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ABSTRACT

AIM: Stressful events during pregnancy may influence respiratory system development, resulting in long-term effects in the offspring. However,
little is known on its long-lasting effects upon the expression of important genes in the lungs. Thus, we aimed to evaluate the effect of two
different prenatal stress paradigms on lung glucocorticoid receptor (GR) expression in adulthood.

METHODS: Pregnant BALB/c mice were divided into 3 groups: control (CON), prenatal stress from the second week of pregnancy (PNS1)
and prenatal stress on the last week of pregnancy (PNS2). In both groups (PNS1 and PNS2), restraint stress was used. When adults, male and
female offspring were submitted to 30 min of restraint stress. Lung gene expression of GR was evaluated.

RESULTS: There was a significant increase in GR expression in males (PNS1), under basal conditions. Restraint stress during adulthood
significantly reduced GR expression in PNS1 and PNS2 males as compared to controls. No significant differences were found for females.
CONCLUSION: Results indicate that prenatal stress from the second week of gestation modulates adult male mice GR expression in the
lungs. Thus, fetal exposure to maternal stress from the second week of gestation seems to modulate mechanisms responsible for pulmonary
development in a sex-dependent manner.
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RESUMO

OBJETIVO: Eventos estressores durante a gestagdo podem influenciar o desenvolvimento do sistema respiratorio, resultando em efeitos a
longo prazo na prole. No entanto, pouco se sabe sobre seus efeitos duradouros sobre a expressao de genes importantes nos pulmdes. Assim,
nosso objetivo foi avaliar o efeito de dois diferentes modelos de estresse pré-natal na expressao pulmonar do receptor de glicocorticoide (GR)
na vida adulta.

METODOS: Camundongos BALB/c prenhes foram divididas em 3 grupos: controle (CON), estresse pré-natal a partir da segunda semana de
gestacdo (PNS1) e estresse pré-natal durante a ultima semana de gestagdo (PNS2). Nos dois grupos (PNS1 e PNS2), o estresse por contengdo
foi utilizado. Quando adultas, as proles machos e fémeas foram submetidas ao estresse por contencdo durante 30 min. A expressdo do gene
GR no pulmaio foi avaliada.

RESULTADOS: Houve um aumento significativo na expressdo de GR em machos (PNS1) sob condi¢des basais. O estresse na vida adulta
reduziu significativamente a expressdo de GR em machos PNS1 e PNS2 em comparagdo aos controles. Nao foram encontradas diferengas
significativas em fémeas.

CONCLUSAO: Os resultados indicam que o estresse pré-natal a partir da segunda semana de gestagdo modula a expressao do GR nos pulmdes
de camundongos machos adultos. Assim, a exposi¢do fetal ao estresse materno a partir da segunda semana de gestacdo parece modular os
mecanismos responsaveis pelo desenvolvimento pulmonar de uma maneira dependente do sexo.

DESCRITORES: Estresse pré-natal; Pulmao, Receptor de glicocorticoide
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INTRODUCTION

The gestational period is well recognized for
its plasticity and sensibility. Stressful events during
pregnancy can influence fetal development, resulting
in long-term effects in the offspring [1,2]. Thus, in
adults, prenatal stress is related to neuroendocrine
and metabolic diseases such as anxiety and obesity,
among others. One potential mechanism that could
explain early life programming is the activation of
the hypothalamic-pituitary-adrenal axis (HPA) and,
as a consequence, an increase of glucocorticoids in
utero [3,4].

During the respiratory system development
in utero, glucocorticoids are key factors for
fetal development, such as alveolar maturation
and production of surfactant [5,6]. Therefore,
disturbances during this period may modulate lung
development. We have recently shown, in BALB/c
mice, that prenatal stress improved female adulthood
lung function and inflammatory parameters in an
asthma model, in a sex-specific manner [7]. On the
other hand, studies with mammals have reported
that exposure to maternal glucocorticoids, due to
prenatal stress, may generate deleterious effects in
the lung, as reduced lung function, increased lung
inflammation and airway hyperreactivity [8-11].
Nonetheless, mechanisms related to lung gluco-
corticoid exposure of the offspring during gestation
have not yet been well elucidated, although it is well
known that glucocorticoid receptors (GR) function
is fundamental for the maintenance of several
physiological effects [6, 12].

Prenatally stressed mice exhibit a reduced
expression of GR in the hippocampus, resulting in
an attenuated feedback response and increased HPA
activity, promoting an increase in corticosterone
secretion in adult life [13]. Thus, GR are important
regulators of the HPA axis and alterations in the
gene expression of this receptor may culminate in
different stress-associated diseases [14]. Although the
relationship of gestational stress with the decrease in
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GR expression in offspring hippocampus has been
well established, it has already been shown that
glucocorticoid exposure generates an increase of this
receptor in other regions, such as the adipose tissue
and liver in rats [15].

Although prenatal stress can lead to structural
and functional alterations in adult lung function,
little is known on its long-lasting effects upon the
expression of GR in the lungs. Thus, we hypothesized
that GR expression in the lungs are modulated by
early life stress in a long-lasting manner. The present
study aimed to evaluate the effect of two different
prenatal stress paradigms on lung GR expression
in adulthood. Response to restraint stress in
adulthood and possible sexual differences were also
evaluated.

METHODS

Animals

Male and female BALB/c mice were acquired
from the Center of Biological and Experimental
Models (CeMBE), from Pontificia Universidade
Catolica do Rio Grande do Sul (PUCRS). Mice were
kept in a vivarium under controlled lighting (12h
light: 12h darkness cycle) with free access to food
and water. All animal procedures were performed
in accordance with the guidelines described in the
Guide for the Care and Use of Laboratory Animals.
The study was approved by the University Ethics
Committee in Animal Use under registry number
11/00270.

Experimental design

Adult BALB/c primiparous females were mated
with a male and after identification of the pregnancy,
through the presence of a vaginal plug, were divided
into three groups as shown in Figure 1B: control,
prenatal stress 1 (PNS1) and prenatal stress 2 (PNS2).
After weaning at day 21 (PND21), male and female
offspring from the experimental groups were
separated into boxes and maintained with isolated
and individual ventilation until adulthood (PND60).
In order to evaluate the response to restraint stress
in adulthood, animals from the three experimental
groups were further divided into two groups: baseline
or subjected to a restraint stress for 30 minutes,
and immediately euthanized for the quantification
of glucocorticoid receptor gene expression using
real-time PCR The experimental design is shown in
Figure 1A.
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Figure 1. Study design and experimental groups. Experimental
design of the study (A) and diagram representing the
experimental groups (B). PNST: prenatal stress from the second
week of pregnancy; PNS2: prenatal stress at the last week;
CO: gestational day 0; G8: gestational day 8; G15: gestational
day 15; G21: gestational day 21; PND21: post-natal day 21;
PND60: post-natal day 60.

Prenatal stress

Restraint stress was performed using a ventilated
crystal acrylic container (Insight, Brazil) for 30 min.
Pregnant females from PNS1 group were submitted to
the stress protocol from the 8th day of the gestational
period (second week) until birth, every other day.
Females from PNS2 group were submitted to stress
from the 14th day of pregnancy (last week), every
day until parturition. The control group was not
submitted to any intervention during the gestational
period [7].

Stress in adulthood

Restraint stress in adulthood (PND60) was
performed using the same apparatus described above,
for 30 min. Afterwards, animals were anesthetized,
euthanized and had their lungs removed.

Quantification of mRNA by real-time PCR

Total cellular lung RNA was extracted by the
Trizol™ method (ThermoFisher — Scientific),
according to the manufacturer's instructions. The
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RNA was resuspended in 20 pL of nuclease-free
water (Ambion™) and converted into complementary
DNA (cDNA) (GoScript™ Reverse Transcription
System Protocol — Promega) according to the
protocol indicated by the manufacturer. The final
concentration of cDNA was analyzed by fluorometric
method (Qubit™ — ThermoFisher — Scientific)
using a commercial kit (Qubit™ dsDNA HS Assay
— ThermoFisher — Scientific). Gene expression was
performed in real-time quantitative PCR (Step One
Plus — Applied Biosystems), using 16 ng of cDNA.
Lung samples were prepared in duplicate and the
relative expression of messenger RNA (mRNA) was
calculated by the Delta-delta Ct method (AACt),
adopting glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) as the endogenous reference gene. Negative
control for each primer was used on each plate to
check for possible contamination. Amplification
reagent measurements were calculated based on the
incorporation of the SYBR™ Green fluorescence
marker (Applied Biosystems — ThermoFisher —
Scientific) into the double-stranded ¢cDNA for each
amplification reaction. The results represent the
x-fold increase of gene expression compared with
the control group.

The set of primers specific for each gene were: GR
(direct 5 'GGAATAGGTGCCAAGGGTCT 3'; reverse
5'GAGCACACCAGGCAGAGTTT 3') and GAPDH
(direct 5 'GGGGAGCCAAAAGGGTCATC 3'; reverse
5'GACGCCTGCTTCACCACCTTCTTG 3").

Statistical analysis

Results are expressed as mean =+ standard error
of the mean (SEM). Comparisons between groups
were performed using a two-way analysis of variance
(ANOVA), followed by the LSD posthoc test.
Differences were considered significant when p<0.05.
All analysis were performed using the software IBM
SPSS Statistics 18.0 (Chicago, IL, USA).

RESULTS

The results have shown a significant interaction
between the PNS group and the stress in adulthood
on GR mRNA expression in males (Figure 2A).
Under basal conditions, PNS1 group showed
significantly increased expression of GR in the lungs
when compared to both controls (p<0.05) and PNS2
(p<0.01) groups. Indeed, restraint stress in adulthood
significantly (p<0.01) decreased lung GR expression
on PNS1 animals. In addition, when comparing PNS1
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Figure 2. Effects of prenatal stress on glucocorticoid receptor expression in lung under basal conditions and after restraint
stress in adulthood. Tissue glucocorticoid receptor mRNA was measured in males (A) and females (B). Values are shown as mean
and standard error of the mean. *ssignificant difference (p<0.05) when comparing PNST basal group vs. control basal and PNS2 basal
groups; Ssignificant difference (p<0,05) when comparing PNST stress and PNS2 stress groups vs. control stress group; *significant
difference (p<0,05) when comparing PNST stress group vs. PNS1 basal group. CON: control; PNST: prenatal stress induced from the

second week of pregnancy until birth; PNS2: prenatal stress induced on the last week of pregnancy.

and PNS2 stress groups to the control stress group, a
significant (p<0.05) reduction of GR expression was
observed. On the other hand, no significant differences
were found between groups for females, as shown in
Figure 2B.

DISCUSSION

Adverse events during gestation can generate long-
lasting programming effects that remain throughout
life, although several mechanisms involving the
action of peripheral glucocorticoids are still not well
elucidated [16]. In this study, we have demonstrated,
for the first time, the effects of maternal restraint stress
on GR gene expression in the lungs. Our data suggest
that prenatal stress generates permanent changes in
GR expression in adult males, both at baseline and in
response to restraint stress in adulthood, in an effect
dependent on sex and timing of prenatal stress.

Our results demonstrate that PNS1 males had
a higher expression of GR in the lungs under basal
conditions. It is well established that corticosteroid
receptors in adult life are influenced by fetal pro-
gramming, as its expression is diminished in brain
regions such as hippocampus [ 17]. Moreover, Maeyama
et al have already demonstrated that prenatal stress
promotes an increase in GR expression in the liver [18].
Stressor events during gestation may result in elevated
levels of endogenous glucocorticoids, which reach
the placental barrier and increase fetal exposure to
maternal hormones [13]. Thus, we hypothesized that
fetal exposure to maternal corticosterone from the
second week of gestation, in association with the onset
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of pulmonary development (embryonic day 9), could
modulate GR expression mechanisms. Interestingly,
maternal stress in the last week of gestation (PNS2)
did not promote significant changes, emphasizing
that these effects are dependent on the intensity and
timing of the stressor event. Our group has shown
that prenatal stress from the second week of gestation
(PNST1) causes changes in the HPA axis of the offspring,
although a protective effect on lung inflammatory
response was demonstrated specifically for females [7].
We speculate that pulmonary GR gene expression
could be associated to that effect, as PNS adult males,
in this study, presented an increased expression of
the receptor and no attenuation on lung inflammatory
response was seen in our previous asthma model. On
the other hand, present data shows that PNS females
present no alterations on lung GR expression compared
to controls and a protective effect on lung function and
inflammatory parameters was demonstrated after an
ovalbumin-induced response in a previous study [7].
Early adverse experiences promote a decrease in
the HPA negative feedback, leading to a hyperreactivity
in response to stress in adult life [19,20]. Here, we
have demonstrated that male offspring from mothers
stressed during pregnancy, when subjected to restraint
stress in adulthood, showed a decrease in lung GR
gene expression. Green et al demonstrated that stress
during pregnancy increases the sensitivity to stress
in adulthood, decreasing the expression of GR in
hippocampus and prefrontal cortex in rats [21].
During restraint stress, GR is occupied by increasing
concentrations of corticosterone. In addition, in regions
such as the hippocampus, receptors are downregulated
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on a glucocorticoid negative feedback response that
increases HPA activity. Although that is well described
for the brain, as far as we know, there is no evidence
showing GR expression in the lungs in response to
restraint stress in adulthood. Thus, it is possible to
speculate that decreased receptor expression in PNS1
group, after restraint stress in adulthood, could be a
result of a downregulation response.

Sexual differences associated with different regu-
latory mechanisms of the HPA were shown previously,
as gonadal hormones are one of the main agents in
the neuroendocrine responses to stress [22,23].
Generally, females are more sensitive to HPA axis
activation and have higher basal corticosterone levels,
possibly due to the oscillations of estradiol during the
estrous cycle [24]. However, data in our study suggests
a different response for the lungs, as the effects of stress
during pregnancy were evident only in males. Sex-
specific mechanisms on the effects of prenatal stress
on adult life response to a stressor deserves further
attention to help elucidate different sex vulnerabilities
to lung diseases.

In conclusion, our results demonstrate that stress
from the second week of gestation modulates adult
male GR expression in the lungs, both at basal condition
and after restraint stress in adulthood. These findings
may be determinant for pulmonary development and
possibly influence mechanisms responsible for the
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