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Abstract

By affecting the ovarian pool of follicles and their enclosed oocytes, heat stress has an impact on dairy cow fertility. This
study aimed to determine how heat shock (HS) during in vitro maturation affected the ability of the bovine cumulus-oocyte
complexes (COCs) to develop, as well as their metabolism of amino acids (AAs). In this study, COCs were in vitro matured
for 23 h at 38.5 °C (control; n=322), 39.5 °C (mild HS (MHS); n=290), or 40.5 °C (severe HS (SHS); n=245). In compari-
son to the control group, the MHS and SHS groups significantly decreased the percentage of metaphase-II oocytes, as well
as cumulus cell expansion and viability. The SHS decreased the rates of cleavage and blastocyst formation in comparison to
the control and MHS. Compared to the control and MHS-COCs, the SHS-COCs produced significantly more phenylalanine,
threonine, valine, arginine, alanine, glutamic acid, and citrulline while depleting less leucine, glutamine, and serine. Data
showed that SHS-COCs had the highest appearance and turnover of all AAs and essential AAs. Heat shock was positively
correlated with the appearance of glutamic acid, glutamine, isoleucine, alanine, serine, valine, phenylalanine, and asparagine.
Network analysis identified the relationship between HS and alanine or glutamic acid, as well as the relationship between
blastocyst and cleavage rates and ornithine. The findings imply that SHS may have an impact on the quality and metabolism
of AAs in COCs. Moreover, the use of a multistep analysis could simply identify the AAs most closely linked to HS and the
developmental competence of bovine COCs.
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Introduction

The highest ambient temperature that high milk-yielding
dairy cows can tolerate while still maintaining a constant
body temperature (38.5 °C) is between 25 and 26 °C (Ber-
man et al. 1985). Dairy cows are highly sensitive to high
temperatures (Bernabucci et al. 2014). The body temperature
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of lactating cows rises to almost 40 °C in environments with
high temperatures (Sartori et al. 2002). Heat stress remains a
costly problem for the dairy industry, despite improvements
in cooling systems and environmental control during the hot-
ter seasons (St-Pierre et al. 2003).

Heat stress can reduce fertility in lactating dairy cows
(Badinga et al. 1985; Wolfenson et al. 1995) due to its
detrimental effects on follicular growth, secretion of hor-
mones (Badinga et al. 1985), endometrial functionality
(Malayer et al. 1988), uterine blood flow (Roman-Ponce
et al. 1978), oocyte competence (Rocha et al. 1998;
Al-Katanani et al. 2002), and the development of pre-
implantation embryos (Putney et al. 1989; Ealy et al.
1993). Oocyte maturation is hampered, and cellular and
molecular components crucial for embryo development are
damaged, as part of the mechanism by which heat shock
(HS) reduces oocyte quality (Gharibzadeh et al. 2014).
Also, HS has been shown to decrease the percentage of
bovine oocytes that progress to metaphase II (MII) (Payton
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et al. 2004; Roth and Hansen 2005; Roth 2015). Bovine
oocyte maturation is accelerated by HS, and cortical gran-
ule migration is faster in heat-shocked oocytes (41.0 °C)
(Edwards et al. 2005). It has been demonstrated that HS
causes oxidative stress in bovine oocytes, raising reactive
oxygen species levels, causing DNA damage, and inducing
apoptosis or dysfunction of cellular organelles like mito-
chondria (Edwards and Hansen 1996; Edwards et al. 2005,
2009; Roth and Hansen 2005; Roth 2015). These all have
the potential to reduce the quality and viability of bovine
oocytes during in vitro maturation (IVM).

Exposing bovine oocytes to severe HS (SHS, 41-42 °C)
revealed changes in gap junction communications between
oocytes and cumulus cells (Campen et al. 2018). Fully
developed oocytes secrete paracrine substances that
enhance cumulus cells to uptake amino acids (AAs) that
the oocytes themselves are not very good at transporting.
Gap junctions are probably used to deliver these AAs to
the oocytes (Eppig et al. 2005).

It has been demonstrated that the synthesis and use of
AAs during IVM affect the quality of the bovine oocytes
(Hemmings et al. 2012; Kowsar et al. 2018, 2020). In
bovine oocytes with less developmental competence, Hem-
mings et al. (2012) found that there was a greater turno-
ver of AAs. They found that glutamine (Gln), arginine
(Arg), and asparagine (Asn) were the most depleted AAs,
whereas oocytes with lesser developmental competence
released alanine (Ala) and glycine (Gly) into the medium
at a greater rate (Hemmings et al. 2012). A greater appear-
ance/depletion of total AAs was observed in oocytes that
could not cleave compared to oocytes that could (Hem-
mings et al. 2012). We previously observed a more pro-
nounced depletion of AAs and a lesser rate of competence
when bovine cumulus-oocyte complexes (COCs) matured
in vitro under urea stress, a dietary stressor (Kowsar et al.
2018).

Growing attention is being paid to the metabolic profile of
media used for human and bovine embryo culture and oocyte
maturation ( Hemmings et al. 2012, 2013). The metabolism
of AAs in HS-treated bovine COCs, however, is not well
understood. This study aimed to examine the effects of HS
during IVM on the depletion/appearance of AAs, as well
as the subsequent developmental competence of the bovine
COCs. Furthermore, using a multistep methodology, we
sought to identify the AAs that were most closely related
to the developmental competence of bovine COCs and HS.

Materials and methods

All chemicals and media were prepared from Sigma Aldrich
Chemical Co. (St. Louis, MO), unless otherwise stated.
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Research ethics

Animal experiments were conducted in accordance with
the Guiding Principles for the Care and Use of Research
Animals developed by the Isfahan University of Technol-
ogy, Iran. The protocol and methods were approved by
the Committee on the Ethics of Animal Experiments of
the Isfahan University of Technology (No. 390132). The
datasets are available from the corresponding author upon
reasonable request.

Recovery of COCs and IVM

From the slaughterhouse to the laboratory, bovine ova-
ries were transported in a Thermo box containing 0.9%
NaCl, 0.1% penicillin, and streptomycin at a temperature
of approximately 30 °C. According to previous works
(Assidi et al. 2008; Green et al. 2016), the ovaries were
rinsed in sterile 0.9% NaCl containing 0.1% penicillin
and streptomycin at 30 °C, and then placed into sterile
saline until aspiration using an 18 G needle connected to
a vacuum pump (80 mm Hg). Ovaries were then punc-
tured, and using a stereomicroscope (Olympus, Tokyo,
Japan), only COCs with more than three layers of compact
cumulus cells were chosen. Next, COCs were washed in
N-(2-hydroxyethyl) piperazine-N'-2-ethanesulfonic acid
(HEPES)-buffered tissue culture medium 199 (TCM-199)
(Thermo Fisher Scientific, Grand Island, NY, USA) sup-
plemented with 50 mg/mL kanamycin and 50 mg/mL
heparin. Following two rounds of washing in HEPES-
TCM-199, COCs (n=857) were divided into one of 3
groups and incubated in a maturation medium (M199).
Experimental groups were (1) the control group (38.5 °C,
n=322 COCs; repeated over 8 independent days with 4
replicates of 10 COCs each); (2) the mild HS group (MHS,
39.5 °C, n=290 COCs; repeated over 7 independent days,
with 4 replicates of 10-12 COCs each); and (3) the severe
HS group (SHS, 40.5 °C, n=245 COCs, repeated over 6
independent days with 4 replicates of 10—11 COCs each).
Then, COCs were allowed to mature for 23 h (Uhde et al.
2018; Aardema et al. 2013) in 50-pL droplets of matura-
tion medium containing TCM-199 (Thermo Fisher Scien-
tific, Grand Island, NY, USA) supplemented with sodium
pyruvate (2.5 mM), L-Gln (1 mM), penicillin (100 IU/
mL), streptomycin (100 pg/mL), fetal bovine serum (FBS,
10% v/v, Atlanta Biologicals, Lawrenceville, GA), epi-
dermal growth factor (EGF; 100 ng), follicle-stimulating
hormone (FSH; 10 pg/mL, Follitropin; Bioniche Animal
Health, Belleville, ON, Canada), luteinizing hormone
(LH;10 pg/mL), estradiol-17p (1 ug/mL), and cysteamine
(0.1 mM) in 35 mm cell culture dishes (Falcon brand, BD
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Biosciences, San Jose, CA, USA) at 38.5 °C under 5.0%
CO,, 20% O, with balanced N, and maximum humid-
ity under mineral oil. Following the incubation period,
the oocytes were recovered, the maturation medium was
collected and kept at — 80 °C until AA analysis, and the
viability of cumulus cells, as well as nuclear maturation,
was evaluated.

Assessment of oocyte nuclear maturation

According to the previous studies (De Los Reyes et al. 2005;
Rovani et al. 2023), COCs were harvested after 23 h of IVM,
300 IU/mL hyaluronidase was added, and cumulus cells
were then removed by mechanical stirring. The denuded
oocytes were fixed for 20 min at room temperature in 4%
paraformaldehyde before being moved to a 0.5% Triton
X-100 in phosphate-buffered saline (PBS) solution. Denuded
oocytes were incubated with 10 ug/mL of bisbenzimide
(Hoechst 33,342) for 15 min in order to stain DNA. Under
UV light (wavelength of 340-380 nm) in a fluorescence
microscope, oocytes with chromatin configuration consist-
ent with the MII stage were considered mature. A total of
81, 57, and 60 denuded oocytes were used to measure the
nuclear maturation in the control, MHS, and SHS groups,
respectively, over 4 independent days, with 2 replicates of

7-10 denuded oocytes each. Estimates were made regarding
the proportion of oocytes that reached the MII stage (Fig. 1).

Assessment of the cumulus cell expansion

To examine the morphology of cumulus expansion both
before and after maturation, oocytes were put under an
inverted microscope (Nikon Eclipse Ti). Then, using Image
J software (Version 1.46; National Institutes of Health,
Bethesda, MD, USA), the cumulus area from 60 COCs in
each treatment group was calculated and normalized to the
control group (Ferronato et al. 2023). To assess the cumu-
lus expansion, 180 COCs (60 COCs per treatment) were
used over the course of 3 separate days, with 2 replicates of
10 COCs each. As determined by earlier publications, the
cumulus expansion index (CEI) was calculated (Fagbohun
and Downs 1990; Vanderhyden et al. 1990). By assigning
a score on a 5-point Likert scale, the CEI was assessed for
each treatment (Downs 1989). Accordingly, COCs with a
score of 0 had either completely lost or only some of their
cumulus cells. Also, COCs, that had no expansion but had
a spherical cumulus cell, were given a score of 1. Score 2
was indicated by the expansion that had taken place in the
cumulus cells’ outer surface layers. Except for the corona
radiata, all layers of COCs with a score of 3 had distinctly
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Fig.1 Effect of heat shock on a nuclear maturation of bovine
oocytes; b cumulus expansion index; ¢ the viability of cumulus cells;
d cleavage rate of the resultant zygotes (3 days after in vitro fertiliza-
tion); and e blastocyst rate of resultant embryos (8 days after IVF).
f Representative image of a bovine oocyte at MII stage with chro-

mosomes and extrusion of first polar body. Bovine COCs matured
for 23 h at 38.5 (control), 39.5 (mild heat shock, MHS), or 40.5 °C
(severe heat shock, SHS). MII: metaphase II; CEI: cumulus expan-
sion index. Mean+SEM. Asterisks indicate significant differences
between groups *P <0.05; **P <0.01
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a) Expansion 0 b) Expansion 1

¢) Expansion 2

d) Expansion 3 ¢) Expansion 4

Fig.2 Representative images of the cumulus expansion in the bovine
cumulus-oocyte complexes using a 5-point scale as follows: score
0 shows no expansion (a); score 1 shows the minimal expansion
observable (b); score 2 shows expansion of the outer cumulus cell

expanded. The corona radiata and the rate of expansion were
both highest at score 4 (Fig. 2).

Assessment of the cumulus cells’ viability

The viability of the cumulus cells was examined by incubat-
ing COCs (n=245) under three different conditions: con-
trol (n=82 COCs), MHS (n=84 COCs), and SHS (n=79
COCs) for 23 h. This experiment was repeated over the
course of 3 separate days, with 3 replicates of 9-10 COCs
each. Cumulus cells were removed from COCs by vortex-
ing for 3 min using a vortex mixer (Reax Top, Heidolph
Instruments, Schwabach, Germany) and hyaluronidase
(300 IU/mL in TCM-199). The purified cumulus cells were
then centrifuged at 100 X g for 5 min. After removing the
supernatant, the pellet was resuspended in 1 mL of sterile
PBS (BR0014G, Oxoid Limited, Basingstoke, UK). Trypan
blue staining was used to stain cells. The resulting mixture
was applied to a hemocytometer and left there for 3 min at
room temperature. The number of live and dead cells was
determined using an inverted microscope (Olympus, Japan).

In vitro fertilization (IVF) and in vitro culture (IVC)

The IVF and IVC procedures were carried out according
to the previous studies (Hosseini et al. 2016; Sharma et al.
2018; Ferronato et al. 2023). In brief, the 23-h matured
oocytes (n=450) were divided into 3 groups (based on
the initial experimental classification, without receiving
any treatments) and fertilized in 35 mm cell culture dishes.
Matured COCs (10 COCs/droplet) were fertilized with
sperm in IVF medium (50 pL-droplets) supplemented with
AAs. Frozen semen straws (from a single sire, Spermex,
GmbH) were thawed at 37 °C for 40 s. Then, the contents
were layered onto a gradient (45:90%) of Pure Sperm (Nida-
con, Gothenburg, Sweden) and centrifuged at 700 X g for
15 min at room temperature to obtain highly motile sper-
matozoa. Sperm cells at a concentration of 1x 10%mL were
co-incubated with COCs in the IVF medium for 18 h at
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layers (c); score 3 shows expansion of all cumulus cell layers except
the corona radiate (d); and score 4 shows complete expansion of
cumulus cell layers (e)

38.5 °C, 5% CO2, and in a humidified atmosphere. Next,
the oocytes (presumed zygotes) were removed from the fer-
tilization drops and serially washed 8—10 times in modi-
fied synthetic oviductal fluid (mSOF) media. Presumptive
zygotes were collected after 18 h, and cumulus cells were
manually removed by vortexing. The resulting embryos were
then transferred into cell culture dishes and cultured based
on the initial experimental classification (without receiv-
ing any treatments) in the culture medium (20-pL droplets)
containing mSOF medium. The mSOF was modified before
administration to have 1.0 mM alanyl-glutamine, 5.3 mM
sodium lactate, 0.5 mM tri-sodium citrate, 2.77 mM myo-
inositol, 0.5 mM fructose, 20 pL/mL essential AAs (EAAs,
Eagle’s basal medium), and 10 pL/mL nonessential AAs
(non-EAAs, minimum essential medium Eagle). Mineral oil
was used to cover the culture drops, which were then left in
a humidified environment of 90% (vol/vol) N,, 5% CO,, and
5% O, at a temperature of 38.5 °C for 8 days. The propor-
tion of zygotes that cleaved/developed into the morula (day
3 post-insemination, 8—16-cell stage) and blastocyst (day 7
post-insemination) stages was assessed using a stereomi-
croscope (Olympus, Tokyo, Japan). Cleavage and blastocyst
rates were determined per the initial number of COCs cul-
tured for IVM. This experiment (IVF and IVC) was repeated
for 5 independent days, with 3 replicates of 10 presumptive
zygotes each (150 matured oocytes or presumptive zygotes
per treatment).

Differential staining of blastocysts

As previously mentioned (Hosseini et al. 2007), hatched
blastocysts (on day 8 post-insemination) were stained to
ascertain the total cell number (TCN) and individual cell
numbers [the inner cell mass (ICM) and trophectoderm
(TE)]. Briefly, hatched blastocysts were washed in HEPES-
TCM-199 + 5 mg/mL BSA before being exposed to 0.5%
Triton X-100 and 30 ug/mL propidium iodide in the medium
for 1 min. Embryos were then placed in a low-temperature
(4 °C) counter-staining solution for 15 min using Hoechst
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33,342 (10 pg/mL) diluted in ethanol. Then, hatched blas-
tocysts were mounted, and they were examined under a
fluorescent microscope (Olympus, Japan). A total of 36
hatched blastocysts (12 hatched blastocysts per treatment)
were examined over the course of 3 separate days, with 4
hatched blastocysts each in order to assess the differential
cell number.

Amino acids analysis

Maturation medium droplets were taken separately to meas-
ure the concentration of AAs after a 23-h incubation period.
The experiment was repeated 6 times, using 2—3 different
media for each treatment at each time point (a total of 17-18
different media). Based on our previous research (Kowsar
et al. 2018, 2020), the HPLC method (HyperClone ODS C
18,250 mm, 4.6 mm, 5 m, Agilent 1100, Agilent Technolo-
gies, Waldbronn, Germany) was used to determine AAs in
the 23-h spent media and fresh maturation media (n=3). For
HPLC analysis, a flow rate of 1.2 mL/minute was used with
fluorescence detection after pre-column derivatization with
ortho-phthalaldehyde (OPA). The fluorescent signal was
450 nm when it was excited at 348 nm. The same procedure
for analysis was used on all blanks and test medium, which
were immediately stored at — 80 °C. As a control sample
(blank), COC-free maturation media were used. Indeed, mat-
uration medium droplets devoid of oocytes were cultured in
parallel with the test samples at three different temperatures
(38.5, 39.5, and 40.5 °C) for 23 h. The concentration of AAs
did not significantly differ between the blanks and remained
constant throughout the experiment (data not shown).

The peak regions of the samples and the reference AA
combination were compared to determine AA concentra-
tions. All peak signals were normalized using peak signals
from internal standards. As internal standards, 25 mM sar-
cosine (Hewlett-Packard GmbH, FRG, Switzerland) and
25 mM norvaline (Hewlett-Packard GmbH, FRG, Switzer-
land), both in 0.1 M HCI solution, were used. Ortho-phtha-
laldehyde has been shown to have a poor reaction to cystine
and none to proline when the thiol component is present;
the OPA technique was used in this study (Walker and Mills
1995). Due to the conversion of Asn to aspartic acid (Asp)
during sample processing, the assay for Asn was unlikely
(D’Mello 2009). Phenylalanine (Phe), isoleucine (Ile), leu-
cine (Leu), valine (Val), methionine (Met), threonine (Thr),
lysine (Lys), Arg, tyrosine (Tyr), histidine (His), and tryp-
tophan (Trp) were the EAAs in this study. Semi-EAAs were
serine (Ser), Gly, and GIn. Non-EAAs were Asp, Asn, Ala,
citrulline (Cit), ornithine (Orn), and glutamic acid (Glu),
according to previous works (D’Mello 2009; Hou et al.
2015; Kowsar et al. 2018, 2020). In this study, we consid-
ered some AAs, such as Arg and Tyr, as EAAs while they
are classified as semi-EAAs for cows. Of note, some cell

types, like cumulus cells or oocytes, cannot produce these
AAs. As aresult, these AAs are regarded in this situation as
EAAs (Wu et al. 2009).

Calculation of AA depletion/appearance

According to previous studies, the depletion/appearance
of AAs was calculated at picomoles per oocyte per hour (
Houghton et al. 2002; Hemmings et al. 2012, 2013; Kowsar
et al. 2018, 2020). The differences in the concentration
of AAs between the fresh medium (at O h of incubation)
and the spent-maturation medium (after 23-h incubation)
were used to calculate the depletion or appearance of each
AA. Negative values after a 23-h incubation period indi-
cate “depletion”, which is the disappearance of AAs from
the maturation medium. Positive values represented the
increased AA levels in the maturation medium, referred to
as “appearance”. Total depletion and total appearance were
calculated by summing the negative values (depletion) and
positive values (appearance) obtained for AAs. To calculate
the “total turnover” of all AAs, the “total depletion” and
“total appearance” were summed. Subtracting “total deple-
tion” from “total appearance” yielded an estimate of the
“total net balance” of all AAs.

Accuracy of AA analysis

To evaluate the efficacy of the AA analysis, we calculated
the mean recovery of one biological medium (i.e., blood
plasma) containing a specific amount of AAs. To this, each
amino acid standard was mixed separately to a final con-
centration of 60.0 M in a pooled plasma sample, and the
recovery of the amino acids was calculated as the difference
between the spiked and unspiked plasma samples (Frank
and Powers 2007). So, accuracy was defined as the agree-
ment between measured and actual values of AAs in a refer-
ence medium. For all AAs that were measured, the average
recovery rate was 102.6%. The precision ranged from 93.1
to 106.9%, with Asp being the exception (112.4%). As a
result, the range for all AAs was set at 90-115%. To test the
precision of the method, we also looked at repeatability by
injecting the same sample of fresh maturation medium 4
times in a row. We did this by calculating the relative stand-
ard deviation (RSD) for each AA. The RSD values were
within an acceptable range of 1.12-3.36% (Jajic et al. 2013).

Bivariate Kendall’s tau correlation, PCA,
and network analysis

The bivariate study employed Kendall’s tau correlation
to determine the association between variables. The prin-
cipal component analysis (PCA) is performed to clarify
the concomitant interactions and intricate connections or
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multi-collinearity between variables. This method has the
potential to minimize the number of variables while main-
taining the majority of the critical information. Multiple
data dimensions were reduced to two dimensions in this
study, and the PCA biplot was created with PAST software.
Associations in the PCA biplot are presented as directional
vectors and defined by the angle between vectors. Vectors
with < 45° angles exhibited a positive connection, vectors
with perpendicular angles (approaching 90°) had no link,
and vectors heading in the reverse direction (approaching
180°) had a negative correlation. The Spearman’s rho and
Pearson similarity indices were used in combination with the
Fruchterman-Reingold algorithm as a force-directed layout
algorithm in network analysis. This method constructs a net-
work based on the frequency with which nodes are linked.
In this study, the PAST tool (available at: http://folk.uio.no/
ohammer/past) was used to do ANOVA, Kendall’s tau cor-
relation, PCA, and network visualization analyses.

Statistical analysis

The data were found to be normal by the Anderson—Darling
test. Tukey’s multiple comparisons test was used to compare
the data on AA depletion and appearance and cumulus cell
viability across treatments. A nonparametric approach, the
Kruskal-Wallis test, was used to statistically analyze the
cumulus expansion index. The chi-squared test was used to
statistically analyze categorical variables, such as oocytes
at the MII stage. All data were shown as mean + standard
error of the mean (SEM). The differences between groups
were considered significant at P <0.05. The PAST tool and
GraphPad Prism software (version 8.0) were used to analyze
the data.

Results

Heat shock reduces oocyte maturation rate
and competence

Compared to the control group, the SHS group had a signifi-
cantly greater percentage of COCs that did not reach the MII
stage (61.73% vs. 23.33%, P <0.001, Fig. 1a). The lesser
proportion of MHS-COCs reached the MII stage (40.54%)
compared to the control COCs (P=0.03, Fig. 1a). Figure 1f
shows a representative image of a COC in the MII phase.
As seen in Fig. 1b, the CEI values decreased in the SHS
and MHS groups compared to the control group (2.92 +0.1,
2.95+0.1, and 3.40 +0.1; respectively, P <0.01). Figure 2
shows the representative images of the expansion of cumulus
cells. The MHS (60.0%) and SHS (60.0%) groups had sig-
nificantly lesser cumulus cell viability rates than the control
group (75.9%) (P=0.02; Fig. 1c).
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According to the findings, SHS (58.0%) decreased
(P <0.05) the cleavage rate compared to the MHS (66.9%)
and control groups (84.6%; Fig. 1d). Additionally, COCs
in the SHS group (8.1%) had a lesser rate of blastocyst
formation when compared to the control (22.7%) and
MHS (24.6%) groups (P <0.01, Fig. le). Figure 3 showed
that the ICM, TE, and TCN between groups did not differ
significantly.
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Fig.3 Effect of heat shock on (a) trophectoderm cell number; (b)
inner cell mass; and (c) the total cell number of blastocysts resulted
from bovine cumulus-oocyte complexes matured for 23 h at 38.5
(control), 39.5 (mild heat shock, MHS), or 40.5 °C (severe heat
shock, SHS). Mean + SEM


http://folk.uio.no/ohammer/past
http://folk.uio.no/ohammer/past

Heat shock interferes with the amino acid metabolism of bovine cumulus-oocyte complexesin...

Page 7 of 14 2

Phe Thr Val
0.2 1.5-
5 * 5 0.4 5
f . 2 %k _g 1.0
: = b e T
? 0.0 === ? 0.0"T—4L——L ? .0 — — ——
9 J— © 0.2 ~ -0.5 —_
I_Ol '0-] % e % 1 0 l—l*
g E 0.4 g -1= *
Control MHS SHS Control MHS SHS " Control MHS SHS
Leu Met
0.0 0.007
; T O TET
= -0.11 = | =
- Z -0.05 T -
D D D
2, -0.21 L ES _ >
g g .0.10- * g
© -0.31 =} =} _
= * = = %
E -0.4- E -0.15 E -0.15
o o o *
-0.5 . : . -0.20 . : . -0.20 : ; :
Control MHS SHS Control MHS SHS Control MHS SHS
Lys Arg Tyr
_ 0.0 . 020 _ * . 0.5
2 2 E
= o < 015 = 0.4
£ £ £ 03
3 g 010 3
© -0.2 L ~ L S 0.21
s 3 0.05] 3 1
£ £ g 0.1
(=7 =" (="
-0.3 . . ; 0.00- : 0.0- ,
Control MHS SHS Control MHS SHS Control MHS SHS
His Trp
5 0.15 5 0.08
(=} (=]
= =
° < 0.06
£ 0.101 =3
3 3
=) [ 0.044 1
= 0.05- =
£ g 0.021
=" ="
0.00- 0.00- T
Control MHS SHS Control MHS SHS

Fig.4 Effect of heat shock on the net depletion/appearance of essen-
tial amino acids by bovine cumulus-oocyte complexes after 23-h
maturation at 38.5 (control), 39.5 (mild heat shock, MHS), or 40.5 °C

Heat shock affects the depletion/appearance of AAs
by COCs during IVM

Compared to the control- or MHS-COCs, the SHS-COCs
released significantly more EAAs, including Phe (P <0.01),
Thr (P=0.04), Val (P<0.01), and Arg (P=0.03), into
the culture medium and depleted less Leu (P <0.01) and
Ile (P=0.04) from the medium (Fig. 4). The SHS group
produced more non-EAAs, including Ala (P =0.03), Glu
(P<0.01), and Cit (P<0.01), compared to the control or
MHS groups (Fig. 5a). The SHS group depleted less Gln
(P=0.03) and Ser (P <0.01) than the control or MHS groups
did (Fig. 5b).

(severe heat shock, SHS). Mean+SEM. Significant differences
between groups are indicated by asterisks. *indicates P <0.05

Depletion/appearance of all AAs

The SHS group had lesser levels of EAA depletion than
the control or MHS groups (P=0.04). In comparison to
the control or MHS groups, the SHS group released more
EAAs (P=0.03) into the media. Compared to the control
or MHS groups, the net balance of AAs was also notice-
ably greater in the SHS group (P =0.04, Fig. 6a). More non-
EAAs were depleted in the MHS group compared to the
control and SHS groups (P=0.006) (Fig. 6b). In comparison
to the control and MHS groups, the SHS group had a greater
appearance (P <0.001), net balance (P <0.001), and turno-
ver (P<0.01) of non-EAAs (Fig. 6b). The SHS-COCs had
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Fig.5 Effect of heat shock on net depletion/appearance of (a)
non-essential amino acids (EAAs) and (b) semi-EAAs by bovine
cumulus-oocyte complexes after 23-h maturation at 38.5 (control),

a lesser depletion (P =0.03) and net balance (P =0.03) of
semi-EAAS compared to the control-COCs (Fig. 6¢). The
total AA depletion was significantly lesser in the SHS group
compared to the control or MHS groups (P <0.01, Fig. 6d).
The SHS group outperformed the control and MHS groups
in terms of appearance (P=0.01), net balance (P <0.01),
and turnover of all AAs (P=0.02, Fig. 6d).

The association of AA metabolism with HS and COC’s
developmental competence

According to the PCA analysis, HS was closely positively
associated with the metabolism of the AAs, including
Ala, Glu, Ser, Val, Ile, Phe, Gln, and Asn (Fig. 7a, right,
lower red field), while the rates of cleavage and blas-
tocyst formation were negatively associated with the
metabolism of these AAs (Fig. 7a, left, the upper red

@ Springer

39.5 (mild heat shock, MHS), or 40.5 °C (severe heat shock, SHS).
Mean + SEM. Significant differences between groups are indicated by
asterisks. *indicates P <0.05; **indicates P <0.01

field). The metabolism of the AAs, including Glu, His,
Gln, Arg, Cit, Thr, Ala, Val, Phe, Leu, and Ile, by COCs
in the maturation medium was found to be positively
correlated with HS, according to Kendall's tau analysis
(P <0.05, Fig. 7b). The metabolism of Ser by COCs was
inversely correlated with consequent blastocyst forma-
tion (P <0.05, Fig. 7b). The metabolism of Glu, Gln, Thr,
Phe, and Leu by COCs in the maturation medium was
negatively correlated with the cleavage rate (P <0.05,
Fig. 7b).

The network analysis using either Spearman's rho or
Pearson similarity revealed that, at the highest cut-off
points, the cleavage and blastocyst formation rates were
related to Orn (Fig. 8a, b). Using Spearman’s rho-based
network analysis or Pearson similarity-based network anal-
ysis, at the highest cut-off points, HS was linked to Glu or
Ala, respectively (Fig. 8c, d).
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Fig.6 Effect of heat shock on the total depletion, appearance, net
balance, and turnover of essential amino acids (a); non-essential
amino acids (b); semi-essential amino acids (c); and all amino acids
(d) by bovine cumulus-oocyte complexes after 23-h maturation at

Discussion

This study demonstrated that HS had an impact on the qual-
ity, developmental competence and the depletion/appearance
of AAs in bovine COCs in vitro. Moreover, using a multistep
approach, we observed that the metabolism of Orn by COCs
was closely related to COCs’ developmental competence and
that the metabolism of Ala and Glu by COCs was closely
related to HS.

It was expected that fewer COCs receiving SHS treatment
(40.5 °C) would progress to the MII stage, as this result was
in line with earlier studies (Nabenishi et al. 2012; Maya-
Soriano et al. 2013). An earlier study found that even a short
exposure to HS can disrupt the genomic control of oocyte
maturation (Kowalczyk et al. 2021). It has been observed
that in mice, HS impairs spindle formation during metaphase
I and hinders progression to MII (Baumgartner et al. 1987).
The current findings suggested that SHS lessened the ability
of prophase I-arrested oocytes to escape into the MII stage.

In addition, SHS-COCs showed lesser cumulus cell
viability, cumulus expansion index, and developmental

b) Depletion/apperance of non-essential amino acids
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38.5 (control), 39.5 (mild heat shock, MHS), or 40.5 °C (severe heat
shock, SHS). Mean + SEM. Asterisks indicate significant differences
between groups: *indicates P <0.05; **indicates P<0.01; ***indi-
cates P<0.001

competence compared to the control group. The
results were completely in line with earlier studies that used
40.0 °C (Roth and Hansen 2005; Edwards et al. 2009) or
41 °C (Roth and Hansen 2005) during the 24-h IVM in the
bovine COCs (Roth and Hansen 2005; Edwards et al. 2009).
As opposed to mild exposure, it has been demonstrated that
exposure to SHS increases cell susceptibility to apoptosis
(Pohland et al. 2020). Bovine oocytes have been demon-
strated to undergo apoptosis in response to HS (Khan et al.
2020). This may help to partially explain why SHS led to
lesser cumulus cell viability in this study.

As previously mentioned, SHS decreased the CEI and
the percentage of oocytes that reached the MII stage. It has
been shown that some substances, such as cumulus-expan-
sion enabling factors (CEEFs), are secreted by fully grown
oocytes and are essential for expansion to occur (Vande-
rhyden et al. 1990; Ochsner et al. 2003; Su et al. 2003).
These findings implied that SHS might cause insufficient
oocyte growth as cumulus expansion decreased (Chen et al.
1993). Therefore, the current research confirmed that SHS
impaired oocyte maturation (i.e., MII) and cumulus cells’
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Fig.7 a Biplot of PCA derived from the amino acid metabolism
and developmental competence of the bovine cumulus-oocyte com-
plexes. Vectors with close angles (<45°) indicate a strong correla-
tion, vectors that are perpendicular indicate no correlation, and vec-
tors in opposite directions (approaching 180°) indicate a negative
correlation. b The bivariate study employed Kendall’s tau correlation
to determine the association between amino acid metabolism, heat
shock, and developmental competence of COCs. Red and blue circles
indicate negative and positive associations, respectively. Boxed rec-
tangles indicate the statistical significance at P <0.05. Blast blasto-
cyst rate, S shock, Cleav cleavage rate

expansion and viability; all of which could affect the quality
and developmental competence of bovine COCs.

The present findings showed that compared to the control
group, bovine COCs that matured at SHS had a significantly
greater appearance, net balance, and turnover of all AAs
and EAAs. High levels of AA turnover have been linked to
lesser quality of bovine oocytes and embryos (Leese et al.
2008; Hemmings et al. 2012). Recently, we found that urea-
reduced oocyte competence was linked to increased AA
turnover and depletion (Kowsar et al. 2020). Therefore, the
findings suggested that SHS-reduced oocyte competence
might be related to increased total appearance, net balance,
and total turnover of all AAs in COCs.

The most closely related AAs to HS and COCs compe-
tence were sought after using a combination of ANOVA,
Kendall’s tau correlation, PCA, and network analyses in this
study. First, an ANOVA analysis revealed that SHS-COCs
released more Phe, Val, Ala, and Glu while depleting less
Leu, Ile, Ser, and GIn. According to the findings of Kend-
all’s tau analysis, these AAs had a positive correlation with
HS despite having a negative correlation with blastocyst
formation and cleavage rates. The results of Kendall's tau
analysis were supported by PCA analysis, which can be used
to determine the interrelationships between AAs. The PCA
revealed a strong and positive association between HS and
the metabolism of these AAs in COCs. Additionally, PCA
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analysis showed a strong negative association between the
metabolism of these AAs and COCs’ developmental compe-
tence. At the final stage of analysis, using network analysis
at the highest cut-off point of 75% based on Spearman’s Rho
(a nonparametric measure of association), the metabolism of
the Ala in COCs was found to be associated with the HS. As
previously mentioned, the SHS-COCs group with the high-
est appearance of Ala displayed the lowest rates of blastocyst
formation and cleavage. Hemmings et al. (2012) reported
that bovine oocytes that did not cleave produced more Ala
than oocytes that did, which is consistent with our findings.
It has been shown that some AAs, such as Ala, which are
poorly transported into oocytes, are taken up by cumulus
cells (Su et al. 2003). Alanine should first be taken up by
cumulus cells, and then it should be transferred to the oocyte
by gap junctions (Su et al. 2003). In porcine cumulus cells
and oocytes, as well as bovine oocytes, it has been demon-
strated that HS disrupts gap junctions (Hamada et al. 2003;
Campen et al. 2018). The results implied that the reduced
viability of cumulus cells caused by SHS might result in
a lesser amount of Ala entering the oocytes to perform its
physiological functions. Nissim et al. (1992) proposed that
Ala serves a functional purpose in both protecting cells
from stress-related cell damage and promoting gene expres-
sion that is responsible for stress protein synthesis. The
total amount of intracellular protein produced by maturing
oocytes has also been shown to be decreased by HS (Lannett
and Hansen, 1996). As a result, oocytes might produce more
Ala to make up for this need, which could lead to more Ala
being released into the maturation medium; the greater Ala
concentrations in the SHS group in the present study might
be explained by this.

In the current study, SHS-COCs released greater lev-
els of Glu into the maturation medium than did control or
MHS-COCs. The results obtained using Kendall's tau and
PCA analyses showed that Glu concentrations were posi-
tively correlated with HS and negatively correlated with
cleavage and blastocyst formation rate. Miao et al. (2022)
demonstrated that the main factor affecting the distinction
between high-quality and low-quality embryos is Gln, which
can be metabolized by conversion to glutamate. Notably,
the Pearson-based network analysis showed that Glu was
the most correlated AA with HS at the highest cut-off point
of 82%. However, Ala was identified as the most correlated
AA by Spearman’s Rho-based network analysis. It should
be noted that in complex networks, the rank correlations
(such as Spearman’s rtho) are thought to perform better than
Pearson correlation (Shao et al. 2018). To be able to recog-
nize and validate the best results, we recommend that data
be analyzed using a variety of methods.

As previously mentioned, we found that Glu released
from SHS-COCs into the maturation medium was greater
compared to the control and MHS-COC:s groups. In addition,
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ces were used in combination with the Fruchterman—Reingold algo-
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This method constructs a network based on the frequency with which

we found that Glu concentrations were negatively correlated
with blastocyst and cleavage rates. In contrast, Stokes et al.
(2007) found that Glu appearance was a good indicator of
developmental competence of COCs. Nucleic acid bases,
which can be produced by animal or human cells from some
AAs, such as Glu, are shown to be necessary for the comple-
tion of meiosis in the maturing oocyte (Salzman et al. 1958).
Notably, the increased need for Gln and Glu seen in oocytes
that failed to cleave provides purines and pyrimidines for
DNA repair (Sturmey et al. 2009). It has been shown that
in preimplantation embryos, glutamic acid can function as
a signaling molecule, having an impact by activating cell
membrane receptors (§pirkové et al. 2022). More specifi-
cally, glutamic acid can be used as a source of energy, a
bridge in transamination reactions, or a starting point for the
synthesis of a number of significant molecules, including
glutathione, the primary intracellular antioxidant (Brosnan
and Brosnan 2013; §pirk0ve’1 et al. 2022). This could imply
that HS had an impact on Glu uptake, which is important
for a number of cellular processes of oocytes, such as DNA
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nodes are linked. The panels show the most closely related amino
acid/s metabolism in cumulus-oocyte complexes during in vitro mat-
uration to (a, b) blastocyst rate and cleavage rate or (c, d) heat shock.
Blast blastocyst rate, Cleav cleavage rate

repair, the completion of meiosis and the source of energy.
Fewer COCs were able to progress to the MII stage, which
raises the possibility that SHS hindered the COCs’ ability
to access Glu.

Ornithine was continuously depleted by COCs in all
experimental groups, and HS in our study did not affect
Orn consumption. Furthermore, Orn metabolism was posi-
tively correlated with cleavage and blastocyst formation
rates, according to the findings of the network and Kend-
all’s tau analyses. Previously, we found a positive correla-
tion between the viability of cumulus cells and the turnover
of Orn. Further study is required to clarify the relationship
between COCs’ consumption of Orn and the rates of cleav-
age and blastocyst formation.

In the current study, we also found that SHS-COCs with
the lowest levels of developmental competence released
more Arg than the control and MHS-COCs. Kendall’s tau
analysis also demonstrated a positive correlation between
HS and Arg appearance, as well as a negative association
between Arg appearance and developmental competence of

@ Springer



2 Page 12 of 14

H.R. H. Mzedawee et al.

COCs. Nitric oxide production by mammalian cells has been
connected to Arg (Cendan et al. 1996). The physiological
importance of nitric oxide in oocyte maturation, fertilization,
and early embryo development has been established (Taglio
and Parma 1999; Shiva et al. 2007; Chen et al. 2008). Also,
Goud et al. (2014) showed that nitric oxide was an important
component of oocyte quality maintenance in humans. It is
possible that SHS-increased Arg appearance, rather than its
consumption to produce nitric oxide, might affect in vitro
meiotic maturation and oocyte competence (Budani and
Tiboni 2021). More research is required, particularly in the
areas of nitric oxide and Arg metabolism and bovine oocyte
competence under HS conditions.

In our study, SHS-COCs consumed noticeably less Ser
compared to the control or MHS-COCs groups. The conver-
sion of Ser to pyruvate during oocyte growth and cytoplas-
mic maturation has been demonstrated to support gluconeo-
genesis and increase energy availability (Pelland et al. 2009).
By reducing COCs’ Ser consumption, heat shock appeared
to have an impact on their ability to access energy, at least
in part.

In conclusion, our research showed that SHS had a det-
rimental effect on the quality and developmental compe-
tence of bovine COCs. Additionally, it was found through
a variety of statistical analyses that the metabolism of AAs
(i.e., Orn, Glu, and Ala) during IVM had a close relation-
ship with either SHS or the developmental competence of
bovine COCs.

Author contributions RK, MHN-E, and MH contributed to the study
design and discussion. HRHM and RK wrote and edited the manu-
script. RK, RSS, and KS contributed to data analysis. HRHM and
RM-H contributed to conducting the experiment. RK, RSS, and KS
edited the manuscript. RK and MH, as the guarantors of this work,
have full access to all data, and take responsibility for the integrity and
accuracy of data analysis.

Funding This research did not receive any specific grant from any
funding agency in the public, commercial or not-for-profit sector.

Data availability The data underlying this article are available in the
article.

Declarations

Conflict of interest All authors declare that there is no conflict of in-
terests.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article’s Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in
the article’s Creative Commons licence and your intended use is not

@ Springer

permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

Aardema H, Lolicato F, van de Lest CH, Brouwers JF, Vaandrager AB,
van Tol HT, Roelen BA, Vos PL, Helms JB, Gadella BM (2013)
Bovine cumulus cells protect maturing oocytes from increased
fatty acid levels by massive intracellular lipid storage. Biol Reprod
88:164

Al-Katanani YM, Paula-Lopes FF, Hansen PJ (2002) Effect of season
and exposure to heat stress on oocyte competence in Holstein
cows. J Dairy Sci 85:390-396

Assidi M, Dufort I, Ali A, Hamel M, Algriany O, Dielemann S,
Sirard MA (2008) Identification of potential markers of oocyte
competence expressed in bovine cumulus cells matured with
follicle-stimulating hormone and/or phorbol myristate acetate
in vitro. Biol Reprod 79:209-222

Badinga L, Collier RJ, Thatcher WW, Wilcox CJ (1985) Effects of
climatic and management factors on conception rate of dairy
cattle in subtropical environment. J Dairy Sci 68:78-85

Baumgartner AP, Chrisman CL (1987) Embryonic mortality caused
by maternal heat stress during mouse oocyte maturation. Anim
Reprod Sci 14:309-316

Berman A, Folman Y, Kaim M, Mamen M, Herz Z, Wolfenson D,
Arieli A, Graber Y (1985) Upper critical temperatures and
forced ventilation effects for high-yielding dairy cows in a sub-
tropical climate. J Dairy Sci 68:1488-1495

Bernabucci U, Biffani S, Buggiotti L, Vitali A, Lacetera N, Nardone
A (2014) The eftects of heat stress in Italian Holstein dairy cat-
tle. J Dairy Sci 97:471-486

Brosnan JT, Brosnan ME (2013) Glutamate: a truly functional amino
acid. Amino Acids 45:413-418

Budani MC, Tiboni GM (2021) Novel insights on the role of nitric
oxide in the ovary: a review of the literature. Int J Environ Res
Public Health 18:980

Campen KA, Abbott CR, Rispoli LA, Payton RR, Saxton AM,
Edwards JL (2018) Heat stress impairs gap junction communi-
cation and cumulus function of bovine oocytes. J Reprod Dev
64:385-392

Cendan JC, Souba WW, Copeland EM, Lind DS (1996) Increasedl-
arginine transport in a nitric oxide-producing metastatic colon
cancer cell line. Ann Surg Oncol 3:501-508

Chen L, Russell PT, Larsen WJ (1993) Functional significance of
cumulus expansion in the mouse: roles for the preovulatory syn-
thesis of hyaluronic acid within the cumulus mass. Mol Reprod
Dev 34:87-93

Chen K, Pittman RN, Popel AS (2008) Nitric oxide in the vasculature:
where does it come from and where does it go? A quantitative
perspective. Antioxid Redox Signal 10:1185-1198

D’Mello JPF (2009) Amino acids as multifunctional molecules. In:
D’Mello JPF (ed) Amino acids in animal nutrition, 2nd edn. CABI
publishing, pp 1-14

De Los RM, De Lange J, Miranda P, Palominos J, Barros C (2005)
Effect of human chorionic gonadotrophin supplementation during
different culture periods on in vitro maturation of canine oocytes.
Theriogenology 64:1-11

Downs SM (1989) Specificity of epidermal growth factor action on
maturation of the murine oocyte and cumulus oophorus in vitro.
Biol Reprod 41:371-379


http://creativecommons.org/licenses/by/4.0/

Heat shock interferes with the amino acid metabolism of bovine cumulus-oocyte complexesin...

Page 13 of 14 2

Ealy AD, Drost M, Hansen PJ (1993) Developmental changes in
embryonic resistance to adverse effects of maternal heat stress in
cows. J Dairy Sci 76:2899-2905

Edwards JL, Hansen PJ (1996) Elevated temperature increases heat
shock protein 70 synthesis in bovine two-cell embryos and com-
promises function of maturing oocytes. Biol Reprod 55:340-346

Edwards JL, Saxton AM, Lawrence JL, Payton RR, Dunlap JR
(2005) Exposure to a physiologically relevant elevated tempera-
ture hastens in vitro maturation in bovine oocytes. J Dairy Sci
88:4326-4333

Edwards JL, Bogart AN, Rispoli LA, Saxton AM, Schrick FN (2009)
Developmental competence of bovine embryos from heat-stressed
ova. J Dairy Sci 92:563-570

Eppig JJ, Pendola FL, Wigglesworth K, Pendola JK (2005) Mouse
oocytes regulate metabolic cooperativity between granulosa cells
and oocytes: amino acid transport. Biol Reprod 73:351-357

Fagbohun CF, Downs SM (1990) Maturation of the mouse oocyte-
cumulus cell complex: stimulation by lectins. Biol Reprod
42:413-423

Ferronato GdA, dos Santos CM, Rosa PMdS, Bridi A, Perecin F,
Meirelles FV, Sangalli JR, da Silveira JC (2023) Bovine in vitro
oocyte maturation and embryo culture in liquid marbles 3D
culture system. PLoS ONE 18(4):e0284809

Frank MP, Powers RW (2007) Simple and rapid quantitative
high-performance liquid chromatographic analysis of plasma
amino acids. J] Chromatogr B Analyt Technol Biomed Life Sci
1:646-649

Gharibzadeh Z, Riasi A, Ostadhosseini S, Hosseini SM, Hajian M,
Nasr-Esfahani MH (2014) Effects of heat shock during the early
stage of oocyte maturation on the meiotic progression subsequent
embryonic development and gene expression in ovine. Zygote
23:573-82

Goud PT, Goud AP, Joshi N, Puscheck E, Diamond MP, Abu-Soud HM
(2014) Dynamics of nitric oxide, altered follicular microenviron-
ment, and oocyte quality in women with endometriosis. Fertil
Steril 102:151-159.e5

Green MP, Harvey AJ, Spate LD, Kimura K, Thompson JG, Rob-
erts RM (2016) The effects of 2, 4-dinitrophenol and d-glucose
concentration on the development, sex ratio, and interferon-
tau (IFNT) production of bovine blastocysts. Mol Reprod Dev
83:50-60

Hamada N, Kodama S, Suzuki K, Watanabe M (2003) Gap junctional
intercellular communication and cellular response to heat stress.
Carcinogenesis 24:1723-1728

Hemmings KE, Leese HJ, Picton HM (2012) Amino acid turnover
by bovine oocytes provides an index of oocyte developmental
competence in vitro. Biol Reprod 86:161-165

Hemmings KE, Maruthini D, Vyjayanthi S, Hogg JE, Balen AH,
Campbell B, Leese HJ, Picton HM (2013) Amino acid turnover
by human oocytes is influenced by gamete developmental com-
petence patient characteristics and gonadotrophin treatment. Hum
Reprod 28:1031-1044

Hosseini SM, Hajian M, Asgari V, Forozanfar M, Abedi P, Hossein
M, Esfahani N (2007) Novel approach of differential staining to
detect necrotic cells in preimplantation embryos. Iran J Fertil
Steril 1:103-106

Hosseini SM, Dufort I, Nieminen J, Moulavi F, Ghanaei HR, Hajian
M, Jafarpour F, Forouzanfar M, Gourbai H, Shahverdi AH, Nasr-
Esfahani MH, Sirard MA (2016) Epigenetic modification with
trichostatin A does not correct specific errors of somatic cell
nuclear transfer at the transcriptomic level; highlighting the non-
random nature of oocyte-mediated reprogramming errors. BMC
Genomics 17:16

Hou Y, Yin Y, Wu G (2015) Dietary essentiality of “nutritionally non-
essential amino acids” for animals and humans. Exp Biol Med
240:997-1007

Houghton FD, Hawkhead JA, Humpherson PG, Hogg JE, Balen AH,
Rutherford AJ, Leese HJ (2002) Non-invasive amino acid turno-
ver predicts human embryo developmental capacity. Hum Reprod
17:999-1005

Jajié 1, Krstovi¢ S, Glamoci¢ D, Jaksi¢ S, Abramovi¢ B (2013) Valida-
tion of an HPLC method for the determination of amino acids in
feed. J Serb Chem Soc 78:839-850

Khan A, Dou J, Wang Y, Jiang X, Khan MZ, Luo H, Usman T, Zhu H
(2020) Evaluation of heat stress effects on cellular and transcrip-
tional adaptation of bovine granulosa cells. J] Anim Sci Biotechnol
11:25

Kowalczyk A, Galgska E, Czerniawska-Piatkowska E, Szul A, Hebda
L (2021) The impact of regular sperm donation on bulls’ seminal
plasma hormonal profile and phantom response. Sci Rep 11:11116

Kowsar R, Iranshahi VN, Sadeghi N, Riasi A, Miyamoto A (2018)
Urea influences amino acid turnover in bovine cumulus-oocyte
complexes cumulus cells and denuded oocytes and affects in vitro
fertilization outcome. Sci Rep 8:1-15

Kowsar R, Mansouri A, Sadeghi N, Abadi MHA, Ghoreishi SM, Sad-
eghi K, Miyamoto A (2020) A multilevel analysis identifies the
different relationships between amino acids and the competence
of oocytes matured individually or in groups. Sci Rep 10:1-22

Leese HJ, Baumann CG, Brison DR, McEvoy TG, Sturmey RG (2008)
Metabolism of the viable mammalian embryo: quietness revisited.
Mol Hum Reprod 14:667-672

Malayer JR, Hansen PJ, Buhi WC (1988) Effect of day of the oestrous
cycle side of the reproductive tract and heat shock on in-vitro pro-
tein secretion by bovine endometrium. J Reprod Fertil 84:567-578

Maya-Soriano M, Taberner E, Lépez-Béjar M (2013) Retinol improves
in vitro oocyte nuclear maturation under heat stress in heifers.
Zygote 21:377-384

Miao SB, Feng YR, Wang XD, Lian KQ, Meng FY, Song G, Yuan JC,
Geng CP, Wu XH (2022) Glutamine as a potential noninvasive
biomarker for human embryo selection. Reprod Sci 29:1721-1729

Nabenishi H, Ohta H, Nishimoto T, Morita T, Ashizawa K, Tsuzuki
Y (2012) The effects of cysteine addition during in vitro matura-
tion on the developmental competence, ROS, GSH, and apoptosis
level of bovine oocytes exposed to heat stress. Zygote 20:249-259

Nissim I, Hardy M, Pleasure J, Nissim I, States B (1992) A mechanism
of glycine and alanine cytoprotective action: stimulation of stress-
induced HSP70 mRNA. Kidney Int 42:775-782

Ochsner SA, Day AJ, Rugg MS, Breyer RM, Gomer RH, Richards JS
(2003) Disrupted function of tumor necrosis factor-a-stimulated
gene 6 blocks cumulus cell-oocyte complex expansion. Endocri-
nology 144:4376-4384

Payton RR, Romar R, Coy P, Saxton AM, Lawrence JL, Edwards JL
(2004) Susceptibility of bovine germinal vesicle-stage oocytes
from antral follicles to direct effects of heat stress in vitro. Biol
Reprod 71:1303-1308

Pelland AMD, Corbett HE, Baltz JM (2009) Amino acid transport
mechanisms in mouse oocytes during growth and meiotic matura-
tion. Biol Reprod 81:1041-1054

Pohland R, Souza-Cécares MB, Datta TK, Vanselow J, Martins MIM,
da Silva WAL, Cardoso CJT, Melo-Sterza FA (2020) Influence
of long-term thermal stress on the in vitro maturation on embryo
development and heat shock protein abundance in zebu cattle.
Anim Reprod 17:¢20190085

Putney DJ, Mullins S, Thatcher WW, Drost M, Gross TS (1989)
Embryonic development in superovulated dairy cattle exposed
to elevated ambient temperatures between the onset of estrus and
insemination. Anim Reprod Sci 19:37-51

Rocha A, Randel RD, Broussard JR, Lim JM, Blair RM, Roussel JD,
Godke RA, Hansel W (1998) High environmental temperature
and humidity decrease oocyte quality in Bos taurus but not in Bos
indicus cows. Theriogenology 49:657-665

@ Springer



2 Page 14 of 14

H.R. H. Mzedawee et al.

Roman-Ponce H, Thatcher WW, Caton D, Barron DH, Wilcox CJ
(1978) Thermal stress effects on uterine blood flow in dairy cows.
J Anim Sci 46:175-180

Roth Z (2015) Physiology and endocrinology symposium: cellular and
molecular mechanisms of heat stress related to bovine ovarian
function. J Anim Sci 93:2034-2044

Roth Z, Hansen PJ (2005) Disruption of nuclear maturation and rear-
rangement of cytoskeletal elements in bovine oocytes exposed to
heat shock during maturation. Reproduction 129:235-244

Rovani BT, Rissi VB, Rovani MT, Gasperin BG, Baumhardt T, Bor-
dignon V, Bauermann LF, Missio D, Gongalves PBD (2023)
Analysis of nuclear maturation, DNA damage and repair gene
expression of bovine oocyte and cumulus cells submitted to ion-
izing radiation. Anim Reprod 20:e20230021

Salzman NP, Eagle H, Sebring ED (1958) The utilization of glutamine
glutamic acid and ammonia for the biosynthesis of nucleic acid
bases in mammalian cell cultures. J Biol Chem 230:1001-1012

Sartori R, Sartor-Bergfelt R, Mertens SA, Guenther JN, Parrish 1],
Wiltbank MC (2002) Fertilization and early embryonic develop-
ment in heifers and lactating cows in summer and lactating and
dry cows in winter. J Dairy Sci 85:2803-2812

Shao C, Cui P, Xun P, Peng Y, Jiang X (2018) Rank correlation
between centrality metrics in complex networks: an empirical
study. Open Physics 16:1009-1023

Sharma AK, Puri G, Kharadi VB, Bhavsar SK (2018) In vitro produc-
tion of early stage buffalo embryos in modified synthetic oviductal
fluid (mSOF) medium. Indian J Anim Sci 88:176-180

Shiva S, Huang Z, Grubina R, Sun J, Ringwood LA, MacArthur PH,
Xu X, Murphy E, Darley-Usmar VM, Gladwin MT (2007) Deoxy-
myoglobin is a nitrite reductase that generates nitric oxide and
regulates mitochondrial respiration. Circ Res 100:654-661

épirkové A, Kovaiikova V, Seféikova Z, Pisko J, KSinanova M, Kop-
pel J, Fabian D, Ciko§ S (2022) Glutamate can act as a signal-
ing molecule in mouse preimplantation embryos. Biol Reprod
107:916-927

Stokes PJ, Hawkhead JA, Fawthrop RK, Picton HM, Sharma V, Leese
HIJ, Houghton FD (2007) Metabolism of human embryos follow-
ing cryopreservation: implications for the safety and selection of
embryos for transfer in clinical IVF. Hum Reprod 22:829-835

@ Springer

St-Pierre NR, Cobanov B, Schnitkey G (2003) Economic losses from
heat stress by US livestock industries. J Dairy Sci 86:52—77
Sturmey RG, Hawkhead JA, Barker EA, Leese HJ (2009) DNA dam-
age and metabolic activity in the preimplantation embryo. Hum
Reprod 24:81-91

Su YQ, Denegre JM, Wigglesworth K, Pendola FL, O’Brien MJ,
Eppig JJ (2003) Oocyte-dependent activation of mitogen-acti-
vated protein kinase (ERK1/2) in cumulus cells is required for
the maturation of the mouse oocyte-cumulus cell complex. Dev
Biol 263:126-138

Taglio V, Parma I (1999) Nitric oxide in follicle development and
oocyte competence. Reproduction 150:R1-R9

Uhde K, van Tol HTA, Stout TAE, Roelen BAJ (2018) Metabolomic
profiles of bovine cumulus cells and cumulus-oocyte-complex-
conditioned medium during maturation in vitro. Sci Rep 8:9477

Vanderhyden BC, Caron PJ, Buccione R, Eppig JJ (1990) Developmen-
tal pattern of the secretion of cumulus expansion-enabling factor
by mouse oocytes and the role of oocytes in promoting granulosa
cell differentiation. Dev Biol 140:307-317

Walker V, Mills GA (1995) Quantitative methods for amino acid analy-
sis in biological fluids. Ann Clin Biochem 32:28-57

Wolfenson D, Thatcher WW, Badinga L, Savio JD, Meidan R, Lew BJ,
Braw- Tal R, Berman A (1995) Effect of heat stress on follicular
development during the estrous cycle in lactating dairy cattle. Biol
Reprod 52:1106-1113

Wu G, Bazer FW, Davis TA, Kim SW, Li P, Marc Rhoads J, Carey
Satterfield M, Smith BS, Spencer TE, Yin Y (2009) Arginine
metabolism and nutrition in growth health and disease. Amino
Acids 37:153-168

Publisher's Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.



	Heat shock interferes with the amino acid metabolism of bovine cumulus-oocyte complexes in vitro: a multistep analysis
	Abstract
	Introduction
	Materials and methods
	Research ethics
	Recovery of COCs and IVM
	Assessment of oocyte nuclear maturation
	Assessment of the cumulus cell expansion
	Assessment of the cumulus cells’ viability
	In vitro fertilization (IVF) and in vitro culture (IVC)
	Differential staining of blastocysts
	Amino acids analysis
	Calculation of AA depletionappearance
	Accuracy of AA analysis
	Bivariate Kendall’s tau correlation, PCA, and network analysis
	Statistical analysis

	Results
	Heat shock reduces oocyte maturation rate and competence
	Heat shock affects the depletionappearance of AAs by COCs during IVM
	Depletionappearance of all AAs
	The association of AA metabolism with HS and COC’s developmental competence

	Discussion
	References


