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Abstract: In vitro embryo production (IVP) is a valuable technique for advancing cattle breeding and reproduc-
tive biotechnology. Nevertheless, embryos produced in vitro often display reduced developmental competence
and cryotolerance compared with their in vivo counterparts. Vitamin D is known to regulate many cellular func-
tions, including growth and antioxidant defence. This study evaluated the impact of vitamin D supplementation
during in vitro culture on bovine embryo development and post-thaw recovery. Oocytes were matured and fertilised
in vitro and presumptive zygotes were cultured with 0 (control), 25, or 50 ng/ml of 1a,25-dihydroxyvitamin Ds.
Supplementation of 25 ng/ml vitamin D did not significantly alter cleavage or blastocyst rates; however, it increased
the expression of IGF2R and SOD2. In contrast, 50 ng/ml impaired embryonic development. the VD/VD group
showed higher blastocyst hatching rates, lower mitochondrial reactive oxygen species (ROS) levels, increased
IGF2R expression and reduced BAX expression and BAX/BCL2L1 ratio (P < 0.05). Overall, these findings suggest
that the low-dose vitamin D supplementation may support embryonic recovery from cryo-induced stress, poten-
tially through the modulation of the oxidative balance and growth-related pathways, rather than by enhancing the
pre-freezing developmental competence.
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Invitro embryo production (IVP) in cattle hasbe-  in genetic improvement, conservation of endan-
come indispensable in modern livestock breeding  gered breeds and commercial embryo transfer pro-
and biotechnology, offering valuable applications grammes (Sirard 2018; Ferre et al. 2020). Despite
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these advances, the efficiency of IVP remains
lower than that achieved in vivo, with suboptimal
rates of fertilisation, cleavage, and blastocyst for-
mation (Banliat et al. 2022; Krisher and Herrick
2024). Recent studies have confirmed that in vitro
produced bovine embryos show the poorer sur-
vival after freeze-thawing and larger differences
in developmental competence compared with
in vivo-derived embryos (Janati Idrissi et al. 2021;
Banliat et al. 2022). These limitations are primarily
attributed to the artificial environment in which
gametes and embryos are maintained, which lacks
many physiological cues, signalling molecules
and growth factors naturally provided by the ma-
ternal reproductive tract (Wetscher et al. 2005).
Therefore, considerable attention has been directed
toward improving in vitro culture systems by sup-
plementing media with bioactive molecules that
mimic the oviductal and uterine milieu (Lopera-
Vasquez et al. 2017).

Among the factors of interest is vitamin D,
namely, a secosteroid hormone classically known
for its regulation of calcium and phosphorus me-
tabolism but increasingly recognised for its pleio-
tropic effects on cell growth, immune function,
and differentiation (Christakos et al. 2016). The
discovery of vitamin D receptors (VDRs) and vi-
tamin D-metabolising enzymes in reproductive
tissues, including bovine oocytes, granulosa cells
and in the uterus, indicated that vitamin D may
play a physiological role in reproduction and early
embryogenesis (Xu et al. 2021). Vitamin D metabo-
lites have been detected in the bovine follicular
fluid, suggesting their direct influence on oocyte
competence and follicular development (de Souza
et al. 2022). Moreover, VDR expression has been
reported in the reproductive tissues of various
mammalian species, including bovine reproduc-
tive organs, implying that vitamin D signalling can
modulate meiotic progression and cytoplasmic
maturation processes critical for subsequent em-
bryonic development (Xu et al. 2021). These find-
ings are consistent with those of studies in humans
and other mammals, showing that vitamin D de-
ficiency can impair fertility and reproductive out-
comes (Grzechocinska et al. 2013).

In vitro culture conditions can influence not
only embryo development but also the expression
of genes related to growth regulation, oxidative
stress and embryo quality. Previous studies have
shown that suboptimal culture environments may
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alter embryonic gene expression without markedly
affecting morphological development (Arias et al.
2012; Cagnone and Sirard 2016). In particular, the
genes involved in growth regulation and oxida-
tive stress responses, such as IGF2R and SOD2,
are highly sensitive to in vitro conditions and re-
dox balance (Ludwig et al. 1996; Young et al. 2001;
Arias et al. 2012). Despite continuous improve-
ments in iz vitro culture systems, the optimal cul-
ture environment required to support appropriate
embryonic gene expression remains incompletely
defined (Cagnone and Sirard 2016; Krisher and
Herrick 2024). Further studies are required to de-
termine the optimal culture conditions that sup-
port the appropriate expression of key embryonic
development-related genes.

Embryos produced by in vitro culture are also
susceptible to cryopreservation-induced stress.
Previous studies have shown that cryopreservation
can impair the mitochondrial function, resulting
in elevated oxidative stress and reduced develop-
mental competence after thawing (Marsico et al.
2019; Cao et al. 2022). The role of vitamin D may
extend beyond oocyte maturation and may also in-
fluence pre-implantation embryonic development.
VDR expression has been detected in mammalian
oocytes and early embryos of several species, in-
cluding mice and humans, suggesting potential
vitamin D responsiveness during early embryogen-
esis (Xu et al. 2018; Li et al. 2024). However, the
specific effects of vitamin D on embryonic quality
and developmental competence are unclear. In vitro
studies have shown that supplementation of ac-
tive vitamin D can influence blastocyst formation
and quality-related gene expression, although the
available data remain limited and suggest species-
specific and dose-dependent responses (de Souza
et al. 2022; Bognar et al. 2023).

In this study, we investigated the effects of vi-
tamin D supplementation during bovine in vitro
culture (IVC) and post-warming recovery on em-
bryo development and cryotolerance. We evalu-
ated developmental competence, post-warming
survival and hatching, mitochondrial oxidative
stress, and the expression of genes associated
with embryo quality. We hypothesised that vita-
min D supplementation would improve the post-
warming developmental competence of vitrified
bovine blastocysts by reducing oxidative stress
and modulating the expression of genes related
to embryo quality.
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MATERIAL AND METHODS

In vitro embryo production. Ovaries were
collected from slaughtered cows and immedi-
ately placed in physiological saline maintained
at 30-35 °C for transportation to the laboratory.
Follicles of 2—-7 mm in diameter were aspirated
and cumulus-oocyte complexes (COCs) display-
ing homogeneous cytoplasm and compact cumulus
layers were selected. The COCs were matured for
20-22 h at 38.5 °C under 5% CO, in TCM-199 me-
dium supplemented with 10% foetal bovine se-
rum (FBS; Gibco-BRL, NY, USA), 0.2 mM sodium
pyruvate, 50 pg/ml gentamicin (Sigma, St. Louis,
MO, USA), 0.02 IU/ml follicle-stimulating hor-
mone (FSH), 5 pg/ml luteinising hormone (LH)
and 1 pg/ml oestradiol (Sigma).

For fertilisation, frozen semen was thawed
at 37 °C for 45 s and purified by Percoll gradient
centrifugation at 1 500 x g for 10 minutes. The
sperm (1 x 10°/ml) were added to fertilisation drop-
lets containing matured oocytes (approximately
5-10 x 10° sperm per oocyte). Insemination was
carried out for 8 h in IVF100 medium (Research
Institute for Functional Peptides, Yamagata, Japan).
After insemination, cumulus cells were removed
with 300 IU hyaluronidase and presumptive zygotes
were collected for further culture.

Presumptive zygotes were cultured for 168 h post
fertilisation (hpf) at 38.5 °C under 5% CO, and 5%
O, in the following groups: (i) control, modified
synthetic oviductal fluid with amino acids (mSOFaa
medium); (if) 25VD, mSOFaa medium with 25 ng/ml
of 1a,25-dihydroxyvitamin D, (vitamin D; Sigma);
(iii) 50VD, mSOFaa medium with 50 ng/ml of vita-
min D. A vitamin D stock solution (50 pg/ml) was
prepared by dissolving the compound in dimethyl
sulfoxide (DMSO) and storing the resulting solu-
tion below —20 °C. The final DMSO concentration
in the culture medium was maintained at 0.1% for
all groups, including the control group. The control
and 25VD groups were generated from nine inde-
pendent IVP replicates, whereas the 50VD group
was generated from five replicates because this
treatment yielded very few blastocysts across the
batches. The additional blastocysts required for
vitrification were obtained only from the control
and 25VD groups. Embryonic development was as-
sessed at 48, 120, and 168 hpf by determining the
cleavage, 8-cell and morula, and blastocyst rates,
respectively (Bo and Mapletoft 2013).

Vitrification and warming of blastocysts.
Embryos were vitrified using the Cryotop method
(Liu et al. 2008). Blastocysts (168 hpf) were washed
in phosphate-buffered saline (PBS) containing 20%
FBS and equilibrated with 7.5% dimethyl sulfoxide
(DMSO) and 7.5% ethylene glycol (EG) for 3 min
at room temperature. They were subsequently
transferred to 15% DMSO, 15% EG, and 0.5 M su-
crose for 1 min, and four blastocysts were loaded
onto a Cryotop (Kitazato Supply Co., Fujinomiya,
Japan), and plunged into liquid nitrogen. For warm-
ing, Cryotops were placed into a 0.5 M sucrose so-
lution containing 20% FBS, followed by stepwise
dilution in 0.5, 0.3 and 0.2 M sucrose for 5 min each.
Blastocysts were washed in PBS containing 20% FBS
for 5 min and cultured for 48 h in the IVC medium.

Four experimental groups were used to assess the
effects of vitamin D supplementation after vitrifica-
tion. For clarity, the treatment combinations after
vitrification-warming were designated as follows:
C/C = blastocysts derived from the control group
(0 ng/ml vitamin D) and cultured in control me-
dium during post-warming culture; C/VD = blasto-
cysts derived from the control group and cultured
with vitamin D (25 ng/ml) during post-warming
culture; VD/C = blastocysts derived from the 25VD
group (25 ng/ml vitamin D) and cultured in control
medium during post-warming culture; and VD/
VD = blastocysts derived from the 25VD group
and cultured with vitamin D (25 ng/ml) during
post-warming culture. Following vitrification and
warming, the survival rate was defined as the per-
centage of warmed blastocysts that re-expanded
with an intact blastocoel within 24 h and the pro-
portion of hatched blastocysts was calculated
based on the number of surviving embryos after
48 h of culture. All the groups were replicated four
times, except for the VD/C group, which was rep-
licated three times.

Apoptosis analysis and detection of reactive
oxygen species (ROS). Apoptotic cells within blas-
tocysts were identified using the terminal deoxy-
nucleotidyl transferase dUTP nick-end labelling
(TUNEL) assay (Kwon et al. 2023). Randomly se-
lected blastocysts from each treatment group were
fixed in 4% (w/v) paraformaldehyde for 30 min and
permeabilised with 0.5% Triton X-100 (Sigma) for
30 min at room temperature. The fixed embryos
were labelled with an In-Situ Cell Death Detection
Kit (TMR Red; Roche, Germany) for 1 h at 38.5 °C
in the dark. The stained embryos were then mount-
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ed on slides with ProLong Gold Antifade Mountant
containing DAPI (Thermo Fisher Scientific, OR,
USA) and covered with glass coverslips before
fluorescence imaging. Images were captured un-
der an inverted epifluorescence microscope under
identical microscope settings. The total cell num-
bers were counted manually using the Cell Counter
tool in Image] software (v1.54d; NIH, USA).
Because the images were acquired as single-plane
2D projections, nuclei were identified based on the
DAPI signal shape, boundary contrast and inten-
sity differences. To minimise subjectivity, partially
overlapping nuclei were carefully distinguished
by examining the differences in contour and sig-
nal intensity, ensuring that all identifiable nuclei
within each blastocyst were consistently counted.
The apoptotic index was calculated as the ratio
of TUNEL-positive to total DAPI-stained nuclei
per blastocyst.

For ROS detection, blastocysts were incubated
with 1 uM MitoSOX (Thermo Fisher Scientific,
OR, USA) at 48 hpf after warming for 30 min
at 38.5 °C under 5% CO,. After staining, embryos
were mounted as described above and fluorescence
images were taken at 200x magnification using
an inverted microscope under identical microscope
settings. The semi-quantitative MitoSOX intensity
was estimated using the Image] software. For each
embryo, the entire embryonic area was manually
outlined using a freehand selection tool while ex-
cluding the zona pellucida and background regions.
Mean intensity and embryo area were measured us-
ing a freehand selection tool (Kageyama et al. 2021).

https://doi.org/10.17221/61/2026-CJAS

Gene expression analysis. Total RNA extrac-
tion and complementary DNA (cDNA) synthesis
were performed using the manufacturer’s proto-
cols (Qiagen). RNA from individual blastocysts
(five blastocysts from each treatment group)
in each group was converted to cDNA with the
FastLane Cell cDNA Kit (Qiagen, Valencia, CA,
USA). Quantitative RT-PCR was conducted using
PowerUp™ SYBR™ Green Master Mix (Invitrogen)
on a Real-Time PCR System (Life Technologies).
The amplification programme included an initial
step at 95 °C for 1 min followed by 40 cycles of 95 °C
for 15 s and 60 °C for 1 minute. Data were processed
with QuantStudio™ Design & Analysis Software
(v1.5.2). The genes analysed in this study are key
regulators of embryo quality: insulin-like growth
factor 2 (IGF2R), superoxide dismutase (SOD2),
chloride intracellular channel proteins (CLICI),
BCL-2-associated X protein (BAX) and BCL2 Like 1
(BCL2LI). The BAX/BCL2L1 ratio was calculated
using relative quantification (RQ) values by divid-
ing the normalised expression value of BAX by that
of BCL2L1. All experiments were performed in trip-
licate. Primer sequences used for target genes are
listed in Table 1.

Statistical analysis. All analyses were per-
formed using the SPSS software v23.0 (IBM, USA).
Developmental rates, gene expression, apoptotic
index and MitoSOX fluorescence intensity were an-
alysed using one-way ANOVA followed by Tukey’s
HSD post-hoc tests. Differences in cell numbers
were analysed using an independent sample ¢-test.
Statistical significance was accepted at P < 0.05.

Table 1. Primer sequences used for quantitative RT-PCR analysis

Gene Primer sequences (5' to 3') Product size (bps) Accession No.
E- GCAGAGGATGATCGCAGCTG

BAX 197 U92569
R- CCAATGTCCAGCCCATGATG
F- CGTGGAAAGCGTAGACAAGGAG

BCL2L1 133 AB238936
R- GTAGAGTTCCACAAAAGTGTC
F- GTGAACAACCTCAACGTCGC

SOD2 165 NM_201527.2
R- GGGTTCTCCACCACCGTTAG
F- GGCTCCTGAAAGCCCTGAAA

CLIC1 132 NM_001015608.1
R- CCAGAGTGAGCTCATTGCCA
F- GCTGCGGTGTGCCAAGTGAAAAAG

IGF2R 201 NM_174352.2
R- AGCCCCTCTGCCATTGTTACCT
F- GCCATCAATGACCCCTTCAT

GAPDH 70 NM_001034034.2
R- TGCCGTGGGTGGAATCA
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RESULTS

In vitro development of fresh embryos after
IVE. Cleavage, 8-cell, morula and blastocyst for-
mation rates are summarised in Table 2. Cleavage
and development to the 8-cell stage did not dif-
fer significantly between groups. However, pro-
gression to the morula and blastocyst stages was
significantly reduced in the 50VD group (23.2 +
9.5% and 16.8 + 9.2%, respectively) compared with
that in the control (43.0 + 12.3% and 34.9 + 13.3%,
respectively) and 25VD groups (36.2 + 10.5% and

33.3 £ 10.2%, respectively) (P < 0.05). No differ-
ences were observed between the control and 25VD
groups, indicating that high concentrations of vita-
min D impaired late-stage embryonic development,
whereas low concentrations did not adversely affect
developmental competence.

Total cell number, apoptosis and gene expres-
sion in fresh blastocysts. The total cell number
and apoptotic cell index of the blastocysts did
not differ between the groups (Figure 1A,B). The
relative gene expression analysis revealed that
IGF2R and SOD2 were significantly upregulated

Table 2. Effects of vitamin D supplementation on the in vitro development of bovine embryos

Cultured No. (%) of embryos developed to:
Group

embryos cleaved 8-cell morula blastocysts
Control 272 191 (70.2 £ 14.5) 146 (53.7 £ 13.6) 117 (43.0 £ 12.3)* 95 (34.9 + 13.3)
25VD 246 162 (65.8 + 7.8) 131 (53.3 + 10.8) 89 (36.2 + 10.5)° 82 (33.3 + 10.2)°
50VD 125 70 (56.0 + 21.0) 49 (39.2 + 18.1) 29 (23.2 + 9.53)° 21 (16.8 + 9.2)

abDifferent superscripts within the same column indicate significant differences (P < 0.05); Values are presented as mean + SEM

Cleavage, 8-cell, morula, and blastocyst rates were evaluated at 48, 120, and 168 hpf of culture in the control, 25VD

(25 ng/ml vitamin D), and 50VD (50 ng/ml vitamin D) groups, respectively
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Figure 1. Assessment of blastocyst (BL) quality in the control and vitamin D groups

Control 25VD 50VD

Total cell numbers (A) and apoptotic index (B) were analysed in the control (# = 15), 25VD (25 ng/ml vitamin D, n = 15)
and 50VD (50 ng/ml vitamin D, n = 13) groups. Apoptotic index = TUNEL-positive cells/total DAPI-stained cells per
blastocyst. Gene expression was determined by quantitative RT-PCR, normalised to GAPDH and expressed as relative

fold changes with the control group set to 1 (C—H). RNA was extracted from individual blastocysts (five from each treat-

ment group at 168 hpf of culture). The BAX/BCL2L1 ratio was calculated by dividing the normalised expression value
of BAX by that of BCL2L1

*~“Different superscripts denote significant differences between the groups (P < 0.05); Bars represent mean + SEM
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in the 25VD and 50VD groups compared with
those in the control group (Figure 1C,D; P < 0.05).
Expression of CLICI did not differ between the
groups (Figure 1E). Although BAX and BCL2L1 lev-
els were slightly increased in the 50VD group, these
differences were not found to be statistically sig-
nificant (Figure 1F,G). Consequently, the BAX/

https://doi.org/10.17221/61/2026-CJAS

(Figure 1H). These results show that vitamin D
does not affect cellular morphology or apoptosis
in fresh blastocysts but it enhances the expression
of growth-related genes and genes encoding anti-
oxidant enzymes.

Survival and hatching of frozen-thawed blas-
tocysts. As shown in Table 3, the survival rate

BCL2L1 ratio did not differ between the treatments  of frozen-thawed blastocysts was lowest in the C/C

Table 3. Survival and hatching rates of frozen-thawed blastocysts from the control and 25VD IVC groups following
vitamin D treatment

Treatment (replicate) No. of blastocysts thawed No. (%) of blastocysts survived No. (%) of hatched blastocysts

c/C 41 28 (68.3 + 10.0) 8(28.6 + 11.4)*
C/VD 46 38 (82.6 + 12.6) 27 (71.1 + 12.8)P
VD/C 32 25 (78.1+ 11.8) 10 (40.0 + 11.4)*
VD/VD 42 37 (88.1+12.1) 32 (865 + 14.5)°

abDifferent superscripts within the same column indicate significant differences (P < 0.05); Values are presented as mean + SEM
Post-warmed blastocysts from C and 25VD groups were cultured either without vitamin D (C/C, VD/C) or with 25 ng/ml
vitamin D (C/VD, VD/VD). The survival rate was assessed at 24 h and the hatching rate was assessed at 48 h after warm-

ing and calculated based on the number of surviving embryos
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Figure 2. Quality evaluation of frozen-thawed blastocysts (BL) from the control and vitamin D groups

Post-warmed blastocysts from C and 25VD groups were cultured either without vitamin D (C/C, VD/C) or with 25 ng/ml
vitamin D (C/VD, VD/VD). Total cell numbers (A) and apoptotic index (B) were analysed in the C/C (n = 14), C/VD
(n =15), VD/C (n = 14), and VD/VD (n = 14) groups. Apoptotic index = TUNEL-positive cells/total DAPI-stained cells
per blastocyst. Gene expression was determined by quantitative RT-PCR, normalised to GAPDH and expressed as rela-
tive fold changes with the C/C group set to 1 (C—H). RNA was extracted from individual blastocysts (five from each
treatment group at 48 hpf of culture). The BAX/BCL2L1 ratio was calculated by dividing the normalised expression value
of BAX by that of BCL2L1

abDifferent superscripts denote significant differences between the groups (P < 0.05); Bars represent mean + SEM
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Figure 3. MitoSOX fluorescence intensity in frozen-thawed bovine blastocysts following vitamin D treatment

Post-warmed blastocysts from C and 25VD groups were cultured either without vitamin D (C/C, VD/C) or with 25 ng/ml
vitamin D (C/VD, VD/VD). (A) Representative fluorescence images of the blastocysts from the C/C (n = 16), C/VD (n = 12),
VD/C (n = 13) and VD/VD (n = 16) groups. Blastocysts were stained with MitoSOX (green) to detect mitochondrial
ROS, TUNEL (red) for apoptotic nuclei and DAPI (blue) for total nuclei, and images were merged. (B) Quantification

of MitoSOX fluorescence intensity. Scale bars indicate 100 um

abDifferent superscripts denote significant differences between the groups (P < 0.05); Bars represent mean + SEM

group (68.3% + 10.0%) and it increased in the C/VD
(82.6% + 12.6%), VD/C (78.1% + 11.8%), and VD/
VD (88.1% + 12.1%) groups, although these differ-
ences were not statistically significant. In contrast,
hatching rates differed markedly between the treat-
ments. The C/C group showed a low hatching rate
(28.6 + 11.4%), whereas post-warming vitamin D
supplementation significantly increased hatching
in the C/VD (71.1 £ 12.8%) and VD/VD (86.5 +
14.5%) groups (P < 0.05). These findings indicate
that vitamin D may enhance the post-thaw develop-
ment by exerting beneficial effects during the post-
warming culture period of vitrified blastocysts.
Cellular quality, gene expression, and oxida-
tive stress in frozen-thawed blastocysts. Total
cell numbers and apoptotic index did not differ be-
tween the vitrified-warmed blastocysts in the C/C,
C/VD, VD/C and VD/VD groups (Figure 2A,B).
In contrast, the gene expression analysis revealed
clear effects of vitamin D. IGF2R expression was
significantly higher in all vitamin D-treated groups
compared with C/C (P < 0.05; Figure 2C). Although
SOD?2 expression showed an increasing tendency
in vitamin D groups, the differences were not signif-
icant (Figure 2D). CLICI expression did not differ

(Figure 2E). The pro-apoptotic gene BAX was sig-
nificantly reduced in the VD/C and VD/VD groups
(P < 0.05; Figure 2F). Although BCL2L1 expres-
sion showed no significant difference (Figure 2G),
the BAX/BCL2L1I ratio was markedly lower in the
C/VD, VD/C and VD/VD groups than in the C/C
group (P < 0.05; Figure 2H).

As shown in Figure 3A,B, MitoSOX intensity,
representing mitochondrial ROS, was significantly
reduced in VD/VD (40.87 + 2.04) compared with
that in C/C (43.39 + 2.72; P < 0.05). Intermediate
values were observed in C/VD (41.92 + 1.94) and
VD/C (42.47 + 2.53). These results indicate that
VD supplementation significantly enhanced anti-
oxidant defence, reduced oxidative stress and pro-
moted the expression of survival-related genes after
vitrification.

DISCUSSION

Vitamin D is a secosteroid hormone known
to regulate calcium homeostasis, immunity, and
cellular growth (Christakos et al. 2016). Several
studies have reported its role in reproductive pro-
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cesses, such as ovarian function, implantation and
early embryonic development (Banker et al. 2017;
Keane et al. 2017; de Souza et al. 2022; Bognar
et al. 2023). However, most previous studies have
focused on maternal physiology or early cleavage-
stage embryos, whereas the potential influence
of vitamin D on embryo quality and survival after
vitrification has not been investigated.

In the present study, vitamin D supplementation
showed concentration- and stage-dependent asso-
ciations with bovine embryo outcomes, with effects
mainly observed during the post-warming period
rather than before freezing. High-dose vitamin D
(50 ng/ml) impaired morula and blastocyst forma-
tion, whereas low-dose vitamin D supplementation
(25 ng/ml) was associated with improved post-
warming blastocyst hatching and quality, while pre-
freezing developmental rates remained unchanged.
In this study, vitamin D supplementation did not
significantly improve the pre-freezing developmen-
tal rates, as cleavage and blastocyst formation were
comparable between the control and groups with
25 ng/ml of vitamin D. In contrast, de Souza et al.
(2022) reported that vitamin D (50 ng/ml) supple-
mentation in cattle increases oocyte maturation and
blastocyst formation rates, which may reflect dif-
ferences in IVC conditions (Peixoto de Souza et al.
2022). Nevertheless, although the developmental
rates did not differ, 25 ng/ml vitamin D influenced
embryo quality, as indicated by the upregulation
of IGF2R, a growth-related gene, and SOD2, an an-
tioxidant/stress-related gene. Vitamin D has been
reported to exert cell state-dependent effects, in-
cluding the ability to inhibit proliferation and in-
duce the VDR-dependent cell-cycle arrest in TMK1
cells (Consiglio et al. 2015; Liet al. 2017). These ob-
servations suggest that vitamin D signalling may dif-
ferentially influence cellular metabolism depending
on the physiological state of the embryo. Therefore,
the reduced development observed at 50 ng/ml may
be associated with metabolic or mitochondrial
stress exceeding the optimal signalling range for
the embryos rather than a direct apoptotic response.
Thus, under the present IVC conditions, vitamin D
may modulate the molecular features linked to em-
bryo quality without increasing the overall devel-
opmental capacity.

Although vitamin D did not enhance the pre-
freezing developmental rates, its potential benefits
were evident after vitrification. Notably, the total
cell numbers did not differ significantly between the
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groups, indicating that vitamin D did not promote
proliferation. Instead, vitamin D supplementation
may be associated with changes in the mitochon-
drial oxidative status. Cryopreservation induces
substantial mitochondrial dysfunction, including
loss of membrane potential, increased ROS genera-
tion, calcium overload, opening of the mitochon-
drial permeability transition pore and disruption
of the cristae structure (Gualtieri et al. 2021). These
alterations may impair ATP production and cel-
lular homeostasis and they are likely to contribute
to the reduced developmental competence of em-
bryos after thawing. Meanwhile, vitamin D plays
aregulatory role in maintaining the mitochondrial
structure and function. Vitamin D supplementa-
tion has been shown to restore disrupted cristae
morphology, normalise fusion-fission dynamics,
increase ATP production and reduce ROS accu-
mulation in mitochondria-damaged cells (Ren
et al. 2020). These findings suggest that vitamin D
promotes mitochondrial stability under stress-
ful conditions. In the present study, the relatively
low hatching rate observed in the C/C group may
be related to an increased sensitivity to vitrifi-
cation-induced stress, as evidenced by elevated
mitochondrial ROS levels and an increased BAX/
BCL2L1 ratio; this result is consistent with previ-
ous reports showing that vitrification and warming
induce mitochondrial dysfunction and oxidative
stress in embryos (Marsico et al. 2019; Cao et al.
2022). In contrast, the C/VD and VD/VD groups
showed high hatching rates, low mitochondrial
ROS levels and reduced BAX/BCL2L1 ratios. The
VD/C group showed a slight increase in hatch-
ing rates and this improvement was limited when
compared to the other vitamin D-supplemented
groups. These results suggest that the beneficial ef-
fects of vitamin D depend on its availability during
the post-warming recovery phase rather than dur-
ing IVC alone. The limited improvement observed
in the VD/C group may be related to the insufficient
protection against cryo-induced stress during IVC,
and the absence of vitamin D during the recovery
period, which may have disturbed mitochondrial
restoration after warming.

The VD/VD group showed the highest hatching
rate, accompanied by lower mitochondrial ROS lev-
els, as indicated by the reduced MitoSOX intensity.
Simultaneously, CLIC1 — recognised as an ROS-
responsive marker in cellular and embryo culture
systems (Averaimo et al. 2010; Cajas et al. 2020) —
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was downregulated in the vitamin D-treated
groups, supporting an association between vita-
min D supplementation and reduced intracellu-
lar ROS accumulation after warming. Moreover,
SOD2 — a mitochondrial superoxide dismutase that
directly detoxifies superoxide and serves as a key
antioxidant defence in preimplantation embryos
(Arias et al. 2012; Cagnone and Sirard 2016) — was
upregulated following vitamin D supplementation.
Although these gene expression changes were mod-
est, small shifts in the antioxidant- and stress-relat-
ed pathways may influence the embryo competence,
given that the functional thresholds during early
embryonic development are not fully defined. Taken
together, these aforementioned results suggest that
vitamin D supplementation may support the mito-
chondrial redox balance after warming rather than
promoting the cell proliferation.

In this study, the expression of IGF2R was in-
creased in vitamin D-treated blastocysts. IGF2R
is a maternally expressed, imprinted gene that
regulates /GF2 signalling by internalising and de-
grading excess IGF2 ligands. The proper expres-
sion of IGF2R limits IGF2 activity and is critical
for maintaining normal growth and development.
Loss of the IGF2R function in animal models leads
to unchecked /GF2 signalling, overgrowth and ab-
normal development, highlighting its essential role
in regulating cell proliferation, differentiation and
placental formation (Ludwig et al. 1996; Tveden-
Nyborg et al. 2008; Plasschaert and Bartolomei
2015). Dysregulation of IGF2R expression or meth-
ylation in bovine IVP embryos has been frequently
reported and is associated with impaired blastocyst
development, implantation failure and abnormal
foetal growth, including large offspring syndrome
(LOS) (Young et al. 2001; Chen et al. 2013; Smith
et al. 2015). In this context, the increased IGF2R
expression observed following the vitamin D sup-
plementation may contribute to a more balanced
regulation of growth-related signalling pathways,
although its functional implications require further
investigation.

CONCLUSION

In summary, low-dose vitamin D supplementa-
tion (25 ng/ml) did not improve pre-freezing em-
bryonic development under the in vitro culture
conditions of the present study, as developmental

rates before freezing were not affected. The poten-
tial effects of vitamin D were mainly observed after
vitrification and warming, where low-dose supple-
mentation (25 ng/ml) was associated with modest
improvements in blastocyst hatching and embryo
quality. Vitamin D supplementation during IVC may
contribute to a limited increase in the resistance
to cryo-induced stress, whereas supplementation
after warming appears to be more important for sup-
porting mitochondrial recovery. Consistently, the
hatching outcomes were more favourable when vi-
tamin D was present during the post-warming phase
(C/VD and VD/VD), whereas supplementation re-
stricted to the pre-freezing period (VD/C) resulted
in only a limited improvement. These post-warming
effects were not related to increased cell prolifera-
tion, but they may be associated with reduced mito-
chondrial oxidative stress and changes in stress- and
growth-related gene expression. Overall, the present
results suggest that vitamin D may support post-
warming recovery from cryogenic stress rather than
directly improving the intrinsic embryo quality.
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