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SUMMARY

The preimplantation bovine embryo displays sexual dimorphism in glucose sensitivity and 

interferon-tau (IFNT) secretion that are negated by inhibition of the pentose phosphate pathway, 

suggesting that the association between glucose metabolism and IFNT likely underpins the 

selective loss of female embryos. The aim of this study was to determine if altered glucose 

metabolism, through glucose supplementation and/or uncoupling oxidative phosphorylation with 

2,4-dinitrophenol (DNP), affected embryo development. Bovine blastocyst development, sex, and 

IFNT production were examined in embryos cultured in the presence or absence of glucose (0, 1.5, 

4 mM) with or without exposure to DNP (0, 10, 100 μM) between Days 5 and 8 post-fertilization. 

The absence or presence of high (4 mM) glucose reduced blastocyst development and favored 

the development of male embryos (P < 0.001). DNP at 10 μM had no effect, whereas 100 μM 

had a negative impact on blastocyst development. Notably, in the presence or even absence of 

glucose, supplementation with 10 μM DNP further skewed the sex ratio toward males (P < 

0.05). Sexually dimorphic IFNT production was maintained in these conditions, although total 

production was reduced in the presence of high glucose and DNP, irrespective of embryo sex. 

These data suggest that the pentose phosphate pathway can modulate embryonic sex ratio and 

development. Therefore, bovine embryo culture should be undertaken in a low glucose (<2.5 mM) 

medium to minimize potential embryonic stress, as higher concentrations have sexually dimorphic 

effects on development and an embryo’s ability to signal to the maternal reproductive tract.
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INTRODUCTION

The production of mitochondrial adenosine triphosphate (ATP) via oxidative 

phosphorylation (OXPHOS) is essential for mammalian embryo development, particularly 

during compaction and blastocyst formation, when the demand for ATP increases 

substantially (reviewed by Gardner and Harvey, 2015). At these stages, glucose utilization 

increases in order to meet the requirements for ATP. This switch involves the metabolism 

of glucose through glycolysis and the pentose phosphate pathway. Partial inhibition 

of mitochondrial respiration, via low concentrations of the OXPHOS uncoupler 2,4-

dinitrophenol (DNP), around the time of compaction can improve the in vitro development 

of bovine (Thompson et al., 2000) and porcine (Machaty et al., 2001) embryos. The 

mechanism by which DNP benefits early embryogenesis is not well defined, although an 

improvement in the balance between cytoplasmic and mitochondrial ATP production by 

this compound is postulated to enhance development (Thompson et al., 2000), as mediated 

by changes in metabolism (Rieger et al., 2002), reduced reactive oxygen species (ROS) 

production (Okuda et al., 1992; Korshunov et al., 1997), and reduced accumulation of 

medium-sized lipid droplets (De La Torre-Sanchez et al., 2006a).

Comparable numbers of male and female bovine embryos develop in vivo during the 

preimplantation period (Kimura et al., 2004a). The number of male-to-female embryos can 

be altered by environmental factors, including stress and/or diet (Rosenfeld et al., 2003; 

Rosenfeld and Roberts, 2004; Alexenko et al., 2007; Green et al., 2008). In vitro culture 

can similarly skew development, with the presence of high concentrations of D-glucose 

(glucose) in bovine embryo culture medium favoring the development of males (Bredbacka 

and Bredbacka, 1996; Gutierrez-Adan et al., 2001; Larson et al., 2001; Peippo et al., 2001; 

Kimura et al., 2005). Female bovine embryos display a greater sensitivity to glucose within 

the medium, as their development can be blocked at the morula stage when cultured in 

suboptimal glucose concentrations (Gutierrez-Adan et al., 2001; Larson et al., 2001; Peippo 

et al., 2001; Bermejo-Alvarez et al., 2012). Sexually dimorphic differences in metabolism 

likely underlie this sensitivity. Glucose uptake is reported to be twofold higher in male 

versus female bovine embryos, whereas female mouse embryos consume more glucose than 

their male counterparts (Lane and Gardner, 1996). Pentose phosphate pathway activity, on 

the other hand, is reported to be fourfold higher in female than in male bovine embryos 

(Tiffin et al., 1991a). Substitution of glucose with D-fructose reduces the selective in vitro 

loss of female bovine embryos (Kimura et al., 2005) and inhibition of the pentose phosphate 

pathway can likewise correct the bias (Kimura et al., 2005), suggesting that the metabolism 

of glucose, and not fructose or possibly other hexose sugars used as an energy source, 

underpins this selective pressure.

X-chromosome dosage has been shown to underlie differences in embryo metabolism (Tiffin 

et al., 1991a; Lane and Gardner, 1996), gene transcription (Bermejo-Alvarez et al., 2010), 

and epigenetic regulation (Bermejo-Alvarez et al., 2008). The X-chromosome carries several 

hundred genes, including glucose-6-phosphate dehydrogenase (G6PDH), which encodes the 

enzyme responsible for the rate-limiting step of the pentose phosphate pathway. G6PDH 
expression is significantly higher in in vitro-cultured female embryos (Gutierrez-Adan et 

al., 2000; Wrenzycki et al., 2002), even though dosage compensation is initiated prior to 
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or at the blastocyst stage (Peippo et al., 2002; Wrenzycki et al., 2002). The expression of 

several X-linked genes, including pyruvate dehydrogenase (PDK) and X-inactive specific 

transcript (XIST), is significantly higher in in vitro-cultured blastocysts than those derived 

in vivo (Wrenzycki et al., 2002; Nino-Soto et al., 2007). Furthermore, in vitro embryo 

culture can affectX-linked gene transcription, particularly at the 8–16 cell stage, coincident 

with embryonic genome activation (Nino-Soto et al., 2007). Thus, in vitro environmental 

perturbations can directly impact gene expression patterns regulated by X-chromosome 

dosage, thereby differentially influencing male and female embryos. Just as sub-optimal 

culture conditions are revealed in embryo ultrastructure (Rizos et al., 2002a), metabolism 

(Thompson 2000; Absalon-Medina et al., 2014; Krisher et al., 2015), gene expression 

(Wrenzycki et al., 2001; Rizos et al., 2002b; Lonergan et al., 2003; Harvey et al., 2004), and 

viability (Bertolini et al., 2002), poor tolerance for excess glucose may reflect the presence 

of two activeX-chromosomes in female blastocysts, at least through to the morula stage, 

when random inactivation of oneX-chromosome is initiated within the trophectoderm (De 

La Fuente et al., 1999; Dupont and Gribnau, 2013).

The secretion of interferon-tau (IFNT) also differs between male and female bovine 

blastocysts, with female expanded blastocysts producing about twice the amount as males 

(Larson et al., 2001; Bermejo-Alvarez et al., 2011b). This difference has been observed 

irrespective of whether embryos are cultured in vitro or derived in vivo (Kimura et al., 

2004a), suggesting a common sexually dimorphic mechanism. Indeed, sexually dimorphic 

IFNT transcript abundance is evident as early as Day 7 in vivo (Kubisch et al., 2004) 

but is lost by Day 14 (Kimura et al., 2004a), which corresponds with the completion of 

X-inactivation (De La Fuente et al., 1999). Macromolecule supplementation of in vitro 

culture medium can also alter IFNT secretion (Kubisch et al., 2001). IFNT is an autosomal 

gene (Ryan and Womack, 1993), yet its higher expression in female embryos suggests that 

it is regulated by X-chromosome dosage mechanisms that may be linked to the expression 

of G6PDH (Kimura et al., 2005) and/or O-linked N-acetylglucosamine transferase (OGT) 

(Shafi et al., 2000; Kimura et al., 2008). Differential transcription of autosomal genes is 

extensively documented in male and female bovine embryos (Bermejo-Alvarez et al., 2010), 

and may result from sexually dimorphic cellular redox states. Alternatively, differential 

expression of other genes, either on the X-chromosome or elsewhere within the genome, 

may modulate IFNT.

Bovine embryo sex is skewed toward males if glucose concentrations are above 2.5 mM in 

the culture medium (Kimura et al., 2005). Yet the interaction between glucose availability 

and metabolic-pathway modulation and the potential link between glucose utilization and 

sexually dimorphic IFNT production in regulating sex skewing of bovine embryos have not 

been investigated. Here, we hypothesize that altered glucose utilization following treatment 

with DNP and/or supplementation with a high glucose concentration (>2.5 mM) will further 

skew embryo development rates toward males, while maintaining sexually dimorphic IFNT 

production because the pentose phosphate pathway is fundamental to the regulation of 

sex ratio through G6PDH dosage, an effect further exacerbated by sub-optimal culture 

environments. The current study specifically investigated whether or not inhibition of 

mitochondrial respiration by the addition of DNP at 0, 10, or 100 μM, in the absence or 
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presence of D-glucose (0, 1.5, or 4 mM) between Days 5 and 8 post-fertilisation, affected the 

development, sex ratio, and sexually dimorphic IFNT production of bovine embryos.

RESULTS

Glucose and DNP Impact Bovine Embryo Development at Day 8

Sex ratio on Day 3 of development (8-cell stage) was not significantly different from the 

expectation of a 1:1 ratio of male-to-female embryos (n = 114; P > 0.1; male 0.50, female 

0.50). No significant difference in sex ratio was evident on Day 5 either (n = 852; P > 0.1; 

male 0.52, female 0.48). Progression of embryo development from Day 3 to Day 5 (the 

morula stage) was also not affected by glucose concentration (P > 0.1; 0 mM 94.2% [n = 

280], 1.5 mM 96.1% [n = 281], 4 mM 91.8% [n = 291]).

Glucose concentration did significantly affect the number of blastocysts on Day 8 (Table 1) 

(P < 0.001), with more blastocysts developing in 1.5 mM glucose than in either 0 or 4 mM 

glucose (P < 0.0001). Fewer blastocysts were present in 4 mM glucose than in the absence 

of glucose (0 mM), although this difference was not significant (P = 0.085). No beneficial 

effect of DNP supplementation on development was identified at any stage (Table 1); in 

fact, the number of blastocysts formed in the presence of 100 μM DNP was significantly 

compromised compared to the other two groups (P < 0.0001), although the negative effect of 

100 μM DNP was lower with 1.5 mM glucose (P < 0.05).

The proportion of expanding versus expanded and hatched blastocysts at Day 8 was 

significantly affected by glucose concentration in the medium (Table 1) (P < 0.05): more 

blastocysts were classified as pre-expanded or expanding (stages 3–5) in 1.5 mM glucose 

than in 4 mM glucose (62.8% vs. 38.3%, respectively). While fewer pre-expanded or 

expanding blastocysts were evident in 0 mM glucose (51.1%), this treatment did not 

significantly differ from either the 1.5 mM or 4 mM treatments (P > 0.05). Although 

the percentage of pre-expanded/expanding blastocysts in 100 μM DNP was higher (59.2%) 

compared with those in 10 μM (50.4%) or 0mM (52.7%) DNP (P < 0.05), no overall 

beneficial effect was identified for DNP (Table 1).

A significant effect of glucose concentration on expanded and hatched blastocyst 

development (classified as stages 6–8) was also noted (Table 1) (P < 0.01). Even though 

fewer embryos reached the blastocyst stage by Day 8 in 4 mM glucose, the percentage 

of expanded/hatched blastocysts from the 4 mM glucose treatment was higher than those 

cultured in 1.5 mM glucose (61.5% and 37.2%, respectively; P < 0.01), but not significantly 

different from those cultured in 0 mM glucose (48.9%; P > 0.1). Similar to pre-expanded/

expanding blastocyst percentages, no effect of DNP was observed (P > 0.1); indeed, in the 

presence of 4 mM glucose, 100 μM DNP resulted in a lower percentage of expanded/hatched 

blastocysts compared with those cultured with 10 μM DNP (Table 1) (P < 0.05), although 

this value was not significantly different to those cultured in the absence of DNP (P > 0.1).

No difference in the quality of blastocysts cultured in either 0 mM or 4 mM glucose was 

detected for either transferrable (grade 1 and 2) (0 mM, 83.1 ± 2.3%; 4 mM, 84.9 ± 3.6%) 

or non-transferrable (grade 3) (0mM, 16.7 ± 2.4%; 4 mM 15.2 ± 3.6%) quality embryos (P 
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> 0.1). Similarly, DNP did not significantly affect blastocyst quality (P > 0.1) (transferrable: 

0 μM, 82.6 ± 2.2%; 10 μM, 84.5 ± 2.8%; 100 μM, 85.3 ± 5.6% and non-transferrable: 0 μM, 

17.4 ± 2.3%; 10 μM, 15.5 ± 2.8%; 100 μM, 14.7 ± 5.6%).

Glucose and DNP Skew the Bovine Embryo Sex Ratio

The Day-8 bovine blastocyst sex ratio deviated significantly from the expected 50:50 ratio, 

favoring males in the presence of 4 mM glucose (Table 2) (P < 0.05). An additive effect 

on male skewing was also identified (P < 0.01), irrespective of glucose concentration, in 

the presence of 10 μM DNP. In the absence of glucose, 10 μM DNP skewed the sex ratios 

toward male embryos (P < 0.01). No bias toward males was detected in pre-expanding and 

expanding blastocysts in the presence of glucose, although male skewing was evident later, 

in expanded and hatched blastocysts, in the presence of both 1.5 mM and 4 mM glucose 

(Table 2) (P < 0.05); this phenotype was exacerbated at each glucose concentration by the 

addition of 10 μM DNP (P < 0.01).

Glucose and DNP Impact Bovine Embryo Development at Day 10

Embryos selected for IFNT analysis were of comparable developmental stage on Day 8 (0 

h, n = 190), such that no statistical difference was apparent (P > 0.1). Later development 

was not affected by glucose after culturing for an additional 24 hr (P > 0.05; average 

developmental score 6.8 ± 1.1, 7.4 ± 1.1, and 6.9 ± 1.3 for 0, 1.5, and 4 mM glucose, 

respectively), or 48 hr (P > 0.05; average developmental score 7.5 ± 0.9,7.7 ± 0.9, and 7.3 ± 

1.3 for 0,1.5, and 4 mM glucose, respectively). In contrast, when these Day-8 embryos were 

exposed to DNP, later development at 24 hr was reduced in 100 μM DNP-treated blastocysts 

compared to those cultured without DNP (P < 0.05; average developmental score 6.6 ± 1.3 

and 7.3 ± 1.1, respectively) but was not significantly different from those cultured in 10 μM 

DNP (P = 0.07; 7.1 ± 1.1). This reduction in development tended to be maintained through 

48 h (P = 0.058; 7.7 ± 0.8 [n = 67], 7.5 ± 1.0 [n = 73], and 7.2 ± 1.2 [n = 50] for 0, 10, and 

100 μM DNP, respectively).

IFNT Antiviral Activity of Culture Media on Days 9 and 10

IFNT is generally regarded as the major signal for maternal recognition of pregnancy in 

ruminant ungulates, and its production has been proposed as an indicator of embryo viability 

(Hernandez-Ledezma et al., 1992). Accordingly, the amount of IFNT released by the embryo 

into the medium during in vitro culture between Days 8 and 10 was measured by its antiviral 

activity (Tables 3 and 4). Evaluation of male or female embryos alive at the end of the 

culture period revealed no significant longitudinal interactions between DNP or glucose 

treatments. IFNT production at both 24 hr and 48 hr, however, was significantly affected 

by glucose concentration (Fig. 1; Table 3), DNP concentration (Fig. 1 and Table 4), and 

blastocyst sex (all P < 0.0001). IFNT abundance was higher in embryos cultured in 1.5 mM 

glucose than in those cultured in its absence at 24 hr (P < 0.0001), a difference that was 

maintained through to 48 hr (P < 0.05). By 48 hr, IFNT production by blastocysts cultured in 

4 mM glucose was also significantly less than for blastocysts cultured without glucose (P < 

0.01). Irrespective of glucose concentration, the presence of 100 μM DNP also significantly 

decreased IFNT production relative to 0 μM and 10 μM DNP, at both 24 hr and 48 hr (P < 
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0.0001). Sexual-dimorphic production of IFNT was maintained in all conditions (Tables 3 

and 4), with female embryos producing more IFNT than males (P < 0.0001).

DISCUSSION

We determined how bovine embryo development was affected by supplemental glucose 

(0, 1.5, and 4 mM), between Days 3 and 8 post-fertilization, and DNP (0, 10, and 

100 μM), in the presence or absence of supplemental glucose between Days 5 and 8. 

Glucose concentration had the biggest overall impact on development, sex ratio, and sexual-

dimorphic IFNT production. The absence of glucose (0 mM) or its presence at a relatively 

high concentration (4 mM) reduced blastocyst development, with the latter condition also 

skewing the sex of surviving embryos toward males, for example, the male ratio achieved up 

to 0.71 in 4 mM glucose. Partial inhibition of mitochondrial respiration, using the uncoupler 

of oxidative phosphorylation, DNP, to alter glucose metabolism, did not improve blastocyst 

development; in fact 100 μM DNP negatively impacted blastocyst development. While 10 

μM DNP did not affect Day-8 blastocyst development, this concentration still increased the 

proportion of males, even in the absence of supplemental glucose. In contrast, 4 mM glucose 

plus 100 μM DNP did not further increase the sex ratio. Sexual dimorphic production 

of IFNT, on the other hand, was maintained under all conditions tested, although total 

production was impaired in embryos cultured with 4 mM glucose and 100 μM DNP. These 

findings further link the availability and metabolism of glucose with the selective loss of 

female embryos, and highlight how critical optimal in vitro glucose supplementation is for 

the development of embryo populations without a biased sex ratio.

The highest rates of blastocyst development and IFNT production were observed with 1.5 

mM glucose. Higher glucose (4 mM) substantially reduced bovine blastocyst development 

on Day 8, which is consistent with previous studies (Gutierrez-Adan et al., 2001; Larson et 

al., 2001; Peippo et al., 2001; Kimura et al., 2005) but did not affect embryo quality. This 

loss of embryos in high-glucose conditions likely results from the Crabtree effect—where 

provision of high concentrations of glucose redirects much of the monosaccharides into the 

pentose phosphate pathway—and may be exacerbated by DNP, which uncouples OXPHOS 

activity in the cell. In contrast to these in vitro concentrations, 0.02–0.2 mM glucose is 

present in the bovine reproductive tract (Carlson et al., 1970), and lower in vivo oviductal 

glucose concentrations are associated with viable pregnancy in cattle (Green et al., 2005). 

Together, these observations support the use of lower glucose concentrations during in vitro 

culture.

Mitochondrial activity and changes in glucose utilization, through glycolysis and the pentose 

phosphate pathway, are likely mediated by cellular redox and ROS, whereby low ROS 

levels are required for normal embryo development (Harvey et al., 2002). Based on this 

relationship, the high glucose concentrations (>2.5 mM) used in this study plausibly 

modulated metabolic pathway activity, resulting in the generation of ROS levels above 

those required for normal development, thus perturbing cellular redox status and triggering 

a stress response. Indeed, this is consistent with the report that bovine embryo development 

under high-glucose (4.5 mM) conditions is improved in the presence of the antioxidants 

superoxidase dismutase and mannitol (Iwata et al., 1998).
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DNP, as an uncoupler of OXPHOS, decreases ROS production via the electron transport 

chain (Okuda et al., 1992; Korshunov et al., 1997) and modulates nicotinamide adenine 

dinucleotide (phosphate) ratios (NAD(P) H-to-NAD(P) ratio) (Sibille et al., 1995; Leverve 

et al., 1998; Rex et al., 1999; Hoffmann et al., 2001), thereby altering the cellular redox 

state to increase ATP production by glycolysis (O’Fallon and Wright 1986; Hewitson et al., 

1996). Conflicting reports exist as to whether or not DNP benefits development, though. 

In the current study, which is similar to that of Harvey et al. (2004), no beneficial effect 

was evident, even in the presence of 1.5 mM glucose or under conditions that likely elicit 

stress (0 or 4 mM glucose). This outcome contrasts with previous reports of improved 

development of blastocysts cultured from the morula stage in the presence of 1.5 mM 

glucose and 10 μM DNP (Thompson et al., 2000; Machaty et al., 2001; Rieger et al., 2002; 

Barcelo-Fimbres and Seidel, 2007). This disparity in outcome following DNP treatment 

may be related to the composition of embryo culture media (De La Torre-Sanchez et al., 

2006b) or with differing embryo density. Indeed, the content of culture medium significantly 

impacts embryo development and likely influences whether or not an embryo produces 

excess ROS, the range of which can lead to varying developmental outcomes. Thus, 

depending on the basal medium used, a partial (subacute) reduction in mitochondrial ATP 

production may either improve or have little effect on overall bovine embryo development. 

On the other hand, a large reduction in mitochondrial ATP production at higher DNP 

concentrations (100 μM) instead causes detrimental effects to embryo development, likely 

due to DNP-elicited changes in metabolism and cellular redox.

In the present study, the reduced embryo development in high-glucose and DNP 

concentrations may be partly attributed to the selective loss of female embryos prior to 

blastocyst formation or a delay in development because the sex ratio was skewed. More 

males were present following culture in 4 mM glucose, an effect that was compounded 

by the addition of 10 μM DNP. These results are consistent with previous studies that 

highlighted the relationship between stressful conditions, such as high glucose (>2.5 

mM), and selective loss of female embryos (King et al., 1991; Bermejo-Alvarez et 

al., 2011a), resulting in a bias toward males (Gutierrez-Adan et al., 2001; Kimura et 

al., 2005). Even brief (24 hr) exposure to glucose immediately after fertilization is 

sufficient to skew development toward males (Peippo et al., 2001). Notably, our present 

experiments demonstrated that DNP tilts the sex ratio toward males even in the absence 

of glucose, suggesting that over-activation of the pentose phosphate pathway by DNP may 

be responsible for modulating sex ratio, resulting in a disproportionate failure of female 

embryos to flourish. This is supported by our previous data showing that addition of 

pentose-phosphate-pathway inhibitors can normalise the sex ratio in the presence of 4 mM 

glucose and prevent the sexually dimorphic production of IFNT (Kimura et al., 2005). 

Thus, DNP—in the absence or presence of glucose above 2.5 mM—likely represents an 

additional stressor that can affect the NAD(P)+-to-NAD(P)H ratio, resulting in a bias toward 

the survival of male embryos. These data also emphasize the importance of knowing the 

sex of an embryo when undertaking metabolic studies, as this parameter may confound 

findings and may account for the absence of significant changes in metabolic pathway 

activity previously reported (De La Torre-Sanchez et al., 2006a). This is particularly relevant 

considering that G6PDH, the rate limiting enzyme in the pentose phosphate pathway, is 
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more highly expressed (Gutierrez-Adan et al., 2000) and has greater enzymatic activity in 

female than male bovine embryos (Tiffin et al., 1991b). Glucosamine supplementation after 

embryonic genome activation can likewise skew development toward males, via X-linked 

O-linked N-acetylglucosamine transferase activity (Kimura et al., 2008), suggesting that 

glucosamine metabolism may also be involved in early embryogenesis. Further studies are 

thus required to elucidate the combinatory effect of glucose and DNP on ATP production, 

as well as gene expression patterns in male and female blastocysts, and at stages prior to 

embryonic loss.

IFNT is a biomarker of embryo viability (Hernandez-Ledezma et al., 1992; Stojkovic 

et al., 1999; Neira et al., 2007). Production of IFNT is related to changes in glucose 

metabolism and the silencing of one of the two active-chromosomes (De La Fuente et 

al., 1999; Bermejo-Alvarez et al., 2011b). Sexually dimorphic production of IFNT was 

observed in both in vivo-derived and in vitro-produced bovine blastocysts, with female 

embryos synthesizing higher levels than their male counterparts (Larson et al., 2001; Kimura 

et al., 2004a). Inhibition of the pentose phosphate pathway abolishes sexually dimorphic 

IFNT production (Kimura et al., 2004b), thereby establishing a direct link between glucose 

metabolism and IFNT production in the developing embryo. In the present study, neither 

glucose nor DNP supplementation caused a loss in the sexually dimorphic production 

of IFNT; there was simply a reduction in IFNT production at high glucose and DNP 

concentrations. As the current study only uncoupled

OXPHOS, not the pentose phosphate pathway, this observation is consistent with our 

hypothesis that IFNT synthesis is associated with glucose production via the pentose 

phosphate pathway. The change in the amount of IFNT production between glucose 

concentrations, however, was unexpected and interesting. IFNT production was highest in 

the 1.5-mM-glucose treatment. Combined with reduced development rates associated with 

culture in 0 or 4 mM glucose, these data suggest conditions that compromise development 

result in reduced IFNT production that may hinder an embryo’s normal dialogue with the 

maternal reproductive tract during the perimplantation period.

CONCLUSION

Bovine blastocyst development was negatively affected by high glucose (4 mM) and the 

OXPHOS uncoupler DNP (100 μM). Sexually dimorphic production of IFNT was still 

evident, irrespective of glucose or DNP concentration, with optimal production observed at 

1.5 mM glucose. DNP skewed the sex ratio toward males even in the absence of glucose, 

and had an additive effect, further favoring males when glucose was present. These data 

support the hypothesis that the pentose phosphate pathway contributes to sex bias during 

bovine embryo development. Together with previous reports, these findings suggest that 

culturing bovine post-compaction embryos in the presence of high glucose (>2.5 mM) or 

supplementation with DNP preferentially favor the survival of males rather than females. 

The potential benefits of DNP supplementation are likely only evident in sub-optimal media 

systems. Therefore, culturing embryos under low-glucose (1.5 mM) conditions should help 

minimize bovine embryo stress, thus reducing male sex bias by minimizing the selective loss 

or delayed development of female embryos.
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MATERIALS AND METHODS

All chemicals were purchased from Sigma–Aldrich (St. Louis, MO), unless otherwise stated.

In Vitro Maturation, Fertilization, and Culture of Bovine Embryos

Oocytes (n = 9662) recovered from slaughterhouse-derived ovaries were supplied by BoMed 

Inc. (Madison, WI) and matured in TCM 199 with 10% (v/v) fetal bovine serum (FBS), 

0.5 μg/mL follicle-stimulating hormone (Folltropin V; BIONICHE Animal Health Canada, 

Belleville, ON), 1 μg/mL 17β-estradiol, and 0.2 mM sodium pyruvate. Maturation was 

undertaken for 24 hr under mineral oil in a humidified 5% CO2 in atmospheric air.

Matured oocytes were fertilized as previously described (Kubisch et al., 1998; Kimura et al., 

2004b) using frozen-thawed semen at a final concentration of 1 × 106 per mL in IVF-TL 

supplemented with 0.6 % (w/v) bovine serum albumin (BSA) and 20 μg/mL heparin. 

The day of fertilization was defined as Day 0. Presumptive zygotes were recovered after 

18 hr, and cumulus cells were removed by vortexing and pipetting vigorously in 0.02% 

hyaluronidase-supplemented medium. Zygotes were subsequently cultured in 25-μL drops 

(n = 25 zygotes per drop) of D-glucose-free, modified synthetic oviduct fluid supplemented 

with amino acids and 0.4% BSA (mSOFaa) (Takahashi and First, 1992) at 39°C in 5% CO2, 

5% O2, 90% N2. Eight-cell stage embryos were collected at 72 hr post-insemination, and a 

subset from each culture was randomly removed to analyse sex ratio. The remaining 8-cell 

stage embryos were used for the experimentsdescribed below.

Experimental Design

2,4-dinitrophenol (DNP), an inhibitor of mitochondrial respiration that uncouples OXPHOS 

from electron transport, was added to the medium at two concentrations (10 and 100 μM) 

based on previous studies (Thompson et al., 2000; Rieger et al., 2002). DNP does not 

dissolve in water, so stock solutions were made by dissolving the compound in acetone, 

which were then diluted in culture medium to produce the working dilutions (10 and 100 

μM) with a final concentration of 0.01% acetone in these and control (0 μM DNP) cultures. 

Embryo quality was evaluated using a 1–4 scale (Kubisch et al., 1998; Larson et al., 2001), 

while embryo development was assessed using an expanded classification scale that has 

been previously described by Kimura et al. (2005): 1 = early morula; 2 = compact morula; 3 

= early blastocyst; 4 = mid blastocyst; 5 = expanded blastocyst <2 times the normal diameter 

of normal embryo; 6 = expanded blastocyst >2 times the normal diameter; 7 = hatching 

blastocyst; and 8 = hatched blastocyst.

At 72 hr post-insemination (Day 3), 8-cell embryos were cultured in 25 μL drops (n = 

25 embryos per drop) of mSOFaa containing 0, 1.5, or 4 mM of D-glucose at 39°C under 

mineral oil in 5% CO2, 5% O2, 90% N2 until 192 hr post-insemination (Day8). At 120 

hr post-insemination (Day 5), the development and quality of morula-stage embryos were 

recorded. Morulae were randomly transferred into new drops containing 0, 1.5, or 4 mM of 

D-glucose supplemented with one of three DNP concentrations (0, 10, or 100 μM). At 19 2hr 

post-insemination, embryo development and quality were again assessed prior to collection 

and freezing of embryos for sex determination.
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Individual Embryo Culture for the Analysis of IFNT

Following developmental and quality scoring at 192 hr post-insemination, a cohort of 

grade-1 to −3 embryos were individually cultured in a 55-μL drop of buffalo rat liver-

conditioned TCM 199 media supplemented with 10% FBS at 39°C and 5% CO2, 5% O2, 

90% N2. After 24 hr and 48 hr, embryos were re-assessed for developmental stage and 

quality, and the media collected to assess IFNT concentration at each time point. At the end 

of the 48 hr culture, embryos were snap frozen at −80°C for later sex determination.

Embryo culture medium was analyzed for antiviral activity via a cytopathic reduction assay 

(n = 13) involving Madin-Darby Bovine Kidney (MDBK) cells challenged with a vesicular 

stomatitis virus (Hernandez-Ledezma et al., 1992). The standard used was recombinant 

bovine IFNT1A with a known antiviral activity (7.5 × 107 IU mg−1) (Alexenko et al., 2000) 

that had been standardized against human IFNA (PBL Biomedical Laboratories; Piscataway, 

NJ). The assay protocol used has previously been described in detail (Larson et al., 2001).

Embryo Sexing

Preimplantation embryo DNA was extracted in 5 μL of lysis buffer (20 mM Tris-HCl, 

0.9% Tween-20, 0.9% NP-40, pH 7.5 with Proteinase K at a final concentration of 0.4 

mg/mL) (Canseco et al., 1994) at 55°C for 30 min followed by 10 min at 98°C. Sexing 

was performed by PCR amplification of a Y-specific DNA sequence (Peura et al., 1991), 

as described by Larson et al. (2001). Non-sex-specific bovine satellite primers (Peura 

et al., 1991) were included in the reaction mixture to ensure that amplification was 

successful. Bovine male and female genomic DNA (20 pg), as well as water samples 

were included as controls and treated exactly the same as embryonic DNA. Amplicons 

were visualized by electrophoresis on a 4% agarose gel. Amplification of bovine DNA by 

satellite oligonucleotides yielded a 216-bp band, and the Y-specific oligonucleotides yielded 

a 301-bp band.

Statistical Analyses

IFNT antiviral values were natural-log transformed to reduce variability. Embryo 

development rates and blastocyst developmental stage, as well as quality in each replicate, 

were arcsine transformed prior to analysis. A generalized linear mixed model followed by 

Tukey’s post-hoc comparison was used to investigate the effect of treatment (both DNP and 

glucose concentrations) and sex on development, quality, and IFNT production of embryos. 

Interactions between the main effects were also examined with culture replicate included as 

a random factor in the model. All analyses were run using the Proc Mix Glimmix procedure 

of SAS software version 9.1 (SAS institute, Cary, NC). Sex ratio (proportion that were 

male) was compared, with an expected 1:1 ratio by a corrected χ2 procedure as well as by 

binomial analysis. Results are presented as the least squared mean ± standard error of the 

mean, unless otherwise stated. Significance was determined at the level of P < 0.05.
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Figure 1. 
IFNT production of Day-8 male (M) and female (F) blastocysts (n = 190) after (A) 24 hr 

(Day 9) and (B) 48 hr (Day 10) of culture following treatment with D-glucose (0, 1.5, or 

4 mM) and/or DNP (0, 10, or 100 μM). Means ± standard errors of the mean are shown. 

Different superscripts indicate statistically significant differences within a treatment (P < 

0.05).
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TABLE 3.

IFNT Production of Day-8 Bovine Blastocysts After 24 hr (Day 9) and 48 hr (Day 10) of Culture, Following 

Treatment With Glucose (0, 1.5, or 4 mM)

Glucose (mM) Sex n IFNT 24 hr (units) IFNT 48 hr (units)

0 F 28 1.91 ± 0.15a 3.53 ± 0.19ac

M 27 0.91 ± 0.13b 2.13 ± 0.17bd

1.5 F 25 2.79 ± 0.19c 4.08 ± 0.24c

M 28 2.04 ± 0.18a 2.78 ± 0.23ab

4 F 17 1.84 ± 0.21a 2.88 ± 0.27ab

M 19 0.79 ± 0.17b 1.45 ± 0.22d

Main effect shown as mean ± standard error of the mean. Different superscripts represent statistically significant differences within a time point. n 
= 144 embryos from three biological replicates.
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TABLE 4.

IFNT Production of Day-8 Bovine Blastocysts After 24 hr (Day 9) and 48 hr (Day 10) of Culture, Following 

Treatment With DNP (0, 10, or 100 μM)

DNP (μM) Sex n IFNT 24 hr (units) IFNT 48 hr (units)

0 F 27 2.48 ± 0.17a 3.84 ± 0.22a

M 28 1.70 ± 0.15b 2.68 ± 0.19b

10 F 25 2.52 ± 0.17a 3.78 ± 0.22a

M 32 1.42 ± 0.14b 2.56 ± 0.18b

100 F 18 1.54 ± 0.20b 2.86 ± 0.26ab

M 14 0.63 ± 0.19c 1.14 ± 0.25c

Main effect shown as mean ± standard error of the mean. Different superscripts represent statistically significant differences within a time point. n 
= 144 embryos from three biological replicates.
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