult metabolic disorders. To our

knowledge, we suggested, for the first time, that BTM induced 11β-HSD2 expression in

murine placenta, and that antenatal exposure to BTM resulted in the disorders of glucose and

lipid homeostasis in adult offspring.

11β-HSD1 is mainly distributed in the decidua and placental spongiotrophoblast layer in

the early gestational stages, and is diffusely expressed in the murine placenta of late gestational

Fig 3. Effects of exposure to BTM on weights of placentas and offspring. Pregnant dams (each n = 12) were

subcutaneously injected with BTM at 0, 400 or 600 μg/kg/d for 4 d from E14.5 to E17.5, and the fetuses (A) and

placentas (B) (45 samples for each treatment) from 6 littermates were harvested and weighed at E18.5, respectively.

After weaned, the pups (42 samples for each treatment) from the rest 6 littermates were fed with high-fat diets, and

were weighed in indicated stages (C). Data are expressed as means ± SEM. �p< 0.05, ��p< 0.01, BTM at 600 μg/kg/d

versus at 0 μg/kg/d; †p< 0.05, BTM at 400 μg/kg/d versus at 0 μg/kg/d.

https://doi.org/10.1371/journal.pone.0203802.g003
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stages. However, 11β-HSD2 expression is restricted to labyrinthine layer of murine placenta

(Fig 1). These findings are consistent with previous literature that describes the expression pat-

terns of 11β-HSD1 and 2 in placentas [25]. We suggest the expression patterns of 11β-HSD1

and 2 correspond well with their functions that 11β-HSD1 in decidua guarantees enough

active GC to maintain local immunosuppressive effects for the blastocyst implantation and

immunological tolerance to the alien tissue [3, 4, 26], and that 11β-HSD2 in labyrinthine layer

inactivates the active form of GC to form a placental GC barrier protecting the embryo from

the maternal GC attack during embryonic development [27]. However, the physiological sig-

nificance of placental 11β-HSD1 expressed in placental spongiotrophoblast layer of early stages

and in both spongiotrophoblast and labyrinthine layers of late stages remains unclear. We sup-

pose that the expression patterns of 11β-HSD1 are consistent with the developmental patterns

of murine placenta, and the expression of 11β-HSD1 could provide enough GC for the devel-

opment of placenta itself. Further experiments need to be set up to test this hypothesis. In addi-

tion, the expression of placental 11β-HSD2 reaches the peak at E13.5, and then significantly

declines with advancing gestation (Fig 1). This expression pattern of 11β-HSD2 corresponds

Fig 4. Effects of antenatal exposure to BTM on glucose homeostasis and insulin secretory capacity of the adult offspring.

Pregnant dams were subcutaneously injected with BTM at 0, 400 or 600 μg/kg/d (each n = 12) for 4 d from E14.5 to E17.5. After

weaned, the pups were fed with high-fat diets, and were subjected to further assays. (A) Serum glucose determination. The adult

offspring (42 samples from 6 littermates for each treatment) at different ages were fasted for 12 h, and were subjected to isolation

of sera for determination of glucose levels. (B) Glucose tolerence test and (C) insulin secretory capacity. Analyses of the area

under the glucose tolerance test curve were provided (B, right). The adult offspring (42 samples from 6 littermates for each

treatment) at 16-week-old were fasted for 12 h, and were orally administrated with glucose at 2 g/kg. 0, 1, 2 and 4 h after

administration, the sera were isolated for determination of glucose levels; 0, 15, 30 and 60 min after administration, the sera were

isolated for determination of insulin levels. �p< 0.05, ��p< 0.01 versus antenatal exposure to BTM at 0 μg/kg/d.

https://doi.org/10.1371/journal.pone.0203802.g004
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with the developmental patterns of placental labyrinthine layer which originates from chorio-

allantoic attachment at E8.0, and is maturated at around E13.5 [28]. The expression levels of

placental 11β-HSD2 in different gestational stages are also well consistent with the maternal

serum GC levels which rise from the non-pregnant value of 2.3 μg/dl to 15.2 μg/dl on d 10, and

further rise to and reach a peak of 138.3 μg/dl on d 16 [29].

Interestingly, antenatal exposure to BTM at 600 μg/kg/d increases 11β-HSD2 but not 11β-

HSD1 expression at protein level (Fig 2). We suppose that the increase of 11β-HSD2 expres-

sion is resulted from the induction of its mRNA levels, since VE Murphy et al. proposed that

BTM-induced 11β-HSD2 expression was caused by increased 11β-HSD2 transcription,

enhanced mRNA stability and prolonged mRNA half-life mediated by activated glucocorticoid

receptor (GR) [30]. Correspondingly, previous literature reported that maternal BTM admin-

istration dramatically increased 11β-HSD2 but not 11β-HSD1mRNA and protein levels in the

baboon placentas [31]. However, another study described that significant increases in placental

11β-HSD2 mRNA expression was found in rats treated with dexamethasone, whereas this

Fig 5. Effects of antenatal exposure to BTM on serum corticosterone and lipid levels of adult offspring. Pregnant

dams were subcutaneously injected with BTM at 0, 400 or 600 μg/kg/d (each n = 12) for 4 d from E14.5 to E17.5. After

weaned, the pups were fed with high-fat diets, and were subjected to further assays. At 16-week-old, the offspring (45

samples for each treatment) were sacrificed for determination of serum corticosterone (A),TG (B), TC (C), LDL-C (D)

and HDL-C (E) levels. Data are expressed as means ± SEM. ��p< 0.01 versus BTM at 0 μg/kg/d.

https://doi.org/10.1371/journal.pone.0203802.g005
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alteration was not observed at protein levels [32]. The inconsistency among different studies

could be due to the difference in the animal strains, duration of GC administration, and dosing

and timing of exposure during gestation. The pharmacological significance for BTM-induced

11β-HSD2 expression is of great interest, we suppose that BTM-induced 11β-HSD2 expression

results in the increased of 11β-HSD2 activities to counteract the effects of GC, and to further

protect the fetus from the maternal GC attack, which could be a self-defensive mechanism for

the organism.

It has been well established that intrauterine exposure of GC resulted in IUGR [9], and this

effect is observed in the present study as well (Fig 3), exhibiting that exposure of pregnant

dams to BTM at term gestation significantly decreases the fetal but not the placental weights.

Though the precise mechanism has not been clearly investigated, at least, exposure of fetus to

excessive GC depressing fetal adrenal function was one important reason for GC-induced

IUGR, as described previously [33]. In the present study, the lower body weights exist in the

offspring antenatal exposure to BTM at 600 μg/kg/d but not 400 μg/kg/d, and last until

9-week-old, whereas antenatal exposure to BTM at either 600 μg/kg/d or 400 μg/kg/d leads to

significantly higher body weights in more than 14-week-old offspring (Fig 3). In humans and

rodents, the acute effects of GC manifest in weight loss rather than weight gain, whereas

chronic GC excess in human, such as Cushing’s syndrome and metabolism syndrome, mani-

fests in long-term weight gain [34, 35]. Thus, we suggest that the turnover of the body weights

in the adult offspring between 9- and 14-week-old could signal the occurrence of metabolic

syndrome. This hypothesis is consistent with clinical findings that weight change is a predictor

of incidence of metabolic syndrome and remission of insulin resistance [36], and is further

attested by our findings that in 16-week-old offspring, the weight gain is closely related to the

glucose intolerance, low insulin secretory capacity and high levels of serum lipids (Figs 4 and

5), which are the properties of metabolic syndrome [37].

Antenatal exposure to BTM at 600 μg/kg/d led to hyperglycemia, glucose intolerance and

low capacity of insulin secretion in the 16-week-old offspring (Fig 5). These findings are con-

sistent with the mounting previous evidence that subtle abnormalities in metabolism occurred

in the adult offspring prenatally overexposed to GC [38]. Many potential mechanisms contrib-

ute to GC-producing glucose intolerance in later life. In the rodents, prenatal exposure to

BTM facilitates BTM passage to the fetus [39, 40], and BTM inhibits insulin release and islet

beta-cell replication in vitro, thus, excessive exposure to GC may permanently reduce beta-cell

mass, and result in impaired glucose tolerance [41]. In addition, GC opposes the effects of

insulin leading to GC-induced insulin resistance which diminishes the suppression of glucose

production and reduces peripheral glucose uptake [42]. Furthermore, the prenatal “program-

ming” effect of GC is another potential mechanism underlying GC-induced disturbance of

glucose homeostasis, and several definite candidate genes for programming effects, such as

hepatic phosphoenolpyruvate carboxykinase (PEPCK) and 11β-HSD1 are regulated by GC

through GR [43].

Up to date, antenatal overexposure to GC-induced disorders of lipid homeostasis in the

adult offspring has not been well investigated, and to our knowledge, the present study, for the

first time, shows that prenatal GC overexposure induces the adult offspring hyperlipidemia

manifesting as high levels of serum TG, TC, LDL-C and HDL-C. These data partially corre-

spond to the previous studies showing that GC administration in the patients results in a sig-

nificant increase of serum HDL-C but not TC, TG and LDL-C levels [44, 45], the subtle

difference between GC administration and prenatal GC exposure in disorders of lipid homeo-

stasis is not well defined, however, we suppose that high levels of HDL-C but not TC, TG or

LDL-C in GC-administrated patients could be due to the direct effects of GC on lipid metabo-

lism, whereas high levels of serum TG, TC, LDL-C and HDL-C in animals antenatally exposed
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to GC could be resulted from “programming” effects of GC on the genes of lipogenase and

lipase. Unlike Cushing’s syndrome that exhibits an increase in circulating very-low density

lipoprotein (VLDL) and LDL, but not HDL, with consequent elevation of TG and TC levels

[38], prenatal GC exposure-produced disturbance of lipid homeostasis in later life of offspring

could not be resulted from the high serum corticosterone levels, since the present study shows

that prenatal exposure to BTM at 600 mg/kg/d leads to no significant changes in serum corti-

costerone levels of 16-week-old offspring (Fig 5). It is plausible to suggest that overexposure of

fetus to GC may permanently “programming” the abnormalities of lipid metabolism in adult

offspring [43]. Previous studies indicate that GC induces several “programming” genes encod-

ing enzymes in hepatic de novo lipogenesis and TG synthesis, including acetyl-CoA carboxyl-

ase 1 and 2, which encode rate-controlling enzymes in the fatty acid synthesis pathway, and

fatty acid synthase (FASN), which encodes another rate-limiting enzyme in lipogenesis in

many tissues [46–48]. However, the precise mechanism underlying the prenatal “program-

ming” effects of GC has not yet been clearly investigated. Undoubtedly, there exists many key

players involved in the postnatal metabolic syndrome, among which, the epigenetic mecha-

nism, such as histone acetylation and DNA methylation, may help to shed light on many

aspects responsible for the long-term “programming” of disease, and may provide great hope

for therapeutic intervention [49]. In addition, given that GC has diverse effects other than up-

regulation of placental 11β-HSD2, the observed IUGR and metabolic phenotypes in offspring

could be interpreted with appreciation of other mechanisms besides placental 11β-HSD2.

Conclusions

In conclusion, exposure of pregnant dams to BTM during the term gestation results in IUGR

and induction of 11β-HSD2 but not 11β-HSD1 expression in placenta, and leads to the disor-

ders of glucose and lipid homeostasis in adult offspring, providing evidence of 11β-HSD2 in

fetal origins of adult diseases.

Acknowledgments

We thank Drs. Monika Kruse (Washington University in St. Louis, MO) and Marco Marrero

(Central University of Venezuela) for discussing of this work and correcting grammatical

errors.

Author Contributions

Conceptualization: Li Ni, Chaochun Zou.

Data curation: Chao Tang.

Formal analysis: Li Ni.

Methodology: Yibin Pan.

Project administration: Chao Tang.

Resources: Yibin Pan.

Software: Wenyi Xiong.

Supervision: Ximei Wu.

Visualization: Chaochun Zou.

Writing – original draft: Ximei Wu.

Writing – review & editing: Chaochun Zou.

Role of betamethasone in pregnancy

PLOS ONE | https://doi.org/10.1371/journal.pone.0203802 September 13, 2018 12 / 15

https://doi.org/10.1371/journal.pone.0203802


References
1. Quinkler M, Oelkers W, Diederich S. Clinical implications of glucocorticoid metabolism by 11b-hydro-

xysteroid dehydrogenases in target tissues. Eur J Endocrinol.2001; 144:87–97. PMID: 11182744

2. Thompson A, Han VK,Yang K. Differential expression of 11beta-hydroxysteroid dehydrogenase types 1

and 2 mRNA and glucocorticoid receptor protein during mouse embryonic development. J Steroid Bio-

chem Mol Biol.2004; 88:367–75. https://doi.org/10.1016/j.jsbmb.2003.12.014 PMID: 15145446

3. Arcuri F, Monder C, Lockwood CJ, Schatz F. Expression of 11β-hydroxysteroid dehydrogenase during

decidualization of human endometrial stromal cells. Endocrinology.1996; 137:595–600. https://doi.org/

10.1210/endo.137.2.8593807 PMID: 8593807

4. Baggia S, Albrecht ED, Babischkin JS, Pepe GJ. Interconversion of cortisol and cortisone in baboon tro-

phoblast and decidua cells in culture. Endocrinology.1990; 127:1735–41. https://doi.org/10.1210/endo-

127-4-1735 PMID: 2401233

5. Burton PJ, Waddell BJ. Dual function of 11beta-hydroxysteroid dehydrogenase in placenta: modulating

placental glucocorticoid passage and local steroid action. Biol Reprod.1999; 60:234–40. PMID:

9915986

6. Krozowski Z, MaGuire JA, Stein-Oakley AN, Dowling J, Smith RE, Andrews RK. Immunohistochemical

localization of the 11 beta-hydroxysteroid dehydrogenase type II enzyme in human kidney and pla-

centa. J Clin Endocrinol Metab.1995; 80:2203–9. https://doi.org/10.1210/jcem.80.7.7608280 PMID:

7608280

7. Ferrari P, Krozowski Z. Role of the 11beta-hydroxysteroid dehydrogenase type 2 in blood pressure reg-

ulation. Kidney int.2000; 57:1374–81. https://doi.org/10.1046/j.1523-1755.2000.00978.x PMID:

10760070

8. Hirasawa G, Sasano H, Takahashi K, Fukushima K, Suzuki T, Hiwatashi N, et al. Colocalization of 11

beta-hydroxysteroid dehydrogenase type II and mineralocorticoid receptor in human epithelia. J Clin

Endocrinol Metab.1997; 82:3859–63. https://doi.org/10.1210/jcem.82.11.4337 PMID: 9360552

9. Seckl JR, Holmes MC. Mechanisms of disease: glucocorticoids, their placental metabolism and fetal

’programming’ of adult pathophysiology. Nat Clin Pract Endocrinol Metab.2007; 3:479–88. https://doi.

org/10.1038/ncpendmet0515 PMID: 17515892

10. Achard V, Boullu-Ciocca S, Desbriere R, Grino M. Perinatal programming of central obesity and the

metabolic syndrome: role of glucocorticoids. Metab Syndr Relat Disord.2006; 4:129–37. https://doi.org/

10.1089/met.2006.4.129 PMID: 18370759

11. Murphy VE, Smith R, Giles WB, Clifton VL. Endocrine regulation of human fetal growth: the role of the

mother, placenta, and fetus. Endocr Rev.2006; 27:141–69. https://doi.org/10.1210/er.2005-0011 PMID:

16434511

12. Michael AE, Papageorghiou AT. Potential significance of physiological and pharmacological glucocorti-

coids in early pregnancy. Hum Reprod Update.2008; 14:497–517. https://doi.org/10.1093/humupd/

dmn021 PMID: 18552168

13. Li A, Hardy R, Stoner S, Tuckermann J, Seibel M, Zhou H. Deletion of mesenchymal glucocorticoid

receptor attenuates embryonic lung development and abdominal wall closure. PLoS One.2013; 85:

e63578.

14. Wachter R, Masarik L, Burzle M, Mallik A, von Mandach U. Differential expression and activity of

11beta-hydroxysteroid dehydrogenase in human placenta and fetal membranes from pregnancies with

intrauterine growth restriction. Fetal Diagn Ther.2009; 25:328–35. https://doi.org/10.1159/000235879

PMID: 19776596

15. Das UG, Sysyn GD. Abnormal fetal growth: intrauterine growth retardation, small for gestational age,

large for gestational age. Pediatr Clin North Am.2004; 51:639–54. PMID: 15157589

16. Lindsay RS, Lindsay RM, Waddell BJ, Seckl JR. Prenatal glucocorticoid exposure leads to offspring

hyperglycaemia in the rat: studies with the 11 b-hydroxysteroid dehydrogenase inhibitor carbenoxolone.

Diabetologia.1996; 39:1299–1305. PMID: 8932995

17. Seckl JR. Prenatal glucocorticoids and long-term programming. European journal of endocrinol-

ogy.2004; 151(Suppl 3):49–62.

18. Welberg LAM, Seckl JR, Holmes MC. Inhibition of 11b-hydroxysteroid dehydrogenase, the foeto-pla-

cental barrier to maternal glucocorticoids, permanently programs amygdala GR mRNA expression and

anxiety-like behaviour in the offspring. European Journal of Neuroscience.2000; 12: 1047–1054. PMID:

10762336

19. Welberg LAM, Thrivikraman KV, Plotsky PM. Chronic maternal stress inhibits the capacity to up-regu-

late placental 11β-hydroxysteroid dehydrogenase type 2 activity. Journal of endocrinology.2005;

186:7–12.

Role of betamethasone in pregnancy

PLOS ONE | https://doi.org/10.1371/journal.pone.0203802 September 13, 2018 13 / 15

http://www.ncbi.nlm.nih.gov/pubmed/11182744
https://doi.org/10.1016/j.jsbmb.2003.12.014
http://www.ncbi.nlm.nih.gov/pubmed/15145446
https://doi.org/10.1210/endo.137.2.8593807
https://doi.org/10.1210/endo.137.2.8593807
http://www.ncbi.nlm.nih.gov/pubmed/8593807
https://doi.org/10.1210/endo-127-4-1735
https://doi.org/10.1210/endo-127-4-1735
http://www.ncbi.nlm.nih.gov/pubmed/2401233
http://www.ncbi.nlm.nih.gov/pubmed/9915986
https://doi.org/10.1210/jcem.80.7.7608280
http://www.ncbi.nlm.nih.gov/pubmed/7608280
https://doi.org/10.1046/j.1523-1755.2000.00978.x
http://www.ncbi.nlm.nih.gov/pubmed/10760070
https://doi.org/10.1210/jcem.82.11.4337
http://www.ncbi.nlm.nih.gov/pubmed/9360552
https://doi.org/10.1038/ncpendmet0515
https://doi.org/10.1038/ncpendmet0515
http://www.ncbi.nlm.nih.gov/pubmed/17515892
https://doi.org/10.1089/met.2006.4.129
https://doi.org/10.1089/met.2006.4.129
http://www.ncbi.nlm.nih.gov/pubmed/18370759
https://doi.org/10.1210/er.2005-0011
http://www.ncbi.nlm.nih.gov/pubmed/16434511
https://doi.org/10.1093/humupd/dmn021
https://doi.org/10.1093/humupd/dmn021
http://www.ncbi.nlm.nih.gov/pubmed/18552168
https://doi.org/10.1159/000235879
http://www.ncbi.nlm.nih.gov/pubmed/19776596
http://www.ncbi.nlm.nih.gov/pubmed/15157589
http://www.ncbi.nlm.nih.gov/pubmed/8932995
http://www.ncbi.nlm.nih.gov/pubmed/10762336
https://doi.org/10.1371/journal.pone.0203802


20. O’Regan D, Kenyon CJ, Seckl JR, Holmes MC. Prenatal dexamethasone ’programmes’ hypotension,

but stress-induced hypertension in adult offspring. J Endocrinol.2008; 196:343–52. https://doi.org/10.

1677/JOE-07-0327 PMID: 18252958

21. de Vries A, Holmes MC, Heijnis A, Seier JV, Heerden J, Louw J, et al. Prenatal dexamethasone expo-

sure induces changes in nonhuman primate offspring cardiometabolic and hypothalamic-pituitary-adre-

nal axis function. J Clin Invest.2007; 117:1058–67. https://doi.org/10.1172/JCI30982 PMID: 17380204

22. O’Regan D, Kenyon CJ, Seckl JR, Holmes MC. Glucocorticoid exposure in late gestation in the rat per-

manently programs gender-specific differences in adult cardiovascular and metabolic physiology. Am.

J. Physiol. Endocrinol. Metab.2004; 287:E863–E870. https://doi.org/10.1152/ajpendo.00137.2004

PMID: 15238353

23. Yao HY, Chen L, Xu C, Wang J, Chen J, Xie QM, et al. Inhibition of Rac activity alleviates lipopolysac-

charide-induced acute pulmonary injury in mice. Biochim. Biophys. Acta.2011; 1810:666–74. https://

doi.org/10.1016/j.bbagen.2011.03.020 PMID: 21511011

24. Chen L, Zhu H, Pan Y, Tang C, Watanabe M, Ruan H, et al. Ascorbic acid uptaken by sodium-depen-

dent vitamin C transporter 2 induces β hCG expression through Sp1 and TFAP2A transcription factors

in human choriocarcinoma cells. J Clin Endocrinol Metab.2012; 97:E1667–76. https://doi.org/10.1210/

jc.2012-1753 PMID: 22745243

25. Thompson A, Han VK, Yang K. Spatial and temporal patterns of expression of 11beta-hydroxysteroid

dehydrogenase types 1 and 2 messenger RNA and glucocorticoid receptor protein in the murine pla-

centa and uterus during late pregnancy. Biol Reprod.2002; 67:1708–18. PMID: 12444044

26. Lindsay JR, Nieman LK. The hypothalamic-pituitary-adrenal axis in pregnancy: challenges in disease

detection and treatment. Endocr Rev.2005; 26:775–99. https://doi.org/10.1210/er.2004-0025 PMID:

15827110

27. Atanasov AG, Nashev LG, Tam S, Baker ME, Odermatt A. Organotins disrupt the 11beta-hydroxyster-

oid dehydrogenase type 2-dependent local inactivation of glucocorticoids. Environ Health Per-

spect.2005; 113:1600–6. https://doi.org/10.1289/ehp.8209 PMID: 16263518

28. Watson ED, Cross JC. Development of structures and transport functions in the mouse placenta. Physi-

ology (Bethesda).2005; 20:180–93.

29. Barlow SM, Morrison PJ, Sullivan FM. Plasma corticosterone levels during pregnancy in the mouse: the

relative contributions of the adrenal glands and foeto-placental units. J Endocrinol.1974; 60:473–83.

PMID: 4823252

30. Murphy VE, Zakar T, Smith R. Reduced 11β-hydroxysteroid dehydrogenase type 2 activity is associ-

ated with decreased birth weight centile in pregnancies complicated by asthma. J Clin Endocrinol

Metab.2002; 87:1660–68. https://doi.org/10.1210/jcem.87.4.8377 PMID: 11932298

31. Ma XH, Wu WX, Nathanielsz PW. Gestation-related and betamethasone-induced changes in 11beta-

hydroxysteroid dehydrogenase types 1 and 2 in the baboon placenta. Am J Obstet Gynecol.2003;

188:13–21. PMID: 12548190

32. Vackova Z, Vagnerova K, Libra A, Miksik I, Pacha J, Staud F. Dexamethasone and betamethasone

administration during pregnancy affects expression and function of 11 beta-hydroxysteroid dehydroge-

nase type 2 in the rat placenta. Reprod Toxicol.2009; 28:46–51. https://doi.org/10.1016/j.reprotox.2009.

02.006 PMID: 19490994

33. Xu D, Chen M, Pan XL, Xia LP, Wang H. Dexamethasone induces fetal developmental toxicity through

affecting the placental glucocorticoid barrier and depressing fetal adrenal function. Environ Toxicol

Pharmacol.2011; 32:356–63. https://doi.org/10.1016/j.etap.2011.08.003 PMID: 22004954

34. Birkenhager JC, Timmermans HA, Lamberts SW. Depressed plasma FFA turnover rate in Cushing’s

syndrome. J Clin Endocrinol Metab.1976; 42:28–32. https://doi.org/10.1210/jcem-42-1-28 PMID:

1249192

35. Saunders J, Hall SE, Sonksen PH. Glucose and free fatty acid turnover in Cushing’s syndrome. J Endo-

crinol Invest.1980; 3:309–11. https://doi.org/10.1007/BF03348282 PMID: 7430558

36. Chang Y, Sung E, Yun KE, Jung HS, Kim CW, Kwon MJ, et al. Weight change as a predictor of inci-

dence and remission of insulin resistance. PLoS One.2013; 8:e63690. https://doi.org/10.1371/journal.

pone.0063690 PMID: 23717466

37. Freedland ES. Role of a critical visceral adipose tissue threshold (CVATT) in metabolic syndrome: impli-

cations for controlling dietary carbohydrates: a review. Nutr Metab (Lond).2004; 1:12.

38. Macfarlane DP, Forbes S, Walker BR. Glucocorticoids and fatty acid metabolism in humans: fuelling fat

redistribution in the metabolic syndrome. J Endocrinol.2008; 197:189–204. https://doi.org/10.1677/

JOE-08-0054 PMID: 18434349

39. Brown RW, Diaz R, Robson AC, Kotelevtsev YV, Mullins JJ, Kaufman MH, et al. The ontogeny of 11

beta-hydroxysteroid dehydrogenase type 2 and mineralocorticoid receptor gene expression reveal

Role of betamethasone in pregnancy

PLOS ONE | https://doi.org/10.1371/journal.pone.0203802 September 13, 2018 14 / 15

https://doi.org/10.1677/JOE-07-0327
https://doi.org/10.1677/JOE-07-0327
http://www.ncbi.nlm.nih.gov/pubmed/18252958
https://doi.org/10.1172/JCI30982
http://www.ncbi.nlm.nih.gov/pubmed/17380204
https://doi.org/10.1152/ajpendo.00137.2004
http://www.ncbi.nlm.nih.gov/pubmed/15238353
https://doi.org/10.1016/j.bbagen.2011.03.020
https://doi.org/10.1016/j.bbagen.2011.03.020
http://www.ncbi.nlm.nih.gov/pubmed/21511011
https://doi.org/10.1210/jc.2012-1753
https://doi.org/10.1210/jc.2012-1753
http://www.ncbi.nlm.nih.gov/pubmed/22745243
http://www.ncbi.nlm.nih.gov/pubmed/12444044
https://doi.org/10.1210/er.2004-0025
http://www.ncbi.nlm.nih.gov/pubmed/15827110
https://doi.org/10.1289/ehp.8209
http://www.ncbi.nlm.nih.gov/pubmed/16263518
http://www.ncbi.nlm.nih.gov/pubmed/4823252
https://doi.org/10.1210/jcem.87.4.8377
http://www.ncbi.nlm.nih.gov/pubmed/11932298
http://www.ncbi.nlm.nih.gov/pubmed/12548190
https://doi.org/10.1016/j.reprotox.2009.02.006
https://doi.org/10.1016/j.reprotox.2009.02.006
http://www.ncbi.nlm.nih.gov/pubmed/19490994
https://doi.org/10.1016/j.etap.2011.08.003
http://www.ncbi.nlm.nih.gov/pubmed/22004954
https://doi.org/10.1210/jcem-42-1-28
http://www.ncbi.nlm.nih.gov/pubmed/1249192
https://doi.org/10.1007/BF03348282
http://www.ncbi.nlm.nih.gov/pubmed/7430558
https://doi.org/10.1371/journal.pone.0063690
https://doi.org/10.1371/journal.pone.0063690
http://www.ncbi.nlm.nih.gov/pubmed/23717466
https://doi.org/10.1677/JOE-08-0054
https://doi.org/10.1677/JOE-08-0054
http://www.ncbi.nlm.nih.gov/pubmed/18434349
https://doi.org/10.1371/journal.pone.0203802


intricate control of glucocorticoid action in development. Endocrinology.1996; 137:794–7. https://doi.

org/10.1210/endo.137.2.8593833 PMID: 8593833

40. Burton PJ, Smith RE, Krozowski ZS, Waddell BJ. Zonal distribution of 11 beta-hydroxysteroid dehydro-

genase types 1 and 2 messenger ribonucleic acid expression in the rat placenta and decidua during late

pregnancy. Biol Reprod.1996; 55:1023–8. PMID: 8902213

41. Kelly BA, Lewandowski AJ, Worton SA, Davis EF, Lazdam M, Francis J, et al. Antenatal glucocorticoid

exposure and long-term alterations in aortic funcation and glucose metabolism. Pediatrics.2012; 129:

e1282–90. https://doi.org/10.1542/peds.2011-3175 PMID: 22508917

42. Rizza RA, Mandarino LJ, Gerich JE. Cortisol-induced insulin resistance in man: impaired suppression

of glucose production and stimulation of glucose utilization due to a postreceptor detect of insulin action.

J Clin Endocrinol Metab.1982; 54:131–8. https://doi.org/10.1210/jcem-54-1-131 PMID: 7033265

43. Khulan B, Drake AJ. Glucocorticoids as mediators of developmental programming effects. Best Pract

Res Clin Endocrinol Metab.2012; 26:689–700. https://doi.org/10.1016/j.beem.2012.03.007 PMID:

22980050

44. Wang X, Magkos F, Patterson BW, Reeds DN, Kampelman J, Mittendorfer B. Low-dose dexametha-

sone administration for 3 weeks favorably affects plasma HDL concentration and composition but does

not affect very low-density lipoprotein kinetics. Eur J Endocrinol.2012; 167:217–23. https://doi.org/10.

1530/EJE-12-0180 PMID: 22619349

45. Choi HK, Seeger JD. Glucocorticoid use and serum lipid levels in US adults: the Third National Health

and Nutrition Examination Survey. Arthritis Rheum. 2005; 53:528–35. https://doi.org/10.1002/art.21329

PMID: 16082633

46. Wang JC, Gray NE, Kuo T, Harris CA. Regulation of triglyceride metabolism by glucocorticoid receptor.

Cell Biosci.2012; 2:19. https://doi.org/10.1186/2045-3701-2-19 PMID: 22640645

47. Gathercole LL, Morgan SA, Bujalska IJ, Hauton D, Stewart PM, Tomlinson JW. Regulation of lipogene-

sis by glucocorticoids and insulin in human adipose tissue. PLoS One.2011; 6:e26223. https://doi.org/

10.1371/journal.pone.0026223 PMID: 22022575

48. Xu C, He J, Jiang H, Zu L, Zhai W, Pu S, et al. Direct effect of glucocorticoids on lipolysis in adipocytes.

Mol Endocrinol.2009; 23:1161–70. https://doi.org/10.1210/me.2008-0464 PMID: 19443609

49. Vo T, Hardy DB. Molecular mechanisms underlying the fetal programming of adult disease. J Cell Com-

mun Signal.2012; 6:139–53. https://doi.org/10.1007/s12079-012-0165-3 PMID: 22623025

Role of betamethasone in pregnancy

PLOS ONE | https://doi.org/10.1371/journal.pone.0203802 September 13, 2018 15 / 15

https://doi.org/10.1210/endo.137.2.8593833
https://doi.org/10.1210/endo.137.2.8593833
http://www.ncbi.nlm.nih.gov/pubmed/8593833
http://www.ncbi.nlm.nih.gov/pubmed/8902213
https://doi.org/10.1542/peds.2011-3175
http://www.ncbi.nlm.nih.gov/pubmed/22508917
https://doi.org/10.1210/jcem-54-1-131
http://www.ncbi.nlm.nih.gov/pubmed/7033265
https://doi.org/10.1016/j.beem.2012.03.007
http://www.ncbi.nlm.nih.gov/pubmed/22980050
https://doi.org/10.1530/EJE-12-0180
https://doi.org/10.1530/EJE-12-0180
http://www.ncbi.nlm.nih.gov/pubmed/22619349
https://doi.org/10.1002/art.21329
http://www.ncbi.nlm.nih.gov/pubmed/16082633
https://doi.org/10.1186/2045-3701-2-19
http://www.ncbi.nlm.nih.gov/pubmed/22640645
https://doi.org/10.1371/journal.pone.0026223
https://doi.org/10.1371/journal.pone.0026223
http://www.ncbi.nlm.nih.gov/pubmed/22022575
https://doi.org/10.1210/me.2008-0464
http://www.ncbi.nlm.nih.gov/pubmed/19443609
https://doi.org/10.1007/s12079-012-0165-3
http://www.ncbi.nlm.nih.gov/pubmed/22623025
https://doi.org/10.1371/journal.pone.0203802

