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Background: Clinical studies have showed that dexamethasone exposure during pregnancy could cause 
fetal growth retardation, but the mechanism by which prenatal dexamethasone exposure influences placental 
nutrient transport is still unclear. This study investigated the impacts of prenatal dexamethasone on the 
placental oxygen and nutrient transport. 
Methods: Pregnant Wistar rats were subcutaneously administered with dexamethasone from day 9 to day 
20 of gestation at 0.2 or 0.8 mg/kg·d. Pregnant rats were sacrificed on gestational day 20. The placental 
tissue was collected for analysis. 
Results: Prenatal dexamethasone exposure (PDE) declined the fetal weight and increased the intrauterine 
growth retardation (IUGR) rate in a dose-dependent manner. The total placental volume and the length, 
density and surface area of fetal capillaries in the labyrinth zone reduced in a dose-dependent manner. In 
addition, the thickness of syncytial membrane dose-dependently increased, resulting in a dose-dependent 
decrease in oxygen diffusion capacity. Furthermore, after PDE, the nutrient transport area and oxygen 
diffusion capacity of male placenta were lower than that of female placenta. The mRNA and protein 
expression of placental nutrient transporters including glucose transporter 1 (GLUT1), glucose transporter 
3 (GLUT3), L-type amino acid transporter 1 (LAT1), lipoprotein lipase (LPL) and scavenger receptor class 
B type 1 (SRB1) increased in female placenta. However, in male placenta, the expression of LAT1, LPL and 
SRB1 was significantly decreased and GLUT1 and GLUT3 have a decrease trend. We further investigated 
the expression of insulin-like growth factor 1 (IGF1) and insulin-like growth factor 2 (IGF2) related to 
placental and fetal growth and development. Our study showed that the expression of IGF1 was significantly 
decreased both in male and female placentas after PDE. But the expression of IGF2 was significantly 
increased in female placentas while significantly decreased in male placentas.
Conclusions: Our study shows prenatal dexamethasone exposure exerts sex-specific influence on the 
placental oxygen and nutrient transport. This might be ascribed to the differential expression of IGF2 after 
PDE. These findings provide evidence on the dexamethasone-induced toxicity to the placenta and fetal 
development.
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Introduction

Glucocorticoids, especially dexamethasone, can pass through 
the placenta and play an irreplaceable role in promoting 
fetal lung maturation (1). In many countries, glucocorticoid 
is a standard treatment to preterm birth in pregnant 
women at a gestational age of <34 weeks (2,3). As the risk 
of preterm birth is nearly 10% in pregnant women, a large 
proportion of pregnant women receive glucocorticoid 
therapy (4). However, both animal and clinical studies have 
revealed that prenatal dexamethasone exposure (PDE) can 
cause intrauterine growth retardation (IUGR) (5). IUGR 
is defined as fetal weight less than the 10th percentile for 
the gestational age or two standard deviations below the 
normal (6). IUGR is associated with fetal distress, stillbirth, 
neonatal asphyxia, death, and other complications (7,8). In 
addition, IUGR fetuses have a higher risk of developing 
metabolic syndrome in childhood and adulthood (9). In 
our previous study, results showed PDE induced toxicity 
to the fetal developmental, and the underlying mechanism 
may be ascribed to that dexamethasone may depress the 
fetal adrenal function (10). Miller et al. found that fetuses 
with IUGR due to glucocorticoids exposure were more 
susceptible to growth-restriction than IUGR fetuses without 
glucocorticoids exposure and appropriately grown fetuses 
with glucocorticoids exposure (11). In addition, it has been 
shown that male and female fetuses respond differently to 
the factors related to growth restriction, including the sex-
related difference in the placental endocrine function (12). 

Intrauterine fetal development depends on the capacity of 
placental oxygen and nutrient transportation from maternal 
circulation (13). Decreased placental oxygen and nutrient 
transport may lead to IUGR (14). The placenta is essential 
for the survival and growth of the fetus because it forms 
the interface between the maternal and fetal circulatory 
systems, promotes metabolism and gas exchange, and clears 
fetal waste (15). In mice, fetal capillaries and maternal 
sinusoids are separated by a trilaminar layer of trophoblast 
cells: a bilayer of syncytiotrophoblasts surrounds the 
fetal vascular endothelium, and a layer of monocytes is 
arranged on maternal blood sinuses (16). Therefore, the 

nutrients and gases must across four layers to diffuse or be 
transported from one blood compartment to another. The 
overall surface area, diffusion distance and specific nutrient 
transporters influence the overall diffusion capacity of the 
placenta (17).

However, little is known about the effects of PDE on the 
placental oxygen and nutrient transport. The present study 
aimed to explore the effects of PDE on placental oxygen 
and nutrient transport. Stereology is a well-established 
method to generate the absolute three-dimensional 
quantities from two-dimensional histological sections, such 
as volume, surface area, and length of complex tissues (18). 
This study will provide a theoretical and experimental basis 
for further understanding of the dexamethasone-induced 
toxicity to the placenta and fetal development as well as of 
the intrauterine origin of diseases in adults.

Methods

Drugs and reagents

Dexamethasone (in ampoules) was purchased from 
Shuanghe Pharmaceutical Company (Wuhan, China). Trizol 
reagent and DNA extraction kit were obtained from Omega 
Bio-Tek (Doraville, USA). Real-time quantitative PCR 
(RT-qPCR) kits were purchased from Takara Biotechnology 
Co., Ltd. (Dalian, China) and Sangon Biotech Co., Ltd. 
(Shanghai, China) synthesized the primers. Other reagents 
were analytical reagents. The primer sequences are shown 
in Table 1. 

Animals and treatment

Specific pathogen-free (SPF) Wistar rats (females: 
200–240 g; males: 260–300 g) were obtained from the 
Experimental Center of Medical Scientific Academy of 
Hubei (China, No. 2008–0005). Animal experiments were 
conducted in the Center for Animal Experiment of Wuhan 
University (Wuhan, Hubei, China), which is accredited 
by the Association for Assessment and Accreditation 
of Laboratory Animal Care International (AAALAC 
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International). All the experimental procedures were 
carried out according to the guidelines for the Care and 
Use of Laboratory Animals of the Chinese Animal Welfare 
Committee. The details for raising and mating Wistar 
rats had been mentioned earlier (19). The sperm-positive 
vaginal smear was used to assess the successful mating, 
and the day of successful mating was defined as gestational 
day (GD) 0. Subsequently, pregnant rats were randomly 
assigned to the control group and the dexamethasone 
group. The pregnant rats in dexamethasone group 
were injected subcutaneously with dexamethasone at 
0.2 mg/kg·d (low dose) or 0.8 mg/kg·d (high dose) from 
GD9 to GD20; in the control group, rats were injected 
subcutaneously with the same volume of saline. In the 
experiment for fetal rats, 11 pregnant rats in each group 
were anesthetized with 2–3% isoflurane on GD20. The 
fetuses were quickly collected, and the bodyweight, 
diameter, and volume were measured with the drainage 
method. Fetal placentas were also collected for further 
analysis. 

Tissue collection and preparation

All the placentas were divided into two parts along 
the largest diameter. One was fixed overnight in 10% 
formaldehyde, embedded in paraffin and then sectioned  
(5 μm), followed by hematoxylin and eosin (HE) for 
routine histological examination. Immunohistochemistry 
for CD31 was done to assess the fetal capillaries. The 
remaining placental tissues were immediately placed into 
liquid nitrogen and subsequently stored at −80 ℃ for 

further analysis.

Tissue analysis

The placental volume, surface area, mean capillary length 
and diameter and diffusing capacity of the interhemal 
membrane were determined with the square gad test system 
via the Image-Pro analysis software. Each testing point was 
30 pixels distant. Before testing, the gad should be scaled. 

Stereology

Absolute placental volume
The placentas were fixed in Bouin’s fluid for 24 h. The 
volume of placenta was measured by weighing displaced 
fluid (20).

At a magnification of 20×, 12 fields on the sections were 
measured by point counting to estimate the volume of the 
labyrinth zone (Lz) using the following equation:

(Lz) (total)V(Lz) = P /P
	

[1]

V(Lz): the volume of labyrinth zone. P(Lz): the number 
of points falling on the labyrinth zone. P(total): the total 
number of points falling on the placenta

Capillary length densities
Fetal vascular endothelial cells of placenta were labeled with 
CD31 monoclonal antibody. A counting frame with two 
contiguous forbidden lines was used to obtain the capillary 
length density. The number of capillary distribution 
observed was recorded and the numerical density of 

Table 1 Primers used for real-time quantitative PCR

Gene Forward primer Reverse primer Product size (bp) Annealing

IGF1 (rat) TGGTGGATGCTCTTCAGTTCG GCAATACATCTCCAGCCTCCTTA 223 60 ℃, 20 s

IGF2 (rat) CATCATGTCCCACACTAAGG GTGCCAATTGGGTTGTTTAG 108 60 ℃, 20 s

GLUT1 (rat) CAATCAAACATGGAACCACCG CGATTGATGAGCAGGAAGCG 101 60 ℃, 20 s

GLUT3 (rat) CCGGATGTGATCCAGGAGATC GACCAAGATAGCCACAATACAC 112 60 ℃, 20 s

LPL (rat) CAAGCTGTACCTGGACTTCATC TACCTCTCTGCCCGGATTT 99 60 ℃, 20 s 

SR-B1 (rat) TCTGGTGCCCATCATTTACC CCTGCATGGCCTCCTTATC 98 60 ℃, 20 s

LAT1 (rat) CCTTCCATCCTCTCCATGATC GATAAAGAACACTGGGAGGGC 243 60 ℃, 20 s

GAPDH (rat) GCAAGGATACTGAGAGCAAGAG GGATGGAATTGTGAGGGAGATG 98 60 ℃, 20 s

IGF1, insulin-like growth factors-I; IGF2, insulin-like growth factors II; GLUT1, glucose transporter 1; GLUT3, glucose transporter 3; LPL, 
lipoprotein lipase; SR-B1, scavenger receptor class B type 1; LAT1, L-type amino acid transporter 1; GAPDH, glyceraldehyde phosphate 
dehydrogenase.
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capillary distribution per unit area of labyrinth QA was 
determined. Therefore, fetal capillary length density could 
be calculated as follows:

Lv(cap) =2QA 	
[2]

Surface densities and surface area
In each field of view, the surface densities of fetal capillaries 
were obtained by using the mesh formed by cycloidal arc, 
and the intercepts between the boundary of fetal capillaries 
were calculated. The following equation was used to 
determine the surface area:

(fc) (p) (ref) (placenta)S(fc) =(2 I /I  P ) V×∑ ×∑ ×
	

[3]

S(fc): fetal capillary surface area. ∑I(fc): the total number 
of intersections of the cycloid arcs with the fetal capillary. 
∑P(ref): the total number of points that hit the reference 
space. I(p): the length of the test line associated with each 
point in the grid (21).

Interhemal membrane thickness
The interhemal membrane thickness (lh) of the Lz was 
obtained with interception measurement method (22). 
Harmonic mean thickness ( ht ) was calculated as follows:

h h2 / 3t l= ×
	

[4]

hl : harmonic mean of the intercept.

Diffusion capacity for the interhemal membrane
The theoretical diffusion capacity (DCt) was calculated as 
follows:

t hDC  = K (Surface area/ )t×
	

[5]

DCt: the diffusing capacity across the interhemal 
membrane. K: Krogh diffusion coefficient for oxygen. 
Surface area: fetal capillary surface area. ht : the harmonic 
mean thickness of the interhemal membrane. 

The specific diffusion capacity (DCs) was obtained as 
following equation: 

s tDC  = DC /fetal weight
	

[6]

Isolation of total RNA and real-time quantitative RT-PCR

Total RNA was isolated from placentas as previously 
described (23). Trizol reagent was used to extract total 
RNA from the placental tissues. The mRNA expression of 
IGF1/2, GIUT1, GLUT3, SNAT1, LPL, and SRB1 was 
detected by RT-qPCR. The primers used for RT-qPCR 
were designed with Premier 6.0. The Primer sequences 

are shown in Table 1. RT-qPCR was conducted with the 
ABI Step One PlusTM real-time PCR System (Applied 
Biosystems, Foster City, CA, USA) in 10 µL of a mixture 
containing 1 μL of cDNA template, 0.2 μL of each primer, 
5 μL of SYBR Green and 3.6 μL of DEPC-H2O. The PCR 
conditions were as follows: pre-denaturation at 95 ℃ for 
30 s and then 40 cycles of denaturation at 95 ℃ for 5 s; 
annealing conditions for each gene are shown in Table 1. 
GAPDH mRNA expression was detected simultaneously 
and used to normalize the expression of IGF1/2, GIUT, 
GLUT3, LAT1, LPL, and SRB1. Relative expression of 
each gene was calculated by the method of cycle threshold 
(CT) in the formula of 2−ΔΔCt.

Total protein extract and Western Blotting assay

Fifty mg tissue was minced and rinsed 3 times with pre-
cooled PBS at 4 ℃, then lysed for 30 min in RIPA lysis 
buffer containing Protease Inhibitor Cocktail. The 
concentration of total protein was then determined with 
the BCA Assay kit. The total protein concentration of each 
group was adjusted to be consistent. Thirty mg of total 
protein was loaded into each lane. Proteins of different 
molecular weight were separated by electrophoresis in 10% 
sodium dodecyl sulfate polyacrylamide gel electrophoresis 
(SDS-PAGE) gel and then absorbed into PVDF membranes 
(Millipore, MA, USA). Then membranes were blocked in 
5% fat-free milk for 1 hour at room temperature. After 
blocking, the membranes were incubated with primary 
antibody including GLUT1, GLUT3, SR-B1, LPL, LAT1 
and GAPDH overnight at 4 ℃. They were then incubated 
with horseradish peroxidase (HRP)-conjugated secondary 
antibody at room temperature for 1 h and visualized with 
ECL HRP substrate (PerkinElmer Inc. Boston, Mass). 
Antibody binding signals were detected by the Chemi-doc 
Image Analyzer (Bio-Rad, Hercules, California). Relative 
protein level was standardized by GAPDH protein level. 
Image J was used to analyze the protein band intensities 
from three separate bands.

Statistical analysis

SPSS version 20.0 was used for statistical analysis. All 
the data are expressed as mean ± standard error (S.E.M). 
Data were compared with t-test between two groups 
and with one-way analysis of variance (ANOVA) among 
groups. Chi-square analysis was performed to test for a 
difference in proportions of categorical variables between 
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groups. A value of P<0.05 was considered statistically 
significant.

Results

Effects of PDE on the rat fetal weight and IUGR rate

Pregnant  rats  were  subcutaneous ly  t reated with 
dexamethasone from GD9 to GD20, and sacrificed at 
GD20. Figure 1 shows a significant dose-dependent 
relationship between dexamethasone exposure and fetal 
weight, as dexamethasone exposure reduces fetal weight 
and increases IUGR rates (P<0.01). To be specific, the 
IUGR rate was augmented to 12.0% and 91.0% in 0.2 and  
0.8 mg/kg dexamethasone male groups, respectively, while, 
the IUGR rate was augmented to 7.0% and 87.0% in 0.2 
and 0.8 mg/kg dexamethasone female groups, respectively.

Decreased placental weight and volume after PDE 

The placental weight is closely related to poor fetal 
prognosis (24), and the placental volume is an independent 
predictor of fetal growth retardation (25). In this study, the 
results showed PDE declined the placental volume (Figure 
2A,B, P<0.01) and weight (Figure 2C, P<0.05) in dose-
dependent manners. However, the ratio of birthweight to 
placental weight remained unchanged (Figure 2D).

Changes in the nutrient transport surface area at the placental 
labyrinth zone after PDE

The placental labyrinth zone—where oxygen and nutrients 

are exchanged between the mother and the fetus—consists 
of maternal and fetal blood vessels. Our results showed the 
labyrinth volume reduced in both females and males in a 
dose-dependent manner (Figure 3). As fetal capillary bed 
has endothelial cells while the maternal blood sinus has 
no endothelial cells, CD31 was used to identify the fetal 
capillary endothelial cells (Figure 4A). In addition, compared 
with the control group, the length and surface density of 
the fetal capillary  significantly reduced in the PDE groups  
in a dose-dependent manner (Figure 4B,C, P<0.01), and the 
reduction of the surface area of the fetal capillary was also 
dose-dependent (Figure 4D, P<0.01). The fetal capillary 
length density, surface density and surface area of the male 
placenta was lower than that of the female placenta (Figure 
4B,C,D, P<0.05).

Changes in the oxygen diffusion capacity of the labyrinth zone 
after PDE

The syncytial membrane thickness is a key physiological 
parameter of the placenta (26) and represents the 
diffusion distance of nutrients from the maternal blood 
to the fetal blood (27). The syncytial membrane is the 
main resistance to transplacental transport and the key 
determinant of oxygen diffusion capacity (28). Our results 
showed the syncytial membrane thickness increased 
significantly after PDE (Figure 5A,B,C, P<0.01), and the 
theoretical diffusion capacity and the specific diffusion of 
oxygen dose-dependently reduced (Figure 5D,E, P<0.01). 
Furthermore, after PDE, the oxygen diffusion capacity 
of male placenta were lower than that of female placenta 

Figure 1 Effects of prenatal dexamethasone exposure (PDE) on the fetal weight (A) and IUGR rate (B). Data are presented as the mean ± 
S.E.M., n=11 in each group. **, P<0.01 vs. corresponding controls. PDE (L): 0.2 mg/kg·d; PDE (H): 0.8 mg/kg·d.
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(Figure 5D,E, P<0.05). These results suggest that PDE 
can reduce oxygen diffusion capacity by increasing the 
thickness of the syncytial membrane.

Changes in the placental nutrient transporters after PDE
 

Nutrients such as glucose, amino acids, cholesterol, and others 
are transported across the placenta by transporters. To explore 
the effects of PDE on the transporters, the mRNA expression of 
placental nutrient transporters were detected. In the male group, 
the mRNA and protein expression of the cholesterol transporter 
(SRB1), amino acid transporter (LAT1) and triglyceride 
transporter (LPL) reduced significantly while placental glucose 
transporter (GLUT1 and GLUT3) have a decrease trend  
(Figure 6A,B,C, P<0.01). The mRNA and protein expression 
of placental glucose transporter, cholesterol transporter, amino 
acid transporter, and triglyceride transporter increased in female 
group (Figure 6D,E,F, P<0.01). 

Effects of PDE on placental IGF1/IGF2 expression

IGF1 and IGF2 affect placental structure and functional 
development. IGF2 over-expression leads to the overgrowth 
of the placenta and fetus (29), while IGF1 increases the 
placental blood flow and nutrient transport by inhibiting 
the release of vasoconstrictors (30). Our results showed 
PDE reduced the placental IGF1 mRNA and protein 
expression in both female and male groups. But the mRNA 
and protein expression of IGF2 was significantly increased 
in female placentas while significantly decreased in male 
placentas (Figure 7, P<0.01).

Discussion

The National Institutes of Health (NIH) recommends 
giving an intramuscular injection of dexamethasone 6 mg 
every 12 hours for a total of 4 times to pregnant women at 
risk of preterm labor before 34 weeks (31,32). However, 

Figure 2 Effects of prenatal dexamethasone exposure (PDE) on the placental volume and weight. (A) The changes in the placental 
volume after PDE; (B) placental volume after PDE; (C) placental weight after PDE; (D) the ratio of birthweight to placental weight. 
Data are presented as mean ± S.E.M., n=11 in each group. *, P<0.05, **, P<0.01 vs. corresponding controls. PDE (L): 0.2 mg/kg·d; PDE 
(H): 0.8 mg/kg·d.
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the pros and cons of glucocorticoid therapy for pregnant 
women who are at risk of preterm delivery at 34 to  
37 weeks have not been definitively determined or reported. 
The dose is equivalent to 0.2 mg/kg·d for an adult weighing 
about 60 kg. According to the dose conversion between 
human and rat (human: rat =1:6.17) (33), the dose of the 
above-mentioned pregnant women was equivalent to the 
dose of 1.234 mg/kg·d in the rats. Therefore, both 0.2 and 

0.8 mg/kg·d dexamethasone can be achieved clinically. 
We chose 0.2 and 0.8 mg/kg·d to investigate the dose-
dependent relationship between prenatal dexamethasone 
exposure and placental injury.

The dose we chose was smaller than the actual clinical 
dose. However, even at this dose, a dose-dependent 
decrease in placental nutrient transport capacity and oxygen 
dispersion capacity was observed. Therefore, this study 

Figure 3 Effects of prenatal dexamethasone exposure (PDE) on the placental labyrinth volume. (A) Measurement of labyrinth volume on 
H&E-stained sections (×200). Black triangle: labyrinth. (B) Placental labyrinth volume. Data are presented as mean ± S.E.M., n=11 in each 
group. *, P<0.05, **, P<0.01 vs. corresponding controls. PDE (L): 0.2 mg/kg·d; PDE (H): 0.8 mg/kg·d. 
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Figure 4 Effects of prenatal dexamethasone exposure (PDE) on the placental villous capillaries. (A) Villous capillaries with CD31 expression 
in the placental labyrinth zone (×400). Red arrow: villous capillaries. (B) Length density, (C) surface density, (D) fetal capillary surface area. 
Data are presented as the mean ± S.E.M., n=11 in each group. *, P<0.05, **, P<0.01 vs. corresponding controls. PDE (L): 0.2 mg/kg·d; PDE 
(H): 0.8 mg/kg·d. 
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Figure 5 Effects of prenatal dexamethasone exposure (PDE) on the mean harmonic thickness and oxygen diffusion capacity. Sections from 
male placenta (A) and female placenta (B). H&E-stained vertical sections (×100). Red arrow: fetal nucleated erythrocytes. Black line: mean 
harmonic thickness. Mean harmonic thickness (C), theoretical diffusion capacity (D) and specific diffusion capacity (E). Data are presented 
as the mean ± S.E.M., n=11 in each group. *, P<0.05, **, P<0.01 vs. corresponding controls. PDE (L): 0.2 mg/kg·d; PDE (H): 0.8 mg/kg·d. 
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Figure 6 Effects of prenatal dexamethasone exposure (PDE) on placental transporter. The mRNA and protein expression of placental 
glucose transporter 1 (GULT1), glucose transporter 3 (GLUT3), lipoprotein lipase (LPL), scavenger receptor class B type 1 (SRB1), L-type 
amino acid transporter 1 (LAT1) was detected by RT-qPCR and western blotting respectively. (A,B,C): Male placenta. (D,E,F): Female 
placenta. Data are presented as mean ± S.E.M., n=11 for RT-qPCR and n=3 for protein assay in each group. **, P<0.01 vs. corresponding 
controls. PDE: 0.2 mg/kg·d.

may suggest that clinical obstetricians should minimize the 
unnecessary use of prenatal dexamethasone and strengthen 
the monitoring of fetal safety in utero for those who must 
use dexamethasone.

In this study, our results showed PDE decreased the fetal 
weight and increased the IUGR rate in dose-dependent 
manners. Meanwhile, the placental structure and the gene 
expression of transporters dose-dependently changed after 
PDE, and the theoretical diffusion capacity and the specific 
diffusion of oxygen dose-dependently reduced, and the 
reduction in the male group was more evident than in the 
female group. These findings indicate that PDE might 
cause fetal hypoxia and IUGR by reducing placental oxygen 
and nutrient transport capacity, the outcomes of which were 
dependent on fetal sex. 

In a majority of studies, only placental weight, placenta 
volume or birthweight: placental weight ratio are used 
as the indicator of placental efficiency (34). Our present 
study indicated that these factors provide only a rough 

estimate of placental development and do not differentiate 
the development of individual compartments, and they are 
also not accurately reflect the function of the placenta. For 
example, in our previous (10) and the current studies, PDE 
caused fetal growth retardation, but the birthweight: placental 
weight ratio was not affected by PDE, and there were no 
significant differences in the placental weight and placenta 
volume between the males and females. Cuffe et al. (35)  
found that corticosterone exposure had no effect on the 
stereological measurement of placental volume in male and 
female placentas, however, the volume of male labyrinth 
placenta decreased by 17%. In the present study, the 
stereological analysis showed PDE reduced the labyrinth 
volume, dose-dependently declined the length and density 
of fetal capillaries, and eventually reduced the surface area 
of fetal capillaries, and the decrease was more evident in 
the males than in the females. In addition, the syncytial 
membrane thickness increased significantly after PDE. 

Oxygen transfers across the placenta via simple diffusion. 
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Figure 7 Effects of prenatal dexamethasone exposure (PDE) on placental IGF1/IGF2 expression. The mRNA and protein expression of 
placental IGF1/IGF2 was detected by RT-qPCR and western blotting respectively. (A,B,C) Male placenta. (D,E,F) Female placenta. Data 
are presented as mean ± S.E.M., n=11 for RT-qPCR and n=3 for protein assay in each group. **, P<0.01 vs. corresponding controls. PDE:  
0.2 mg/kg·d.

The surface area of fetal capillaries and the interhemal 
membrane thickness are important factors in assessing 
the placental oxygen diffusion capacity (36). The syncytial 
membrane thickness exerts a greater effect on oxygen 
transport than the surface area of fetal capillaries. Even mild 
increase in the syncytial membrane thickness may weaken 
the placental oxygen diffusion capacity significantly, which 
can not be induced by the change in the surface area (28). 
In the present study, theoretical oxygen diffusion capacity 
was calculated using the Krogh diffusion coefficient, but 
the estimate was not equal to the actual oxygen diffusion 
capacity because the oxygen disassociation from maternal 
erythrocytes, oxygen uptake by the fetus, and plasma 
intervention were not considered (37). The specific diffusion 
capacity is an estimate of the oxygen diffusion capacity in 
terms of fetal requirements, obtained by theoretical oxygen 
diffusion capacity/fetal weight (38). In this study, theoretical 
oxygen diffusion dose-dependently decreases in males and 
females. However, because male fetuses are heavier than 
females, the specific diffusion ability of male fetuses is lower 
than that of females, which means that males suffer from 

more severe hypoxia. Furthermore, lactic is a well-known 
indicator of hypoxia. In our previous study, serum metabolic 
profile analysis indicated that PDE increases serum lactic 
in male and female fetus (our lab unpublished data). The 
above findings suggest that PDE could cause fetal hypoxia 
by decreasing placental oxygen diffusion capacity. 

A significant amount of nutrients are transferred 
across the placental barrier via passive diffusion (17).
Glucose, amino acids, cholesterol, and fatty acids are 
passively transported via the transporters in the placental 
trophoblast. Glucose is the most important substrate for 
fetal energy metabolism, while placental transportation is 
the only supply for the fetus (39). Glucose transport across 
the placenta by carrier-mediated diffusion. GLUT1 and 
GLUT3 are main isoforms of glucose transporters expressed 
in placenta (40). Impaired placental glucose transport 
has been regarded as a pathophysiological mechanism of 
IUGR (39). However, Jansson et al. (41) reported that 
the protein expression and activity of GLUT1 remained 
unchanged in the IUGR placentas. Janzen et al. (40)  
performed immunohistochemical studies on the IUGR 
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placentas and found that GLUT3 expression significantly 
increased. Langdown et al. (42) have shown that the protein 
expression of placental GLUT1 and GLUT3 increased 
in a compensatory manner to mitigate the fetal growth 
retardation induced by dexamethasone. In this study, the 
mRNA and protein expression of GLUT1 and GLUT3 
showed a higher expression level in female group after 
PDE, whereas there were a lower expression trend in male 
group after PDE. However, the statistically significant 
difference was not observed, that may be attributable to the 
relative small number of subjects studied.

Similarly, amino acid, cholesterol and fatty acid are 
indispensable in the development of embryo and fetus. 
Amino acid play a key role in fetal tissue development. 
Fatty acids are absolutely necessary for fetal brain 
development and fat accretion. Cholesterol plays an 
important role in the development of fetus because it 
is an important component of cell membrane and a 
substrate of steroid hormones (43). During pregnancy, 
these nutrients depend on maternal transport. Reduction 
of nutrient transport caused by various factors will have 
adverse effects on fetal development. LAT1 transports 
the essential neutral amino acids to the fetus (44). SRB1 
mediates transplacental cholesterol transport (45). LPL is 
responsible for triglycerides transport. Studies have shown 
that in the IUGR placentas the expression of amino acid 
transporters reduced (46); and the activity of lipoprotein 
transporter LPL also reduced (47), while the mRNA 
and protein expression of LPL was up-regulated as a 
compensation (48); the mRNA expression of the cholesterol 
transporter SRB1 reduced (49). In our present study, the 
mRNA and protein expression of LAT1, LPL, SRB1 
mRNA was decreased in a dose-dependent manner after 
PDE in male placenta and compensated increased in low-
dose group in female placenta, while remained unchanged 
in high-dose group in female placenta. It was found that 
IUGR fetus showed lower concentrations of glucose, 
cholesterol, albumin (50) and long-chain polyunsaturated 
fatty acids (51) compared to normal ones. The transport 
capacity of placenta for the above nutrients is decided 
by transport area, the number of transporters and the 
transport distance (interhemal membrane thickness). These 
findings suggest that PDE may decrease the transportation 
capacity of placenta through decreasing these three factors 
in males, while in females, the decrease was contributed 

to the reduction of transport area and increment of 
interhemal membrane thickness. We infer that the increase 
of transporter could not compensate for the decrease of 
transport capacity caused by the transport area and distance 
in low-dose group of females. 

To further figure out the underlying mechanism of sex 
difference, the expression of IGF1 and IGF2 mRNA were 
detected. IGF1 may regulate placental nutritional capacity, 
stimulates the intake of glucose and amino acids, promote 
the intake and metabolism of placental nutrition, increase 
placental blood flow and provide nutrition for fetal  
growth (52). The placental growth as well as fetal growth, is 
also promoted by the paternally expressed imprinted genes 
IGF2. Placental IGF2 could increase the placental labyrinth 
volume and trophoblast surface area, reduce the interhemal 
membrane thickness (53), and regulate the expression of 
nutrient transporters (54). In the present study, after PDE, 
the placental IGF2 expression increase in female group 
but it decreased in male groups. This is consistent with 
the nutrient transporter expression. However, there is no 
sex difference of IGF1 expression. Thus, we speculate that 
imprinted gene IGF2 increases the expression of nutrient 
transporters in low-dose female group. It also alleviates 
PDE-induced placenta structure damage in females to 
some extent. The sex difference in the placental nutrient 
transport capacity after PDE may be due to the difference 
in the expression of IGF2. Nevertheless, further exploration 
is needed to verify this hypothesis which is also the major 
limitation of our study.

Conclusions 

Our study for the first time showed that PDE can cause 
fetal hypoxia and IUGR. The underlying mechanism 
may be explained as that dexamethasone can reduce 
the placental oxygen and nutrient transport capacity. 
There is a sex difference to this damage, which may be 
related to the difference in the IGF2 expression after 
PDE (Figure 8). These results remind us that clinicians 
should reduce unnecessary applications of dexamethasone 
during pregnancy, especially for those whose fetus suffers 
from potential anoxia or in IUGR. In the future, more 
explorations are needed for the molecular mechanism 
by which PDE alters the placental structure and the 
transporter expression.
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