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In vitro production of desired sex 
ovine embryos modulating polarity 
of oocytes for sex‑specific sperm 
binding during fertilization
Ramesh Kumar G.1,2, Ashish Mishra1,2*, Arindam Dhali1, Ippala Janardhan Reddy1, 
Debpriyo Kumar Dey1, Dintaran Pal1 & Raghavendra Bhatta1

The present study aimed to modulate the oxidative status‑mediated polarity of the oocytes for 
sex‑specific sperm fertilization to generate desired sex embryos. In vitro embryos were produced at 
different oxidative status, varying  O2 concentrations, and without/with l‑carnitine in maturation and 
culture media. The majority of the embryos produced at high oxidative stress were males whereas; 
low oxidative status favoured female embryos production. Low  O2 doubled the proportion of female 
embryos (10.59 vs 21.95%); however, l‑carnitine supplementation in media increased approximately 
seven‑folds of the female embryos (12.26 vs. 77.62%) production. Oocytes matured at high oxidative 
status were in the repolarized state favouring positively charged Y sperm fertilization to produce 
significantly more male embryos. Low oxidative status favoured negatively charged X sperm 
fertilization to the oocytes in the depolarized state to produce more female embryos. Intracellular 
ROS was significantly low in female embryos than in males; however, female embryos were more 
stressful than males. The study concluded that the oxidative status‑mediated alteration in pH of the 
medium to modulate the intracellular positive ions is the main critical factor to influence the sex of 
embryos through sex‑specific sperms fertilization to the oocytes as per their polarity.

The success rate of in vitro embryo production (IVEP) has been improved over time to produce more quality 
embryos, employing various culture  media1,2. Scientific interest for today’s embryonic research is to produce 
quality embryos in vitro; however, our target is to produce sex-specific embryos. Globally, many methods are 
reported for sperm sorting to get selected sex calves; however, most of them need scientific validation. Therefore, 
an alternative approach to sex-sorted semen is in vitro production of sexed embryos. There are many factors, i.e., 
temperature, gas composition  (O2/CO2), pH, media composition, and air quality, responsible for the oxidative 
status of the culture system and affect the developmental potential of embryos. However, ambiguity still exists, 
and no such report is available to know the impact of culture condition mediated oxidative stress on sex-specific 
embryo production and their developmental potential in vitro. Despite the abundance of case reports on oxidative 
stress-mediated embryonic sex bias in humans and mice both in vitro and in vivo, scanty reports are available on 
animal studies. High  O2 concentration is more detrimental to female embryos than males. Male embryos develop 
faster than females in vitro, but the reverse is in vivo3. Suboptimal culture conditions result in loss of female 
embryos in vitro and induce deviations in gene expression more in male embryos than in  females4,5. The sex 
ratio skewed towards males in summer and females in  winter6. Increased levels of reactive oxygen species (ROS) 
inactivate energy metabolism, showing growth rate differences in male and female  embryos7. Female embryos 
exhibit a fourfold higher activity of the pentose phosphate pathway than  male8. The sex-specific difference in 
the developmental potential of embryos in specific conditions might be due to ROS-mediated inactivation of 
important genes. We have recently reported that low  O2 reduced intracellular oxidative status and improved the 
developmental potential of in vitro  embryos9. However, no such report is available on ROS-mediated improve-
ment in the percentage and developmental potential of sex-specific embryos. All the above conditions for sex 
biasness can be speculated that high oxidative status hinders the development of female embryos than males. 
Hence, lowering the micromilieu ROS level can improve the percentage of female embryos, and modulation of 
ROS level can skew the sex ratio of embryos. To clarify this hypothesis, the present study was undertaken in the 
sheep model to determine the impact of culture-mediated oxidative status on the sex ratio of in vitro embryos. 
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The polarity or membrane potential of oocytes is maintained due to disparities in ion concentrations across the 
membrane (intra and extracellular component)10. The level of oxidative status of culture condition might be 
influencing the intracellular ions concentration of oocytes to change their polarity. Hence, the primary objec-
tive of the study is to modulate the oxidative status of culture conditions to change the polarity of oocytes for 
sex-specific sperm fertilization to produce selected sex embryos (Fig. 1).

Different levels of oxidative status during IVEP were created by different  O2 concentrations and supplementa-
tion of l-carnitine as a free radical scavenger in maturation and culture media. l-Carnitine-mediated reduction 
in oxidative stress on embryonic developmental potential is reported in various  species11–13 with our studies in 
 sheep14,15. However, this is the first report on the impact of oxidative stress on sex-specific embryos produc-
tion in vitro. l-Carnitine (3-hydroxy-4-N-trimethylammino butyrate,  C7H5NO3, M.W.-161.2) is a water-soluble 
quaternary ammonium compound and vitamin-like naturally occurring substance that acts as an antioxidant 
that neutralizes the free radicals and protects the cell against oxidative stress-induced  apoptosis16. The subse-
quent objective of the study was to find out the sex-specific difference in mRNA abundance of genes related to 
antioxidant {(glutathione peroxidase (GPx), Cu/Zn superoxide dismutase (SOD1), Mn superoxide dismutase 
(SOD2), and catalase (CAT)}, glucose metabolism {Glyceraldehyde 3-phosphate dehydrogenase (GAPDH), Glu-
cose-6-phosphate dehydrogenase (G6PD), and Hypoxanthine–guanine phosphoribosyl transferase (HPRT), and 
apoptotic {B-cell lymphoma protein 2 (BCL2), BCL2-associated protein (BAX), Caspase3 (CASP3), proliferating 
cell nuclear antigen (PCNA), and tumor suppressor protein (p53)} pathways to analyze the sexual dimorphism 
in the embryonic developmental potential in relation to the oxidative status of culture condition.

Results
In vitro ovine embryo production. All the developmental stages of embryos (cleavage to blastocyst) 
produced at different oxidative status (experiment I–III) are detailed in Table 1. Overall, the embryos produced 
at different  O2 concentrations (20 vs. 5%) (experiment I) showed no significant (P < 0.05) differences in the cleav-
age rate (62.93 vs. 64.61%), whereas 5%  O2 produced significantly (P < 0.05) more morula (40.21 vs. 25.42%) 
and blastocyst (18.92 vs. 8.16%) than at 20%. l-Carnitine (10 mM) supplementation in maturation and culture 
media (experiment II) resulted in significantly (P < 0.05) higher cleavage (69.64 vs. 63.24%), morula (49.93 vs. 
24.64%), and blastocyst (32.56 vs.8.92%), than the group with no l-Carnitine. l-Carnitine (10 mM) supple-
mentation in media with different  O2 concentrations (experiment III) resulted in significantly (P < 0.05) higher 
percentage of cleavage (69.28 vs.10.26%), morula (51.36 vs.2.86%) and blastocyst (34.34 vs. 0%) at atmospheric 
 O2 than at 5%  O2.

Figure 1.  Oxidative status mediated change in polarity of oocytes for sex-specific sperm fertilization to produce 
selected sex offsprings.
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Polarity of the matured oocytes. The intracellular sodium  (Na+), potassium  (K+), and calcium  (Ca2+) 
ions concentration were estimated in the matured oocytes to check the ions dependent polarity (depolariza-
tion/repolarization) for the sex-specific charged sperm (X/Y) fertilization resulting in embryonic sex biasness 
(Table 2). The concentrations of the intracellular  Na+ ion (mg/L) was 46.46 and 64.89,  K+ ion (mg/L) was 28.86 
and 27.76 and  Ca2+ ion (mg/L) was 0.49 and 1.67 in oocytes matured at 20 and 5%  O2 respectively. The intracel-
lular  Na+ ion was non-significantly high, and the  Ca2+ ion was significantly (P < 0.05) high in oocytes matured 
at 5%  O2 than at 20%. Whereas,  K+ ion concentration was similar in both the groups. The concentrations of the 
intracellular  Na+ ion (mg/L) was 47.15 and 241.41,  K+ ion (mg/L) was 29.06 and 26.28 and  Ca2+ ion (mg/L) was 
0.51 and 5.52 in oocytes matured without and with L-carnitine respectively. Intracellular  Na+ and  Ca2+ ions were 
significantly (P < 0.05) high in the oocytes matured with L-carnitine than without l-carnitine. However, the  K+ 
ion concentration was similar in both groups.

Sexing of the ovine blood and embryos. The sex of the blood and embryos was determined by PCR-
based amplification of AMEL and SRY genes present in genomic DNA (gDNA). Sex-specific (male and female) 
blood was used as the positive sample in PCR for the primers to be used for sexing of embryos (Fig. 2, Supple-
mentary Information). The PCR for amplification of the AMEL gene was in the form of two bands of 243 and 
198 bp in males and a single band of 243 bp in females. However, amplification of the SRY gene was in the form 
of one band of 169 bp in males only, seen in gel electrophoresis to confirm the sex of embryos (Fig. 3, Supple-
mentary Information).

Sex ratio of embryos produced at different oxidative status. All the embryos (cleavage to blasto-
cyst) produced at different oxidative status (experiment I–III) were used for sexing except the embryos of experi-
ment III, group 2. The embryos in all the experiments were grouped as total embryos (cleavage to blastocyst) and 
transferable embryos (morula and blastocyst). The sex ratio of embryos produced at different oxidative status is 
detailed in Fig. 4. 170 and 164 embryos produced from 20 and 5%  O2 respectively (experiment I) were used for 
sex determination (Fig. 4A,B). The sex ratio of total embryos produced at 20%  O2 was 89.41% male and 10.59% 
female and the transferable embryos were 88.54% male and 11.46% female. The total embryos produced at 5% 
 O2 resulted in 78.05% male and 21.95% female and transferable embryos were 76.52% male and 23.48% female. 
Significantly (P < 0.05), more male embryos than females were produced at both the  O2 concentrations. How-
ever, 20%  O2 produced significantly (P < 0.05) more male embryos than at 5%. Whereas, significantly (P < 0.05), 
more female embryos were produced at 5%O2 than at 20%. 182 and 176 embryos produced at 20%  O2 without 
and with l-carnitine supplementation respectively (experiment II) were used for sex determination (Fig. 4C,D). 
The sex ratio of total embryos produced without l-carnitine was 87.74% male and 12.26% female and the trans-
ferable embryos were 89.61% male and 10.39% female. Subsequently, l-carnitine supplementation in maturation 
and culture media resulted in total embryos of 22.38% male and 77.62% female and transferable embryos of 
20.54% male and 79.46% female. Significantly (P < 0.05), more male embryos were produced without l-carnitine 

Table 1.  Developmental stages of in vitro ovine embryos produced in different experiments. *All 
developmental stages were calculated from the number oocytes cultured. Percentage results are presented as 
mean ± S.E.M. Different superscripts within rows of same column differ significantly at P < 0.05 between groups 
of each experiment.

Experiments Groups Oxygen (%)
l-Carnitine in maturation 
medium (mM)

l-Carnitine in culture 
medium (mM) Oocytes cultured Cleavage (%) Morula (%) Blastocyst (%)

I
1 20 – – 272 62.93 ± 2.8 25.42 ± 2.9a 8.16 ± 1.1a

2 5 – – 257 64.61 ± 2.1 40.21 ± 2.3b 18.92 ± 2.98b

II
1 20 0 0 288 63.24 ± 1.9a 24.64 ± 2.3a 8.92 ± 0.98a

2 20 10 10 263 69.64 ± 2.3b 49.93 ± 2.8b 32. 56 ± 2.7b

III
1 Atmospheric 10 10 255 69.28 ± 3.2a 51.36 ± 2.7a 34.34 ± 2.4a

2 5% 10 10 368 10.26 ± 1.8b 2.86 ± 0.3b 0b

Table 2.  Intracellular ions  (Na+,  K+ and  Ca2+) concentration of matured oocytes at different level of oxidative 
status. *Different superscripts in the same row differ significantly at P < 0.05.

Experiments

Experiment I Experiment II

Oocytes matured 
at different  O2 
concentrations

Oocytes matured with l-carnitine 
(10 mM) at 20%  O2

Ions (mg/L) 20%O2 5%O2 Without  l-carnitine With l-carnitine

Sodium 46.46 ± 8.36 64.89 ± 12.3 47.15 ± 9.77a 241.41 ± 40.36b

Potassium 28.86 ± 2.67 27.76 ± 3.23 29.06 ± 1.04 26.28 ± 3.54

Calcium 0.49 ± 0.12a 1.67 ± .25b 0.51 ± 0.16a 5.52 ± 1.7b
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and L-carnitine supplementation resulted in significantly (P < 0.05) more female embryos. 174 and 52 embryos 
produced from atmospheric and 5%  O2 respectively with l-carnitine supplementation (experiment III) were 
used for sex determination (Fig. 4E,F). The sex ratio of total embryos produced at atmospheric  O2 supplemented 
with l-carnitine was 21.67% male and 78.33% female and the transferable embryos were 22.73% male and 
77.27% female. l-Carnitine supplementation in the media at atmospheric  O2 showed embryonic sex biasness 
toward females. However, the developmental stages of embryos were significantly low at 5%  O2 supplemented 
with l-carnitine. Hence, the embryonic sex ratio of this group was not calculated.

Intracellular ROS levels in sex‑specific embryos. The intracellular ROS level was significantly 
(P < 0.05) low in the female embryos than males (1 vs 0.54 ± 0.09) in terms of fluorescence intensities (mean ± SE) 
quantified on grey pixel intensity in all oxidative status of culture conditions (Fig. 5A,B).

Sexual dimorphism in the relative expression level of developmental genes in embryos at dif‑
ferent oxidative status. The sex-specific differences in antioxidant genes expression at high oxidative sta-
tus showed significantly (P < 0.05) upregulated expression of GPx and SOD1 and downregulated expression of 
SOD2 and CAT  in female embryos than males. At low oxidative status, the expression of GPx and SOD1 were 
significantly (P < 0.05) upregulated, and the expression of SOD2 and CAT  were non significantly upregulated in 
female embryos than males. The expression of SOD2 and CAT  were significantly (P < 0.05) upregulated in female 
embryos at low oxidative status than at high (Fig. 6A,B). The sex-specific differences in glucose metabolism 
genes (GAPDH, G6PD, and HPRT) expression were significantly (P < 0.05) upregulated in female embryos than 
males in both low and high oxidative status (Fig. 6C,D). The sex-specific differences in apoptosis-related genes 
expression at high oxidative status showed significantly (P < 0.05) upregulated expression of Bcl2 and downregu-
lated expression of Casp3 and PCNA in female embryos than males. However, the expression of Bax and p53 
were similar in both the sex of embryos. In turn, low oxidative status showed significant (P < 0.05) upregulated 
expression of Bcl2 and downregulated expression of Casp3, Bax, and p53 in female embryos than males. In con-
trast, the expression of PCNA in female embryos was upregulated and showed a significantly similar expression 
level as in male embryos (Fig. 6E,F).

Discussion
Oxidative status-mediated change in oocytes polarity for sex-specific sperm fertilization to produce desired sex 
embryos and their subsequent development is the new biological intervention approached in the present study. 
The study observed that the low and high oxidative status favoured female and male embryos production and 

Figure 2.  Expression of AMEL and SRY in genomic DNA of blood.

Figure 3.  Expression of AMEL and SRY in genomic DNA of ovine embryos.
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their subsequent development respectively. This is the first report on oxidative status mediated biasness of the 
embryonic sex ratio produced in vitro. Fertilization is associated with a change in resting membrane potential, 
referred as “fertilization potential”, and compared to the action potential of  neurons17. The membrane potential/
polarity is maintained by differences in ion concentrations between the intra and extracellular components. 
Change in membrane polarization and ion permeability during oocyte  maturation18 is regulated by  Na+/K+-
ATPase ion transport  channel19 and sensitive to oxidative  stress20. Depolarization of the plasma membrane causes 
a shift towards positive potential and hyperpolarization  negative21. The oocyte membrane potential undergoes a 
different state of  polarity17 to facilitate the binding of sex-specific charged sperm (X or Y) during  fertilization22 
to determine the sex of embryos. The change in normal resting negative membrane potential (polarized) to a 
positive potential (depolarized) occurs due to the influx of more positive  Na+ and  Ca2+ ions from the extracellular 

Figure 4.  Sex ratio of the embryos produced in different experiments (I–III). (A) Sex ratio of the total 
embryos produced in experiment I. (B) Sex ratio of the transferable embryos produced in experiment I. (C) 
Sex ratio of the total embryos produced in experiment II. (D) Sex ratio of the transferable embryos produced 
in experiment II. (E) Sex ratio of the total embryos produced in experiment III. (F) Sex ratio of the transferable 
embryos produced in experiment III. *Significant difference between male and female of each group at P < 0.05. 
$Significant difference between the males of both the groups at P < 0.05. #Significant difference between the 
females of both the groups at P < 0.05.
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components and ends with negative potential (repolarized). Hence, it is suggested that the oocyte membrane 
polarity determines the binding of sex-specific sperm. However, research finding on sex-specific sperm binding 
to oocytes as per their polarity is not available. Oxygen and l-carnitine mediated lowering the oxidative status 
of the culture system improves the developmental potential of  embryos9,14,15. It was predicted that low oxidative 
status at 5%  O2 with supplementation of l-carnitine (experiment III, group 2) would favour a significant increase 
in morula and blastocysts production. However, the developmental potential of embryos of this group resulted 
in significantly (P < 0.05) low cleavage and morula with no blastocyst. Intracellular ROS level within the physi-
ological limit is beneficial for cells and plays an essential role in oocytes maturation and subsequent embryo 
 development23. ROS generated in oocytes of group 2; experiment III got neutralized by l-carnitine from the 
beginning of maturation itself. As time advanced, low  O2 (5%) availability in the surroundings and their slow dif-
fusion in paraffin  oil24 made ROS level below the beneficial physiological limit in the micromilieu. That, in turn, 
might have negatively affected the metabolic pathways suitable for embryonic development. Marginal increase 
in intracellular ROS in the matured oocytes is useful for subsequent developmental stages of embryos, and ROS 
generation in developmental stages is important for blastocyst  formation25. During IVEP, low ROS improves the 
developmental potential of embryos, and high ROS has deleterious effects on embryonic development resulting 
in  apoptosis9,11. Hence, it was concluded that though low ROS improved the developmental potential of embryos, 
significantly low ROS below the beneficial physiological limit hindered development. This study sought to modify 
the oocyte’s membrane polarity, modulating oxidative status of the culture conditions for sex-specific sperm 
fertilization to get desired sex embryos. Oxygen (20 vs. 5%) mediated oxidative status of culture condition could 

Figure 5.  Sex-specific differences in intracellular embryonic ROS level. *Significant difference between male 
and female at P < 0.05. (A) Embryos stained with 2′,7′-dichlorodihydrofluorescein diacetate. (B) Fluorescence 
intensities (mean ± SEM) quantified based on grey pixel intensity.
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not result in significant (P < 0.05) embryonic sex bias. The majority of the embryos produced at both the  O2 (20 
and 5%) (experiment I) were male-biased. However, the female embryos percentage was significantly (P < 0.05) 
high at 5%  O2 than at 20%. Oxygen-mediated oxidative stress-induced embryonic sex ratio of this study was in 
agreement with the report suggesting high  O2 has a greater detrimental effect on female embryos than males. 
Male embryos develop faster than females in vitro (high  O2) and the reverse is in vivo (low  O2)3. The embryos 
produced at 5%  O2 have low intracellular ROS than at 20%9. Hence, it was expected that 5%  O2 would favour a 
significant increase in female embryos production. However, the majority of the embryos produced at 5%  O2 were 
biased towards males like they were biased at 20%  O2. Oxygen diffusion through oil is important during in vitro 

Figure 6.  Sex-specific differences in relative expression level of developmental genes in ovine embryos at 
different oxidative status. (A) Antioxidant genes at high oxidative status. (B) Antioxidant genes at low oxidative 
status. (C) Glucose metabolism genes at high oxidative status. (D) Glucose metabolism genes at low oxidative 
status. (E) Apoptotic genes at high oxidative status. (F) Apoptotic genes at low oxidative status. *Significant 
difference between male and female at P < 0.05.
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oocytes and embryos culture. However, the oil prevents the diffusion of  O2 to the cells. Thus, the  O2 availability 
to micro drops under paraffin oil gets reduced due to slow diffusion through oil and geometry of the  drop24.

It was speculated that the intracellular ROS level during oocyte maturation at both the  O2 (20 and 5%  O2) 
concentrations was initially due to ROS production by oocytes. As the time advanced, the ROS level in oocytes 
cultured at high (20%)  O2 tension was increased by diffusion of more available surrounding  O2 through paraf-
fin than the low surrounding  O2 (5%). Hence, the time by which the  O2 concentration mediated differences in 
ROS level should influence the sex-specific sperm fertilization; by that time majority of the Y sperms have been 
fertilized, and significantly (P < 0.05) more male embryos were produced. It can also be explained that adequate 
ROS must have been generated in the culture medium by the time taken to reach 5%  O2 in micromilieu. Hence, 
ROS-mediated alkalinity of the medium must have kept oocytes in the repolarized state (negatively charged) to 
favour fertilization of positively charged Y sperm resulting in significantly (P < 0.05) more male embryos. There 
was a non-significant increase in intracellular  Na+ and  Ca2+ ions in the oocytes matured at 5%O2 than at 20%, 
with no change in  K+ ion concentration. Significantly (P < 0.05) more male embryos production at both the  O2 
concentrations suggested that because of non-significant change in intracellular positive ions, the majority of 
the oocytes matured in these  O2 (20 and 5%) concentrations were in the repolarized state and favoured Y sperm 
fertilization resulting male embryos. However, because of a non-significant increase in intracellular positive 
ions in oocytes matured at 5%  O2, a greater number of oocytes were in a depolarized state and fertilized with 
negatively charged X sperm resulting in significantly (P < 0.05) more female embryos than at 20%  O2. In the same 
fashion, more oocytes were in a repolarized state when matured at 20%O2 and fertilized with Y sperm resulting in 
significantly (P < 0.05) more male embryos than at 5%  O2. It was predicted that low ROS at 5%  O2 would favour a 
significant increase in female embryos production. However, by the time low ROS-mediated pH of the medium 
increased the intracellular positive ions of oocytes to retain in a depolarized state for X sperm-specific fertiliza-
tion, the majority of Y sperms got fertilized, resulting in considerably more male embryos. Low  O2 (5%) affects 
oxidative phosphorylation resulting in an increase in intracellular lactic acid production from pyruvate, which 
lowered the pH of the culture medium, i.e., acidic as compared to 20%  O2 and favoured fertilization of X sperm 
to produce more female  embryos26. The oocytes matured with l-carnitine have significantly (P < 0.5) more  Na+ 
and  Ca2+ ions than matured without l-carnitine with no change in  K+ ion. The influx of more positive ions in the 
oocytes matured with l-carnitine has kept the oocytes in the depolarized state to favour X sperm fertilization, 
resulting in significantly more female embryos. In contrast, the repolarized membrane oocytes matured without 
l-carnitine were receptive to Y sperms and produced significantly more male embryos. The sex-specific embryo 
production by l-carnitine supplementation in maturation and culture media of this study has been filed for an 
Indian patent with application number: 202041051123 TEMP/E-1/56809/2020-CHE dt. 24. 11. 2020.

l-Carnitine-mediated lowering of intracellular ROS in oocytes and embryos has improved the developmental 
potential of  embryos14,15. Sodium channels remain active up to the full maturity of the  oocytes27; however,  K+ ion 
permeability progressively decreases along with  maturation28, and activity of  Ca2+ channels decreases in matured 
 oocytes29. Hence, it can be suggested that due to the progressive decrease in permeability of  K+ ions in matured 
oocytes, its concentration was not changed in both groups (experiments I and II). The permeability of  Na+ and 
 K+ ions must have been influenced by the slow  Ca2+ channel that opens slower and remains open much longer 
time than  Na+ channels in oocytes because of its smooth muscle  property10. The opening of slow  Ca2+ channels 
accounts for the prolonged plateau action potentials in smooth muscle fibers, and the repolarization is delayed; 
hence, the concentration of  K+ ion in both groups was not changed significantly. Increased intracellular  H+ 
ion concentration (acidification) results in membrane depolarization, whereas a decreased intracellular  H+ ion 
concentration (alkalinization) results in hyperpolarization of the membrane. Membrane potential is markedly 
depolarized by decreasing the pH (acidic) of the external  solution30. There is a production of more ROS at high 
 O2 concentration during  IVEP9. Hence, it is justified to say that the oocytes matured at high  O2 (experiment I) 
and matured without l-carnitine (experiment II) produced more ROS, making the maturation medium alkaline 
and kept the oocytes in the repolarized state to favour Y sperm fertilization to produce significantly (P < 0.05) 
more male embryos. Subsequently, maturation of oocytes at low  O2 (5%) (experiment I) and supplementation 
of l-carnitine in the medium (experiment II) significantly reduced ROS production and elicited acidification 
of medium that favoured the X sperm fertilization to the depolarized oocytes to produce more females. The 
explanation for the depolarization elicited by acidification would be the entry of positively charged  ions31, which 
has already been observed in this experiment. There is a difference in pH-mediated X and Y sperm motility and 
viability. An alkaline seminal fluid favours males and an acidic vagina favours  females32. Both X and Y-bearing 
sperm survive longer in the slightly alkaline environment, but Y sperm is more labile under acidic conditions. 
In contrast, X sperm would survive longer in an acidic  medium33. Hence, it can be concluded that the sex ratio 
of the embryos produced at different oxidative status must have influenced the pH-mediated ionic exchange of 
the oocytes membrane to change their polarity for subsequent fertilization of respectively charged spermatozoa 
to result in sex-specific embryos. As the developmental stages of embryos advanced, it was observed that the 
low and high oxidative status of culture conditions were suitable for the developmental potential of female and 
male embryos respectively. Oxidative status-mediated embryonic sex biasness of this study summarized that 
 O2-mediated oxidative status of culture condition could not result in significantly more female embryos as 
resulted in l-carnitine supplementation in the media. l-Carnitine neutralized the ROS from the beginning of 
maturation to modulate the pH of medium for the subsequent depolarized state of oocytes to favour X sperm-
specific fertilization to produce more female embryos. Whereas, neutralization of ROS from the beginning was 
not possible in oocytes matured at 5%  O2 because of the time taken to come down from atmospheric  O2 concen-
tration of  CO2 incubator to 5% and was also influenced by the slow diffusion of  O2 in oil and geometry of  drop24. 
Therefore, the main critical factor for oxidative status mediated embryonic sex biasness was the fertilization of 
sex-specific sperms to the oocytes as per their polarity through alteration in the pH of the medium, modulating 
the intracellular positive ions.
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Despite the different levels of oxidative status, the intracellular ROS level was significantly (P < 0.05) low in 
female embryos than males. Low intracellular ROS in female embryos agreed with a few  studies34,35. Upregulated 
expression of GPx in female embryos at both the oxidative status might be due to significantly (P < 0.05) low intra-
cellular ROS mediated antioxidant capacity of female embryos. Mitochondrial SOD (SOD2) is an oxidative stress 
indicator in embryos, and its expression is culture condition-dependent36. Cytoplasmic SOD (SOD1) expression 
is considered as the first line of defense against ROS and is essential together with GPx to protect embryos from 
oxidative  damage36. In this study, there was low intracellular ROS in female embryos with upregulated expres-
sion of GPx. As a result, ATP synthesis would be unaffected in female embryos utilizing a large quantity of  O2, 
resulting in low ROS formation, thereby showing downregulated expression of SOD237. However, upregulated 
expression of SOD1 despite downregulation of SOD2 in the female embryos at high oxidative status suggested 
that there might be some other cellular or transcription factors influencing the expression level of SOD1, keeping 
female embryos more stressful than males during IVEP, that differentiates the developmental kinetics of sexed 
embryos. Over-expression of CAT  prevents mitochondrial ROS  production38. As a result, low intracellular ROS 
in female embryos showed downregulated expression of CAT . There is no such literature available to compare 
our result for the sexual dimorphism in the embryonic antioxidant genes expression. However, available litera-
ture on clinical studies reported that females appear to be less susceptible to oxidative stress under physiological 
conditions due to the antioxidant properties of estrogen and gender differences in NADPH-oxidase  activity39. 
GPx is the only antioxidant enzyme that consistently showed a gender biasness across several  studies40. Estrogen 
acts as a potential antioxidant in females, so less GPx is required in females than  males41. Hence, the antioxidant 
action of estrogen could be the reason for the gender-specific differences in GPx expression. However, the pre-
sent study could not prove the antioxidant properties of estrogen properly for upregulated expression of GPx 
in female embryos. Significant (P < 0.05) downregulation of SOD2 and CAT  in female embryos than in males at 
high oxidative status was in agreement with the clinical finding suggesting mitochondrial ROS production in 
females is significantly lower than that of  males42. SOD and GPx expression are estrogen-dependent, whereas 
CAT  expression is  not43, and that might be the reason for no difference in catalase activity levels between males 
and females in some  studies44. The antioxidant enzyme activity is strongly regulated by estrogen in females, and 
total SOD activity is more in females than in  males45. Antioxidant-mediated upregulated expression of GPX and 
SOD2 in ovine embryos is  evident46. Hence, overexpression of these antioxidant genes at low oxidative status in 
female embryos enhanced the antioxidant mediated defense against oxidative stress, resulting in better female 
embryos development.

Glucose metabolism genes (G6PD and HPRT) are X chromosome-linked47. Since female embryos contain 
double the dose of the X chromosome than males, the expression of these genes showed upregulated expression 
in female embryos. G6PD is responsible for sex-specific differences in embryonic metabolism and is highly 
expressed in female  embryos48,49. In contrast, G6PD and phosphoglycerate kinase (PGK) expression were similar 
in both the sex of  embryos48. Most of the X-linked genes have significantly higher expression in female embryos 
than males and are regulated differently between the sex creating sexual dimorphism in developmental  kinetics50. 
The significant (P < 0.05) upregulated expression of most of the X-linked genes in female embryos is suggestive 
of partial X-chromosome inactivation (XCI). XCI is essential for female embryogenesis for equal dosages of 
X-chromosome-linked genes in both the sex that leads to the silencing of one X-chromosome in  female51. The 
level of G6PD was significantly higher in female embryos than males, but HPRT levels were similar in both  sex50. 
The G6PD and HPRT, subjected to dosage compensation, should not have significantly different expression levels 
between the sex when X-inactive specific transcript (XIST) expression is detected in female embryos. The pro-
cess of XCI is controlled by the X inactivation center (XIC) and the resident gene XIST. The expression of genes 
located on the X chromosome at different distances from the XIC. HPRT is closer to the XIC than G6PD on the 
X  chromosome52. The expression of G6PD and HPRT are similar between males and females of two cells embryos 
before embryonic genome activation but higher in females than males at the blastocyst  stage7. In the present 
study expression level of G6PD was higher in female embryos than males; however, the developmental potential 
of female embryos was less than males at high oxidative status. This finding agreed with the report suggesting 
the sex-specific differences in embryonic G6PD expression and female embryos have a lower developmental rate 
than males with an increase in G6PD  expression53. In contrast, the embryos with a high G6PD expression have 
more developmental competence than those with low G6PD54. G6PD is the important enzyme of the pentose 
phosphate pathway and is essential for generating NADPH. NADPH is responsible to maintain glutathione 
during cellular oxidative stress to scavenge ROS. Hence, G6PD plays a crucial role in protecting embryos from 
ROS-induced apoptosis affecting the developmental potential of  embryos55. There was no study to compare 
our result with sex-specific differences in expression of GAPDH (enzyme for glycolysis pathway), an autosomal 
gene in embryos. However, phosphate glycerate kinase (PGK) enzyme responsible for the glycolysis pathway 
was upregulated in female  embryos49 which can agree with our finding of upregulated expression of GAPDH in 
female embryos. Most X-linked genes display not only sex-related transcriptional differences but are also involved 
in regulating the autosomal gene expression in preimplantation  embryos56. GAPDH showed significantly higher 
expression in females than  males57 which was in accordance with our result showing upregulated expression in 
female embryos than males. Hence, it can be suggested that high oxidative status affected severely the double gene 
doses chromatin of X chromosome in female embryos than males. Thus, ROS-induced damage or inactivation 
of the X chromosome hinders the developmental potential of female embryos at high oxidative status.

Bcl2 expression was significantly (P < 0.5) upregulated in female embryos at both the oxidative status sug-
gesting them more protected from apoptosis, that agreed to the report suggesting female embryos have low 
intracellular ROS than  males34 and also observed in the present study. However, in contrast, female embryos are 
more prone to apoptosis than males because several proapoptotic genes are  upregulated58. Bcl2 prevents apoptosis 
of embryos and the transcriptional level of Bcl2 and Bax is correlated with the developmental competence of 
 oocytes59. The present study reflected the better developmental potential of male embryos over females at high 
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oxidative status, which might be due to ROS-induced destruction in cellular metabolic pathways that must not 
be favouring the developmental potential of female embryos. However, low oxidative status protected the female 
embryos from apoptosis with supportive alteration in the expression of apoptosis-related genes. Sexual dimor-
phism in the developmental potential of embryos at high oxidative status favouring male embryos suggested that 
transcription factors present in the Y-chromosome must be influencing their development after  fertilization60. 
Though the expression of Bax and P53 were not significantly (P < 0.5) different in both the sex at high oxida-
tive status, low oxidative status downregulated the expression of both the genes in female embryos suggesting 
protection from ROS-induced apoptosis. p53, an apoptosis regulator, is correlated with oxidative stress response 
and is critical during in vitro embryo development. A high p53 is responsible for apoptosis. Reduction in ROS 
depletes p53 in embryos and protects embryos from  apoptosis61. p53 is activated by oxidative stress and causes 
developmental arrest, whereas suppression of p53 may not support embryo development due to ROS-induced 
DNA  damage62. In the present experiment, high oxidative status upregulated the expression of p53 in female 
embryos. Whereas, low oxidative status downregulated the expression of p53, in turn, reduced ROS-induced 
DNA damage, thus, improved the developmental potential of female embryos, and has been confirmed by 
upregulated expression of PCNA in those embryos. PCNA is responsible for cell death or survival. A high level of 
PCNA in the presence and absence of p53 is responsible for the repairing of DNA damage and DNA replication, 
respectively. In the state of irreparable DNA damage, PCNA drives the cell to  apoptosis63. Low oxidative stress 
created a suitable micromilieu for nuclear programming in female embryos, improving their developmental 
potential and upregulated PCNA expression. Upregulated expression of Casp3 induces developmental arrest of 
 embryos64. The expression level of Casp3 of this study was significantly (P < 0.05) lower in female embryos than 
males in both oxidative stress. Low intracellular ROS level in female embryos than males might have influenced 
the downregulated expression of Casp3. l-Carnitine supplementation in the media has shown no change in the 
expression level of Casp3 at the blastocyst  stage15. The developmental potential of female embryos was affected 
at high oxidative status despite low Casp3 expression in them. Hence, it was speculated that there must be some 
other factors affecting the developmental potential of female embryos. ROS-mediated inactivation of energy 
metabolism in female embryos at high oxidative stress must have induced the downregulated expression of 
Casp3 and PCNA. However, low oxidative stress improved the energy metabolism in those embryos and helped 
to improve their developmental potential. The female embryos at low oxidative stress have gone less detrimental, 
resulting in significantly (P < 0.05) more percentage. Therefore, it is concluded that the expression of transcripts 
resulted in sexual dimorphism in developmental kinetics and epigenetics in preimplantation embryos during 
 development50. However, the main critical factor for oxidative status mediated embryonic sex biasness was the 
fertilization of sex-specific sperms to the oocytes as per their polarity through alteration in the pH of the medium, 
modulating the intracellular positive ions.

Materials and methods
All the methods were performed in accordance with relevant guidelines and regulations. Institutional Animal 
Ethics Committee, ICAR-National Institute of Animal Nutrition and Physiology approved the present study 
(No. NIANP/IAEC/1/2017).

In vitro ovine embryo production. Embryos were produced from oocytes of slaughterhouse ovaries 
through in vitro maturation, fertilization, and  culture9. Oocytes were aspirated from follicles (2–6 mm) in collec-
tion medium {(TCM-199 (glutamine added) + BSA (3 mg/ml) + 5% FBS + heparin (10 μg/ml)} and matured with 
TCM-199 (glutamine added) + 10% FBS + BSA (3  mg/ml) + pyruvate (4  mM) + gentamicin (50  μg/ml) + FSH 
(5 μg/ml) + LH (5 μg/ml) + estradiol (1 μg/ml) + EGF (20 ng/ml) for 27 h at 5%  CO2, and 38.5 °C at different  O2 
concentrations with/without l-Carnitine (10 mM). Fresh semen collected by electro-ejaculator was washed with 
modified synthetic oviductal fluid (MSOF) + heparin (10 μg/ml) + pyruvate (1 mM)} by centrifuging at 400 g for 
5 min. Supernatant was removed and pellet was reconstituted in MSOF + fatty acid-free BSA (4 mg/ml) + hepa-
rin (10 μg/ml) + pyruvate (1 mM) + BME (100 ×) (1%) + MEM (50 ×) (1%), and adjusted to 2–3 ×  106 sperms/
ml. Matured oocytes were inseminated with processed spermatozoa for 18–20  h. Following co-incubation, 
presumptive zygotes were cultured in TCM-199 (glutamine added) + 20% FBS + BSA (3  mg/ml) + pyruvate 
(4 mM) + gentamicin (50 μg/ml) + BME (100 ×) (1%) + MEM (50 ×) (1%) at different  O2 concentrations with/
without l-Carnitine (10 mM) to get developmental stages (cleavage to blastocyst) of embryos. Cleavage rates and 
blastocyst were recorded on day 2 and 7 respectively (day 0 = day of IVF).

Polarity of the matured oocytes. The membrane potential/polarity of oocytes are maintained by dis-
parities in essential ions i.e.,  Na+,  K+, and  Ca2+ concentrations across the membrane. An increase in intracellular 
positive ions makes the membrane positive i.e., depolarized and a decrease in positive ions keeps negative i.e., 
repolarized. The intracellular ions concentrations of the matured oocytes of experiments I and II (significantly 
producing sex-specific embryos) were estimated through inductively coupled plasma optical emission spectros-
copy (ICP-OES) analytical technique (Optima 8000, Perkin Elmer) as per the manufacturer’s guideline. Oocytes 
were treated with 0.25% Trypsin–EDTA to remove cumulus cells and digested with Proteinase K (100 mg/ml) 
at 56 °C/2 h with inactivation at 95 °C/10 min and cooled in ice. The mixture was vortexed and centrifuged at 
2000g/10 min. The supernatant was used to estimate  Na+,  K+, and  Ca2+ ions concentration. Oocyte’s membrane 
polarity was calculated by Goldman–Hodgkin–Katz equation as EMF (millivolts) = − 61 log concentration of 
positive ions inside/outside and concluded based on intracellular positive ions concentrations.

Preparation of embryos for sex determination. The embryos (cleaved to blastocyst) were exposed 
to 0.2% protease to remove zona pellucida because attached sperms may give the wrong sex determination. 
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Protease exposure was inactivated by TCM-199 + 25% FBS. Few blastomeres were washed by TE buffer (10 mM) 
and digested with Proteinase K (100 mg/ml) at 56 °C/2 h with inactivation at 95 °C/10 min and cooled in ice. 
The mixture was centrifuged at 2000g/10 min and the supernatant (3–5 μl) was used in PCR for  sexing65. Rest of 
the blastomeres were stored in Trizol for gene expression study.

Preparation of blood as positive control for PCR. Single-step DNA isolation from sex-specific (male 
and female) blood through alkaline lysis was approached to use for sex  determination65. Blood (5 μl) was mixed 
with 50 mM NaOH (50 μl) and incubated at 37 °C/10 min followed by boiling at 95 °C/10 min. The incuba-
tion was terminated by 1 M Tris HCl (5 μl). The mixture was centrifuged at 2000g/10 min and the supernatant 
(2–3 μl) (1:4 dilution) was used in PCR as the positive sample for the primers used for the sexing of embryos.

Sex determination of blood and embryos. The sexing of the blood and embryos was carried out by the 
PCR-based amplification of SRY and AMEL genes present in  gDNA65. PCR for SRY gene amplification was with 
an initial denaturation at 96 °C/6 min and 6 cycles of touchdown PCR at 95 °C/30 s, 63–58 °C (− 1 °C/cycle)/45 s, 
and 72 °C/45 s followed by 34 cycles of 95 °C/30 s, 59 °C/45 s, and 72 °C/45 s. AMEL gene amplification was with 
denaturation at 96 °C/6 min and 8 cycles of touchdown PCR at 95 °C/45 s, 70–63 °C (− 1 °C/cycle)/60 s, and 
72 °C/75 s followed by 34 cycles of 95 °C/45 s, 64 °C/60 s, and 72 °C/75 s. The final extension for both the genes 
was at 72 °C/10 min. The gene-specific primers for sexing were designed from NCBI, Primer Blast (Table 3).

Intracellular ROS levels in sex‑specific embryos. Before sex determination, intracellular ROS was 
estimated in the embryos (experiments I and II) using 2′,7′-dichlorodihydrofluorescein diacetate (DCHFDA) 
14. Embryos were washed twice in PBS + polyvinyl pyrrolidone (PVP) (0.5%) (wt/vol) and fixed with 4% para-
formaldehyde and placed in 10 µM DCHFDA (50 µl)/15 min. Finally, the embryos were washed three times by 
PBS + PVP (0.5%), carefully mounted on a glass slide, and covered with a coverslip. The fluorescence intensity 
was observed under an epifluorescence microscope (Euromex, Holland) and analyzed by grey pixel intensity 
using Image J software (NIH, USA), normalizing male embryos as 1. After ROS determination, embryos were 
processed for sex determination.

Relative expression level of developmental genes in sex‑specific embryos. The mRNA abun-
dance of genes was analyzed by real-time quantitative PCR (qPCR). The sex-specific embryos produced in 
experiment II (significantly producing sex-specific embryos) were chosen for the gene expression study. RNA 
was isolated from a pool of sex-specific embryos (blastocysts) (n = 10), cDNA was synthesized, and qPCR was 
carried out using gene-specific primers designed from NCBI, Primer Blast (Table 3).

Total RNA isolation from embryos and cDNA synthesis. Total RNA was isolated by Trizol (Invitro-
gen, Life Technologies, USA)66. TRIzol (200 μl) was added to the embryos, mixed, and incubated at room tem-
perature/10 min. Chloroform (50 μl) was added, mixed, and incubated at room temperature/10 min. The mix-
ture was centrifuged at 12,000g/15 min at 4 °C, and the upper aqueous phase was collected. Acrylamide (20 µg) 
and isopropanol (100 μl) were added to the aqueous phase, mixed, and incubated on ice for 1 h. The tubes were 
centrifuged at 12,000g/10 min at 4 °C after incubation, and the supernatant was discarded. The pellet was washed 
with 75% ethanol (150 μl) by centrifuging at 7500g/5 min at 4 °C, and the supernatant was discarded. The pellet 
was dried at 37 °C/10 min and dissolved in DEPC water. The dissolved pellet was incubated at 55–60 °C/10 min 
with slight shaking in-between incubation. The gDNA contamination was removed using the TURBO DNA-

Table 3.  Primers used for sex determination of embryos and gene expression study.

Genes Primer sequences (5′–3′) Product size

AMEL FP: CCG CCC AGC AGC CCT TCC; RP: CCC GCT TGG TCT TGT CTG TTGC Male: 243 and 198 bp
Female: 243 bp

SRY FP: GCG CAA ACG ATC AGC GTG AA; RP: TCG TAT CCC AGC TGC TTG CT Male :169 bp
Female: not amplified

ACTB FP: CCT GGC ACC TAG CAC AAT GA; RP: TGG AAG GTG AAC AGT GCG AG 102 bp

GPx FP: CGT GCA ACC AGT TTG GGC AT; RP: GAT GCG CCT TCT CGC CAT TC 141 bp

SOD1 (Cu/Zn-SOD) FP: CCA CTT CGA GGC AAA GGG AGA; RP: CCT TTG GCC CAC CGT GTT TT 167 bp

SOD2 (Mn-SOD) FP: CCG TCA GCC TTA CAC CAA GT; RP: CAA GCC ACG CTC AGA AAC AC 112 bp

CAT FP: GCC TGT GTG AGA ACA TTG CG; RP: TCC AAA AGA GCC TGG ATG CG 121 bp

GAPDH FP: ATG GGC GTG AAC CAC GAG AA; RP: ATG GCG TGG ACA GTG GTC AT 146 bp

G6PD FP: TCG GAG CTC GAC CTG ACC TA; RP: GCC TTC TCG CGT TCG ATG TG 176 bp

HPRT FP: AGC CCC AGC GTG GTG ATT AG; RP: ATC TCG AGC CAG TCG TTC GG 144 bp

BCL2 FP: ATG ACT TCT CTC GGC GCT AC; RP: CTC CAC ACA CAT GAC CCC TC 176 bp

BAX FP: CAT GGA GCT GCA GAG GAT GA; RP: GTT GAA GTT GCC GTC GGA AA 100 bp

P53 FP: CTG AGT GCA CCA CCA TCC AC; RP: TCT CCC AGG ACA GGC ACA AA 161 bp

CASP3 FP: ACC TCA CGG AAA CCT TCA CGA; RP: ACC ATG GCT TAG AAG CAC GC 149 bp

PCNA FP: AGC CAC TCC ACT GTC TCC TACA; RP: TCA TCC TCG ATC TTG GGA GCC 123 bp
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free™ kit (Ambion, Life Technologies, USA). Isolated RNA was used as the template for the first-strand synthesis 
using cDNA synthesis kit (Thermo Scientific, Massachusetts, USA).

Real‑time quantitative PCR (qPCR). The qPCR was carried out for three different sets of embryos in 
duplicate using step one plus qPCR system (Applied Biosystem, USA)64. The relative quantification method was 
used to analyze the gene expression level using β-actin as the reference gene. The qPCR was performed in 10 μl 
reaction containing SYBR Fast 2× master mix (KAPA Biosystems, Wilmington, USA), gene-specific forward and 
reverse primers, cDNA, and final volume was adjusted with nuclease-free water. The qPCR was with an initial 
denaturation at 95 °C/2 min with 40 cycles of 95 °C/3 s and 60 °C/30 s. The melting curve analysis was carried 
out to confirm the qPCR specificity. Ct (threshold cycle for target amplification) values were analyzed using the 
 2−∆∆Ct (normalized expression ratio) method.

Confirmation of PCR and qPCR amplicons. The PCR amplicons for sex determination and qPCR 
amplicons of genes were confirmed by ethidium bromide (0.5 μg/ml) stained 2.5% agarose gel electrophoresis.

Experimental design. Three different experiments were designed to create different levels of oxidative 
status, and the embryos were produced. All the embryos (cleavage to blastocyst) produced were used for sex 
determination. The sex ratio of the embryos was calculated as total embryos and transferable embryos.

Experiment I. Immature oocytes were matured, fertilized, and cultured to produce embryos at different  O2 
concentrations (20 and 5%). Embryos (cleavage to blastocyst) produced were used for sexing to calculate the 
sex ratio.

Experiment II. Immature oocytes of the first group were matured, fertilized, and cultured without l-carni-
tine. Whereas, oocytes of the second group were matured and cultured with l-carnitine (10 mM) but fertilized 
without l-Carnitine. The oxygen concentration of this experiment was set at 20%. Embryos produced were used 
for sexing to calculate the sex ratio.

Experiment III. Immature oocytes were matured and cultured at different  O2 concentrations (atmospheric 
and 5%) with l-carnitine (10 mM) but fertilized without l-carnitine. The embryos of the first group were pro-
duced in a  CO2 incubator with no provision of  O2 control hence, considered that the embryo production was at 
atmospheric  O2. Whereas, the embryos of the second group were produced in  CO2 incubator with  O2 control 
and was set at 5%.

Statistical analysis. The results are expressed in mean ± SEM. Statistical analysis was carried out using 
GraphPad Prism5, San Diego, USA. Sex ratio of embryos, the sex-specific difference in ROS, intracellular ions 
concentration, and relative gene expression level in embryos were compared by student’s ‘T’ test. P < 0.05 was 
considered as significant.

Ethics approval. The research protocol was approved by the Institutional Animal Ethics Committee (IAEC) 
of the ICAR-National Institute of Animal Nutrition and Physiology with approval number NIANP/IAEC/1/2017 
dated: 25.3.2017.

Data availability
All materials are available on request.

Received: 5 October 2021; Accepted: 16 March 2022

References
 1. Bavister, B. D. Culture of pre implantation embryos facts and artifacts. Hum. Reprod. Update. 1(2), 91–148 (1995).
 2. Mishra, A., Ramesh, K. G., Dhali, A. & Reddy, I. J. Interaction of apoptosis and pluripotency related transcripts for developmental 

potential of ovine embryos produced in vitro at different oxygen concentrations. Anim. Biotechnol. 32(4), 470–478. https:// doi. 
org/ 10. 1080/ 10495 398. 2020. 17215 13 (2021).

 3. Gardner, D. K. & Kelley, R. L. Male and female embryos differ in their response to oxygen concentration. Fertil. Steril. 100(3), S242 
(2013).

 4. Meintjes, M. et al. Normalization of the live-birth sex ratio after human blastocyst transfer from optimized culture conditions. 
Fertil. Steril. 92, S229–S230 (2009).

 5. Heras, S. et al. Suboptimal culture conditions induce more deviations in gene expression in male than female bovine blastocysts. 
BMC. Genom. 17, 72. https:// doi. org/ 10. 1186/ s12864- 016- 2393-z (2016).

 6. Drickamer, L. C. Seasonal variation in fertility, fecundity and litter sex ratio in laboratory and wild stocks of house mice (Mus 
domesticus). Lab. Anim. Sci. 40, 284–288 (1990).

 7. Gutierrez-Adan, A., Oter, M., Martinez-Madrid, B., Pintado, B. & De La Fuente, J. Differential expression of two genes located 
on the X chromosome between male and female in vitro-produced bovine embryos at the blastocyst stage. Mol. Reprod. Dev. 55, 
146–151 (2000).

 8. Tiffin, G. J., Rieger, D., Betteridge, K. J., Yadav, B. R. & King, W. A. Glucose and glutamine metabolism in pre-attachment cattle 
embryos in relation to sex and stage of development. J. Reprod. Fertil. 93, 125–132 (1991).

 9. Ramesh Kumar, G., Mishra, A., Reddy, I. J., Dhali, A. & Roy, S. C. Low oxygen tension activates glucose metabolism, improves 
antioxidant capacity and augment developmental potential of ovine embryos in vitro. Anim. Prod. Sci. 60(4), 503–509 (2020).

https://doi.org/10.1080/10495398.2020.1721513
https://doi.org/10.1080/10495398.2020.1721513
https://doi.org/10.1186/s12864-016-2393-z


13

Vol.:(0123456789)

Scientific Reports |         (2022) 12:5845  | https://doi.org/10.1038/s41598-022-09895-2

www.nature.com/scientificreports/

 10. Hall, J.E. Guyton and Hall Textbook of Medical Physiology, 12th edn. 1600 John F. Kennedy Blvd. Ste 1800 19103-2899 (Saunders 
Elsevier, Philadelphia, PA, 2011).

 11. Takahashi, T. et al. Supplementation of culture medium with l-carnitine improves development cryotolerance of bovine embryos 
produced in vitro. Reprod. Fert. Dev. 25, 589–599 (2013).

 12. You, J., Lee, J., Hyun, S. H. & Eunsong, L. l-Carnitine treatment during oocyte maturation improves in vitro development of cloned 
pig embryos by influencing intracellular glutathione sysnthesis embryonic gene expression. Theriogenology 78, 235–243 (2012).

 13. Abdelrazik, H., Sharma, R., Mahfouz, R. & Agarwal, A. l-Carnitine decreases DNA damage and improvesthe in vitro blastocyst 
development rate in mouse embryos. Fertil. Steril. 91, 589–596 (2009).

 14. Mishra, A., Reddy, I. J., Gupta, P. S. P. & Mondal, S. l-Carnitine mediated reduction in oxidative stress and alteration in transcripts 
level of antioxidant enzymes in sheep embryos produced in vitro. Reprod. Dom. Anim. 51(2), 311–321 (2016).

 15. Mishra, A., Reddy, I. J., Gupta, P. S. P. & Mondal, S. Developmental regulation and modulation of apoptotic genes expression in 
sheep oocytes and embryos cultured in vitro with l-carnitine. Reprod. Dom. Anim. 51(6), 1020–1029 (2016).

 16. Ye, J. et al. l-Carnitine attenuates oxidant injury in HK-2 cells via ROS–mitochondria pathway. Regula. Pep. 161, 58–66 (2010).
 17. Jaffe, L. A. & Cross, N. L. Electrical properties of vertebrate oocyte membranes. Biol. Reprod. 30, 50–54 (1984).
 18. Murnane, J. & De Felice, L. J. Electrical maturation of murine oocytes: An increase in calcium current coincides with acquisition 

of meiotic competence. Zygote 1, 49–60 (1993).
 19. Brodie, C., Bak, A., Shainberg, A. & Sampson, S. R. Role of Na-K ATPase in regulation of resting membrane potential of cultured 

rat skeletal myotubes. J. Cell. Physiol. 130, 191–198 (1987).
 20. Comellas, A. P. et al. Hypoxia-mediated degradation of Na, K-ATPase via mitochondrial reactive oxygen species and the ubiquitin 

conjugating system. Circ. Res. 98, 1314–1322 (2006).
 21. Tosti, E. & Boni, R. Electrical events during gamete maturation and fertilization in animals and humans. Hum. Reprod. Update. 

10(1), 53–65 (2004).
 22. Arangasamy, A. et al. Role of calcium and magnesium administration on sex ratio skewing, follicular fluid protein profiles and 

steroid hormone level and oocyte transcripts expression pattern in Wistar rat. Ind. J. Anim. Sci. 85(11), 1190–1194 (2015).
 23. Siristatidis, C. et al. The effect of reactive oxygen species on embryo quality in IVF. In Vivo 30, 149–154 (2016).
 24. Stokes, Y. M. Quantifying oxygen diffusion in paraffin oil used in oocyte and embryo culture. Mol. Reprod. Develop. 76, 1178–1187 

(2009).
 25. Javvaji, P. K. et al. Interleukin-7 improves in vitro maturation of ovine cumulus-oocyte complexes in a dose dependent manner. 

Cytokine 113, 296–304 (2019).
 26. Veronique, C. M. & Shazib, P. Intracellular superoxide and hydrogen peroxide concentrations: A critical balance that determines 

survival or death. Redox Rep. 6(4), 211–214 (2001).
 27. Baud, C. Developmental change of a depolarization induced sodium permeability in the oocyte of Xenopus laevis. Dev. Biol. 99, 

524–528 (1983).
 28. Dale, B. & De Santis, A. Maturation and fertilization of the sea urchin oocyte: An electrophysiological study. Dev. Biol. 85, 474–484 

(1981).
 29. Tosti, E., Boni, R. & Cuomo, A.  Ca2+ current activity decreases during meiotic progression in bovine oocytes. Am. J. Physiol. Cell. 

Physiol. 279, C1795–C1800 (2000).
 30. Kitasato, H. The influence of H+ on the membrane potential and ion fluxes of Nitella. J. Gen. Physiol. 52(1), 60–87 (1968).
 31. Rodeau, T., Stephane, F., Edith, B. & Jean-Pierre, V. Effect of procaine on membrane potential and intracellular pH in Xenopus 

laevis oocytes. Mol. Memb. Biol. 15, 145–151 (1998).
 32. Unterberger, F. Geschlechtsbestimmung und Wasserstoffionenkonzentrati on Dtsch. Med. Wochenschr. 58(1), 729 (1932).
 33. Muehleis, P. M. & Long, S. Y. The effects of altering the pH of seminal fluid on the sex ratio of rabbit offspring. Fert. Ster. 27(12), 

1438–1445 (1976).
 34. Perez-crespo, M. et al. Differential sensitivity of male and female mouse embryos to oxidative induced heat-stress is mediated by 

glucose-6-phosphate dehydrogenase gene expression. Mol. Reprod. Dev. 72, 502–510 (2005).
 35. Hansen, D., Moller, H. & Olsen, J. Severe periconceptional life events and the sex ratio in offspring: follow up study based on five 

national registers. BMJ 319, 548–549 (1999).
 36. Lequarre, A. S. et al. Expression of Cu/Zn Mn superoxide dismutase during bovine embryo development: Influence of in vitro 

culture. Mol. Reprod. Dev. 58, 45–53 (2001).
 37. Gulcin, I. Antioxidant and antiradical activities of l-carnitine. Life Sci. 78, 803–811 (2006).
 38. Godin, N. et al. Catalase overexpression prevents hypertension and tubular apoptosis in angiotensinogen transgenic mice. Kidney 

Int. 77, 1086–1097 (2010).
 39. Kander, M. C., Cui, Y. & Liu, Z. Gender difference in oxidative stress: A new look at the mechanisms for cardiovascular diseases. 

J. Cell. Mol. Med. 21(5), 1024–1032 (2017).
 40. Chen, Y., Ji, L. L., Liu, T. Y. & Wang, Z. T. Evaluation of gender-related differences in various oxidative stress enzymes in mice. 

Chinese. J. Physiol. 54, 385–390 (2011).
 41. Barp, J. et al. Myocardial antioxidant and oxidative stress changes due to sex hormones. Braz. J. Med. Biol. Res. 35, 1075–1081 

(2002).
 42. Vina, J. et al. Females live longer than males: Role of oxidative stress. Curr. Pharm. Des. 17, 3959–3965 (2011).
 43. Bellanti, F. et al. Sex hormones modulate circulating antioxidant enzymes: Impact of estrogen therapy. Redox. Biol. 1, 340–346 

(2013).
 44. Gomez, P. Y., Gianotti, M., Llado, I. & Proenza, A. M. Sex-dependent effects of high-fat-diet feeding on rat pancreas oxidative 

stress. Pancreas 40(5), 682–688 (2011).
 45. Azevedo, R. B., Lacava, Z. G., Miyasaka, C. K., Chaves, S. B. & Curi, R. Regulation of antioxidant enzyme activities in male and 

female rat macrophages by sex steroids. Braz. J. Med. Biol. Res. 34, 683–687 (2001).
 46. Mishra, A., Reddy, I. J., Dhali, A. & Javvaji, P. K. l-Ergothioneine improves the developmental potential of in vitro sheep embryos 

without influencing OCTN1-mediated cross-membrane transcript expression. Zygote 26(2), 149–161 (2018).
 47. Shimizu, N., Shimizu, Y., Kondo, I., Woods, C. & Wegner, T. The bovine genes for phosphoglycerate kinase, glucose-6-phosphate 

dehydrogenase, alpha-galactosidase and hypoxanthine phosphoribosyl transferase are linked to the X chromosome in cattle-mouse 
cell hybrids. Cyto. Genet. Cell. Genet. 29, 26–31 (1981).

 48. Wrenzycki, C. et al. In vitro production and nuclear transfer affect dosage compensation of the X-linked gene transcripts G6PD, 
PGK, and Xist in preimplantation bovine embryos. Biol. Reprod. 66(1), 127–134 (2002).

 49. Sandhu, A. et al. Effect of sex of embryo on developmental competence, epigenetic status, and gene expression in buffalo (Bubalus 
bubalis) embryos produced by hand-made cloning. Cell. Reprog. https:// doi. org/ 10. 1089/ cell. 2015. 0077 (2016).

 50. Peippo, J. et al. Sex-chromosome linked gene expression in in vitro produced bovine embryos. Mol. Hum. Reprod. 8, 923–929 
(2002).

 51. Jegalian, K. & Page, D. C. A proposed path by which genes common to mammalian X and Y chromosomes evolve to become X 
inactivated. Nature 394, 776–780 (1998).

 52. Brown, C. J. et al. A gene from the region of the human X inactivation center is expressed exclusively from the inactive X chromo-
some. Nature 349, 38–44 (1991).

https://doi.org/10.1089/cell.2015.0077


14

Vol:.(1234567890)

Scientific Reports |         (2022) 12:5845  | https://doi.org/10.1038/s41598-022-09895-2

www.nature.com/scientificreports/

 53. Denicol, A. C., Leão, B. C. S., Dobbs, K. B., Mingoti, G. Z. & Hansen, P. J. Influence of sex on basal and dickkopf-1 regulated gene 
expression in the Bovine Morula. PLoS ONE 10(7), e0133587 (2015).

 54. Iwata, H. et al. Role of G6PD activity on sex ratio and developmental competence under oxidative stress. J. Reprod. Dev. 48, 447–453 
(2002).

 55. Fico, A. et al. Glucose-6-phosphate dehydrogenase plays a crucial role in protection from redox-stress-induced apoptosis. Cell. 
Death. Differ. 11, 823–831 (2004).

 56. Bermejo-Alvarez, P., Rizos, D., Rath, D., Lonergan, P. & Gutierrez-Adan, A. Sex determines the expression level of one third of 
the actively expressed genes in bovine blastocysts. Proc. Natl. Acad. Sci. USA 107, 3394–3399 (2010).

 57. Verma, A. S. & Shapiro, B. H. Sex-dependent expression of seven housekeeping genes in rat liver. J. Gastroenter. Hep. 21, 1004–1008 
(2006).

 58. Ghys, E. et al. Female bovine blastocysts are more prone to apoptosis than male ones. Theriogenology 85, 591–600 (2016).
 59. Li, H. J. et al. Early apoptosis is associated with improved developmental potential in bovine oocyte. Anim. Reprod. Sci. 114, 89–98 

(2009).
 60. Gutierrez-Adan, A. et al. Developmental consequences of sexual dimorphism during pre-implantation embryonic development. 

Rep. Dom. Anim. 41(s2), 54–62 (2006).
 61. Favetta, L. A., St John, E. J., King, W. A. & Betts, D. H. High levels of p66 shc and intracellular ROS in permanently arrested early 

embryos. Free. Rad. Biol. Med. 42, 1201–1210 (2007).
 62. De-Bao, H., Zhong-Shu, L., Ihsan, A., Li-Jie, X. & Zhu, F. N. Effect of potential role of p53 on embryo development arrest induced 

by  H2O2 in mouse. In Vitro. Cell. Dev. Biol. Animal. https:// doi. org/ 10. 1007/ s11626- 016- 0122-1 (2017).
 63. Paunesku, T. et al. Proliferating cell nuclear antigen (PCNA): Ringmaster of the genome. Int. J. Radiat. Biol. 77, 1007–1021 (2001).
 64. Gandolfi, F. & Moor, R. M. Stimulation of early embryonic development in the sheep by co-culture with oviduct epithelial cells. J. 

Reprod. Fert. 81, 23–28 (1987).
 65. Mishra, A., Dhali, A., Reddy, I. J. & Kolte, A. P. Sexing of pre-implantation ovine embryos through polymerase chain reaction-based 

amplification of GAPDH, SRY and AMEL genes. Reprod. Dom. Anim. 55, 885–892 (2020).
 66. Mishra, A., Reddy, I. J., Gupta, P. S. P. & Mondal, S. Expression of apoptotic and antioxidant enzyme genes in sheep oocytes and 

in vitro produced embryos. Anim. Biotechnol. 28(1), 18–25 (2017).

Acknowledgements
The authors are thankful to the Director, ICAR-National Institute of Animal Nutrition and Physiology, Bangalore, 
India to provide the necessary facilities.

Author contributions
R.K.G. contributed towards embryo culture work, A.M. contributed towards experimental design, embryo cul-
ture work and statistical analysis. A.D. was involved in sexing of embryos and gene expression study, I.J.R. was 
involved in manuscript preparation and gene expression study. D.K.D. and D.P. were involved in estimating 
polarity of oocytes. R.B. was involved in experimental design and manuscript editing.

Funding
This work was supported by the Director, ICAR-National Institute of Animal Nutrition and Physiology, Ben-
galuru-560 030, India (APR 3.15).

Competing interests 
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https:// doi. org/ 
10. 1038/ s41598- 022- 09895-2.

Correspondence and requests for materials should be addressed to A.M.

Reprints and permissions information is available at www.nature.com/reprints.

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

Open Access  This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, 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 
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:// creat iveco mmons. org/ licen ses/ by/4. 0/.

© The Author(s) 2022

https://doi.org/10.1007/s11626-016-0122-1
https://doi.org/10.1038/s41598-022-09895-2
https://doi.org/10.1038/s41598-022-09895-2
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	In vitro production of desired sex ovine embryos modulating polarity of oocytes for sex-specific sperm binding during fertilization
	Results
	In vitro ovine embryo production. 
	Polarity of the matured oocytes. 
	Sexing of the ovine blood and embryos. 
	Sex ratio of embryos produced at different oxidative status. 
	Intracellular ROS levels in sex-specific embryos. 
	Sexual dimorphism in the relative expression level of developmental genes in embryos at different oxidative status. 

	Discussion
	Materials and methods
	In vitro ovine embryo production. 
	Polarity of the matured oocytes. 
	Preparation of embryos for sex determination. 
	Preparation of blood as positive control for PCR. 
	Sex determination of blood and embryos. 
	Intracellular ROS levels in sex-specific embryos. 
	Relative expression level of developmental genes in sex-specific embryos. 
	Total RNA isolation from embryos and cDNA synthesis. 
	Real-time quantitative PCR (qPCR). 
	Confirmation of PCR and qPCR amplicons. 
	Experimental design. 
	Experiment I. 
	Experiment II. 
	Experiment III. 
	Statistical analysis. 
	Ethics approval. 

	References
	Acknowledgements


