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Early embryonic development may be affected by adrenal hyperactivity in stressful situations which may
lead to endocrine changes in the embryo environment. A sensitive period in porcine embryo development is the 4-cell stage when the embryo genome activation occurs. A mixed in vivo-in vitro system was
implemented to test whether an altered milieu around this stage could affect embryo development and
blastocyst quality in the porcine model. After in vitro maturation and fertilisation, presumptive zygotes
were exposed for 24 h to plasma collected after ovulation from adrenocorticotropic hormone (ACTH)treated, non-ACTH-treated sows; and, medium without plasma, supplemented with bovine serum albumin. Subsequently, embryo development and differences in gene expression were tested among
treatments. Cleavage and blastocyst rates did not differ between treatments. Blastocyst quality by
morphology assessment was similar when all the resulting blastocysts were included in the analysis.
However, when only expanded blastocysts (and onwards) were included in the analysis, the blastocysts
from the non-ACTH plasma group showed better quality score. Blastocyst quality by morphological
assessment was not mirrored by the transcription levels of various important genes for embryo development whose gene expression proﬁle did not signiﬁcantly differ among groups. It is likely that the effect
of the altered environment provided by plasma from ACTH-treated sows was too short to affect embryo
development. Therefore, a brief exposure to an altered endocrine environment may not have harmful
consequences for the embryo once fertilisation occurs.
© 2021 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).
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1. Introduction
Adrenal hyperactivity in stressful situations may lead to interferences in the hypothalamic-pituitary-gonadal axis that can
affect female reproduction [1,2]. Studies on psychosocial stress both
in humans and animals have described inhibitory effects on
reproduction, although its impact at the gamete or embryo level is
less understood [3e8].
The pig is a social species which may experience stress of
management in modern farming conditions. Regrouping of sows
requires around 27 days to establish a new hierarchy within the
group [9,10]. These management practices are coincident with the
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periovulatory period and may interfere with the neuroendocrine
system, affecting delicate processes such as ovulation, fertilisation
and establishment of pregnancy. To evaluate the potential impact of
management practices on sow reproduction, several in vivo studies
aimed to evaluate the effect of an altered hormonal environment
caused by adrenocorticotropic hormone (ACTH) administration at
distinct moments around ovulation (reviewed by Ref. [11]). However, the possible direct effects caused by simulating psychogenic
stress, through ACTH administration, on gametes or embryos were
difﬁcult to address in these in vivo studies. Previous in vitro approaches have assessed the direct effect of natural or synthetic
glucocorticoids in different species on in vitro oocyte maturation
[12e15] and on in vitro pre-implantation embryo development
[16]. However, the scenario in which gametes or embryos are
exposed under stressful situations is very difﬁcult to simulate
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stress was done by the administration of ACTH every 4 h during the
periovulatory period, from the beginning of oestrus up to ~12 h
after ovulation, for a total of 48 h after standing oestrus. Ovulation
was monitored by transrectal ultrasonography. For the present
experiment, plasma from representative sows with similar oestrous
cycles was selected from each group at 12 ± 2 h post-ovulation.
Blood circulation levels of cortisol and progesterone differed between groups [19] (Table 1). The boar used for semen collection was
kept on straw in an individual pen at the Division of Reproduction,
Department of Clinical Sciences (SLU, Uppsala). Water was provided
ad libitum and it was fed according to Swedish standards [26]. The
experimental design was approved in advance by the Ethics Committee for Experimentation with Animals, Uppsala, Sweden.

in vitro and it would not be mimicked by supplementing culture
media with glucocorticoids. Therefore, a mixed in vivo-in vitro
model was previously used to assess the effect of an altered
endocrine environment by ACTH administration during the periovulatory period on oocyte maturation and fertilisation in the pig
[17,18]. In this combined in vivo-in vitro model, blood plasma
collected from sows which received ACTH every 4 h for ~48 h from
the beginning of standing oestrus, was added in vitro at corresponding points of the reproductive cycle to assess the impact at
speciﬁc reproductive events. It is known that the repeated
administration of exogenous ACTH altered reproductive behaviour
and led to modiﬁcations in reproductive hormone levels [19]. We
have previously described that a brief exposure to plasma from
ACTH-treated sows during in vitro maturation may induce alterations in mitochondrial and actin patterns in oocytes, but did not
prevent embryo development [18]. Furthermore, an altered hormonal environment provided by plasma from ACTH-administrated
sows seemed to negatively impact the sperm fertilising ability
through alterations in the acrosome reaction and the kinetics of
tyrosine phosphorylation, which ultimately led to a detrimental
impact on fertilisation and embryo development [17]. Whether an
altered hormonal environment derived from ACTH administration
has an impact on post-fertilisation events has not yet been
analysed.
The major transcriptional activation of the embryonic genome
occurs during the 4-cell stage in the pig [20,21]. Additionally, in the
in vitro system, most pig embryos are found at the 4-cell (and some
have already reached the 5-8-cell) stage from 24 to 48 h of culture
[22]. Therefore, the time frame between 24e48 h of in vitro culture
corresponds to the most sensitive period for pig embryo development since they will be undergoing the transcriptional activation of
their genome and will be at the stage where the developmental
block occurs [23].
Gene expression has become an important tool to determine the
quality of blastocysts generated after in vitro techniques and some
genes are considered useful markers of blastocyst quality [24,25].
Disturbances on the embryonic environment may affect the proper
development of the embryo, driving compensatory cellular responses that would, in turn, lead to alterations in gene expression
during early embryonic development. So far, a possible effect of the
altered hormonal proﬁle caused by ACTH administration directly at
the embryo level during this critical period has not been studied.
Whether stressful situations affect the early development of the
embryo during the critical period of 24e48 h of culture and this
would eventually affect the gene expression proﬁle in the resulting
blastocysts is unknown.
Thus, the aims of the present study were to: 1) assess if cleavage
and the progression up to the blastocyst stage were affected by
blood plasma supplementation, collected from ACTH-treated sows
after ovulation; and 2) evaluate whether transcript gene expression
at the blastocyst stage was affected by altered circulating levels of
reproductive and stress hormones in blood plasma collected from
ACTH-treated sows after ovulation.

2.2. Oocyte collection and in vitro maturation
Ovaries from prepubertal gilts were transported at 32e34  C
within 3e4 h after slaughter in 0.9% (wt/vol) sodium chloride solution without antibiotics. Cumulus oocyte complexes (COCs) were
collected by follicle puncture from 3 to 6 mm antral follicles with a
5 mL syringe connected to a 18 ga needle. The follicular content was
transferred into 25 mL tubes containing collection medium
warmed at 37e38  C. The collection medium was Hepes-buffered
TCM-199 (M  2520) supplemented with 2.2 g/L NaHCO3 (S5761), 1 mM L-glutamine (G-8540), 0.5 mg/mL polyvinyl alcohol
(PVA, P-8136), 20 IU/mL heparin (H-3149) and 50 mg/mL gentamicin (G-1264). Using collection medium without heparin, the
COCs were searched, washed three times and selected. They were
then rinsed once in maturation medium that consisted of: TCM-199
(M  2154) supplemented with 1 mM L-glutamine, 1 mM sodium
pyruvate (P-3662), 1 mg/mL BSA (A-3311), 100 mM 2b-mercaptoethanol (M  7522), 50 mg/mL gentamicin, 50 ng/mL epidermal
growth factor (E4127), 5 ml/mL insulin-transferrin-selenite (ITS, I3146), 10 IU/mL PMSG and 5 IU/mL hCG (Suigonan, Intervet Scandinavia, Skovlunde, Denmark). Groups of 35e55 COCs were placed
in 500 mL maturation medium into 4-well culture dishes (Nunclon,
Nalgene, Nunc International, Roskilde, Denmark) for the ﬁrst 22 h
(with all the supplements) and for an additional period of 22 h in
maturation medium without hormones and without ITS at 38.5  C
under 5% CO2 in humidiﬁed air.
2.3. Semen collection and sperm preparation
Fresh semen was collected on several occasions from the same
boar using the gloved-hand method and immediately extended
(1:1, v:v) in Beltsville thawing solution (BTS, 005974-ZG863, IMV
Technologies, L’Aigle Cedex, France), [27]. Semen extender was
removed by standard centrifugation. Brieﬂy, 0.5 mL of semen was
transferred to a 15 mL tube containing 4 mL of non-capacitating
medium [18,28] and centrifuged at 300g for 5 min at room temperature. The supernatant was discarded and the pellet was
washed again under the same conditions. After the second centrifugation, the pellet was gently resuspended in in vitro fertilisation
medium (see below), and kept at 38.5  C under 5% CO2 in air for
30 min before being added to fertilisation wells.

2. Materials and methods
Unless otherwise stated, all the reagents used were purchased
from Sigma-Aldrich, Stockholm, Sweden.

2.4. In vitro fertilisation
After maturation, oocytes were gently washed in IVF medium
and rinsed twice before to transfer them to the 4-well culture dish
containing a ﬁnal volume of 500 mL IVF medium [17,28]. The IVF
medium was composed of the following: 90 mM NaCl, 12 mM KCl,
0.5 mM NaH2PO4 (S-5011), 25 mM NaHCO3, 0.5 mM MgSO4, 2 mM
sodium pyruvate, 8 mM CaCl2$2H2O (C-7902), 6 mM lactic acid,
6 mg/mL BSA, 1.9 mM caffeine (C-0750), 50 mg/mL gentamicin and

2.1. Plasma samples and animals
No additional in vivo experiments were carried out to withdraw
blood plasma samples. The plasma used in the current study was
collected from sows administered ACTH (n ¼ 2) or control females
(n ¼ 2) from a previous in vivo experiment [19]. Brieﬂy, simulated
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Table 1
Mean (±SEM) hormonal concentration in pooled plasma collected from ACTH-treated or control sows at 12 h after ovulation.
Group

Cortisol (nmol/l)

Progesterone (nmol/l)

17b-Estradiol (pmol/l)

Inhibin alpha (ng/ml)

Control (n ¼ 2)
ACTH (n ¼ 2)

35.4 ± 15.7
527 ± 116

5.33 ± 1.40
12.6 ± 0.04

6.0 ± 3.0
5.0 ± 0.0

0.27 ± 0.03
0.34 ± 0.02

ACTH was administered every 4 h during the periovulatory period, from the beginning of oestrus until 12 ± 2 h after ovulation. Plasma collected was added to in vitro embryo
culture medium for the ﬁrst 24 h of culture. For a representative statistical analysis, see Brandt et al. (2007).

5 mg/mL phenol red. Gametes were co-incubated for 24 h at 38.5  C
under 5% CO2 in air. The ﬁnal sperm concentration used was
5  105 cells/mL.

5 min incubation in 50 mL lysis buffer, pre-washed Dynabeads were
added and samples were further incubated for 5 min. PolyA RNA
attached to the Dynabeads was extracted with a magnet and suspended in 50 mL washing buffers A and B (twice, each). Thereafter,
the polyA RNA was ﬁnally eluted in 30 mL of 10 mM Tris-HCl.
Immediately after extraction, the reverse transcription (RT) reaction was carried out following the manufacturer’s instructions
(Bioline, Ecogen, Madrid, Spain) using polyT primer, random
primers and moloney murine leukemia virus reverse transcriptase
enzyme in a total volume of 40 mL to prime the RT reaction and to
produce cDNA. Tubes were heated to 70  C for 5 min to denature
the secondary RNA structure and then the RT mix was completed
with the addition of 100 units of reverse transcriptase. They were
then incubated at 42  C for 60 min to allow the reverse transcription of RNA, followed by incubation at 70  C for 10 min to denature
the RT enzyme. The quantiﬁcation of all mRNA transcripts was
performed by real-time quantitative (q)RT-PCR. For qPCR, three
groups of cDNA per experimental treatment, each obtained from 10
embryos, were used with two repetitions for all the studied genes.
Experiments were conducted to compare relative levels of each
transcript with those of histone H2Az (H2AFZ) in each sample. The
PCR was performed by adding a 2 mL aliquot of each sample to the
ﬁnal PCR mix (20 mL) containing speciﬁc primers to amplify H2AFZ,
BCL2-associated X protein (BAX), BCL2-like protein 1 (BCL2L1), gap
junction protein, alpha 1, 43 kDa (GJA1), DNA cytosine-5methyltransferase 3 alpha (DNMT3A), mitochondrial polymerase
gamma (POLGA), mitochondrial transcription factor A (TFAM),
glyceraldehyde-3-phosphate dehydrogenase (GAPDH), insulin-like
growth factor binding protein 2 (IGFBP2) and homeodomain transcription factor Nanog (NANOG). The information of the primers
used is shown in Table 2.
The comparative cycle threshold (CT) method was used to
quantify expression levels [32,33]. Quantiﬁcation was normalised
against that of the endogenous control, H2AFZ. Fluorescence was
acquired in each cycle to determine the threshold cycle or the cycle
during the log-linear phase of the reaction at which ﬂuorescence
increased above background for each sample. Within this region of
the ampliﬁcation curve, a difference of one cycle is equivalent to a
doubling of the ampliﬁed PCR product. According to the comparative CT method, the DCT value was determined by subtracting the
H2AFZ CT value for each sample from the CT value for each gene in
the sample. Calculation of DDCT involved the use of the highest
sample DCT value (i.e. the sample with the lowest target expression)
as an arbitrary constant to subtract from all other DCT sample
values. Fold changes in the relative gene expression of the target
gene were determined using formula 2DDCT.

2.5. In vitro culture
After gamete co-incubation, the oocytes were transferred to
1.5 mL tubes containing 750 mL Hepes-buffered North Carolina
State University medium-23 (Hepes-NCSU-23) [29]. The remaining
cumulus cells and spermatozoa loosely attached were removed
using a vortex for 1 min. Presumptive zygotes (and some already
cleaved) were then washed three times in the same medium and
rinsed once in porcine culture medium (PZM [30]) before placing
them in 500 mL PZM. They were randomly split in three groups and
exposed to the following treatments during the ﬁrst 24 h of in vitro
culture: a) 10% (v:v) plasma collected after ovulation from ACTHtreated sows; b) 10% (v:v) plasma from non-ACTH-treated sows
or; c) plasma-free group, supplemented only with 3 mg/mL bovine
serum albumin (BSA). Culture medium consisted of 108 mM NaCl,
25.07 mM NaHCO3, 10 mM KCl, 0.35 mM KH2PO4, 0.4 mM
MgSO4$7H2O, 2 mM calcium lactate (C-8356), 2.78 mM myoinositol (I-7508), 1 mM L-glutamine, 5 mM hypotaurine, 2% (v:v)
essential amino acids (B-6766), 1% (v:v) non-essential amino acids
(M  7145), 3 mg/mL BSA, 50 mg/mL gentamicin and 5 mg/mL
phenol red. After 24 h of treatment in PZM, which corresponded
with 48 h post-insemination (hpi), cleavage rate was assessed in
Hepes-NCSU-23 and the non-cleaved oocytes were removed. Embryos were transferred to fresh PZM, covered with 300 mL mineral
oil (M  8410) and were kept in culture up to day 7. Culture was
carried out in a humidiﬁed atmosphere of 5% O2, 5% CO2 and 90%
N2. Cleavage rate was expressed as the percentage of embryos
found at 48 hpi of culture over the total of presumptive zygotes in
culture. A corrected cleavage rate was also calculated having taken
into account the number of embryos already present at the
beginning of exposure to treatment. Blastocyst rate was expressed
as the percentage of blastocysts found on day 7 of culture over the
total of embryos. Quality of blastocysts was classiﬁed according to
the International Embryo Transfer Society embryo system [31] as
grade 1 (excellent to good), 2 (fair), 3 (poor) or 4 (dead or
degenerating).
2.6. RNA puriﬁcation, reverse transcription and quantiﬁcation of
mRNA transcript abundance
For gene expression analysis, only grade 1e2 expanded and
hatching blastocysts were selected on day 7 of in vitro culture. Pools
of 10 embryos per treatment were used and the number of blastocysts from the selected stages of development was the same in all
the treatments to minimise variations. Embryos were moved to PBS
supplemented with 0.1% (wt/vol) polyvinylpyrrolidone (PVP) and
washed ﬁve times before transferring the embryos to a RNase- and
DNase-free centrifuge tube. The tubes were then plunged into LN2
and stored at 80  C until analysis.
PolyA RNA was extracted from pooled blastocysts using the
Dynabeads mRNA Direct Extraction KIT (610.21, Dynal Biotech,
Oslo, Norway) following the manufacturer’s instructions. After

2.7. Statistical analysis
The data were analysed using one-way ANOVA. The post hoc
Tukey test was used to detect differences between treatments
when signiﬁcant differences were found. Variables expressed as
percentages were arcsine-transformed to satisfy parametric assumptions when needed. When data did not fulﬁl the assumptions
of the model after transformation, Kruskal-Wallis ANOVA was used,
followed by Mann-Whitney U test to detect differences between
17
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Table 2
Information of the primers used for real time RT-PCR.
Gene

Primer sequence (50 -30 )

Fragment
Size (bp)

Gene Bank Accession No.

H2AFZ

AGGACGACTAGCCATGGACGTGTG
CCACCACCAGCAATTGTAGCCTTG
CTGGAGCAGGTGCCTCAGGA
ATCTCGAAGGAAGTCCAGCGTC
GGAGCTGGTGGTTGACTTTC
CTAGGTGGTCATTCAGGTAAG
CTGAGAAGCCCAAGGTCAAG
CAGCAGATGGTGCAGTAGGA
ACCCAGAAGACTGTGGATGG
ACGCCTGCTTCACCACCTTC
TGCCTTTCGTTGTAACACTCA
AGAACACATGAGCCAGGTACA
AGACAATGGCGACGATGCTGAG
TGCTCCGTGACTTTCTCCCG
CCAGCGAATGAAATGTAAGAGGTG
TGGTGGTAGGAATAGAAGCCCG
ACTGGCTGGACATCAGCAGT
GACAGTACTGCATCAGGTCC
GGCAGACTGGCAGGTGTA
CGAGGTCTTTTTGGTTTTCCA

212

NM_016750

300

XM_003355974.1

518

AF216205

238

CJ026384

247

BC102589

142

AY382593.1

150

HQ432890.1

110

FJ882402.1

194

AK291281.1

164

AF311909

BAX
BCL2L1
DNMT3A
GAPDH
GJA1
IGFBP2
NANOG
POLGA
TFAM

hormonal environment provided by plasma from ACTH-treated
sows or by the protein source present in the culture medium
(P > 0.05) (Fig. 1).

experimental groups. Probability values of less than 0.05 were
considered signiﬁcant. Statistical analyses were performed using
Statistica (Statsoft, Inc. 2001. STATISTICA, data analysis software
system, version 6; www.statsoft.com).

4. Discussion
3. Results
Reproduction is an important function that may be affected by
psychosocial stress. The timing and duration of stress in relation to
the reproductive female cycle might be crucial for having consequences on reproductive performance. In this study, we assessed
the effect of an altered microenvironment, caused by blood plasma
collected after ACTH administration, on early embryonic development. Regardless of the provided in vitro environment, embryo
yields were similar in all groups. This was conﬁrmed by the absence
of differences under the different experimental conditions in mRNA
transcription proﬁle of various analysed genes that are important
for embryo development. Our results showed that a brief exposure
to plasma from ACTH-treated sows may not exert a harmful effect
on pre-implantation embryonic development, but this extrapolation to the in vivo situation should be done cautiously and further
explored.
Using an in vivo-in vitro system as a model to study the effect of
simulated psychosocial stress (by blood plasma collected under
ACTH administration) on gametes and embryo development, we
aimed to implement a better model than the sole inclusion of
corticoids in culture media to study the possible inﬂuences of stress
on gamete/embryo quality. Nonetheless, the proposed model does
not perfectly mimic the in vivo situation since oviductal ﬂuid is a
complex ﬂuid and differs in some features from blood plasma

Outcomes from in vitro culture are shown in Table 3. There was
no effect of treatment on cleavage rate (P > 0.05) on day 2 of culture. At the beginning of treatment (24 h post-fertilisation) some of
the zygotes had already undergone cleavage. When cleavage rate
was corrected, having taken into account the number of embryos
that were present at the beginning of the treatment exposure per
experimental group, the cleavage rate remained similar between
treatments (P > 0.05). Blastocyst yield was not affected by plasma
addition from ACTH-treated sows in comparison to controls
(P > 0.05). The source of protein (i.e. plasma or BSA) did not affect
the in vitro outcomes (P > 0.05).
Blastocyst classiﬁcation according to the degree of development
was not signiﬁcantly inﬂuenced by treatment (P > 0.05) (data not
shown). Subjective quality scores ranging from grade 1 (best
quality) to 4 (worst quality) did not differ between treatments
when all the resulting blastocysts were included in the statistical
analysis (P ¼ 0.07). However, when only expanded blastocysts (and
onwards) were included in the analysis, the quality score was
signiﬁcantly lower (i.e. better quality) (P < 0.05) in the group supplemented with plasma from non-ACTH-treated sows (Table 4).
The relative mRNA expression of nine genes analysed to evaluate blastocyst quality remained unaffected by the altered

Table 3
Results of in vitro culture (mean ± SEM).
Treatment

Cleavage rate

Corrected
Cleavage rate

Blastocyst rate

n

% (No. embryos /No. presumptive zygotes)

n

% (No. embryos /No. presumptive zygotes)

n

% (No. blastocysts/No. embryos)

ACTH
Control BSA
Control No ACTH

14
14
14

54.0 ± 2.9 (340/626)
54.0 ± 3.2 (313/580)
55.7 ± 2.9 (358/637)

14
14
14

49.1 ± 2.9 (281/571)
49.4 ± 3.1 (261/528)
50.8 ± 2.8 (300/581)

13
13
13

19.0 ± 2.3 (64/319)
20.1 ± 2.8 (61/296)
20.7 ± 2.0 (64/337)

Cleavage rate was calculated as the percentage of embryos found on day 2 of culture over the total of presumptive zygotes in culture. Blastocyst rate was calculated as the
percentage of blastocysts found on day 7 of culture over the total of embryos. Statistical analysis was done using one way-ANOVA. No signiﬁcant differences were found
between treatments (P > 0.05). The number of replicates is indicated (n).
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Table 4
Blastocyst quality (mean ± SEM).
Treatment

n

Blastocyst quality (all blastocysts)

n

Blastocyst quality (expanded blastocysts)

ACTH
Control BSA
Control No ACTH

61
58
61

2.16 ± 0.11
2.22 ± 0.10
1.97 ± 0.11

34
28
32

1.74 ± 0.09a
1.77 ± 0.11a
1.45 ± 0.06b

Blastocyst quality on day 7 of in vitro culture. Statistical analysis was done using Kruskal-Wallis ANOVA and Mann-Whitney U test. Different letters represent signiﬁcant
differences between treatments (P < 0.05). The number of blastocysts analysed are indicated (n).

explored the effect of an altered hormonal environment, caused by
ACTH administration at critical events of reproduction. We have
previously described that a brief exposure to plasma from ACTHtreated sows during in vitro maturation may induce alterations in
mitochondrial and actin patterns in oocytes, but did not preclude
embryo development [18]. However, fertilisation was very sensitive
and detrimentally affected by plasma from ACTH-administrated
sows compared to controls [17]. In the present study, we further
explored the effect of an altered hormonal environment, using
plasma from ACTH-treated sows, on embryo quality, speciﬁcally
during a critical period of porcine embryo development. This time
frame from 24 to 48 h of culture corresponds to the third cell cycle
(4-cell stage) when the major transcriptional activation of the
embryo genome takes place and the developmental block occurs
[20,21,23]. In vivo, porcine embryos can be recovered around
14e16 h (timing of ﬁrst cleavage) after ovulation and embryos enter
the uterus at the 4-cell stage around 46 h after ovulation [40]. This
chronology of development would ﬁt approximately with plasma
collected at 12 ± 2 h post-ovulation from ACTH-treated or nontreated sows [19] provided in the present study. However, in vitro
development of pig embryos displays some delay in comparison to
their in vivo counterparts [22,41]. Most pig embryos are found at
the 4-cell stage from 24 to 48 h of in vitro culture [22]. Thus, this
interval was selected for plasma supplementation from ACTHtreated or control sows in the current work.
Plasma collected from ACTH-treated sows had a ~15-fold greater

[34e36]; although the concentration of systemic compounds such
as progesterone can inﬂuence oviductal ﬂuid composition [37]. In
this regard, progesterone was elevated in ACTH-treated sows and
that seemed to alter the intraluminal environment of the oviduct
reservoir [38]. Plasma proteins account for most of the protein
content of oviductal ﬂuid, their concentration being 5e10% of that
found in serum [35], which is approximately provided in our in vitro
culture system with 10% blood plasma supplementation in culture
medium. Earlier studies have evaluated the supplementation of
culture media with glucocorticoids [12e16], but this scenario could
be far from reﬂecting the in vivo situation. Conversely, it is difﬁcult
to perform studies in in vivo conditions. Previous reports attempted
to assess the effect of ACTH administration to mimic stress on the
sow reproduction at different times of the oestrus cycle (reviewed
by Ref. [11]). Important ﬁndings derived from these studies showed
that ACTH administration caused alterations in the hormonal proﬁle and disturbances in sexual display [19], modiﬁcations in the
oviductal intraluminal milieu [38] and fewer ova/embryos were
retrieved in the ACTH-group compared to controls [39]. In the latter
study, no differences were found in cleavage rates in the ACTH and
control group or on the features of 4-cell stage embryos, but the
developmental competence to the blastocyst stage was not investigated. Additionally, in these in vivo studies, to what extent the
effects on embryo development may arise from the potential inﬂuence of stress on oocyte quality rather than a direct effect on the
embryo could not be addressed [39]. To address these questions, we

Fig. 1. Relative mRNA expression of various important genes for embryo development assessed by qRT-PCR in porcine blastocysts. Blastocysts were obtained from in vitro matured
and fertilised oocytes. Presumptive zygotes were exposed, during the ﬁrst 24 h of in vitro culture, to plasma collected after ovulation from ACTH-treated sows, control non-ACTHtreated sows or control without plasma (BSA). Genes analysed included: glyceraldehyde-3-phosphate dehydrogenase (GAPDH); DNA cytosine-5-methyltransferase 3 alpha
(DNMT3A); gap junction protein, alpha 1, 43 kDa (GJA1); homeodomain transcription factor Nanog (NANOG); mitochondrial transcription factor A (TFAM); mitochondrial polymerase
gamma (POLGA); insulin-like growth factor binding protein 2 (IGFBP2) and; BCL2-associated X protein (BAX), BCL2-like protein 1 (BCL2L1). Statistical analysis was done using one
way-ANOVA. Data are represented as mean ± SEM. No signiﬁcant differences were found between treatments (P > 0.05).
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negatively affected blastocyst quality inducing differences in relative mRNA abundance in genes related to apoptosis, oxidative
stress, gap junctions, differentiation and implantation [45].
Although the differences were not statistically different in our data,
there were different trends in apoptosis-related genes BAX and
BCL2L1 regarding the source of protein. In this regard, the control
group supplemented with BSA and the ACTH-plasma group tended
to express lower levels of both genes compared to the control (nonACTH) plasma group. Therefore, the plasma from the ACTH-group,
with elevated levels of cortisol, may have reduced the expression of
the apoptotic BAX gene, although the BAX/BCL2L1 ratio was similar
in all groups. Studies in cows evaluating the effect of dexamethasone on apoptosis in early embryos, found no effect of the synthetic
glucocorticoid on cleavage, blastocysts or apoptosis rates, but had a
beneﬁcial effect on embryo developmental kinetics and cell proliferation [46]. This is in contrast with studies in mice which
revealed that exposure to mothers to restraint stress, repeatedly
from day 1e4 of pregnancy, caused a reduction in blastocyst cell
numbers, with alterations in the inner cell mass/trophectoderm
ratio compared to control dams [47]. In this study, gene expression
or apoptosis rates were not evaluated in early embryos, but the
number of implantation sites was reduced in females subjected to
restraint stress versus non-stressed mothers. Additionally, some
detrimental effects of stress were observed later into postnatal life
of their offspring [47].
Gap junction protein, alpha 1, 43 kDa (GJA1) plays an essential
role in the maintenance of compaction and subsequent blastocyst
formation [48]. Reduced GJA1 (connexin 43) expression has been
related to low quality blastocysts produced in presence of serum
[45,49]. NANOG is a transcription factor which is speciﬁc to maintain the pluripotency. The transcription levels of NANOG were
signiﬁcantly increased in in vivo derived embryos compared to IVF
or parthenogenetic blastocysts in the pig [43]. In line with this,
plasma-supplemented groups in the present study showed a
downward trend both in GJA1 and NANOG transcription levels
which might indicate compromised embryo competence. A higher
number of blastocysts would be needed to be analysed in order to
conﬁrm these tendencies.
In conclusion, an altered hormonal microenvironment, caused
by blood plasma collected after adrenocorticotropic administration,
applied brieﬂy for a period of 24 h to zygotes/early cleaved porcine
embryos was not sufﬁcient to exert harmful effects on preimplantation embryonic development. Cleavage rate, blastocyst
rate and blastocyst morphology were not affected by the altered
milieu provided by plasma supplementation from ACTH-sows. This
was conﬁrmed by the absence of differences in mRNA expression
proﬁle of various analysed genes important for embryo development. Our in vitro results indicate that early post-fertilisation
events may not be as sensitive as oocyte maturation and fertilisation to a brief exposure to plasma from ACTH-treated sows [17,18].

concentration of cortisol and a two-fold increase in progesterone
levels compared to plasma from control sows. However, this altered
hormonal environmental did not have any impact on cleavage rates
and blastocyst yield in comparison to non-ACTH or BSA controls.
Moreover, the proportion of blastocysts at different stages of
development did not differ regardless of treatment. An explanation
to the lack of differences in cleavage or blastocyst rates would be
that in our work, the effect of an altered environment provided by
blood plasma supplementation on embryo culture might have been
underestimated, due to a dilution effect, in comparison to the
environment within the oviduct under ACTH exposure. However,
similar to the present ﬁndings, repeated ACTH administration
in vivo did not affect cleavage rates or embryo development since
the features of the 4-cell embryos were similar to those of the
control sows [39].
It was previously described that the addition of fetal calf serum
to the embryo culture medium did not support development of
porcine 1 to 2-cell embryos [42]. This effect was not observed in the
present study, but it could be attributed to differences in methodology or likely, the composition of porcine plasma collected at an
equivalent time point of the oestrus cycle may differ to fetal calf
serum and be able to support embryo development in the pig. One
caveat to the use of plasma, including our present study, is that
plasma is an undeﬁned medium and its composition may be
affected by multiple conditions. Plasma samples collected from
ACTH-stimulated and non-ACTH-stimulated sows were partially
characterized since only the main reproductive hormones were
measured. Thus, we cannot completely rule out whether other
biological factors were present in blood samples that may differ
after ACTH administration and which could have impacted the
observed results.
Blastocyst quality according to morphologic criteria was similar
between treatments, when all the resulting blastocysts were
compared. However, when only expanded (and onwards) blastocysts were included in the statistical analysis, the quality of the
blastocysts obtained in the plasma from the non-ACTH group was
greater than in the other two treatments. Blastocyst quality was
also assessed by analysing several important genes for embryo
development which are considered as markers of blastocyst quality
[24,25,43]. The set of genes analysed were involved in compaction
and blastocyst formation (GJA1); related to metabolism (GAPDH);
growth arrest and apoptosis (BAX, pro-apoptotic and BCL2L1, antiapoptotic); de novo methylation (DNMT3A); related to pluripotency (NANOG); mitochondrial function (POLGA and TFAM) and; cell
proliferation and differentiation (IGF2BP). None of the studied
genes differed in transcription levels between treatments. Therefore, the effect of simulated psychosocial stress applied only for
24 h around the 4-cell stage may not be sufﬁcient to cause any
impact on embryo development and embryo quality. The major
activation of the embryonic genome occurs during the 4-cell stage
in the pig, but it is unknown if it is preceded by a minor activation as
demonstrated in cattle. It is likely that the effect of the altered
environment provided by the exposure to plasma from ACTHtreated sows was too brief to induce changes in gene expression
patterns. Further experiments using microarrays to evaluate global
gene expression proﬁles of the resulting blastocysts might help
elucidating underlying mechanisms of the potential impact of
stressful situations on embryo development.
Moreover, the different source of proteins did not signiﬁcantly
affect the mRNA transcription abundance in any of the analysed
genes in the current study. Fetal calf serum affected apoptosisrelated gene expression in porcine parthenotes, enhancing the
expression of the pro-apoptotic gene BAK and decreasing the
expression of the anti-apoptotic gene BCL-XL (ofﬁcially BCL2L1)
[44]. The presence of serum during bovine embryo culture
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