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Abstract

This study aimed to evaluate the effects of maternal exercise on alterations induced

by prenatal stress in markers of the inflammatory process and the hypothalamic–

pituitary–adrenal axis in the brain and lungs of neonatalmice. Female Balb/cmicewere

divided into three groups: control, prenatal restraint stress, prenatal restraint stress

and physical exercise before and during the gestational period. On day 0 (PND0) and

10 (PND10), mice were euthanized for brain and lung analyses. The gene expression

of GR, MR, IL-6, IL-10, and TNF in the brain and lungs and the protein expression of

MMP-2 in the lungs were analyzed. Maternal exercise reduced IL-6 and IL-10 gene

expression in the brain of PND0mice. Prenatal stress andmaternal exercise decreased

GR,MR, IL-6, and TNF gene expression in the lungs of PND0mice. In the hippocampus

of PND10 females, exercise inhibited the effects of prenatal stress on the expression

ofMR, IL-6, and IL-10. In the lungs of PND10 females, exercise prevented the decrease

in GR expression caused by prenatal stress. In the hippocampus and lungs of PND10

males, prenatal stress decreased GR gene expression. Our findings confirm the effects

induced by prenatal stress and demonstrate that physical exercise before and during

the gestational periodmay have a protective role on inflammatory changes.
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1 INTRODUCTION

Chronic stress is considered a risk factor for the development and

aggravation of inflammatory, neuroendocrine, and respiratory dis-

eases, among others, being related to excessive activation of the

hypothalamic–pituitary–adrenal (HPA) axis (Boersma & Tamashiro,

2015). The HPA axis contributes to the maintenance of homeostasis,

acting as a regulator of the production and release of corticosteroids

(Rothe et al., 2020; Sze & Brunton, 2020). Consequently, it also plays

an important role in fetal lung maturation, inflammatory response,

neurodevelopment, and metabolic development (Won & Kim, 2020;

Wood &Walker, 2015).

Several studies highlight the importance of the gestational period, in

which the fetus is more vulnerable and more susceptible to the action

of external and internal stimuli, increasing the risk of developing dis-

eases throughout life (Bangasser & Valentino, 2014; Iwasaki-Sekino

et al., 2009; Munck et al., 1984). Stress during the prenatal period is

characterized as fetal exposure to increased levels of glucocorticoids

as a result of hyperactivation of the maternal HPA axis (Akbaba et al.,

2018; Rakers et al., 2020). Prenatal stress may induce several changes
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in the regulation of genes involved both in the inflammatory process

and in the HPA axis reactivity in different organs, including the brain

and the lungs (Buss et al., 2012). Lung development begins during the

fetal period and is influenced by several factors, including the action

of matrix metalloproteinases (MMP), which play an essential role in

lung function, tissue damage repair, inflammatory process, and tissue

remodeling (Hendrix&Kheradmand, 2017). Thus, changes inMMP lev-

els in response to environmental stimuli, infections, or injury can cause

pulmonary complications (Ling et al., 2019; Mok et al., 2021). On the

other hand, the central nervous system is also highly relevant for the

pre- and postnatal development of the fetus and is considered a tis-

sue of great vulnerability to HPA axis imbalances and inflammatory

responses to stressful stimuli (Delhaye-Bouchaud, 2001; Donovan &

Dyer, 2005; Rodier, 1994).

Studies have shown that chronic stress also impacts the regulation

of inflammatory processes (Du et al., 2017). The deregulation of the

HPA axis caused by stress alters the inflammatory balance, which can

generate increased pro-inflammatory cytokines levels, such as IL-6 and

TNF (Khan et al., 2021; Kim et al., 2019). Cytokines are involved in

different functions, including homeostatic regulation, injury neutral-

ization, and tissue remodeling, in addition to participating in neural

mechanisms of plasticity and regulation of neurotransmitters (Denney

et al., 2021). Considering that cytokines are able to cross the blood–

brain barrier, the repercussions of increased levels of inflammatory

markers may also be more significant during stressful situations (Kim

et al., 2019).

Convincing data demonstrate that physical exercise during the ges-

tational period may be considered a form of treatment and prevention

to the development of chronic diseases (Lee et al., 2016). Therefore,

the use of physical exercise to counterbalance stressful situations may

induce positive effects, such as a better ability to regulate glucocorti-

coid secretion, which can benefit neural, cardiovascular, andmetabolic

functions, in addition to helping to modulate the inflammatory pro-

cess (Luft et al., 2020; Marcelino et al., 2015; Stranahan et al., 2008).

However, few studies have examined the effects of maternal physical

exercise on the response of inflammatory and HPA axis markers. Thus,

the objective of this studywas to analyze the effects ofmaternal physi-

cal exercise before and during the gestational period on changes in the

inflammatory and HPA axis markers in both brain and lung tissues of

the offspring.

2 MATERIAL AND METHODS

2.1 Animals

Male and female Balb/cByJ mice were obtained from the Center for

Experimental Biological Models (CEMBE) at PUCRS. These animals

were kept in a controlled temperature environment (24 ± 2◦C), 12-h

light/dark cycle,with free access towater and food. All the experiments

were performed in agreement with international ethical standards

and following the local animal protection guidelines. The experimental

protocol was approved by the Ethics Research Committee (protocol

number 9923) of the Pontifical Catholic University of Rio Grande do

Sul (PUCRS).

2.2 Experimental design

Adult females with approximately 60 days of life were divided into

three experimental groups: (I) control (CONT); (II) prenatal restraint

stress (PNS); (III) prenatal restraint stress and physical exercise before

and during the gestational period (PNS+EX). The CONT group was

kept in their cages and only handled during the cleaning routine. All

females were housed in groups of five until mating. The exercise pro-

tocol started 3weeks beforemating. Then, femaleswere kept together

withmales of the same breed to allowmating.With the confirmation of

mating, considered as day 0 of gestation (G0), females were relocated

individually in cages separate from the males and, on the eighth day

of gestation (G8), the prenatal restraint stress protocol was started.

In addition, on G8, the females were returned to the exercise pro-

tocol until the 21st day of life (G21/PND0). A cesarean section was

performed on females at G21 (PND0) and the pups were removed to

obtain the brain and lung tissues. The segmentation of brain tissue was

performed by free-hand dissection (Spijker, 2011). Briefly, after decap-

itation, scissors were used to open the skull and remove the layers of

meninges from the brain. In the midline, a division of the brain was

performed and layers were removed until the visualization of the hip-

pocampus. Finally, the left and right hippocampi were very carefully

manually removed using tweezers. In addition, for PND0 experiments,

males and females were combined, as sexual differentiation in mice at

this age is challenging due to the small size of their internal sex organs

and the small difference in the anogenital distance. Another cohort of

animals was used to perform the same analyses on the 10th day of life

(PND10). This day was chosen based on the key milestones in rodent

postnatal central nervous systemdevelopment. The gene expression of

GR, MR, IL-6, IL-10, and TNF-α was evaluated in the brain and lungs.

The protein expression ofMMP-2was evaluated in the lungs.

2.3 Prenatal stress

Females fromPNSandPNS+EXgroupswere submitted to the prenatal

restraint stress protocol starting on G8. The animals were kept immo-

bile in a closed acrylic cylinder for 30minutes per day, every other day,

until the day of birth of the offspring (Du et al., 2017).

2.4 Exercise protocol

Females from the PNS+EX group were submitted to a protocol of

physical exercise on a treadmill. The exercise was performed during

the 3 weeks that precede the mating day and returned from G8 to

G21. Physical exercise was performed at a speed of 10 m/min, for
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F IGURE 1 Effects of prenatal stress andmaternal physical exercise on the brain of animals on day 0 (PND0). The graphs show the gene
expression of GR (a), MR (b), IL-6 (c), IL-10 (d), and TNF (e). The number of animals is presented in each bar graph. Results were evaluated by
one-way ANOVA followed by the LSD posttest. Data are presented asmean and standard error of themean. Asterisk (*) indicates significant
difference with p≤ .05 in comparisons between groups

60minutes, 5 days aweek. In the lastweek of pregnancy, the speedwas

reduced to 6 m/min. No stimulus, such as electric shock, was applied

to stimulate animals to perform the activity. Animals that refused

to practice physical exercise spontaneously were excluded from the

study (n = 5). Females from CONT and PNS groups only performed

spontaneous activities in their cages (Kim et al., 2019).

2.5 Euthanasia

The euthanasia of the animals (pregnant females and offspring) was

performed by decapitation to allow the rapid removal of the tissues.

Anesthetics were not used due to the well-known influence on the

stress-induced response. Subsequently, lung and brain samples were

removed and stored in RNA-Later (ThermoFisher Scientific) for 24 h at

4◦C and then transferred to a freezer at−20◦C until final processing.

2.6 Gene expression

The total RNA from brain and lung tissues was extracted using Trizol

(Thermo Fisher Scientific), according to the manufacturer’s instruc-

tions. The RNA was resuspended in 20 μl of nuclease-free water

(Ambion-Thermo Fisher Scientific) and converted into complementary

DNA (cDNA) (GoScript™ Reverse Transcription System Protocol -

Promega), following the manufacturer’s instructions. The quantifica-

tion of cDNA was performed using spectrophotometry (Nanodrop

Spectrophotometer-Model 1000, Thermo Fisher Scientific). Then,
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gene expression was evaluated by real-time quantitative PCR (Step

OnePlus–AppliedBiosystems–ThermoFisher Scientific). The relative

expression of mRNA was calculated using the Delta-Delta Ct (ΔΔCt)
formula, using glyceraldehyde-3-phosphate dehydrogenase (GAPDH)

as the endogenous reference gene. To identify contamination, a nega-

tive control of each primerwas used. The calculation of the proportions

of the amplification components was based on the inclusion of the

fluorescent marker SYBR® Green (Applied Biosystems – Thermo

Fisher Scientific) in the cDNA for each amplification response. The set

of specific primers for each gene as follows: GR (forward 5′GGAATAG-
GTGCCAAGGGTCT 3′ and reverse 5′ GAGCACACCAGGCAGAGTTT
3′), MR (forward 5′ CCAGTTCTCCGTTCTCTGTA 3′ and reverse 5′
CTTGAGCACCAATCCGGTAG 3′), IL-6 (forward 5′ CTGACCACAGT-
GAGGAATGTCCAC 3′ and reverse 5′ TGGAGTCACAGAAGGAGTG-
GCTAA 3′), IL-10 (forward 5′ CCCTTTGCTATGGTGTCCTT 3′ and
reverse 5′ TGGTTTCTCTTCCCAAGACC 3′), TNF (forward 5′ CACC-
CCGAAGTTCAGTAGACA 3′ and reverse 5′ ATAGCDHAGAA3’), and
GAPDH (forward 5′ GGGGAGCCAAAAGGGTCATC 3′ and reverse 5′
GACGCCTGCTTCACCACCTTCTTG 3′).

2.7 Protein expression

The proteins from lung samples were extracted using Tris-HCl 10 mM,

pH 7.5, MgCl2 1 mM, 1 mM EDTA, PMSF 0.1 mM, B-mercaptoethanol

5 mM, Chaps 0.5%, and 10% glycerol. Final quantification was verified

by spectrophotometry (Nanodrop Spectrophotometer-Model 1000,

Thermo Fisher Scientific).

For the western blot, 40 μg of protein was used, fractionated by

vertical polyacrylamide gel electrophoresis (SDS-PAGE). Then, the pro-

teins were transferred to a nitrocellulose membrane (Amersham –

Sigma). After transfer, the membrane was placed in Tween-Tris saline

buffer (TTBS; 100 mM Tris-HCL, pH 7.5 including 0.5% Tween 20)

with 5% albumin for 1 h at room temperature. Then, the membrane

was incubated overnight at 4◦C with the primary antibodies MMP-

2 (1:500, Santa Cruz Biotechnology – sc13595) and GAPDH (1:100,

Invitrogen – ZG003). The next day, the membrane was washed three

times with TTBS and incubated for 2 h with the secondary antibodies

(1:1000, Invitrogen – A16160). Afterward, the membrane was washed

again with TBS. Finally, the immunoreactivity was identified through

chemiluminescence modifications (ECL Western Blotting Substrate

Kit – Abcam). The percent of density was analyzed by Image J soft-

ware (National Institutes of Health, USA) and the levels ofMPP-2were

standardized with relative levels of their total amount for GAPDH

levels.

2.8 Statistical analysis

The normality of data was evaluated using the Shapiro–Wilk test.

Results were expressed as mean ± standard error of the mean (SEM).

The comparisons between experimental groups were performed using

a one-way analysis of variance (ANOVA), followed by the LSD posttest,

using GraphPad Prism 8 software (GraphPad Software, San Diego, CA,

USA). The significance level was set at p≤ .05.

3 RESULTS

3.1 Effects of prenatal stress and maternal
physical exercise on inflammatory and HPA axis
markers in PND0 mice

3.1.1 Brain

There were no significant differences in the gene expression of GR

(F(2,17) = 0.507, p = .61) and MR (F(2,12) = 1.508, p = .26) (Figure 1a,b).

When inflammatory markers were analyzed, there was a reduction in

IL-6 (F(2,16) = 3.736, p = .04) gene expression in the brain of PNS+EX

animals when compared to CONT (p = .03) and PNS (p = .02) animals

(Figure 1c). As for IL-10 (F(2,10) = 3.924, p = .05), an increase in this

anti-inflammatory cytokine was observed in the PNS+EX group when

compared to the CONT (p = .02) and PNS (p = .05) groups (Figure 1d).

These results indicate a beneficial effect of maternal physical exercise

in reducing the expression of IL-6 and increasing IL-10. There were no

significant differences for TNF (F(2,9) = 1.594, p = .25) (Figure 1e). No

other effects of exercise were seen.

3.1.2 Lungs

For the lung analyses, there was a decrease in GR (F(2,14) = 5.096,

p = .02) in the PNS (p = .01) and PNS+EX (p = .01) groups when com-

pared to theCONTgroup (Figure 2a). A decrease inMR (F(2,17) =13.87,

p = .0003) was also observed both in PNS (p = .0001) and PNS+EX

(p = .001) compared to CONT (Figure 2b). A reduction in the IL-

6 (F(2,13) = 6.882, p = .009) gene expression was observed in the

PNS (p = .007) and PNS+EX (p = .007) groups (Figure 2c) com-

pared to the CONT group. The same reduction was found for the

TNF (F(2,12) = 11.94, p = .001) gene expression in PNS (p = .002) and

PNS+EX (p= .0005) groups when compared to CONT (Figure 2e). The

PNS group (p= .006) showed decreased IL-10 (F(2,11) = 5.517, p= .02)

expression when compared to the CONT group (Figure 2d). There

were no significant differences in the protein expression of MMP-2

(F(2.14) = 0.381, p= .69) (Figure 3).

3.2 Effects of prenatal stress and maternal
physical exercise on inflammatory and HPA axis
markers in PND10 mice

3.2.1 Female hippocampus

There were no significant differences in the gene expression of GR

(F(2,16) =0.5261, p= .60) and TNF (F(2,10) =1.876, p= .20) (Figure 4a,e).

A significant increase in the MR (F(2,14) = 9.167, p = .002) gene
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F IGURE 2 Effects of prenatal stress andmaternal physical exercise on the lung of animals on day 0 (PND0). Gene expression of GR (a), MR (b),
IL-6 (c), IL-10 (d), and TNF (e) is shown. The number of animals is presented in each bar graph. Results were evaluated by one-way ANOVA followed
by the LSD posttest. Data are presented asmean and standard error of themean. Single asterisk (*) indicates significant difference with p≤ .05.
Double asterisks (**) indicate significant difference with p≤ .01. Triple asterisks (***) indicate significant difference with p≤ .001 in comparisons
between groups

expression in the PNS group when compared to both CONT (p = .003)

and PNS+EX (p = .001) groups was identified (Figure 4b). A simi-

lar effect of prenatal stress was seen for both IL-6 (F(2,10) = 15.62,

p = .0008) and IL-10 (F(2,9) = 5.254, p = .03) gene expression when

compared to CONT (p = .004 and p = .01, respectively) and PNS+EX

(p = .0003 and p = .04, respectively) groups (Figure 4c,d). Maternal

exercise was able to reverse the effects of prenatal stress on both MR

(Figure 4b) and IL-6 (Figure 4c) gene expression, evidenced by the sig-

nificant reduction seen in the PNS+EX group when compared to the

PNS group (p= .003 and p= .001, respectively).

3.2.2 Male hippocampus

There was a significant reduction in the GR (F(2,14) = 6.313,

p = .01) gene expression in PNS animals when compared to CONT

(p< .01). Maternal exercise failed to reverse the stress-induced effects

(Figure 4f). No other significant differences were found (Figure 4g–j).

3.2.3 Female lung

Measurements in lung tissue showed that physical exercise before

and during the gestational period may reverse the effects of stress

on TNF (F(2,11) = 232.7, p = .0001) gene expression, as shown by the

difference between PNS+EX (p = .03) and PNS groups (Figure 5e).

Regarding IL-6 (F(2,11) = 2.766, p = .10) and IL-10 (F(2,12) = 1.454,

p = .27) gene expression, no significant differences were observed

(Figure 5c,d). As for GR (F(2,9) = 6.031, p = .02), an increased expres-

sionwas observed in the PNS+EX group (p= .02) compared to the PNS

group (Figure 5a). In addition, therewas an increase in the gene expres-

sion of MR (F(2,10) = 5.504, p = .02) in PNS animals compared to both
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F IGURE 3 Effects of prenatal stress andmaternal physical
exercise onMMP-2 protein expression in the lungs of animals on day 0
(PND0). Relative density andmolecular weights ofMMP-2 and
GAPDH are shown. The number of animals is presented in each bar
graph. Results were evaluated by one-way ANOVA followed by the
LSD posttest. Data are presented asmean and standard error of the
mean. There were no significant differences between groups

CONT (p = .02) and PNS+EX (p = .01) (Figure 5b). There were no dif-

ferencesbetweengroups in theMMP-2 (F(2.15) =0.696,p= .51) protein

analysis (Figure 6a).

3.2.4 Male lung

In the analysis of male lung tissue, there was an effect of stress

with a reduction of GR (F(2,15) = 7.915, p = .004) expression in the

PNS (p < .01) and PNS+EX (p = .01) groups compared to the CONT

(Figure 5f). Regarding MR (F(2,15) = 5.014, p = .02), there was an exer-

cise effect demonstrated by a decrease in the PNS+EX group (p < .01)

when compared to the CONT (Figure 5g). There were no differences

between groups onmarkers of the inflammatory process (Figure 5h–j),

as well as on the protein expression ofMMP-2 (F(2.13) = 0.301, p= .74)

(Figure 6b).

4 DISCUSSION

The results obtained in this study indicate that prenatal stress gener-

ated a series of alterations, including a reduction in HPA axis markers

and cytokines in the lungs of animals on day 0, as well as an increase

in the hippocampus of females on day 10. Furthermore, physical

exercise before and during the gestational period was able to reverse

some of these effects, particularly in the hippocampus and lungs of

females at day 10 of life. Available evidence indicates that prenatal

stress can generate several deleterious effects, including an increase in

inflammatory cytokines, hyperactivation of the HPA axis, an increase

in glucocorticoid exposure, and reduction in GR and MR receptors, in

addition to behavioral effects leading to the development of anxiety

and depression (Burgueno et al., 2020; Harris &Glucocorticoids, 2011;

Rakers et al., 2020). On the other hand, the effects of prenatal stress

are still poorly explored in peripheral organs, such as the lungs, and

at early ages, especially during the neonatal period. Likewise, the

effects of physical exercise during pregnancy as an alternative for the

prevention of stress-induced changes and diseases are also poorly

studied. Our data demonstrated different responses promoted by

exercise and stress on inflammatory andHPA axis markers, in an effect

that appears to be tissue, age, and sex dependent.

At first, we have analyzed the brain and lung tissues of animals

on day 0 (PND0), in which it was possible to see a beneficial effect

of exercise on inflammatory cytokines in the brain. PNS+EX group

showed a reduction on IL-6 and an increase on IL-10 gene expres-

sion. On the other hand, in the lungs, stress induced different effects,

including a reduction of GR, MR, and IL-10, which may induce long-

lasting alteration for the fetus. Surprisingly, prenatal stress reduced

the levels of IL-6 and TNF in the lungs of animals on day 0. IL-6

and TNF are known markers of the inflammatory process and have

been associated with inflammatory diseases in the respiratory sys-

tem (Tutkun et al., 2019). IL-6 is a multifunctional pro-inflammatory

cytokine that causes an increase in airway resistance, depending on

its levels, which may lead to greater mechanical effort, playing a role

in diseases such as asthma and chronic obstructive pulmonary dis-

ease (Rubini, 2013). However, during muscle contraction generated

by physical exercise, there is a higher production of IL-6 that acts by

activating glycogenolysis and generating extra energy to the muscles,

which demonstrates that this cytokine does not exclusively acts pro-

moting inflammation (Metsios et al., 2020).On the other hand, TNFhas

the function of organizing some cytokines, increasing the inflamma-

tory response, and contributing to the process of fibrosis and terminal

lung diseases (Zhang et al., 1997). A previous study from our group

showed that prenatal stress may reduce the impact of asthma in adult

mice (Vargas et al., 2016). On the other hand, evidence in the liter-

ature demonstrates that gestational stress is related to an increased

risk of developing asthma and other diseases, including mental disor-

ders and morphological and structural alterations in the hippocampus

(Burgueno et al., 2020; Turcotte-Tremblay et al., 2014). Neverthe-

less, the results presented here indicate beneficial effects of maternal

treadmill exercise on inflammatory markers in the brain of prenatally

stressed mice, corroborating a previous study in which exercise has

been shown beneficial by helping to prevent the effects caused by

stress in adult mice (Luft et al., 2020). The impacts of prenatal stress

and the possible effects of physical exercise on lung tissue still need

to be further investigated. Indeed, although we are not able to fully

explain the differences found between brain and lung tissue, there is

evidence showing that cytokines react in different ways depending on

the analyzed tissue, such as an increase in peripheral muscles and a

reduction in the heart (Metsios et al., 2020).

Considering that the effects of prenatal stress can generate differ-

ent responses throughout development, we have performed another

experiment to analyze the hippocampus of males and females at

PND10. In females, we have observed that maternal exercise was

able to prevent the effects of prenatal stress, promoting a decrease in
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F IGURE 4 Effects of prenatal stress andmaternal physical exercise on the hippocampus of animals on day 10 (PND10). Gene expression of GR
(a), MR (b), IL-6 (c), IL-10 (d), and TNF (e) in females, and GR (f), MR (g), IL-6 (h), IL-10 (i), and TNF (j) in males, is shown. The number of animals is
presented in each bar graph. Results were evaluated by one-way ANOVA followed by the LSD posttest. Data are presented asmean and standard
error of themean. Single asterisk (*) indicates significant difference with p≤ .05. Double asterisks (**) indicate significant difference with p≤ .01.
Triple asterisks (***) indicate significant difference with p≤ .001 in comparisons between groups

IL-6 gene expression. This cytokine is closely related to the adaptations

induced by physical exercise, since muscle contraction is one of the

stimuli for its regulation (Shephard, 2002). Despite having important

effects on peripheral metabolism, a sustained increase on its levels can

trigger an inflammatory process (Metsios et al., 2020). In females, our

data demonstrate that prenatal stress induced an increase in markers

such as MR and IL-10. MR and GR in the hippocampus have the role

of regulating the HPA axis by controlling the levels of glucocorticoid

secretion. Studies have shown that changes in the levels of these

receptors in the hippocampus may promote hyperactivation of the

axis (Zhe et al., 2008). IL-10 is an anti-inflammatory cytokine with

several functions in the brain, including the survival of neurons and

glial cells (Strle et al., 2001). It also plays a protective role against

the action of pro-inflammatory cytokines, a mechanism that occurs

in the progression of several diseases in the central nervous system

(Strle et al., 2001). Regarding the effects on males, our data showed

that stress caused a decrease in GR expression, confirming evidence

from the literature (Stephens & Wand, 2012). In addition, a study

(Weinstock, 2007) reported that when prolonged restraint stress

was applied to mothers, there was a decrease in GR and MR in the
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F IGURE 5 Effects of prenatal stress andmaternal physical exercise on the lungs of animals on day 10 (PND10). Gene expression of GR (a), MR
(b), IL-6 (c), IL-10 (d), and TNF (e) in females, and GR (f), MR (g), IL-6 (h), IL-10 (i), and TNF (j) in males, is shown. The number of animals is presented
in each bar graph. Results were evaluated by one-way ANOVA followed by the LSD posttest. Data are presented asmean and standard error of the
mean. Double asterisks (**) indicate significant difference with p≤ .01. Quadruple asterisks (****) indicate significant difference with p≤ .001 in
comparisons between groups

hippocampus of both sexes, impairing the regulation of the feedback of

theHPA axis. On the other hand, restraining once a day only generated

responses in female offspring, showing a lower sensitivity for males

(Weinstock, 2007). Comparatively, the development of male fetuses

is more directed to growth, becoming less adaptable to environmental

challenges in utero (Sutherland & Brunwasser, 2018). Although few

studies present comparisons between sexes, it is well-known that

there are numerous sexual differences, including clinical data demon-

strating thatmen have slower cortical development, increasing the risk

for schizophrenia and the susceptibility to long-term developmental

alterations (Damiani et al., 2005).

Furthermore, we have evaluated the lung tissue of these animals.

In females, we found a reduction on TNF and an increase on MR in

response to prenatal stress. On the other hand, it was also possible

to observe a beneficial effect of physical exercise in the effects of

prenatal stress on GR gene expression. Moreover, we have also eval-

uated MMP-2 protein expression. MMP-2 plays an important role in

lung development, being associated with tissue remodeling, regulation

of the inflammatory process, and repair of tissue injuries, in addi-

tion to playing a crucial role in maintaining oxygenation (Hendrix &

Kheradmand, 2017; Ling et al., 2019). Despite this, our results did

not show significant effects of prenatal stress and/or exercise on
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F IGURE 6 Effects of prenatal stress andmaternal physical
exercise onMMP-2 protein expression in the lungs on day 10
(PND10). Relative density andmolecular weights ofMMP-2 and
GAPDH are shown for females (a) andmales (b). The number of
animals is presented in each bar graph. Results were evaluated by
one-way ANOVA followed by LSD posttest. Data are presented as
mean and standard error of themean. There were no significant
differences between groups

MMP-2 protein expression in the lungs of any of the experimental

groups evaluated. As for the western blotting analysis, it should be

noted that some bands have different intensities, although all sam-

ples were previously quantified and both the target protein (MMP-2)

and the charge control (GAPDH) from the same sample were run on

the same gel. In addition, previous studies with prenatal stress used

GAPDH as a load control, demonstrating that early life stress does not

promote effects on the expression of this protein (Zhou, 2020). Taken

together, females seem to be more vulnerable to the effects of pre-

natal stress on markers of both HPA axis and inflammatory response.

These effects may be related to an interaction between different pro-

gramming mechanisms and hormonal factors (Brunton et al., 2015;

Moisiadis &Matthews, 2014).

This study also presents limitations, including the impossibility to

adequately separate brain structures and sexes on day 0 (PND0).

Therefore, considering the age of the animals studied and the respec-

tive size of the structures, results were presented for the whole brain

and without separation between males and females at this age. In

addition, the small sample size for some of the analysis may also be

considered as a limitation of present study.

5 CONCLUSION

The results of the present study confirm the effects induced by pre-

natal stress and demonstrate that physical exercise before and during

the gestational period may have a protective role on inflammatory

changes. Our findings seem to be specific and different depending on

the tissue, age, and sex studied.
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