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Abstract: A divergent selection for resilience was carried out in rabbits over 12 generations.
The selection criterion was increased (the HO line) and decreased litter size variability at
birth (the HE line). The HO line (more resilient) shows higher litter size than the HE line
(less resilient). The HO line sows higher litter size and embryo development than the HE
line. The aim of this work is to investigate the plasma organic acid profile in both lines at
mating and early gestation in order to analyze the effect of selection by resilience in the
ovulation rate and early gestation. A total of 19 and 18 nonlactating multiparous females
from the HE and HO lines were used. The ovulation rate, normal embryos, and percentage
of compacted morulae at 72 h post-coitum (hpc) were studied, and blood samples were
obtained at mating and 72 hpc. The organic profile was determined by HPLC. Bayesian
methodology was used for statistical analysis. The HE line had 1.5% fewer normal embryos
and 12.3% fewer compacted morulae than the HO line. The ovulation rate was similar
in both lines. α-ketoglutaric acid and cis-aconitic acid were higher in the HE line than in
the HO line. Citric acid, lactic acid, and pyruvic acid were higher at mating than at early
gestation. In conclusion, the lower efficiency in the utilization of energy sources in the HE
line could explain the reduced embryo production observed. The organic profile varies
depending on the reproductive state in the female.

Keywords: glucose; gestation; litter size variability; mating; organic acid; ovulation

1. Introduction
The metabolism of the oocyte and early embryo depends on energetic substrates, such

as pyruvic acid, lactic acid, NADH, and FADH2, which originate from glycolytic activity
in cumulus cells and are transferred to the oocyte through gap junctions during antral
follicle development [1–3]. These metabolic substrates are essential for the mitochondria of
the oocyte or early embryo to produce ATP during oocyte maturation, fertilization, and
embryo development up to the blastocyst stage [4–6]. Additionally, the beta-oxidation of
fatty acids increases during ovulation and early gestation, providing substrates for the
citric acid cycle [7–11]. Understanding the metabolic needs of preimplantation embryos is
crucial for optimizing embryo growth. If the necessary energy substrates are not available
in sufficient concentrations or at the appropriate time, the embryo will be unable to develop.
Thus, the organic acid profile seems to be essential in this period to optimize the ovulation
rate and the number of embryos and their quality.

A divergent selection program for resilience as an objective was developed in rabbits.
But resilience is a trait that is difficult to measure directly. Thus, our team proposed
measuring resilience as the environmental variance in litter size within females. The HO
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line (more resilient) was selected for decreasing litter size variability, and the HE line (less
resilient) was selected for increasing litter size variability [12]. The genetic program was
successful, where the variability in litter size is 2.5 kits2 for the HO line and 5.5 kits2 for the
HE line after 12 generations of selection. Does of this line had lower inflammatory response
to infectious processes and greater resistance to diseases than the heterogeneous line (HE).
These findings align with the lower mortality rate of females at parturition, the reduced
percentage of litter mortality at birth and weaning, and the greater uniformity in litter
weight at weaning observed in the HO line [13]. In summary, the HO line demonstrated
greater resilience compared to the HE line [14,15]. In addition, females from the HE line
had a higher stress response and lower disease resistance and litter size than the HO
line [13–15], so the HO line can be considered more resilient than the HE line. The studies
carried out during early gestation indicate that the differences in litter size between the
lines appear in the early stages of embryo development, showing that the HO line had a
higher number of normal embryos and embryo development at 72 h post-coitum (hpc) than
the HE line [16,17]. The rabbit is a suitable experimental model for the study of ovulation
and early gestation because the timing of ovulation and embryo development is accurately
known [18]. Therefore, these lines provide extraordinary genetic material for the study of
energy requirements at ovulation and early gestation.

Apart from its use in the meat industry, the rabbit has been proposed as a model for
other productive species and for humans [18]. So, identifying novel biomarkers that may
play a significant role in monitoring the healthy progression of early gestation may be of
particular interest (Ref. [19] in women, Ref. [20] in cows, Ref. [21] in sheep). Furthermore,
these findings could contribute to the development of targeted supplements or therapeutic
strategies aimed at ensuring optimal maternal and fetal outcomes. So, the objective of this
study was to investigate the plasma organic acid profile in two lines selected divergently
for resilience at mating and early gestation and to analyze the effect of selection in the
ovulation rate, early gestation, and the plasma organic acid profile.

2. Materials and Methods
2.1. Animals

The animals came from the twelfth generation of a divergent selection experiment for
resilience, with the objective of selection with synthetic lines [12]. The selection criterion was
increased (the HO line) and decreased litter size variability at birth (the HE line). Variability
in the litter size was estimated as phenotypic variance in the litter size at birth within
females, considering all parities, after correcting litter size for the effects of year–season
and parity–lactation status (with 3 levels: primiparous females, multiparous nonlactating
females, and multiparous lactating females). Generations are discrete, and each generation
lasts approximately 12 months.

All animals were kept on the farm at the Miguel Hernández University (Spain). The
rabbits were fed a standard commercial pelleted diet (16.5% CP, 15.8% fiber, 4% fat, 36%
NDF, 18.5% ADF, 12% indigestible fiber, and 2.400 kcal digestible energy; Cunilactal, Nu-
treco, Spain). Food and water were provided ad libitum. The weight of the females
was 3650 g, ranging between 3550 g. and 3735 g. Each female was housed in a cage
with the following dimensions: 37.5 cm × 33 cm × 90 cm. The facilities were fully
equipped with fans and cooling. The photoperiod was 16 h continuous illumination
and 8 h continuous darkness.

2.2. Blood Sampling

A total of 19 and 18 nonlactating multiparous females from the HE and HO lines
were mated at the end of the fourth lactation between September and December of 2019.
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Following the blood sampling procedure described in [15], two blood samples of 3 mL were
drawn from the central artery of each doe’s ear at mating and 72 hpc. The blood sample
was collected into a tube with tripotassium ethylenediaminetetraacetic acid (K3-EDTA). All
samples were immediately centrifuged at 4000 rpm for 15 min, and the plasma was stored
at −80 ◦C until required for organic acid analyses.

2.3. Traits

The females were euthanized at 72 hpc by intravenous administration of sodium
thiopental at a dose of 50 mg/kg of body weight (Thiobarbital, B. Braun Medical S.A.,
Barcelona, Spain). The entire reproductive tract was immediately removed. The ovulation
rate was estimated as the number of corpora lutea in both ovaries. The total number of
embryos (TEs) was collected by perfusing the oviducts and uterine horns with 10 mL of
Dulbecco’s phosphate-buffered saline containing 0.2% BSA. The embryos were classified as
normal (NE) if they exhibited a homogeneous cellular mass and intact embryo coats, as
observed under a binocular stereoscopic microscope (Leica Mz 9.5; ×600) [16]. The percent-
age of normal embryos was determined using the formula: ([NE/TE] × 100). At 72 hpc, the
normal embryos were classified as early morulae or compacted morulae (Figures 1 and 2).
The compacted morulae were expressed as the percentage of normal embryos.
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2.4. Organic Acid Analyses

All the samples were analyzed in duplicate. First, 100 µL of plasma was mixed with
150 µL ultrapure water and left for 30 min at a temperature of 37 ◦C. After extraction, the
homogenized samples were centrifuged for 5 min at 16,000× g at 4 ◦C. The resulting extract
was filtered through a 0.45 µm cellulose filter (Macherey–Nagel, Düren, Germany); thereby,
the supernatant was obtained, which was transferred directly into vials of HPLC and stored
at −20 ◦C.

Concentrations of acetic acid, α-ketoglutaric acid, cis-aconitic acid, citric acid, lactic
acid, pyruvic acid, oxalic acid, and glucose were analyzed by High-Performance Liquid
Chromatography (Agilent 1100 series HPLC System, Santa Clara, CA, USA) with UV
detection at 50 ◦C, using an PLH-Plex-H Guard Column precolumn (50 × 7.7 mm) and
Agilent Hi-Plex H column (300 × 7.7 mm particle size). The mobile phase was a 0.01 mM
solution of H2SO4 at a flow rate of 0.4 mL/min with an injection volume of 20µL.

2.5. Statistical Analyses

The ovulation rate, normal embryos, and compacted morulae were analyzed with a
model, including the effects of the line (HE and HO lines).

The model for organic acids and glucose was the following:

Yijk = µ + Li + Rj + (LxR)ij + fijk + eijk

where Yijk is the trait, Li is the line effect (i = 2; HE and HO lines), Rj is the reproductive
state effect (j = 2; mating and early gestation), (LxR)ij is the interaction line by reproductive
state (ij = 4; HE_mating, HE_gestation, HO_mating, HO_gestation), fijk is the female effect
(37 levels, indicating repeated measures), and eijk is the error.
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Preliminary analyses were carried out, including weight in the model as a covariate.
But this term was removed from the model because it did not present relevant results,
maybe due to the low variation in female weight in the experiment.

The traits were analyzed using Bayesian methodology. Bounded flat priors were used
for all unknowns, with the exception of the female effect, which was considered normally
distributed with mean 0 and variance Iσf

2, where I is a unity matrix and σf
2 is the variance

in the female effect. Residuals were normally distributed with mean 0 and variance Iσe
2.

The priors for the variances were also bounded uniform. Features of the marginal posterior
distribution of differences between lines were estimated using Gibbs sampling. The Rabbit
program developed by the Institute for Animal Science and Technology was used for all
procedures [22]. Inferences were made from the estimated marginal posterior distributions
of the differences between the HE and HO (DHE-HO) lines and between mating and early
gestation. The probability of the difference between lines and moments being positive
when the difference is positive or being negative when the difference is negative (P) and
the highest posterior density (HPD95%) were calculated.

3. Results
3.1. Line Effect

Table 1 shows the features of the estimated marginal posterior distribution of the
differences between the HE and HO lines (DHE-HO) for the ovulation rate, normal embryos,
and percentage of compacted morulae. Both lines had a similar ovulation rate (10.7 and
10.3 corpora lutea for the HE and HO lines, P = 73%). The HE line had 1.5% fewer normal
embryos (P = 90%) and 12.3% fewer compacted morulae than the HO line (P = 95%).
Thus, the HE line showed lower embryo development at 72 hpc than the HO line. Hence,
increasing litter size variability had a negative effect on early embryonic development.

Table 1. Ovulation rate, normal embryos, and percentage of compacted morulae for the HE and
HO lines.

Trait HE HO DHE-HO HPD95% P (%)

Ovulation rate 10.7 10.3 0.4 −0.4; 1.2 73
Normal embryos (%) 81.9 83.4 −1.5 −1.8; 0.3 90

Compacted morulae (%) 62.5 74.8 −12.3 −15.0; 2.5 95
HE = median of the heterogeneous line; HO = median of the homogeneous line; DHE-HO: median of difference
between the high and low lines; HPD95%: highest posterior density region at 95%; P: probability of the difference
being >0 when DHE-HO > 0 and probability of the difference being <0 when DHE-HO < 0.

Table 2 shows the features of the marginal posterior distributions of the difference
between the HE and HO lines for the organic acid profile. The concentration of all organic
acids was higher in the HE line than in the HO line, and this difference was different from
zero for α-ketoglutaric acid and cis-aconitic acid (P > 90%). Both lines showed similar acetic
acid, citric acid, lactic acid, pyruvic acid, oxalic acid, and glucose (4.59 mg/mL).

When the organic acid profile and glucose concentration were studied between the
lines for each reproductive state, the results were similar (Figure 3). That is, α-ketoglutaric
acid and cis-aconitic acid concentrations were higher in the HE line than in the HO line,
both during mating and early gestation. Only during mating was the concentration of citric
acid and lactic acid 18% and 15% higher, respectively, in the HE line than in the HO line.
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Figure 3. Acetic acid, α-ketoglutaric acid, cis-aconitic acid, citric acid, lactic acid, pyruvic acid, oxalic acid, and glucose values (mean ± standard error of the posterior
marginal distribution) for line and reproductive state. * indicates that the probability of the difference between lines in the same reproductive state being greater than
0 (if the difference is >0) or less than 0 (if the difference is <0) is higher than 90%.
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Table 2. Organic profile for the HE and HO lines.

Organic Acid (mg/mL) HE HO DHE-HO HPD95% P (%)

Acetic acid 3.69 3.37 0.32 −1.48; 2.14 63
α-ketoglutaric acid 46.38 45.80 0.58 −0.07; 1.19 96

Cis-aconitic acid 0.52 0.39 0.13 −0.04; 0.28 93
Citric acid 56.87 50.44 3.67 −8.18; 21.25 80
Lactic acid 288.11 269.76 18.35 −47.22; 79.67 72

Pyruvic acid 21.18 21.12 0.06 −0.07; 0.19 82
Oxalic acid 0.55 0.51 0.04 −0.29; 0.38 60

Glucose 4.59 4.59 0.00 −0.80; 0.82 51
HE = median of the heterogeneous line; HO = median of the homogeneous line; DHE-HO: median of the difference
between the high and low lines; HPD95%: highest posterior density region at 95%; P: probability of the difference
being >0 when DHE-HO > 0 and probability of the difference being <0 when DHE-HO < 0.

3.2. Reproductive State

The concentration of citric acid was higher during mating than during early gesta-
tion (57.04 mg/mL and 50.26 mg/mL, respectively; P = 90%, Table 3). The lactic acid
concentration was 13% higher during mating than at 72 hpc (P = 90%). Pyruvic acid was
21.21 mg/mL during mating and 21.09 during early gestation (P = 90%). The concentration
of acetic acid, α-ketoglutaric acid, cis-aconitic acid, oxalic acid, and glucose was similar
during both mating and early gestation (P < 87%).

Table 3. Organic profile for mating and gestation stage.

Organic Acid (mg/mL) M G DM-G HPD95% P (%)

Acetic acid 3.45 3.61 −0.16 −1.60; 1.17 58
α-ketoglutaric acid 46.21 45.96 0.27 −0.31; 0.84 81

Cis-aconitic acid 0.49 0.43 0.06 −0.06; 0.15 87
Citric acid 57.04 50.26 6.58 −4.23; 17.66 90
Lactic acid 296.16 261.38 35.28 −20.80; 93.82 90

Pyruvic acid 21.21 21.09 0.12 0.03; 0.22 90
Oxalic acid 0.50 0.56 −0.06 −0.23; 0.12 74

Glucose 4.44 4.73 −0.29 −0.83; 0.31 85
M = median during mating; L = median during gestation; DM-G: median of difference between mating and
gestation; HPD95%: highest posterior density region at 95%; P: probability of the difference being >0 when DM-G
> 0 and probability of the difference being <0 when DM-G < 0.

4. Discussion
A divergent selection experiment on resilience was conducted in rabbits, where

resilience was measured from litter size variability [12]. Line differences in immune
response biomarkers (plasma cortisol, leukocytes, and acute-phase protein levels), in
plasma cholesterol and triglycerides, management of energy reserves, and mortality were
obtained [13–15,23]. Moreover, the most resilient line (HO) showed higher litter size at
birth than the less resilient line (HE) [12].

We demonstrated that both lines exhibit similar ovulation rates; nevertheless, recent
studies suggest that ovarian folliculogenesis is more efficient in the HO line than the HE
line [24]. Furthermore, the HO line shows a higher embryo development and percentage
of normal embryos at 72 hpc. These differences are maintained at 12 days of gestation
and persist until parity [13,16,17]. Therefore, it is during the early stages of embryonic
development that differences between the lines become evident.

Interestingly, the study of the organic acid profile indicates that the HE line shows a
higher concentration of various substrates of the Krebs cycle, with particularly high levels
of α-ketoglutaric acid, cis-aconitic acid, lactic acid, and citric acid. The oocyte stockpiles
substrates of the Krebs cycle, which are used by mitochondria to produce ATP, essential for



Agriculture 2025, 15, 471 8 of 11

supporting processes such as oocyte maturation, fertilization, and embryo development
up to the blastocyst stage [25–27]. It would appear that the energy requirements of the
HE line are higher than in the HO line, but its productivity is lower in terms of viability
and embryonic development. Our findings suggest a lower efficiency in the utilization
of energy sources in the HE line, as its energetic demand, measured as the concentration
of substrates of the Krebs cycle, is higher than that of the HO line for comparable oocyte
production and lower embryo yield.

Thus, this study reveals that the HO line (more resilient) has better reproductive
outcomes, which could be a direct consequence of more efficient energy use. This result
could lay the groundwork for identifying new biomarkers in the organic acid profile
that are essential for a healthy early gestation. Additionally, these findings may aid in
developing targeted supplements or therapeutic approaches to support optimal health in
gestating females.

Ovulation in rabbit females is induced by mating, making it possible to accurately
determine the timing of ovulation and embryonic development [18]. This particularity
suggests a lower efficiency in the utilization of energy sources in the HE line, as its energetic
demand is higher than that of the HO line for similar oocyte production, and lower
embryo production enables precise embryological studies to identify the main substrates
required for energy production during ovulation and early gestation. Our results suggest
that ovulation demands more energy than early gestation, as concentrations of citric
acid, lactic acid, and pyruvic acid are higher at the time of mating. Before maturation,
the oocyte accumulates metabolic substrates, such as pyruvate and lactate, through gap
junctional transfer from the cumulus cells [26–28]. As it transitions from the germinal
vesicle stage to metaphase II, mitochondrial activity increases to generate the ATP required
for meiotic maturation [5,6,29,30]. During this process, energy production via oxidative
phosphorylation is enhanced [31–33]. Additionally, Reiger and Loskutoff [34] reported that
pyruvate metabolism through the Krebs cycle increases during the in vitro maturation of
cattle oocytes, indicating that oxidative metabolism is the primary pathway for cellular
energy production at this stage.

Our results indicate that energetic requirements are lower during early gestation than
during ovulation. Rabbit zygotes can complete three cleavage divisions in the complete
absence of nutrients [35], with similar findings reported for cattle zygotes [36]. Addition-
ally, studies on mouse preimplantation embryos have demonstrated a low rate of energy
metabolism, primarily due to the limited activity of specific Krebs cycle enzymes [37].
However, more advanced developmental stages, such as the blastocyst, exhibit significantly
increased metabolic activity [38].

During preimplantation embryo development, glucose, pyruvate, and lactate serve
as energy substrates [26,29]. The main source of energy varies depending on the species
studied. For instance, developing murine embryos rely on pyruvate as their main energy
source until they reach the blastocyst stage [39], while lactate is essential for the develop-
ment of hamster embryos [40] and bovine embryos [41]. Conversely, in porcine embryos,
pyruvate utilization remains minimal at all examined stages, both in vitro and in vivo, with
significant increases observed only at the blastocyst stage [42,43]. The substrate with the
highest concentration found in 72 hpc pregnant rabbits, when the embryos are at the morula
stage, is lactic acid. Lactate serves not only as an energy source during preimplantation
development but also as a potent cytosolic reductant via the activity of lactate dehydro-
genase [44]. Additionally, lactate increases pyruvate metabolism in mouse embryos [45].
Nevertheless, lactate has been shown to inhibit the preimplantation development of pig
embryos [46,47].
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A recurring pattern in embryo metabolism is the increased reliance on glycolysis and
glucose utilization as preimplantation development progresses in pigs [48], sheep [49],
and cattle [50]. However, species-specific metabolic preferences are evident. For example,
glucose inhibits all stages of hamster embryo development [51]. Similarly, glucose can
have an inhibitory effect on murine [52] and bovine [53] embryos when present before
the maternal–zygotic transition. In hamster embryos, glucose is not the preferred energy
substrate and inhibits preimplantation development in vitro [51]. Interestingly, our results
indicate that glucose levels remain unchanged from ovulation to 72 hpc.

The results are clear despite the sample size of the experiment. However, a larger sam-
ple size would be desirable in future studies to strengthen the validity of the findings. We
suggest future avenues for research based on the findings. For instance, investigating how
the organic acid profile evolves throughout the entire gestation period and its correlation
with the offspring’s health and development and examining the effect of supplementation
or dietary changes on the organic acid profile and reproductive performance in the HE line.

5. Conclusions
In conclusion, the lower efficiency in the utilization of energy sources in the HE line

compared to the HO line could explain the reduced embryo production observed in the HE
line. The organic profile of plasma varies depending on the reproductive state in the rabbit
female, adapting to the energetic demands of mating and early gestation.
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