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The effect of maternal stress on blastocyst quality depends

on maternal physiological status
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Abstract. The effect of maternal stress on blastocyst quality, with respect to maternal metabolic
status, was investigated in this study. We exposed female mice with different amounts of body fat to
restraint stress and examined their blastocyst quality. Blood concentrations of corticosterone, leptin,
adiponectin, insulin and glucose were measured in these females. Significantly lower stress-induced
corticosterone elevations were observed in females with high and low amounts of body fat, indicating
that the stress response was altered in these females. The basal leptin concentrations were significantly
higher in females with high amounts of body fat than in females with low amounts of body fat, and
stress induced different responses in these two groups of females. Our results showed that maternal
stress can significantly increase the proportion of blastocysts that contain dead (apoptotic) cells in
females with high and medium amounts of body fat. In females with low amounts of body fat, the
proportion of blastocysts containing dead (apoptotic) cells was already increased before the stress
exposure, and application of stress did not significantly change this parameter. Our results showed
that the effects of maternal stress on early embryos can depend on the actual physiological status

of the maternal organism exposed to stress.
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Introduction

The preimplantation period of development (i.e., the period
before the implantation of an embryo into the uterus) is one
of the most sensitive phases in mammalian ontogeny, and
disturbances at this developmental stage can result in poor
pregnancy outcomes in humans and animals (Humblot
2001; Nepomnaschy et al. 2006). Preimplantation embryos
can sense and adapt to their environment, and maternal
nutrition and lifestyle can significantly influence early em-
bryo development (Varghese et al. 2011). Stress and obesity
are the most widespread lifestyle diseases in economically
developed countries and can be among the reasons for the
decline in human fertility. Moreover, there are data indicating
that stress and greater amounts of body fat can also impair
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reproductive functions in farm animals (Rutherford et al.
2012; Kubovicova et al. 2013).

Obese women have a high prevalence of infertility, and
it has been demonstrated that obesity can contribute to
anovulation, a reduced conception rate, a reduced response
to fertility treatment, and increased risks of spontaneous
miscarriage, preeclampsia and congenital developmental
anomalies (reviewed in Jungheim et al. 2012). Experimental
results indicate that maternal obesity can influence the very
early stages of development, impairing oocyte developmental
potential and early embryo development. Several hormones,
adipokines and metabolites have been considered to mediate
the effects of maternal obesity on early embryo development,
but the exact molecular mechanisms remain unknown
(Igosheva et al. 2001; Swain et al. 2004; Cikos et al. 2010;
Bermejo-Alvarez et al. 2012; Koningsdorf et al. 2012).

Clinical and epidemiological studies have shown that
more than half of pregnant women could suffer from anxiety
or depression, and this problem is even more pronounced
in obese pregnant women (Faisal-Cury and Rossi Menezes
2007; Bogaerts et al. 2013). The negative effects of prenatal
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stress on embryo development and offspring health have
been well documented (reviewed in Vrekoussis et al. 2010),
and there are data indicating that stress can even influence
oocyte maturation, fertilization, and early embryo develop-
ment (Donadio et al. 2007; Lee et al. 2008; Mihalik et al. 2011;
Zhang et al. 2011). The identification of receptors capable
of binding stress mediators in oocytes and preimplantation
embryos suggests that the molecules that are involved in
the stress response can act directly on oocytes and the cells
of early embryos (Cikos et al. 2007, 2014; Siemieniuch et
al. 2010).

In our previous studies we showed that the amount of ma-
ternal body fat or maternal restraint stress can significantly
affect the quality of oocytes and in vivo developed preim-
plantation embryos (Burkus et al. 2013, 2015; Kubandova et
al. 2014; Fabian et al. 2015). In this study, we investigated the
effect of stress on blastocyst quality in the context of maternal
physiological status. We exposed female mice with different
amounts of body fat to restraint stress and examined the
quality of their blastocysts and the serum concentrations
of selected metabolism-related hormones in these females.
To our knowledge, this study is the first examining the re-
sponse of early embryos to maternal stress with respect to
the mother’s somatic and metabolic status.

Materials and Methods

Animals and experimental design

All experiments were performed on female mice of the ICR
(CD-1IGS) strain (Velaz, Prague, Czech Republic) that were
maintained under standard conditions (temperature 22 + 2°C,
humidity 65 + 5%, 12:12-h light-dark cycle with lights on at
06:00, and free access to food and water). A two-generation
dietary model, based on mouse overfeeding during intrau-
terine and early postnatal life, was used to produce females
with different amounts of body fat (Kubandova et al. 2014).
Adult (30-35 days old) female mice underwent hormonal
synchronization with pregnant mare serum gonadotropin
(eCG 5 IU intraperitoneal; Folligon, Intervet International,
Boxmeer, Holland), followed 47 hours later by the administra-
tion of human chorionic gonadotropin (hCG 4 IU intraperi-
toneal; Pregnyl, Organon, Oss, Holland) and were mated with
males of the same strain overnight. The fertilized mice were
randomly divided into experimental and control groups, and
they were housed individually in cages. During the gestation
(21 days) and lactation periods (from birth to weaning at 21
days) the mothers in the control group were fed a standard
pellet diet (M1; Ricmanice, Czech Republic; 3.2 keal/g; 26.3%
protein, 9.5% fat, 64.2% carbohydrate, and 3.8% cellulose
and hemicellulose). The mothers in the experimental group
were fed a standard M1 diet that had been suplemented with

the high-energy product Ensure Plus (liquid diet containing
1.5 kcal/ml, 15% protein, 28% fat, and 57% carbohydrate) ad
libitum. After weaning (21 days after birth), the F1 female
mice in both groups were fed the standard diet. At day 35
of age, the F1 mice were individually weighed and scanned
with an EchoMRI (Whole Body Composition Analyzer,
Echo Medical System, Houston, Texas, USA) to evaluate the
amount of the body fat (in grams). The percentage of body
fat was calculated as body fat (g)/body weight (g) x 100. The
mice were then divided into three groups according to the
percentage of body fat: HF - mice from the experimental
group (overfed during intrauterine and early postnatal life)
with highly increased body fat (> 11%), MF — mice from the
control group (normally fed during intrauterine and early
postnatal life) with a medium amount of body fat (7-8.5%)
and LF - mice from the control group (normally fed dur-
ing intrauterine and early postnatal life) with low body fat
(£6.5%).

Spontaneously ovulating female mice of the F1 genera-
tion were mated with males for one or more nights. Mating
was confirmed by the identification of a vaginal plug every
morning at 07:30, and this time was designated day 1 of gra-
vidity (D1). Females from each group (HE MF and LF) were
randomly divided into two sub-groups (on D1), and one
sub-group was then exposed to restraint stress during the
four-day preimplantation period (the sub-groups of stressed
females were designated as HF-S, MF-S, and LE-S).

Restraint stress

The females in stressed groups were subjected to restraint
stress by being individually placed into adjusted and perfo-
rated 50 ml plastic tubes (without squeezing or compression).
Each animal was isolated in a cell made of cardboard located
outside of the animal colony during the stress exposure.
Restraint stress was applied three times per day (at 08:00,
12:00, 16:00) for 40 min during the light phase of the day
from D1 to D4 of pregnancy (D1-D4). After stress exposure,
the mice were returned to their home cage with free access
to food and water.

Hormone and glucose measurement

Blood collected from decapitated mice was centrifuged to
obtain serum. The serum was transferred to clean vials and
stored at -80°C until the day of assay. The corticosterone,
leptin, adiponectin, insulin and glucose levels were meas-
ured using commercially available kits (Corticosterone
EIA kit, Enzo Life Sciences, NY, USA; Mouse leptin ELISA
kit, Mouse adiponectin ELISA kit, and Rat/Mouse Insulin
ELISA kit, Millipore, Billerica, MA, USA; Glucose assay
kit, Calbiochem, San Diego, CA, USA), according to the
manufacturer’s instructions.
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Embryo recovery and blastocyst evaluation

On D4 after fertilization (96 h after plug identification), the
embryos were recovered by flushing the oviduct and uterus
using flushing-holding medium (FHM) (Lawitts and Biggers
1993) containing 1% bovine serum albumin (BSA; Sigma-
Aldrich, St. Louis, USA). The collected embryos were sub-
jected to stereomicroscopic evaluation (Nikon SMZ 745T),
and blastocysts were selected for further analysis. The quality
of the blastocysts (the blastomere number and the number
of dead and apoptotic cells) was assessed using morpho-
logical fluorescence staining. Immediately after isolation,
the blastocysts were stained with propidium iodide (PI;
10 pg/ml; Sigma-Aldrich), washed in phosphate-buffered
saline (PBS) containing BSA (Sigma-Aldrich), fixed in 4%
paraformaldehyde (Merck, Darmstadt, Germany) in PBS at
room temperature for 1 hour, and stored in 1% paraform-
aldehyde in PBS at 4°C. The fixed blastocysts were washed,
permeabilized for 1 hour in PBS with 0.5% Triton X-100
(Sigma-Aldrich), and then washed in PBS. Then, they were
incubated in TUNEL (terminal deoxynucleotidyl transferase
dUTP nick end labeling) assay reagents (TUNEL In Situ
Cell Death Detection Kit; Roche, Penzberg, Germany) for
1 hour at 37°C in the dark. After the TUNEL reaction, the
embryos were counterstained with Hoechst 33342 (10 pg/ml
in PBS; Sigma-Aldrich) for 5 minutes at room temperature,
washed, mounted on slides with Vectashield (Vector Labora-
tories, Burlingname, USA), and observed using fluorescence
microscope at a magnification of x 400 (BX50 Olympus,
Japan). The number of cell nuclei was determined in each
blastocyst. Based on the nuclear morphology, the presence
of specific DNA fragmentation in the nucleoplasm and PI
positivity/negativity, the embryonic cells were classified as:
normal (without morphological changes, without TUNEL
labeling, without Pl inclusion into the nucleoplasm) or dead
(showing at least one of the following features: fragmented
or condensed nucleus, TUNEL positive labeling or posi-
tive PI staining). Dead cells with nuclear fragmentation or
condensation and TUNEL positive labeling were classified
as apoptotic.

Statistics

Statistical analysis was performed using GraphPad Prism
software (GraphPad Software, Inc., La Jolla, CA, USA).
One-way ANOVA and Tukey’s post hoc test were used to
compare amounts of body fat and body weights, to estimate
the blastocyst cell number, and to compare the differences
in the hormone and glucose concentrations between all
groups of females (Student’s t-test was also used to compare
the concentrations between the stressed and nonstressed
groups). Pearson’s correlation analysis was used to assess
the relationships between the amounts of body fat and the

serum adipokine (leptin, adiponectin) concentrations. The
standard chi-square test was used to analyze the propor-
tions of blastocysts with and without dead and apoptotic
cells. Kruskal-Wallis test followed by Dunn’s test was used
to estimate the proportion of dead and apoptotic cells in the
blastocysts (the Mann-Whitney test was used to compare
the differences between the group with highest propor-
tion of dead/apoptotic cells and other groups). Differences
of p < 0.05 were considered significant.

Results

Somatic parameters of females

The amounts of body fat and the body weights of the female
mice were measured at day 35 of age. The females in the
group with the highest amount of body fat (HF) had 11.55
+0.11% body fat and weighed 24.3 + 0.52 g on average, the
females in the group with a medium amount of body fat
(MF) had 7.43 £ 0.10% body fat and weighed 18.4 £+ 0.50 gon
average, and the females in the group with a low amount
of body fat (LF) had 5.83 + 0.074% body fat and weighed
16.6 £ 0.36 g on average. Body fat amounts and body weights
of the HF females were significantly higher than those of the
MF and LF females. The body fat amounts and body weights
of the MF females were significantly higher than those of the
LF females (Fig. 1).
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Figure 1. Somatic parameters of females. The body fat amounts
and body weights were measured at day 35 of age. MF, females
with medium amounts of body fat (n = 25); HF, females with high
amounts of body fat (n = 19); LE, females with low amounts of body
fat (n = 34). The females from each group were randomly divided
into two sub-groups on day 1 (D1) of pregnancy (one sub-group
was left intact, and the other was exposed to restraint stress). The
values are arithmetic means + SEM. One-way ANOVA and Tukey’s
post hoc test were used to compare the differences between groups
of females: ** p < 0.01, *** p < 0.001
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Figure 2. Blood serum corticosterone, insulin and glucose concen-
trations. The values are arithmetic means + SEM (8-12 females per
group were analyzed). One-way ANOVA and Tukey’s post hoc test
were used to compare the differences between all groups of females:
* p <0.05,** p<0.01,"** p <0.001 (comparisons of insulin concen-
trations between the stressed and nonstressed females with Student’s
t-test: MF vs. MF-S p =0.0013, LF vs. LF-S p = 0.034, HF vs. HF-Sp =
0.069; comparisons of glucose concentrations between stressed and
nonstressed females with Student’s ¢-test: MF vs. ME-S p = 0.019, LF
vs. LF-S p = 0.022, HF vs. HF-S p = 0.0001). ME intact (nonstressed)
females with medium amounts of body fat; ME-S, stressed females with
medium amounts of body fat; HE intact (nonstressed) females with
high amounts of body fat; HF-S, stressed females with high amounts
ofbody fat; LE, intact (nonstressed) females with low amounts of body
fat; LE-S, stressed females with low amounts of body fat.

Serum hormone and glucose concentrations

Significant differences in corticosterone levels were ob-
served between the compared groups of females (ANOVA:
p < 0.001, Fig. 2). We detected moderately elevated basal
corticosterone levels in the HF and LF females (45.2 +
11.05 and 48.5 * 11.6, respectively) compared with the MF
females (13.7 £ 2.06, p > 0.05). The stress-induced serum
corticosterone concentrations were significantly higher than
the basal levels in all groups of females (p < 0.001), and the
response was stronger in the MF females (47-fold increase
in the average concentration) than in the HF and LF females
(12 and 11-fold increases in the average concentrations,
respectively). Consequently, the corticosterone levels were
significantly higher in the MF-S females than in the HF-S
and LF-S females (p < 0.05).

Significant differences in the insulin and glucose levels
were observed between the compared groups of females
(ANOVA: p < 0.001 for insulin and p < 0.01 for glucose,
Fig. 2). The insulin concentrations were significantly higher
in the HF females compared with the MF females (Tukey’s
post hoc test: p < 0.01) and LF females (Tukey’s post hoc test:
P <0.001). Stress exposure decreased the insulin concentra-
tions in all groups of females (Tukey’s post hoc test revealed
a statistically significant difference between the HF and
HE-S groups (p < 0.05); separate comparisons of the stressed
vs. nonstressed groups with Student’s t-test also showed
significant differences between the MF and MF-S groups
(p < 0.01) and between the LF and LF-S groups (p < 0.05)).
The exposure to restraint stress increased the glucose levels
in all groups of females; the increase was most prominent in
the HF females (Tukey’s post hoc test HF vs. HE-S: p < 0.001;
separate comparisons of the stressed vs. nonstressed groups
with Student’s t-test also showed significant differences
also in the MF vs MF-S (p < 0.05) and LF vs. LF-S groups
(p < 0.05)).

Significant differences in the leptin levels were observed
between the compared groups of females (ANOVA: p < 0.01,
Fig. 3A). We observed the highest leptin concentration in the
HF females and the lowest concentration in the LF females
(Tukey’s post hoc test HF vs. LF: p < 0.05). The exposure to
stress decreased the leptin levels in the MF and HF females
(Tukey’s post hoc test revealed a statistically significant dif-
ference between the HF and HF-S groups (p < 0.05); separate
comparisons of the stressed vs nonstressed groups with
Student’s t-test also showed significant differences in the MF
vs. MF-S groups (p < 0.01)). In contrast, no decrease was
observed in the leptin levels in the stressed LF females. The
correlation analysis showed a significant positive relationship
(Pearsonsr = 0.51, p = 0.0102) between the body fat amount
and the leptin concentration in nonstressed females, and this
positive correlation was abolished (and even reversed) in the
stressed females (Pearsons r = —0.14, p = 0.52, Fig. 3B).
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Figure 3. Leptin concentrations and the correlation between the
body fat amount and leptin concentrations. A. Blood serum leptin
concentrations. The values are arithmetic means + SEM (8-12
females per group were analyzed). One-way ANOVA and Tukey’s
post hoc test were used to compare the differences between all
groups of females: * p < 0.05, ** p < 0.01, *** p < 0.001 (compari-
sons of leptin concentrations between the stressed and nonstressed
females with Student’s t-test: MF vs. MF-S p = 0.0089, LF vs. LF-Sp =
0.26, HF vs. HF-S p = 0.036). B. Relationship between the amounts
body fat and leptin serum concentrations in the nonstressed females
(Pearson’sr =0.514, p =0.0102) and stressed females (Pearson’s r =
—0.14, p = 0.52). For abbreviations, see Fig. 2.

We did not detect significant differences in the adiponec-
tin levels between the compared groups of females (data
not shown). The correlation analysis showed only a weak
negative relationship between the body fat amount and
the adiponectin concentration in the intact (Pearsons r =
-0.20, p = 0.33) and stressed females (Pearson’s r = —0.19,
p=031).

Blastocyst quality

The fluorescence analysis of the blastocysts showed that
the numbers of blastomeres were not significantly different
between the blastocysts isolated from the examined groups
of females (MF 44.4 + 1.46, MF-S§48.1 + 1.63, HF 47.4 + 1.90,
HF-S47.7 £ 1.08, LF 44.1 + 1.12, and LF-S 45.0 + 1.29).

A comparison of the numbers of blastocysts containing
dead cells with the numbers of blastocysts that did not
contain any dead cells revealed significant differences be-
tween the groups of females (Fig. 4). In the group of females
with large amounts of body fat, we observed a significantly
higher proportion of blastocysts with dead cells in stressed
mothers (HF-S, 53.5%) than in intact mothers (HE, 30.6%;
p =0.0035). In females with medium amounts of body fat,
the proportion of blastocysts with dead cells was 39.5% in
stressed mothers (MF-S group) and 24.3% in intact moth-
ers (MF group), and this difference also reached statistical

100+
H WITH

= WO

Figure 4. Ratio of blastocysts with and without (wo) dead cells.
Blastocysts were obtained from intact (nonstressed) and stressed
females with medium amounts of body fat (MF, n = 74; MF-S,
n = 81), from intact (nonstressed) and stressed females with high
amounts of body fat (HE, n = 75; NF-S, n = 86), and from intact
(nonstressed) and stressed females with low amounts of body fat
(LE n=88; LF-S, n = 114). The percentages of blastocysts containing
dead cells and blastocysts that did not contain any dead cells were
quantified for each group of females. Differences between groups
were estimated using the chi-square test (* p < 0.05, ** p < 0.01,
*** p < 0.001). For abbreviations, see Fig. 2.
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Figure 5. The proportion of dead cells in the blastocysts. Blastocysts
were obtained from intact (nonstressed) and stressed females with
medium amounts of body fat (MF, n = 74; ME-S, n = 81), from in-
tact (nonstressed) and stressed females with high amounts of body
fat (HE, n = 75; NF-S, n = 86), and from intact (nonstressed) and
stressed females with low amounts of body fat (LF, n = 88; LF-S, n =
114). The percentage of dead cells was quantified in each blastocyst
containing at least one dead cell. The boxes represent the 25th to
75th percentiles, and the horizontal lines within the boxes represent
the median values. The whiskers represent the lowest and highest
values in the 25th percentile minus 1.5IQR (interquartile range) and
in the 75th percentile plus 1.5IQR, respectively. The Kruskal-Wallis
test was used to estimate differences between all groups (p < 0.05;
Dunn’s post hoc test did not reveal significant differences between
the individual groups). The LF-S group was compared with the
other groups using the Mann-Whitney test: * p < 0.05,** p < 0.01.
For abbreviations, see Fig. 2.

significance (p = 0.043). No significant difference was ob-
served in mothers with low amounts of body fat between
the stressed and intact females (LF-S 59.6% vs. LF 55.7%;
p =0.57). A comparison of the intact females showed that
there were significantly higher proportions of blastocysts
with dead cells in mothers with low amounts of body fat
than in mothers with medium or high amounts of body fat
(LF vs. MF: p =0.0001, LF vs. HF: p =0.0013). A comparison
of the stressed females indicated that mothers with medium
amounts of body fat had a lower proportion of blastocysts
with dead cells than mothers with low and high amounts
of body fat (MF-S vs. LF-S p = 0.0056; MF-S vs. HE-S p =
0.070).

An analysis of the blastocysts that contained dead cells
revealed significant differences in the proportions of dead
cells per blastocyst between the compared groups of females
(Kruskal-Wallis p < 0.05, Dunn’s post hoc test did not reveal
significant differences between individual groups, Fig. 5).
The highest proportion of dead cells per blastocyst was
observed in the stressed females with low amounts of body
fat (LF-S group). A comparison of the differences between
the LE-S group and the other groups showed that there were
significantly reduced proportions of dead cells per blastocyst
in the MF, MF-S, HF and HF-S females (Mann-Whitney
test: LF-S vs. MF p < 0.05, LE-S vs. ME-S p < 0.01, LE-S vs.
HF p < 0.05, and LF-S vs. HF-S p < 0.01). The proportion
of dead cells per blastocyst was only slightly lower in the
blastocysts isolated from the LF females than in the blasto-
cyst isolated from the LF-S females (Fig. 5). An evaluation
of the apoptotic cells in the blastocysts showed results that
were very similar to those obtained for the dead cells. The

Figure 6. Fluorescence micrographs of mouse blastocysts with apoptotic cells. Apoptosis is characterized by specific morphological
features. The cell shrinks and condenses, the nuclear envelope disassembles, and the nuclear DNA fragments. A. Hoechst 33342 stain-
ing (blue) showing the nuclear morphology. B. TUNEL (T, Terminal deoxynucleotidyl transferase dUTP nick end labeling) labeling
(green) showing specific DNA degradation in the nucleoplasm of apoptotic cells (the same embryo is shown in A and B). C. Hoechst
33342 staining (blue) showing the nuclear morphology. D. Propidium iodide chromatin staining (red) showing the status of the nuclear
envelope integrity in the dying cells (the same embryo is shown in C and D). n, normal nucleus; f, fragmented nucleus; ¢, condensed
nucleus; m, metaphase.
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propotion of blastocysts with apoptotic cells: MF 24.32%,
ME-S§ 39.51%, HF 30.67%, HE-S 53.49%, LF 55.68%, LF-S
59.65%. The proportion of apoptotic cells in the blastocysts
(median values): MF 24.32%, MF-S 39.51%, HF 30.67%,
HF-§ 53.49%, LF 55.68%, LE-S 59.65%. The micrographs il-
lustrate the observed morphological features of the apoptotic
cells in the mouse blastocysts (Fig. 6).

Discussion

To ascertain whether differences in maternal physiological
status can influence the effect of stress on blastocyst quality,
we exposed female mice with different amounts of body fat
to restraint stress and analyzed their blastocysts. Our com-
parison of the ratio of blastocysts with and without dead cells
showed that stress significantly increased the proportion
of blastocysts containing dead cells in females with high
amounts of body fat. In contrast, a very weak effect of stress
on the ratio between blastocysts with and without dead cells
was observed in females with low amounts of body fat. The
reason for this difference likely lies in the proportion of blas-
tocysts that contain dead cells in the intact (nonstressed)
females. Intact mothers with low amounts of body fat showed
a significantly higher proportion of blastocysts with dead
cells than mothers with high or medium amounts of body
fat. These results indicate that a maternal environment with
low body fat can itself increase the proportion of blastocysts
with dead cells, and the exposure to stress does not signifi-
cantly increase this parameter. The proportion of blastocysts
containing dead cells did not differ significantly between the
intact females with medium and high amounts of body fat,
and maternal stress showed a stronger effect on females with
high amounts of body fat. Our analysis of the blastocysts
containing dead cells showed that these cells predomi-
nantly died by apoptosis. We observed similar proportion
of dead (apoptotic) cells per blastocyst in mothers (intact
and stressed) with medium and high amounts of body fat,
and the proportion was significantly increased in stressed
mothers with low amounts body fat. Intact mothers with
low amounts of body fat only showed a slight decrease in
the proportion of dead (apoptotic) cells per blastocyst than
their stressed counterparts. These results indicate that the
increased proportion of dead (apoptotic) cells observed
in the blastocyst isolated from stressed females with low
amounts of body fat was mainly caused by the alterations
in the maternal environment due to low body fat, and the
influence of stress was not significant. In our previous study,
we found increased proportion of dead and apoptotic cells
per blastocyst in females with both low and high amounts
of body fat (Kubandova et al. 2014, intact females with
respect to stress were used in the study). The discrepancy
between the present and previous results likely arises from

the fact that females with higher amount of body fat and
blastocysts at later developmental stages were evaluated in
the experiment reported by Kubandova et al. (2014). Taken
together, our results indicate that in females with medium
and high amounts of body fat, maternal stress can increase
the proportion of blastocysts that contain dead cells, but
the stress does not change the incidence of apoptosis in
blastocysts. In females with low amounts of body fat, the
proportion of dead cell-containing blastocysts and the in-
cidence of apoptosis in blastocysts were already increased
before stress exposure, and stress did not significantly change
these parameters.

Several factors can contribute to the control of apop-
tosis in preimplantation embryos. The results of in vitro
experiments have revealed that the addition of reactive
oxygen species (ROS) to the culture medium can impair
preimplantation development and can increase the inci-
dence of apoptosis (Feugang et al. 2003; Bain et al 2011).
The results of in vivo studies have shown that unfavorable
maternal conditions can induce oxidative stress in oo-
cytes and early embryos. Igosheva et al. (2010) showed
that oocytes and embryos that were exposed to an obese
reproductive environment can induce a state of oxidative
stress and that the antioxidant capacity of such embryos
can be impaired. Moreover, there are data indicating that
both obese and low body mass index (BMI) conditions can
induce oxidative stress (Higashi et al. 2003), which suggests
the possibility that similar mechanisms might be involved
in the deterioration of embryos developing in obese and
lean mothers alike. Lian et al. (2013) showed increased
ROS and decreased glutathione levels in oocytes isolated
from stressed female mice and formulated the hypothesis
that maternal restraint stress can impair the developmen-
tal potential of oocytes by causing oxidative stress. Taken
together, the above-mentioned data suggest that impaired
antioxidant capacity in embryos developing in obese moth-
ers could be one of the factors increasing the sensitivity
of these embryos to maternal stress.

Our analysis of the blastocyst cell number revealed no
significant differences between the blastocysts isolated
from the compared groups of females. In our previous
study (Burkus et al. 2013), a decreased cell number was
observed in the blastocysts isolated from mothers exposed
to restraint stress (a heterogenic population of females
without any dietetic modeling and with undefined somatic
parameters was used in the experiment), and the differ-
ence was more prominent in later-stage blastocysts (p <
0.001) than in earlier-stage blastocysts (p < 0.05). Again,
the discrepancy between the results could be caused by the
different stages of blastocysts analyzed in the two experi-
ments. Early-stage blastocysts were isolated in the present
study (45 blastomeres on average), and later-stage blasto-
cysts (55-65 blastomeres on average) were isolated in the
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study of Burkus et al. (2013). A comparison of the results
from two other studies examining the effects of prolonged
maternal restraint stress (24 hours of restraint during the
period of oocyte maturation) also showed stronger effects
on later-stage blastocysts (41 blastomeres on average) than
on early-stage blastocysts (56 blastomeres on average; Zhang
etal. 2011; Lian et al. 2013). These results indicate that the
negative effect of maternal stress on blastocyst cell number
can mainly be detected in later-stage blastocysts. However,
the maternal stress-induced changes in the proportion
of dead cell-containing blastocysts can already be detected
in early blastocysts (particularly under some metabolic
conditions of the maternal organism).

A large amount of experimental data on endocrine
profiles in obesity is available, although conflicting results
have been obtained in relation to stress. For instance, in-
creased, decreased or unchanged basal blood concentrations
of glucocorticoids have been observed in obese humans and
animals (Kohsaka et al. 2007; Cano et al. 2008; Ghalami et
al. 2011; Praveen et al. 2011; Veldhorst et al. 2014). Moreo-
ver, increased, decreased or unchanged stress-induced
corticosterone levels have been identified in obese rats
(Boullu-Ciocca et al. 2005; Sasaki et al. 2013). To charac-
terize the maternal physiological status, we measured the
blood concentrations of corticosterone, insulin, adiponec-
tin, leptin and glucose in this study. The exposure to stress
strongly elevated the serum corticosterone levels in all three
groups of females. However, the increase of corticosterone
was smaller in females with high and low amounts of body
fat. These results indicate that the responses to stress were
altered in females with high or low amounts of body fat. We
observed significantly higher insulin concentration in the
nonstressed females with high amounts of body fat com-
pared with the nonstressed females with medium and low
amounts of body fat. In contrast, the glucose concentrations
of the nonstressed females with high amounts of body fat
did not differ significantly from the other two nonstressed
groups, indicating that insulin resistance developed in
females with high amounts of body fat. Insulin resistance
with hyperinsulinemia and normoglycemia has been shown
in several studies (Chen et al. 1994; Gonzalez et al. 2013).
It is well known that stress can reduce insulin secretion by
activating the adrenergic and glucocorticoid receptors in
pancreatic beta cells (Peterhoff et al. 2003; Davani et al.
2004), and we found decreased insulin concentrations in all
three groups of stressed females. Consequently, the serum
glucose concentrations were increased in all three groups
of stressed females, and the increase was most prominent
in females with high amounts of body fat. Both the insulin
and glucose levels were moderately higher in the stressed
females with high amounts of body fat than in the other
two stressed groups, suggesting that restraint stress could
intensify the insulin resistance state in females with high

amounts of body fat. Li et al. (2013) showed that acute
stress can rapidly induce insulin resistance, and our results
suggest that individuals with increased amounts of body fat
can be more sensitive. Insulin and glucose can significantly
influence preimplantation embryo growth and development
(for reviews see Heyner 1997; Riley and Moley 2006; Jun-
gheim and Moley 2008). Moreover, several studies showed
that insulin and glucose can be involved in the regulation
of apoptosis in preimplantation embryos (Herrler et al.
1998; Keim et al. 2001; Augustin et al. 2003), and our results
suggest that the altered insulin and glucose levels could be
some of the factors by which maternal stress influences cell
survival in the early embryo.

When comparing the adipokine levels, we did not de-
tect significant changes in the adiponectin concentrations
between the examined groups of females, but we found
significant changes in the leptin levels. Several studies
have shown that stress can influence the leptin serum lev-
els, but different responses were found depending on the
stress model, the stress duration of stress and the species
(Patterson-Buckendahl et al. 2007; Jeong et al. 2013; deO-
liveira et al. 2014; Koelsch et al. 2016). In our experiment,
restraint stress decreased the serum leptin concentrations
in mothers with high and medium amounts of body fat, but
not in mothers with low amounts of body fat. Moreover,
stress disturbed the positive correlation between the body
fat amount and the leptin concentration. Although conflict-
ing results were obtained in experiments examining the role
of leptin in preimplantation embryo development (Kawa-
mura et al. 2002; Fedorcsak and Storeng 2003; Swain et al.
2004; Arias-Alvarez et al. 2011), the importance of leptin
in mouse blastocyst implantation is well documented (Yang
etal. 2005). Thus, changes in the leptin levels (which differ
in females with high and low amounts of body fat) could
be another factor mediating the effects of maternal stress
on early embryo.

Preimplantation embryos express a variety of receptors,
including insulin and insulin-like growth factor receptors,
leptin receptors, adiponectin receptors and adrenergic
receptors, and in vitro experiments have shown that the
activation of these receptors can significantly influence
early embryo development (for reviews see Heyner 1997;
Kaye 1997; Cervero et al. 2005; Ciko$ et al. 2011; Cikos
2012). In the in vivo context, signaling molecules (receptor
ligands) produced by the maternal organism can activate
embryonal receptors, and the composition of the “ligand
cocktail” can differ in various physiological conditions.
Our results showed that the effects of maternal stress on
early embryos can depend on the actual physiological status
of the maternal organism exposed to stress. The molecular
mechanisms underlying these changes are unknown, and
further research will be required to reveal the signaling
molecules and pathways involved.
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