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ABSTRACT

In order to understand how in vitro culture affects embryonic quality, we analyzed
survival and global gene expression in bovine blastocysts after exposure to increased
oxidative stress conditions. Two pro-oxidant agents, one that acts extracellularly by
promoting reactive oxygen species (ROS) production (0.01 mM 2,20-azobis (2-
amidinopropane) dihydrochloride [AAPH]) or another that acts intracellularly by
inhibiting glutathione synthesis (0.4 mM buthionine sulfoximine [BSO]) were added
separately to in vitro culture media from Day 3 (8�16-cell stage) onward. Tran-
scriptomic analysis was then performed on resulting Day-7 blastocysts. In the
literature, these two pro-oxidant conditions were shown to induce delayed degener-
ation in a proportion of Day-8 blastocysts. In our experiment, no morphological
difference was visible, but AAPH tended to decrease the blastocyst rate while BSO
significantly reduced it, indicating a differential impact on the surviving population. At
the transcriptomic level, blastocysts that survived either pro-oxidant exposure
showed oxidative stress and an inflammatory response (ARRB2), although AAPH
induced higher disturbances in cellular homeostasis (SERPINE1). Functional geno-
mics of the BSO profile, however, identified differential expression of genes related to
glycine metabolism and energy metabolism (TPI1). These differential features might
be indicative of pre-degenerative blastocysts (IGFBP7) in the AAPH population
whereas BSO exposure would select the most viable individuals (TKDP1). Together,
these results illustrate how oxidative disruption of pre-attachment development is
associated with systematic up-regulation of several metabolic markers. Moreover, it
indicates that a better capacity to survive anti-oxidant depletion may allow for the
survival of blastocysts with a quieter metabolism after compaction.
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INTRODUCTION

In assisted reproductive technology (ART), the subopti-
mal environment encountered by early embryos during in
vitro culture (IVC) is one cause of poor blastocyst quality.
Moreover, IVC is associated with long-term effects
on health, as demonstrated by the higher incidence of
developmental syndromes in the ART-offspring population
(Alukal and Lipshultz, 2008), notably in bovine pregnancies
which are sometimes associated with high birth-weight
calves (large offspring syndrome) and peri-natal mortality
(Young et al., 1998; Farin et al., 2006). Although numerous
changes have been made to IVC protocols, the complex
interactions between medium composition, physical equi-
librium, and incubation conditions are still sub-optimal for
proper embryo development. As a result, early develop-
mental deviation during IVC could correlate with the devel-
opmental origins of health and disease hypothesis (Lazzari
et al., 2002). Therefore, investigation is required to mea-
sure the impact of IVC on embryonic plasticity in regards to
the reduced blastocyst quality.

In the last decade, the advancement of functional geno-
mics and the capacity to work with minute samples have
allowed the study of gene expression in the early embryo.
During the first cleavages, transcription is largely silent, and
early metabolism is supported by the transcripts and pro-
teins provided by the oocyte. This phase of transcriptomic
quiescence is followed by activation of the embryonic
genome, which corresponds to the maternal-to-embryonic
transition (MET; 8�16-cell stage in bovine). Transcription of
the embryonic genome following the MET is extremely
dynamic, controling morula compaction and subsequent
blastocyst development (Hamatani et al., 2006; Rodriguez-
Zas et al., 2008). Numerous studies have shown the range
of gene expression modulation under different IVC con-
ditions (Duranthon et al., 2008; Smith et al., 2009). While
transcriptional changes may be required for the embryo to
adapt its homeostasis to the environmental conditions, it is
believed that perturbations of developmentally important
genes may translate into a stress response affecting
embryonic quality (Rizos et al., 2002) although the genes
related to the embryonic stress response need further
characterization.

We hypothesized that analyzing the transcriptomic pro-
file of embryos cultured under enhanced stress conditions
would define specific gene patterns associated with com-
promised quality. Moreover, defining markers of embryonic
stress response may allow the development of alternative
strategies towards an empirical reformulation of culture
conditions.

The maintenance of oxidative homeostasis, that is, the
equilibrium between reactive oxygen species (ROS) pro-
duction and anti-oxidant defence, is critical for normal cell
division and differentiation. In vivo, the oviduct provides the
optimal red/ox environment for the embryo to maintain its
oxidative homeostasis. This is supported by the limited free
radical content in the environment, the normal stimulation
of oxidative metabolism, and the availability of anti-oxidant
molecules (Guerin et al., 2001). IVC affects oxidative

homeostasis (Gardiner et al., 1998; Agarwal et al., 2006)
by increasing ROS exposure or mitigating anti-oxidant
protection, thereby resulting in lower embryo quality. For
instance, variations in oxygen concentration (Lequarre
et al., 2003; Rodina et al., 2009) and temperature (Sakatani
et al., 2008) have been shown to modulate the rate of
ROS production while supplementation with antioxidant
molecules could counteract oxidative stress during IVC
(Takahashi et al., 1993; Liu et al., 1999). Accordingly,
ROS have deleterious effects on cell constituents, organ-
elles, and developmental kinetics that may, in turn, affect
implantation success (Agarwal et al., 2006).

Considering the important impact of oxidative stress on
IVC, previous reports analyzed the effect of exposure to
pro-oxidant agents (2,20-azobis (2-amidinopropane) dihy-
drochloride [AAPH] or buthionine sulfoximine [BSO]) during
post-compaction development of bovine embryos (Taka-
hashi et al., 1993; Feugang et al., 2003, 2005). With a half-
life of 175 hr in a hydrophilic environment, AAPH is known
to induce continuous free radical formation that initiates cell
membrane lipid peroxidation and generates ROS. BSO,
on the other hand, inhibits the key enzyme of glutathione
synthesis, gamma-glutamylcysteine synthase, and results
in depletion of cellular glutathione (GSH) content in bovine
oocytes and embryos (Takahashi et al., 1993; de Matos
et al., 1996). BSO activity could be maintained for 5 days in
culture medium. Here, exposure to AAPH or BSO was
tested during post-compaction development (from Day 3
to Day 7), a period when embryonic homeostasis is chal-
lenged by increasing oxidative metabolism (Fischer and
Bavister, 1993; Donnay and Leese, 1999; Thompson,
2000) and low glutathione content (Gardiner and Reed,
1994, 1995b). The objective of this studywas to gain insight
as to how the embryonic genome responds to mild extra-
cellular or intracellular oxidative stress. This is the first
report using this type of analysis.

RESULTS

Differential Impact of AAPH and BSO Exposure on
Blastocyst Survival

In order to investigate the impact of oxidative stress on
early bovine development, in vitro-produced (IVP) bovine
zygotes were cultured in control conditions until Day 3.
Afterwards, zygotes were transferred to either control or
treatment conditions containing a pro-oxidant agent, either
AAPH or BSO, and cultured until Day 7. Phenotypically
visible resultswere not present at themorula stage (Day 5).
The blastocyst rate was not significantly affected by
0.01 mM AAPH treatment, but was significantly reduced
after exposure to 0.4 mM BSO (P ¼ 0.04; Fig. 1). Higher
standard deviation in the blastocyst ratewasnoted inAAPH
replicates (9.8%) compared to BSO (6.4%) or control
replicates (4.4%). The hatching rate of Day-7 blastocysts
was not significantly affected by either pro-oxidant agent
when compared to control. Moreover, no visible impact on
embryomorphologywas observed in blastocysts produced
in each treatment.
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Gene Expression Profile in Blastocysts after AAPH
or BSO Exposure

Microarray technology was used for large-scale assess-
ment of bovine embryogene expression in response tomild
oxidative stress. Of the 38,732 gene-targeted probes that
cover the microarray slides, more than 17,000 probes
exhibited an intensity signal higher than the summation
of background intensity plus two standard deviations,
regardless of the treatment. Only these probes were
considered for genomics analysis.

Statistical analysis of gene expression differences
between treatments and controls was performed using a
Limma test, which determined a P-value and fold-change
for all the genes expressed in AAPH and BSO blastocysts
compared to control (CTL). Flexarray tools generated a
scatter plot of P-values that depicts the number of differ-
entially expressed genes (DEGs; probe count) against
intervals of P-value (interval of 0.0125), irrespective of
the fold-change. Results showed a higher number of
DEGs in low-P-value ranges (<0.05) for BSO compared
to AAPH (Fig. 2A). A scatter plot of fold-change was also
generated with the fold-change of all the DEGs from
AAPH and BSO, irrespective of P-value. In this plot, the
identity line would correspond to 100% correlation in DEG
fold-changes in both treatments. Results demonstrated a
correlation of DEG fold-change of R2 ¼ 0.36 and a prefer-
ential abundance of DEGs under the identity line, that is,
in the AAPH treatment (Fig. 2B).

Significant differential expression was considered for
probes showing a symmetrical fold-change superior to
�1.5, with significance at P < 0.05. With these criteria,
226 and 476 probes were shown to be differentially ex-

pressed in AAPH- and BSO-treated blastocysts, respec-
tively (Fig. 2C). In AAPH-treated blastocysts, 70.7% (160/
226) of DEGswere up-regulated, while 60.2% (287/476) of
DEGs were down-regulated in BSO-treated blastocysts.
Sixty-four DEGs overlapped both AAPH and BSO condi-
tions. When symmetrical fold-change cut-off was set at�2
(P < 0.05), AAPH-treated blastocysts had 59 DEGs (55
up- and 4 down-regulated) while BSO-treated blastocysts
had 40 DEGs (8 up- and 32 down-regulated genes). With
these criteria, only 5 DEGs were common to AAPH and
BSO treatments. AAPH-related DEGs showed a higher
interval of fold-change (from �2.24 to 7.15) compared to
BSO-related ones (�3.2 to 5.19). Lumican was the most
up-regulated gene in both treatments.

To validate the microarray results, a total of 11 genes,
including four housekeeping genes (ACTB, MYL6, PPIA,
YWHAB) plus seven predicted DEGs (ARRB2, GCSH,
IFNT, SERPINE1, TKDP1, TPI1, IGFPB7) were analyzed
by reverse transcriptase-quantitative PCR on three inde-
pendent samples (Fig. 3). Housekeeping genes (HKG)
were selected according to their levels of expression,
their fold-changes/P-values from the Limma comparison
between control and treated blastocysts (fold-change <
�1.1, P > 0.5), and their functions (not directly implicated
in the signaling pathways of the oxidative stress response).
GeNorm results calculated consistent expression ofACTB,
MYL6, and PPIA throughout conditions. AAPH-predicted
DEGs were ARRB2, SERPINE1, and IGFBP7, while BSO-
predicted DEGs were ARRB2, TKDP1, TPI1, GCSH, and
IFNT. The use of an ANOVA statistical test validated the
difference (P ¼ 0.05) in relative expression for two out of
three selected DEGs from the AAPH treatment (ARRB2,
IGFBP7) and three out of five selectedDEGs from the BSO
treatment (ARRB2, TKDP1, TPI1). The AAPH treatment
had a non-significant impact in gene expression of SER-
PINE1 (P ¼ 0.44), although the AAPH-related variance
was significantly different compared to control or BSO
groups.

Overlapping DEGs Associated With Different
Physiological Status/Developmental Conditions

As the impact of oxidative stress has been potentially
associated with the skewing of sex ratio in early embryos
(Feugang et al., 2005), the proportion of AAPH- and BSO-
related DEGs that could be associated with embryonic sex
were determined (Bermejo-Alvarez et al., 2010). Among
annotated AAPH- and BSO-related DEGs, only 7.0%
(8/113) and 7.3% (17/230), respectively, moderately over-
lappedwith sex-related genes; the association ofmore sex-
specific targeted genes with the treatments may have
indicated a sex-effect in addition to the treatment effect.

Increased oxidative stress has been associated with
mitochondrial stress in hyperglycemia-treated embryos
(Hashimoto et al., 2000; Leunda-Casi et al., 2002; Karja
et al., 2006). Therefore, we determined the proportion of
AAPH- and BSO-related DEGs that overlapped with the list
of 63 DEGs previously described in high-glucose treated
blastocysts (Cagnone et al., 2012). Among AAPH-related

Figure 1. Survival rate in pro-oxidant conditions. Data represent the
mean blastocyst rate (�standard deviation) after IVC exposure to
control, 0.01 mM AAPH, or 0.4 mM BSO-supplemented conditions
during post-compaction development (Days 3�7). Different super-
scripts represent a significant difference between groups (ANOVA
P < 0.05).
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DEGs, 34 showed a consistent overlap with energetic
stress-related genes (Fig. 4A) and resulted in a significant
correlation of fold-change (R ¼ 0.83, P < 0.0001, results
not shown). Among BSO-related DEGs, only three showed
consistent overlap with energetic stress-related geneswith
similar fold-changes.

Since increased oxidative stress has been associated
with lower embryo quality, the proportion of AAPH- and
BSO-related DEGs that correspond to the DEGs from
comparison of in vivo-(VIVO) and in vitro-produced (IVP)
bovine blastocysts was determined. This correspondence
was possible since the reference IVP blastocysts for both
pro-oxidant and VIVO transcriptomic comparisons were
derived using an identical in vitro production protocol
froma consistent batch of abbatoir ovary’s oocytes. Among
the genes detected with significant intensity, VIVO blasto-
cysts showed 3,002 DEGs (fold-change > �1.5,
P < 0.05) when compared to IVP blastocysts, with 1,587
down-regulated DEGs and 1,415 up-regulated DEGs.
When subjected to overlapping analysis, the AAPH-related
profile had 96 DEGs in common with the VIVO profile
(Fig. 4B), most of which were up-regulated in AAPH and
down-regulated in VIVO when compared to control
(Fig. 4C). In contrast, BSO treatment showed 160 DEGs
in commonwith VIVO (Fig. 4B)most of which were both up-
or down-regulated when compared to control (Fig. 4D).
Only seven DEGs showed a common association with both
pro-oxidants and VIVO. These DEGs showed inconsistent
fold-changes, except for the up-regulated gene lumican,

which was highly down-regulated in VIVO (�13.4,
P ¼ 0.015).

Pathway Analysis of AAPH and BSO Gene
Expression Profiles

DAVID analysis software significantly clustered DEGs
into functionally related groups. AAPH-related DEGs clus-
tered with extracellular matrix organization and cell adhe-
sion, and BSO-related DEGs clustered with structural
constituents of ribosomes and glycolysis. Ingenuity Path-
way Analysis revealed a significant enrichment of AAPH-
related DEGs throughout 14 canonical pathways. The first
five pathways were: coagulation system, TGF-beta signal-
ing, hepatic fibrosis, pattern recognition of bacteria/viruses,
and atherosclerosis signaling. BSO-related DEGs were
significantly associated with 38 canonical pathways, and
the top five pathways were: EIF2 (eukaryotic translation
initiation factor 2) signaling, inositol metabolism, NRF2-
mediated oxidative stress response, clathrin-mediated
endocytosis signaling, and regulation of actin-based
motility by rho. The 64 DEGs overlapping AAPH and
BSO treatment were not significantly associated with
any canonical pathways. DEGs that were specific to
each pro-oxidant treatment did not reveal any association
with newcanonical pathways, althoughup-regulated genes
in BSO-treated blastocysts showed a significant asso-
ciation with function in glycine catabolism and estrogen
receptor signaling.

Figure 2. Microarray analysis of differential gene expression profiles in blastocysts from AAPH and BSO conditions compared to control.A: Data
represent the number of differentially expressed genes (probe) in AAPH or BSO groups when compared to control, as a function of the
corresponding P-value. B: Data represent the scatter plot of all DEG fold-changes induced by AAPH and BSO. C: Venn diagram representing the
number of DEGs in AAPH- and/or BSO-treated blastocysts with P < 0.05 and fold-change >�1.5 compared to control (CTL).
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From the list of DEGs associated with AAPH treatment,
the first gene network generated by Ingenuity Pathway
Analysis represented the impact of ROS on inflammatory
response, and was annotated with cancer and infectious
and respiratory disease (Fig. 5, network 1). The second
AAPH-related DEG network represented the impact of
ROS on energetic metabolism, and was annotated with
organism injury and abnormalities, cardiovascular disease,
and cancer (Fig. 5, network 2). Twelve genes in this network
overlapped with DEGs associated with high glucose stress
in bovine blastocysts (GJA1, HIF1A, IGF2, JAM2, LUM,
MMD, OLR1, PDGFC, PLAT, PLOD2, SERPINE1, and
THBS1). Networks 1 and 2 were both associated with
ROS induction of NFKB signaling. The first five potential
upstream regulators of total AAPH-related DEGs were
endogenous signaling of retinoic acid (activated), KRAS

enzyme activity (inhibited), IFNA2 signaling (activated),
lipopolysaccharide effect (activated), and TNF (tumor ne-
crosis factor) signaling (activated).

The first networks established from the list of DEGs
associated with BSO treatment were annotated to cell
cycle, cellular compromise and death, and protein synthe-
sis (Fig. 6). The second network was associated with
developmental functions of cellular assembly and organi-
zation, and tissue development. Interestingly, this network
overlapped with 10 DEGs associated with in vivo-(VIVO)
compared to in vitro-produced (IVP) blastocysts (TNFSF9,
RNF20,SF3B1,ZFAND5,RHOC,ACTA2,ACTA1,ACTC1,
ACTC2, and MYL7), as well as NRF2-mediated oxidative
stress response (ACTA1, ACTA2, ACTC1, ACTG2, and
PTPLAD1). The first potential up-stream regulators of total
BSO-related DEGs were rapamycin (activated), synthetic

Figure 3. Reverse transcriptase-quantitativePCR results on selectedcandidates frommicroarrayanalysis.Graphs represent the geneexpression
analysis performed in independent samples using RT-qPCR (white bars) as well as the corresponding probe intensities from microarray results
(graybars).Different superscripts represent significant differencebetweengroups (ANOVAP < 0.05). �P < 0.05,ANOVAwasdoneonnormalized
data (see Materials and Methods Section). HKG, housekeeping genes: ACTB, actin beta; MYL6, myosin, light chain 6, alkali, smooth muscle and
non-muscle; PPIA, peptidylprolyl isomerase A (cyclophilin A); YWHAB, tyrosine 3-monooxygenase/tryptophan 5-monooxygenase activation
protein, beta polypeptide. ARRB2, arrestin beta 2; GCSH, glycine cleavage system protein H (aminomethyl carrier); IFNT, interferon, tau; IGFBP7,
insulin-like growth factor bindingprotein 7; SERPINE1, serpin peptidase inhibitor, cladeE (nexin, plasminogenactivator inhibitor type 1),member 1;
TKDP1, Trophoblast Kunitz domain protein 1; TPI1, triosephosphate isomerase 1.
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retinoid CD437, MKL1 (inhibited), and IL5 and HEY2
(activated).

DISCUSSION

The data presented in this work illustrate the genomic
response of mammalian embryos to mild oxidative stress,
and reveal how they become compromised, especially
those that survive the stress. This is the first study exploring
this concept with global gene analysis in cattle.

Pro-oxidant agents AAPH and BSO were selected
to establish mild stress conditions because they were
shown to affect blastocysts in a dose-dependent manner
(Feugang et al., 2003, 2005). AAPH generates two potent
ROS, alkoxyl (RO�) and peroxyl (ROO�) radicals, that are
similar to those physiologically active during IVC and that
initiate extra- and intracellular responses to oxidative stress
(Guerin et al., 2001). Our first result showed that adding
0.01 mM AAPH during post-compaction did not affect the
Day-7 blastocyst rate or subsequent hatching rate. After
the MET, several cellular mechanisms regulate the adapt-
ability to ROS and allow the early embryo to resist an
increasing dose of oxidative stress caused by AAPH
exposure (Stover et al., 2000). The effect of AAPH is,
however, apparent at Day 8 when a proportion of produced
blastocysts start to degenerate (Feugang et al., 2003),
suggesting a delayed impact on oxidative metabolism

and differences in the individual capacity to overcome
oxidative stress. In our study, we did not observe morpho-
logical differences in the Day-7 blastocyst population, con-
sistent with the result of Feugang et al. (2003) showing the
appearance of a degenerative phenotype atDay 7.5. AAPH
treatment inducedconsiderable variability on the blastocyst
rate, however, which could be indicative of differences
in weekly IVC runs. Embryo survival rate is sensitive
to inherent stress during IVC, and culture conditions
are rapidly modulated by oxygen exposure (Agarwal
et al., 2006; Martin-Romero et al., 2008). These indepen-
dent variables could have exacerbated the fluctuating im-
pact of ROS on embryo survival after AAPH treatment.

BSO, an inhibitor of glutathione synthase, was chosen to
stress the limited anti-oxidant protection coming from the
oocyte that might serve to adapt to IVC conditions. Our
results show that post-compaction exposure to 0.4 mM
BSO significantly decreased the Day-7 blastocyst rate,
which is consistent with another study showing impairment
of blastocyst development after 24-hr exposure to 1 mM
BSO at the 6�8-cell stage (Takahashi et al., 1993). During
post-compaction development, oxidative metabolism is in-
creased to sustain energy production, but embryonic anti-
oxidant defence would normally scale accordingly and
maintain homeostasis. Glutathionemetabolism during ear-
ly development, however, would have a limited effect in the
presence of BSO (Gardiner and Reed, 1995b). Thus,
individuals with higher oxidative metabolism or lower
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Figure 4. Overlapping DEGs in bovine blastocysts resulting from different conditions of culture. Using control IVPembryos as the same reference
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NETWORK 1

NETWORK 2

Figure 5. Ingenuity PathwayAnalysis of AAPH impact. Based on gene expression connectivity, networks 1 and 2 show the significant associations
ofDEGs fromAAPH-treatedblastocystswith the inflammatory response to oxidative stress (network 1) and the impact onmitochondrialmetabolism
and extracellular matrix fibrosis (network 2). Red and green colors respectively represent up- and down-regulated DEGs in AAPH-treated
blastocysts.
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anti-oxidant competencemaysuffer fromoxidativedamage
after GSH depletion, and could exhibit developmental
arrest at the morula stage (Gardiner and Reed, 1995a).
Interestingly, Feugang et al. (2005) showed that, similar to
AAPH, 0.4 mM BSO induced dose-dependent blastocyst
degeneration apparent at Day 8. In our study, the earlier
impact may be due to the absence of serum in the medium
and to the potential embryotrophic effect of growth factors
that can compensate for homeostatic unbalance (Kurzawa
et al., 2004; Lott et al., 2011). Moreover, BSO would have a
more stringent effect than AAPH on the red/ox equilibrium
maintenance of less-competent blastocysts, which would
normally degenerate on Day 8.

To study the mechanisms underlying the impact of
oxidative stress on embryo survival, separate transcrip-
tomic analyses were used to compare AAPH- and BSO-
treated blastocysts against controls. Results showed ahigh
amplitude in the transcriptomic response of AAPH-treated
blastocysts, but also exhibited more variability. In contrast,
BSO-treated blastocysts showed moderate modifications
in gene expression and higher consistency. This indicates
more highly disturbed physiology in AAPH-surviving blas-

tocysts compared to the BSO population. Also, it highlights
differences in profile uniformity among AAPH- or BSO-
treated blastocysts. Emerging evidence suggests that
transcriptomic profiles are widely susceptible to intrinsic
variability among the same pool of embryos with close
resemblance (Smith et al., 2007). The different survival
rates after both pro-oxidant treatments may be associated
with a broader range of responses among individuals from
the AAPH-treated population, and a reduction in individual
transcriptomic diversity after BSO selection. Consistent
with our microarray results, AAPH replicates showed a
greater standard deviation than BSO replicates in gene
expression, as assessed by reverse-transcriptase quanti-
tative PCR on selected candidates such as SERPINE1.

Transcriptomic analysis requires cautious interpretation
as the correspondence between mRNA and protein level
has not been demonstrated. Nevertheless, identification of
particular pathways significantly enrichedwith differentially
expressed geneswould indicate the global response to pro-
oxidant treatment.Here,AAPHandBSOshowedmoderate
overlapping impact on gene expression in surviving blas-
tocysts. Among common DEGs, lower expression was

Figure 6. Ingenuity Pathway Analysis of BSO impact. Network representing the associations between BSO-related DEGs, based on the literature
knowledge provided by Ingenuity Pathway Analysis. Links between molecules are based on gene expression connectivity as well as experimental
proofs of co-functionality. Red and green colors respectively represent up- and down-regulated DEGs in BSO-treated blastocysts.
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validated for ARRB2, a gene coding for arrestin B2 that is
involved in the modulation of G protein coupled receptor
(GPCR) internalization. Recruitment of ARRB2 to beta2-
adrenergic receptor induces ROS generation through
ERK1/2 (mitogen-activated protein kinase 3/1) signaling
(Singh and Moniri, 2012). Interestingly, ARRB2 loss-of-
function is associated with higher activation of MAPK
(mitogen-activated protein kinase) after chemokine (C-X-
C motif) receptor 2 (CXCR2) activation (Zhao et al., 2004).
Here, CXCR4 was up-regulated after AAPH-treatment.
CXCR4 is the GPCR of stromal cell-derived factor (SDF-
1, or chemokine (C-X-C motif) ligand 12), which is used by
trophoblast cells and acts through ERK1/2 to promote
survival. Alterations in SDF-1 and/or CXCR4 expression
may be associated with pregnancy disorders (Jaleel
et al., 2004). In relation to SDF-1 signaling, carma3
(CARD10) was down-regulated in both AAPH and BSO
treatments. Carma3 is part of the molecular complex that
plays a critical role in SDF-1/CXCR4-dependent induction
of Nf-KB (nuclear factor of kappa light polypeptide gene
enhancer in B-cells) and the survival of carcinoma
(Rehman and Wang, 2009; Brzoska et al., 2011). The
differential expression of ARRB2, CXCR4, and CARD10
would implicate ERK1/2 in promoting survival in response
to oxidative stress.

Carma3 functions with ARRB2 to mediate the pro-
inflammatory signal of Nf-KB in endothelial cells (Delekta
et al., 2010), and oxidative stress is known to trigger
inflammation in somatic tissue (Cui et al., 2004). Here,
both AAPH- and BSO-related transcriptomes indicate an
inflammatory response in surviving blastocysts. Particular-
ly, TNF signaling, which is central in inflammation, was well
represented in AAPH-related DEGs. TNFAIP8L3 (TNF
alpha-induced protein 8-like 3) has been shown to be up-
regulated in energetically stressed blastocysts (Cagnone
et al., 2012), as were the TNF receptor (TNFRSF1A), the
adipokine-coding geneC1QTNF3 (C1q and tumor necrosis
factor related protein 3), and the receptor of oxidized
lipoprotein 1. These genes are linked with oxidative stress
and inflammation of adipose tissue. As AAPH exposure
results in increased cell membrane permeabilization
in bovine blastocysts (Yoshida et al., 2004; Feugang
et al., 2005), up-regulation of inflammation-responsive
genes may be correlated with ROS-induced lipid peroxida-
tion and production of oxidized lipids (Kim et al., 2010; Kopp
et al., 2010).

Compared to BSO, AAPH showed a greater impact on
inflammatory-associated genes. Coding for the prototypic,
evolutionarily conserved, long pentraxin 3, PTX3 is un-
equivocally involved in innate immunity and inflammation
(Deban et al., 2011). PTX3 is also up-regulated in cumulus
cells just prior to ovulation (inmouse, human, and cow) and,
as the cumulus cells are rapidly destroyed by the oviduct
afterward, could act as a suicide signal. In addition, several
interferon-responsive genes were up-regulated after
AAPH, such as interferon-induced transmembrane pro-
teins 2 and 3 (IFITM2 and 3), whose encoded proteins
are involved in cell adhesion during embryogenesis
(Siegrist et al., 2011). Interestingly, IFITM3 expression is

restricted to the inner cell mass (ICM) and is up-regulated in
cloned bovine blastocysts (Smith et al., 2007). As IFITM3
over-expression reduces proliferation in human cell lines, it
may affect ICM growth in AAPH-treated blastocysts. More-
over, IFITM3 physically interacts with secreted phospho-
protein 1 (SPP1, or osteopontin; El-Tanani et al., 2010), a
cytokine and adhesion molecule up-regulated at the RNA
level in both AAPH- and BSO-treated blastocysts. In re-
sponse to oxidative stress in vitro and in vivo (Urtasun
et al., 2012), SPP1 down-regulation is associated with
enhanced trophoblastic growth and migration during hu-
man implantation (HannanandSalamonsen, 2008). There-
fore, analysis of cytokine secretion could bea usefulmarker
of the pro-inflammatory signal before implantation (John-
son et al., 2003).

AAPH- and BSO-treated blastocysts showed common
DEGs associated with extracellular matrix signaling and
adhesion molecules. Coding for secreted proteoglycans,
lumican was up-regulated in both conditions while decorin
expressionwas only increased after AAPH treatment. ROS
stimulate the production of advanced glycosylation end-
products (AGE) that up-regulate the expression of lumican
and decorin (Brownlee, 2001; Schaefer et al., 2001; Pan-
taleon et al., 2010). Similarly, AGE induces protein glyco-
sylation of the transcription factor SP1 (Brownlee, 2001)
and leads to the up-regulation of collagen 3A1 (Santra
et al., 2008; Luna et al., 2009), as observed in AAPH-
treated blastocysts. Betaglycan and extracellular matrix
molecules play an important role in extracellular signaling
and in the regulation of TGF-beta activity (Massague and
Chen, 2000). Here, expression of TGFB3 was increased in
AAPH-treated blastocysts. Up-regulation of TGFB3 may
predispose pregnancy to preeclampsia whereas reduced
expression is linked to trophoblastic invasiveness (Canig-
gia et al., 1999). Similarly, NDP, encoding the putative
extracellular factor Norrin with homology to the TGF-beta
super family, was up-regulated after AAPH exposure and
wouldhavean important role in reproductive tissues around
implantation and possibly in the embryo (Luhmann
et al., 2005). Along with TGF-beta and other extracellular
matrix factors (Edwards, 2012), analyzing the external
signal produced by the embryos could indicate a potential
inflammatory response (Lohr et al., 2012) with the subse-
quent attraction of neutrophils, which may be detrimental
for implantation (Hayashi et al., 2010).

As for inflammation, AAPH induced a higher impact than
BSO on extracellular matrix remodeling. Periostin, a matrix
protein involved in cell adhesion as well as tissue remodel-
ing, was up-regulated after AAPH exposure. Highly ex-
pressed during fibrosis, increased periostin expression
could result from an inflammatory signal through several
cytokines such as TGF-beta (Marotta et al., 2009; Yang
et al., 2012). Moreover, AAPH treated blastocysts up-regu-
lated thrombospondin, a gene coding for a glycoprotein in
the extracellular matrix found at the porcine maternal-fetal
interface (Edwards et al., 2011) that binds several ligands,
including glycosaminoglycans as well as plasminogen.
Interestingly, genes involved in plasminogen function
were up-regulated after AAPH exposure. Plasminogen
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activator inhibitor (SERPINE1) and tissue-type plasmino-
gen activator (PLAT) control the proteolytic degradation of
plasminogen and modulation of thrombosis. Under oxida-
tive stress conditions, secretion of SERPINE1 and PLAT
is associated with ERK1/2 activation (Banfi et al., 2003).
Furthermore, TGFB3 induces expression of collagen
(Verrecchia and Mauviel, 2002) and SERPINE1 (Liu,
2008) during fibrosis. Plasminogen activity was suggested
to participate in implantation (Kubo et al., 1981; Aflalo
et al., 2004), and differential expression of SERPINE1
during placental oxidative stress is associated with pre-
eclampsia (Meade et al., 2007; Wikstrom et al., 2009).
Changes in gene expression relative to extracellular matrix
proteases may have important consequences at the time
of attachment and could be associated with miscarriage
after IVC.

With implications to fibrosis-like remodeling, the AAPH-
related profile is associated with growth-factor signaling.
Up-regulated inAAPH-treated blastocysts, platelet-derived
growth factor-C (PDGFC) regulates numerous genes in-
volved in tissue remodeling and organogenesis (Jinnin
et al., 2005). PDGFC is up-regulated in growing uterine
fibroids (Suo et al., 2009) and is inversely correlated with
lymphocyte infiltration in carcinomas (Bruland et al., 2009).
PDGFC receptor is expressed by early embryos, suggest-
ing at least a paracrine effect on the proliferation of the
ICM and derived tissues (Osterlund et al., 1996). PDGF
supplementation would partially rescue TNF-alpha/
IFN-gamma induction of trophoblast apoptosis (Smith
et al., 2002). Similarly, insulin-like growth factor 2 (IGF2),
up-regulated in AAPH-treated blastocysts, has been
shown to rescue embryo development after exposure to
oxidative stress (Smith et al., 2002; Kurzawa et al., 2004;
Kawamura et al., 2007; Artus et al., 2010). IGF signaling
plays a fundamental role in embryonic-maternal crosstalk
and in early embryo development (Thieme et al., 2012).
IGF2 is up-regulated in ovine parthenotes (Bebbere
et al., 2010) aswell as in hyperglycemia-treated blastocysts
in rabbit (Thieme et al., 2012) and cattle (Cagnone
et al., 2012). Considering that growth factors for the ICM
play a key role in activating the ERK pathway, PDGF and
IGF2up regulationmaycounteract inflammatory signal and
maintain survival after oxidative stress.

Both AAPH- and BSO-related profiles indicate the im-
pact of oxidative stress, but surviving blastocysts exhibited
different anti-oxidant responses. On the one hand, AAPH-
treated blastocysts show up-regulation of anti-oxidant en-
zymes. Methionine sulfoxide reductase beta 3 (Weissbach
et al., 2002) responds to peroxide-induced cellular oxida-
tion of methionine (Chao et al., 1997; Zhang et al., 2011)
while glutathione peroxidase 8 (Guerin et al., 2001) elim-
inates the methionine sulfoxidation caused by AAPH (Cui
et al., 2011; Nguyen et al., 2011). On the other hand, BSO-
related DEGs indicated a significant representation of nrf2
signaling. The Nrf2 transcription factor is involved in medi-
ating the response to oxidative stress after BSO treatment
(Lee et al., 2008). Yet, the BSO-related DEGs, concordant
with Nrf2 targets, were mostly down-regulated in blasto-
cysts. For example, the gene coding for the stress-induced

phosphoprotein that coordinates the folding activity of
chaperones was down-regulated, as were two heat shock
protein (HSP) genes. This suggests that while AAPH-
treated blastocysts exhibit an anti-oxidant response,
embryos that survived BSO treatment would have better
anti-oxidant capacity and therefore lower Nrf2 activity (Lee
et al., 2008).

Instead of an antioxidant response, BSO-treated blas-
tocysts showed an up-regulation of genes coding for two
glycine cleavagesystemproteins involved in the catabolism
of amino acids. Glycine is the enzymatic substrate of the
g-glutamyl-cystein synthase, which produces the reduced
glutathione and is specifically inhibited by BSO. It has been
demonstrated that preimplantation embryos can up-regu-
late de novoGSH synthesis in response to oxidative stress,
but not to GSH depletion (Stover et al., 2000). Therefore,
inhibition of GSH turnover would increase glycine content
(Zhang et al., 2009) which, although required to maintain
embryonic cell osmolarity in culture (Baltz and Tartia,
2010), may still be damaging for cellular homeostasis
(Leipnitz et al., 2009). Thus, the up-regulation of the glycine
cleavage system could improve the clearance of glycine
accumulation (Oda et al., 2007) as a side effect of inhibited
GSHsynthesis. Accordingly, serine hydroxymethyltransfer-
ase 1 (SHMT1) expression was down-regulated in both
AAPH- and BSO-treated blastocysts. This serine dehydro-
genase catalyzes the reversible conversion of serine and
tetrahydrofolate to glycine and 5,10-methylene tetrahydro-
folate. Moreover, folate receptor 1, a membrane-bound
receptor responsible for uptake of folate in human embry-
onic stem cells and bovine embryos (Steele et al., 2005;
Kwong et al., 2010), was down-regulated in BSO-treated
blastocysts. Folate is amethyl donor, and depletion of folate
results in elevated intracellular cystein and GSH. Although
further studies are required to validate changes in amino
acid content in BSO-treated embryos, differential expres-
sion of genes related to glycine and folate turnover may
have potential implication in methyl group metabolism in
surviving blastocysts.

Feugang et al. (2005) showed that blastocysts surviving
AAPH or BSO treatments exhibit comparable hatching
rates, mean cell numbers, and apoptotic cell rates, while
degenerating embryos have higher cellular and molecular
damage. Here, AAPH-treated blastocysts hadmore impact
on the inflammatory response than their BSOcounterparts.
IFN-gamma/TNF-alpha induced apoptosis under PI3K
(phosphatidylinositol-4,5-bisphosphate 3-kinase) signaling
in trophoblast and early embryos (Kawamura et al., 2007;
Loureiro et al., 2007), and up-regulation of responsive
genes may be correlated with increased apoptotic rate in
degenerating blastocysts (Feugang et al., 2003). In addi-
tion, ID3, which codes for the inhibitor of differentiation/
DNA binding 3, was up-regulated in AAPH-treated blasto-
cysts. ID3 acts under p38/MAPK as a redox sensor of cell
proliferation in response to increased ROS (Mueller
et al., 2002; Nickenig et al., 2002). In sheep, ID3 is up-
regulated in degenerated blastocysts as part of the tran-
scriptomic regulation of TGF-beta signaling (Li et al., 2012).
The different gene expression patterns between AAPH-
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and BSO-surviving blastocysts lead us to hypothesize the
existence of a differential contribution of pre-degenerating
blastocysts in each pro-oxidant comparison.

The notion elaborated in the quiet hypothesis proposes
that embryos with internal damage exhibit a more active
metabolic state than embryos able to maintain normal
homeostasis (Leese et al., 2007). AAPH- and BSO-treated
blastocysts showed opposing profiles when compared to
high-glucose treated blastocysts (Cagnone et al., 2012).
High glucose is thought to induce metabolic stress by
targeting mitochondrial function (Chi et al., 2002), and
increasing the expression of glycolytic enzymes, a patho-
logic enhancement of the Warburg effect during post-
compaction development (Marin-Hernandez et al., 2009;
Cagnone et al., 2012; Krisher and Prather, 2012). The
Warburg effect corresponds to the use of aerobic glycolysis
as a complementary source of building blocks and energy
to mitochondrial respiration. Here, AAPH increased the
expression of IGFBP7, a gene coding for the secreted
IGF-binding protein 7, which reflects metabolic perturba-
tion of mitochondrial oxidative phosphorylation in mamma-
lian somatic and cancer cells (Cervera et al., 2009). These
perturbations are concomitant with ROS production, which
induces NFkB signaling pathways as well as activation of
the AhR/HIF1A (aryl hydrocarbon receptor/, hypoxia induc-
ible factor 1, alpha subunit) complex (DePalma et al., 2007;
Harvey et al., 2002), an important site of cross-talk at the
level of transcription in AAPH-related gene networks (Di-
mova et al., 2004; Meade et al., 2007).

In contrast to AAPH, BSO-surviving blastocysts showed
up-regulation of the tricarboxylic acid (TCA)-related citrate
synthase gene, but down-regulated expression of aldolase
A, fructose-bisphosphate (ALDOA), which is involved in
glucose metabolism and is positively associated with a
higher glycolytic rate (Sugiura et al., 2005; Paczkowski
and Krisher, 2010). We also observed down-regulation of
TPI1, which codes for a triose phosphate isomerase, an
important glycolytic enzyme under the regulation of HIF1A
in conditions of metabolic stress (Hamaguchi et al., 2008).
Lower glycolitic activity in the BSO group could also be
related to the lower expression of the insulin receptor
(INSR1), a positive marker of diabetes and obesity (Cai
et al., 2012). Taken together, these differential patterns of
metabolic genes suggest that AAPH impactsmitochondrial
oxidation and therefore energy production. In contrast,
lower expression of glycolytic enzymes may translate to
efficient oxidative activity in BSO-surviving blastocysts.

Overall gene up-regulation is concomitant with the en-
vironmental stress response to IVC conditions when com-
pared to the in vivo environment (Lazzari et al., 2002; Cote
et al., 2011; Robert et al., 2011). Associated with major up-
regulation of gene expression (>70%), AAPH treatment
enhanced the impact of IVP when compared to VIVO
production system, and the majority of these genes were
associated with inflammatory response. In contrast, the
majority (>60%) of BSO-related DEGswere down-regulat-
ed and showed similar changes as observed in VIVO
blastocysts. Cautious interpretation is required as common
DEGs from pro-oxidant-surviving blastocysts represent a

low percentage of those found between IVP and VIVO
blastocysts. However, this transcriptomic similarity coin-
cides with a major down-regulation of ribosomal genes in
the BSO group. Under the control of the nucleolus, and
representing a high proportion of total RNA content, ribo-
somal RNA abundance has been associated with embryo
quality (Zheng et al., 2012). Moreover, ribosomal RNA
synthesis during blastocyst development would be kept
low in quiet and more viable embryos (El-Sayed et al.,
2006; Leese et al., 2007).

With regard to viability, two genes inversely related to
developmental competence (TKDP1 and ANXA2) were
down-regulated in either BSO or VIVO blastocysts when
compared to IVP controls. Annexin 2 (ANXA2), a calcium-
dependent phospholipid binding protein involved in mem-
brane fusion and signal transduction, is correlated to be
up-regulated in pregnancy loss and abortion (El-Sayed
et al., 2006). Moreover, aberrant expression of ANXA2
in trophoblastic cells during decidualization leads to pro-
inflammatory signaling and preeclampsia (Menkhorst
et al., 2012). TKDP1 is hypothesized to function as a
maternal-recognition factor, and both TKDP 3 and 4 are
up-regulated in blastocysts derived from IVC as compared
to artificial insemination (Smith et al., 2009). Little is known
about the function of the TKDP family members, but their
temporal expression profile and localisation at the fetal-
maternal interface strongly suggests a role during preg-
nancy (Chakrabarty and Roberts, 2007). Prior to any em-
bryo transfer experiment, the differential expression of
competence markers by BSO-treated blastocysts may
indicate higher embryonic quality in the surviving popula-
tion. Testing the metabolic state of blastocysts that survive
BSO treatment is required to validate any potential selec-
tion of the best embryos after GSH depletion.

In conclusion, our analysis showed that both extra- and
intra-cellular oxidative stress disrupted pre-attachment de-
velopment, and that surviving blastocysts showed tran-
scriptomic modifications associated with inflammation
and extracellular matrix remodeling, featuring a fibrosis-
like reaction similar to that seen in somatic tissues (Bhat-
tacharyya et al., 2012). Although required for adaptability,
this stress response may profoundly alter cellular signaling
by either inducing embryo degeneration or affecting sub-
sequent maternal recognition. In addition, genomic analy-
sis of the BSO-related profile suggests a response to high
glycine in blastocysts after glutathione depletion.Moreover,
these surviving blastocysts showed lower expression
of metabolic genes like their in vivo counterparts (quiet
hypothesis), suggesting a selection of better quality
embryos based on their capacity to maintain homeostasis
after antioxidant depletion. More investigations are re-
quired to ensure that stress response does not affect the
potentially higher viability of BSO-selected individuals.

MATERIALS AND METHODS

All chemicals were obtained from Sigma�Aldrich
(Oakville, Ontario, Canada), unless otherwise stated.
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In Vitro Production of Bovine Blastocysts

Oocyte collection and in vitro maturation Cumulus�
oocyte complexes (COCs) were obtained by aspirating
follicles from the ovaries of slaughtered heifers. After
four washes in TLH (HEPES-buffered Tyrode’s Lactate
solution), groups of up to 10 selected COCs with at least
five layers of cumuluswere placed in 50-ml drops ofmedium
under mineral oil in dishes (Nunc, Roskilde, Denmark),
and matured for 24 hr at 398C under an atmosphere of
5% CO2 in air with maximum humidity. The maturation
medium was TCM-199 supplemented with 10% fetal calf
serum (HyClone, ThermoScientific, USA), 0.1 mg/ml of
FSH (Folltropin V, Bioniche, Canada), 0.33 mM of pyruvic
acid, and 50 mg/ml of gentamycin.

In vitro fertilization Following maturation, five matured
COCs were added to 48-ml droplets of in vitro fertilization
(IVF) medium under mineral oil. The IVF medium was
composed of TL STOCK (Tyrode’s Lactate solution) sup-
plemented with 0.6% fatty acid free bovine serum albumin
(BSA), 0.2 mM pyruvic acid, 10 mg/ml heparin, and 50 mg/
ml gentamycin. Prior to transfer, the COCs were washed
twice in TLHmedium.Once transferred, 2 ml of PHE (1 mM
hypotaurine, 2 mM penicillamine, 250 mM epinephrine)
were added to each droplet 10 min before spermatozoa
was added. The spermatozoa used consisted of a cryo-
preserved mixture of ejaculates from five bulls (Centre
d’Ins�emination Artificielle du Qu�ebec, St.-Hyacinthe, QC,
Canada). The spermatozoa were thawed in 378C water for
1 min, put on a discontinuous Percoll gradient (2 ml of 45%
Percoll over 2 ml of 90% Percoll), and centrifuged at 700g
for 30 min at 268C. After discarding the supernatant, the
pellet of live spermatozoa was counted on a haemocytom-
eter to obtain a concentration of 106 cells/ml, and was
resuspended in IVF medium. Finally, 2 ml of the sperm
suspension (final concentration ¼ 4 � 104 cells/ml) were
added to each IVF droplet containing the matured COCs,
and was incubated for 16�18 hr in a humidified atmo-
sphere at 38.58C in 5% CO2.

In vitro culture For IVC of embryos, a three-stepmodified
synthetic oviduct fluid (SOF) culture system containing
MEM, essential and non-essential amino acids, 0.5 mM
of glycyl-glutamine, and 0.4% fatty acid-free BSA under
embryo-tested mineral oil (#8410, Sigma) was used. The
embryo culture dishes were incubated at 38.58C with 6.5%
CO2, 5% O2, and 88.5% N2 in 100% humidity. Briefly, after
fertilization, presumptive zygotes were mechanically de-
nuded and washed three times in TLH supplemented with
fatty acid-free BSA, then were placed in groups of 10 in 10-
ml droplets of SOF1 with non-essential amino acids (1X)
and 3 mM EDTA. Embryos were transferred to new 10-ml
droplets of SOF2 containing non-essential (1�) and essen-
tial (0.5�) amino acids 72 hr post-fertilization, and trans-
ferred again 120 hr post-fertilization to 20-ml droplets of
SOF3 containing non-essential (1�) and essential (1�)
amino acids. The medium was replaced three times to

prevent toxicity due to ammonium accumulation and nutri-
ent depletion caused by amino acid degradation and em-
bryo metabolism, respectively. The glucose concentration
used in SOF1, 2, and 3 was respectively 0.2, 0.5, and
1.0 mM. Cleavage rate, (number of embryos with at least
two cells out of total embryos) and 8/16-cell embryo rate
(number of embryos with at least eight cells out of total
embryos) were determined during embryo transfer from
SOF1 to SOF2 (Day 3). Blastocyst rate (number of early,
expanded and hatched blastocysts out of total embryos)
and hatching rate (number of hatched blastocysts out of
total blastocysts) were calculated at the end of the culture
period.

Exposure to pro-oxidant treatments Concentrations
of 0.01 mM for AAPH and 0.4 mM for BSO were selected
as they appeared to be detrimental for blastocyst develop-
ment (Feugang et al., 2003, 2005), and were used from
Day 3 to produce seven replicates of control, AAPH-, or
BSO-treated blastocysts from different in vitro production
runs. Blastocyst development was assessed at Day 7 post-
fertilization. Pooled blastocysts (hatched and non-hatched)
were washed three times in phosphate-buffered saline
(PBS), collected in groups of 10 in small volumes of PBS
into 0.5 mlmicrofuge tubes, and stored at�808Cuntil RNA
extraction. Each replicate contained about 10 embryos,
including non-expanded (early), expanded, and hatched
blastocysts. Equivalent proportions of hatched blastocysts
were kept between control and treatment replicates. Four
out of seven replicateswere used for themicroarrayexperi-
ments and three out of seven replicates were used to
validate the microarray results by reverse transcriptase-
quantitative PCR (RT-qPCR).

Determination of differential gene expression pro-
file Total RNA from each replicate was extracted and
purified using a PicoPure RNA Isolation Kit (Life Science,
New York, NY). After DNase digestion (Qiagen, Toronto,
Ontario, Canada), the quality and concentration of ex-
tracted RNA was analyzed with a Bioanalyzer (Agilent,
Mississauga, Ontario, Canada). All extracted samples
were of good quality, with an RNA Integrity Number >7.5.

For microarray purposes, purified RNA was amplified
by in vitro transcription with T7 RNA amplification using
the RiboAmp1 HSPlus RNA Amplification Kit (Life Science)
and labeled with Cy3 and Cy5 using the ULS Fluorescent
Labeling Kit (Kreatech, NC). aRNA (825 ng per replicate)
was hybridized on theAgilent-manufacturedEmbryoGENE
slides in a 2-color dye swap design. After 17 hr of hybrid-
ization at 658C, microarray slides were washed for 1 min in
Expression Wash Buffer 1 (room temperature), 3 min in
gene Expression Wash Buffer 2 (428C), 10 sec in 100%
acetonitrile (room temperature), and 30 sec in Stabilization
and Drying Solution (Agilent). Slides were scanned with
PowerScanner (Tecan, Mannedorf, Switzerland) and fea-
ture extraction was done with Array-pro6.3 (MediaCyber-
netics, MD). Intensity files were analyzed with FlexArray
(Michal Blazejczyk, Mathieu Miron, Robert Nadon (2007).
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FlexArray: A statistical data analysis software for gene
expression microarrays. Genome Quebec, Montreal,
Canada; http://genomequebec.mcgill.ca/FlexArray).

Raw fluorescence intensity data were corrected by back-
ground subtraction, then normalizedwithin (green/red) and
between each array (Loess and quantile, respectively).
Statistical comparisonbetween treatments (AAPHvs.Con-
trol or BSOvs.Control) wasdonewith the Limmaalgorithm,
which attributed to each probe a probability to fold-change
difference between treatment and control. The data dis-
cussed in this publication have been deposited in NCBI’s
Gene Expression Omnibus and are accessible through
GEO Series accession number GSE42281: http://www.
ncbi.nlm.nih.gov/geo/query/acc.cgi?acc¼GSE42281.

Validation of microarray results was done by RT-qPCR.
Total extracted RNA from independent samples (three
replicates for each condition) were reverse-transcribed
using oligo-dT primer and a qScript Flex cDNA Synthesis
Kit (Quanta Biosciences, MD). Specific primers for each
selected gene were designed using PrimerQuestSM (Inte-
grated DNA Technologies, Inc., IA), and qPCR was per-
formed using the LightCycler 4801 SYBR Green I Master
and the LightCycler1 480 System (Roche, Mannhein,
Germany). A standard curve composed of five points of
the PCR product for each primer pair diluted from 1 pg
to 0.1 fg was used for real-time quantification of PCR
output. A GeNORM normalization factor (Vandesompele
et al., 2002) from expression values of 3 reference genes
(ACTB, MYL6, PPIA) was used for data normalization.
Moreover, technical variations were assessed and cor-
rected through quantification of an exogenous GFP spike
introduced at the time of RNA extraction (Vigneault
et al., 2004). ANOVA was used for statistical comparison
of developmental rate and RT-qPCR results between con-
trol, AAPH, and BSO treatments. Primer sequences, prod-
uct size, annealing temperature and accession numbers
are provided in Supplemental Table 1.

Functional analysis of differentially expressed
genes Based on Gene Ontology databases reporting
transcriptomic analysis in mammalian embryos, Microsoft
Accesswasused to compare theDEGs that are associated
with blastocyst sex status (Bermejo-Alvarez et al., 2010) or
detected in Day-7 IVP bovine blastocysts exposed to high
glucosestress conditions (Cagnoneet al., 2012).Moreover,
a microarray profile generated with VIVO blastocysts was
also compared to AAPH and BSO profiles. VIVO blasto-
cysts resulted from artificial insemination of super-ovulated
eggs and embryo flushing onDay 7 after artificial insemina-
tion (Plourde et al., 2012). Gene expression in VIVO blas-
tocysts was compared to control blastocysts (CTL), which
were produced using the IVP protocol described earlier.
Microarrayanalysis betweenVIVOandCTLwasperformed
using the experimental procedure described earlier.

DAVID software was used to analyze the functions
of differentially expressed genes into clusters (Huang
da et al., 2009a,b). Moreover, data were analyzed with
Ingenuity Pathways Analysis (IPA) (Ingenuity1 Systems,
www.ingenuity.com). IPA was used to compile canonical

pathways as well as gene product interactions (networks)
that were differentially expressed between treatments. We
used IPA to build schematic representations of important
pathways that were dysregulated in treated blastocysts.

Network generation A dataset containing gene identi-
fiers and corresponding expression values was uploaded
into the application. Each identifier was mapped to its
corresponding object in Ingenuity’s Knowledge Base. A
fold-change cut-off of 1.5 with a P-value < 0.05 was set
to identify molecules whose expression was significantly
differentially regulated. These molecules, called Network
Eligible Molecules, were overlaid onto a global molecular
network developed from information contained in Ingen-
uity’s Knowledge Base. Networks of Network Eligible Mol-
ecules were then algorithmically generated based on their
connectivity. Molecules are represented as nodes, and the
biological relationship between two nodes is represented
as an edge (line). All edges are supported by at least 1
reference from the literature, from a textbook, or from
canonical information stored in the Ingenuity Pathways
Knowledge Base. Human, mouse, and rat orthologs of a
gene are stored as separate objects in the Ingenuity Path-
ways Knowledge Base, but are represented as a single
node in the network. Nodes are displayed using various
shapes that represent the functional class of the gene
product.

Canonical pathway analysis IPA identified the path-
ways that were most significant to the dataset from the
IPA library of canonical pathways. The significance of the
association between the dataset and the canonical path-
way wasmeasured in twoways: (1) A ratio of the number of
molecules from the dataset thatmap to the pathwaydivided
by the total number of molecules that map to the canonical
pathway is displayed and (2) Fisher’s exact test was used
to calculate a P-value to determine the probability that the
association between the genes in the dataset and the
canonical pathway would occur by chance alone. Green
and red symbols represent genes respectively down- and
up-regulated in treated embryos compared to controls.
Gray symbols represent genes with significant expression
in blastocysts but no difference between conditions,where-
as white symbols represent genes not present on micro-
array or with below-background intensity.
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