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Editorial on the Research Topic
Reproductive biotechnologies and challenges in their application

Reproductive biotechnologies and challenges in their application, a Research Topic
hosted by Frontiers in Veterinary Science (Animal Reproduction—Theriogenology)
was launched in February 2024. The aim was to explore the advancements made by
researchers in the field of reproductive biotechnologies, assess their potential for improving
reproductive health and efficiency, and address the challenges associated with their
ethical, technical, and practical applications. This research is fundamental for the progress
of animal reproductive health and productivity, by addressing infertility challenges,
and ensuring the ethical and sustainable application of state-of-the-art biotechnological
solutions in this field. Thus, 17 original research papers, as well as a brief research report
were published.

Several papers focused on embryology across various species, including bovines,
equines, swine, and monkeys.

Jung et al. evaluated the efficiency of slow freezing bovine blastocysts with sucrose
added prior to freezing, to overcome ice crystal formation caused by insufficient
dehydration (1). The study revealed that treating bovine embryos with 0.25 M sucrose
before slow freezing improved their post freeze-thawing viability.

Antral follicle count (AFC) is a crucial factor in bovine embryo production and donor
selection (2). Gawai et al. assessed the effect of AFC on follicular and luteal development
during the estrous cycle and superovulatory period, as well as on superovulatory response
and in vivo embryo quality in Sahiwal cows. Their research confirmed that an AFC
exceeding 30 is a reliable phenotypic marker for predicting the reproductive potential of
Sahiwal donors, making it significant for commercial in vivo embryo production programs.

Lipids play a key role in embryo-maternal signaling and early embryo development (3).
Lawson et al. conducted lipidomic profiling of early equine embryos in vitro, revealing that
triglycerides were consistently released into the culture environment, while diglycerides
were depleted. This highlights the importance of a well-defined embryo culture medium.
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Myo-inositol is known for its protective role against oxidative
stress via the NRF2/KEAPI signaling pathway (4). Jawad
et al. investigated its effect on porcine embryonic development
after parthenogenetic activation. Findings demonstrated that
20 mM Myo-inositol supplementation of culture media enhanced
blastocyst development and improved mitochondrial function by
regulating apoptosis, reducing oxidative stress, and activating the
NRF2 pathway.

Nonhuman primates are critical for generating gene-edited
models for human disease research (5). Lee et al. investigated the
efficacy of superovulated and uterine-embryo synchronized
recipients of embryo transfer in cynomolgus monkeys.
Outcomes confirmed that superovulated recipients were as
effective as synchronized ones, facilitating efficient gene-edited
model generation.

Various papers focused on spermology, providing insights into
semen cryopreservation in several species.

Avdatel et al. assessed the impact of baicalein, previously
studied for its anti-inflammatory, antioxidant, and anticancer
potential (6), on ram semen parameters post freeze-thawing.
The addition of 0.5 mM baicalein to semen extenders improved
progressive motility and chromatin integrity of ram spermatozoa.

Boar semen doses are typically stored at 16-18°C, which
is challenging to maintain during transport (7). Hallberg et al.
comparatively evaluated boar sperm quality and fertility after
storage in AndroStar Premium extender at 4°C and 16-18°C for
1 week. They found better membrane integrity in semen stored at
16-18°C, while DNA fragmentation was lower at 4°C. There was no
significant difference in the number of blastocysts developed post in
vitro fertilization between the two storage temperatures.

Dog semen cryopreservation allows preservation of gametes
from individuals with significant genetic value, while also
overcoming the constraints associated with traditional breeding
methods (8). Domain et al. provided a comprehensive analysis
of the use and popularity of frozen sperm among dog breeders
in Belgium and the Netherlands, while also characterizing the
individuals presented for sperm cryopreservation. The study
revealed a growing trend in semen cryopreservation, with annual
growth rates between 8.4 and 41.9%. Most dogs presented for
cryopreservation were aged 1-9 years, and the frozen sperm
was primarily intended for international shipment, although a
significant portion remained unused.

Rooster semen quality declines after storage at 2-5°C for more
than 24 h, likely due to oxidative stress (9). Koedkanmark et al.
investigated the impact of adding Eurycoma longifolia (EL) extract
as an antioxidant in semen extender on Thai chicken semen quality
and fertility. Data indicated that supplementing the sperm cooling
medium with 15 mg/ml of EL extract improved semen quality
during 5°C storage for up to 48 h, by reducing lipid peroxidation,
and significantly enhanced the fertility of Thai rooster semen stored
for up to 24 h.

Endocrinological challenges were also approached by several
authors, and their research explored various hormonal implications
in the reproductive processes.

The anti-Miillerian hormone (AMH) is recognized as a valuable
marker for evaluating testicular function (10). Posastiuc et al.
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found that higher serum levels and tissue expression of AMH
are linked to smaller seminiferous tubules and poorer Johnsen
scores, suggesting AMH as a marker of testicular degeneration
in dogs.

Scopolamine has emerged as a viable alternative to traditional
ecbolic substances in managing the postpartum period in dairy
cows (11). Carbonari et al. compared the effect of oxytocin,
prostaglandin F2o (PGF2a) and scopolamine on uterine involution
and resumption of ovarian activity in dairy cows and concluded
that treatment with scopolamine and PGF2a resulted in faster
uterine involution and ovarian recovery.

Gonadotropin-releasing hormone (GnRH) is commonly
used in fixed time artificial insemination protocols for sheep,
although its effect on pregnancy rates continues to be a
subject of debate (12). Zhang et al. evaluated its influence on
pregnancy rates and pre-implantation metabolites in Huyang
ewes, synchronized using a progestogen-eCG protocol. Evidence
showed a significant decrease in hydroxyproline and an increase in
corticosterone and prostaglandin D2 levels, correlating with lower
pregnancy rates.

GnRH administration significantly decreases the pregnancy
rate of recipient ewes after embryo transfer, possibly because it
affects endometrial epithelial cell function (13). Jiao, Chu, et al.
investigated the effect of GnRH on endometrial epithelial cells
by screening the S100A4 gene transcription. Results revealed
that GnRH suppresses S1I00A4 expression in the endometrium,
consequently inhibiting endometrial cell proliferation via the
S100A4/GNAI2/MAPK signaling pathway, potentially explaining
decreased embryo implantation rate. Another study by Jiao,
Jiao, et al. highlighted the role of GnRH in endometrial cell
senescence, identifying interactions between S100A4 and PPP1CA,
and its involvement in cellular senescence regulation through the
S100A4/PPP1CA/IL-17 pathway.

Peripartal and postpartum management in dairy cows was
also approached, thus Rafa et al. characterized the metabolic
and hormonal profiles of Romanian Spotted cows during the
peripartum period, exploring possible correlations with retained
fetal membranes (RFM), a pathology frequently associated with
economic loss, due to decreased milk production and high
costs of medical treatment (14). Their findings confirmed
that significant metabolic and physiological changes due to
RFM occur postpartum, emphasizing the need for targeted
management strategies.

Chinese herbal medicine (CHM) has shown beneficial effects
on cow health and production (15). Abulaiti et al. evaluated the
effects of a CHM preparation on the growth, milk yield, and
reproductive efficiency of dairy cows in early postpartum period.
The study found no adverse effects on biochemical indicators for
immunity, digestibility, and metabolism, while improving estrus,
ovulation, and pregnancy rates.

A novel method using micro-computed tomography
to explore swine oviduct anatomy was developed by
Belda-Perez et al.  This approach provided detailed
parameters like shape factor, fractal dimension, and

lacunarity, enabling more precise embryo production and
epigenetic reprogramming.
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Finally, Nechifor et al. published a brief report on the uterine
bacteriological load in Holstein Friesian cows, based on parturition
type (eutocia/dystocia). They found a significant increase in germ
count during the first 14 days postpartum, with higher levels in
cows experiencing dystocic calving.
these
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Baicalein (B) has potential antioxidant properties, but it has not been tested as
a ram semen extender. This study aimed to assess the impact of B on various
sperm parameters and determine its potential influence on semen quality
after the freeze-thawing process. During the breeding season, ejaculates were
obtained from four rams with the aid of an artificial vagina. The collected mixed
semen samples were divided into four groups: control (C; 0), BO.5 (0.5 mM), B1
(ImM), and B2 (2mM). After semen extension, the samples were loaded into
0.25mL straws and stored for 2 h at 4°C prior to freezing in liquid nitrogen vapor
and thawed in a water bath at 37°C. Among the groups, B0.5 demonstrated
the highest progressive motility results, while B1 and B2 exhibited reduced
motility (p<0.05). In terms of high mitochondrial membrane potential, plasma
membrane and acrosome integrity, and viability, BO.5 showed significantly
superior outcomes to the other B groups (p<0.05), although it was not
significantly better than C. B1 displayed the highest plasma membrane integrity
levels (p<0.05). Notably, B2 displayed the lowest total antioxidant status levels
among the groups (p < 0.05). The findings of this study suggested that the in vitro
spermatological characteristics of ram spermatozoa such as progressive motility
and chromatin integrity can be protected from the freeze-thawing process
by using the 0.5mM dose of baicalein as a semen extender. The treatment of
sperm freezing might benefit from further in-depth research on the role of B in
the improvement of cryoinjury and its underlying processes.

KEYWORDS

ram semen, cryopreservation, baicalein, chromatin damage, antioxidant, oxidative
stress
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1 Introduction

Semen freezing is a technique that is employed to preserve sperm
cells for future utilization in assisted reproductive technologies (1, 2).
However, different freezing techniques can impact sperm cell viability
and motility, and proper handling and storage conditions are essential
to preserving the quality of sperm cells over time (3-5). The addition
of antioxidants in extenders is a potential approach to reducing cryo-
damage (6, 7).

Reactive oxygen species (ROS) are chemicals that can degrade
DNA, proteins, and cell membranes. Antioxidants are molecules that
can counteract the effects of ROS (8). Several studies have examined
the use of antioxidants, including vitamin E, vitamin C, and melatonin,
in semen cryopreservation (9-11). It has been reported that adding
antioxidant supplements increases post-thaw sperm cell viability,
motility, and DNA integrity.

As a natural flavonoid and aglycone, Baicalein (B) can be found
in the roots of the Chinese plant Scutellaria baicalensis (12). B has the
chemical formula C;sH,,05 and a relative molecular mass of 270.24 g/
moL. Researchers have studied B for its anti-inflammatory,
antioxidant, and anticancer potential (12). Additionally, it has been
demonstrated that B has antimicrobial activity against a variety of
pathogens, such as bacteria and viruses. The possibility of using it to
treat neurological illnesses, including Alzheimer’s and Parkinson’s, has
also been explored (13-15).

Furthermore, B can block the production of ROS by inhibiting
xanthine oxidase activity (16). Hydrogen peroxide and other peroxides
can damage neurons. B has a greater antioxidant activity and
considerable protective benefits against H,0,-induced oxidative
damage in human neural cells (17). A significant improvement in cell
viability and mitochondrial protection through a redox-dependent
mechanism has been demonstrated in studies on cellular toxicity.
Authors have suggested that B plays an important role in
mitochondrial functioning, it reduces apoptosis and the mitochondrial
membrane potential, inhibits caspase activation, improves the
production of ATP, and triggers the consumption of ADP (13, 14,
18, 19).

Several studies have investigated the impact of B on cell signaling
pathways involved in mitochondrial functions in the context of
maintaining mitochondrial physiology and determining the fate of
cells (14, 20-22). B may have antioxidant properties that can
be beneficial for reproductive health, but further research is required
to fully appreciate its potential advantages in this regard.
Cryopreservation of ram’s semen using B as a semen extender has not
been studied. Given this information, this study aims to evaluate the
effects of B on ram semen by measuring sperm motility, chromatin
damage, oxidative stress, and other antioxidant parameters to reduce
the likelihood of cryo-damage caused by freeze-thawing.

2 Materials and methods
2.1 Study design

The Animal Research Ethics Committee of Afyon Kocatepe
University (Approval No. 49533702/333) approved the protocol of this

study. Four S6nmez (25% Chios and 75% Tahirova) breed rams, aged
2-3years, were included in the experiment. During the reproductive
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season, 28 ejaculate samples were collected from four males, twice a
week, with the aid of an artificial vagina. The ejaculates which had
>80% motility, >1.5mL volume, and > 1x10° spermatozoa/mL were
used for the study. The ejaculate samples were mixed for the
procedures and analyses. Four distinct groups were created to study
the effects of B (item no. 70610, 95%, Cayman Chemical Company,
Michigan, United States). The groups included the experimental
groups in which 0.5mM, 1mM, and 2mM doses of B were added as
semen extenders (B0.5, B1, and B2, respectively) and a control group
(C). The mixed ejaculates that were separated into four aliquots and
extended using a Tris-based extender (3.63g Tris [T1503], 0.5g
fructose [F0127], 1.82 g citric acid [C0759]/100 mL double-distilled
water) to dilute them, as well as 15% egg yolk and 6% glycerol. To
produce the groups, 2mM of B was dissolved in 1 mL of ethanol
(Merck, 99%). Extended semen equilibrated at 4°C for 2h, after
equilibration held in liquid nitrogen vapor (11 cm above the liquid
nitrogen, —110 to 120°C) for 12 min. Then the samples were frozen in
a flow of liquid nitrogen vapor and placed in a container of liquid
nitrogen for long-term storage. Following the cryopreservation
process, the frozen semen samples were subjected to thawing in a
water bath set at 37°C for a duration of 30s, after which they were
considered ready for analysis. Progressive motility, total motility, and
kinetic spermatozoon parameters were evaluated with a computer-
assisted sperm analyzer (CASA; MICROPTIC S.L., Sperm Class
Analyzer software, SCA® v.4.2; Spain) system. Mitochondrial
membrane potential (MMP), plasma membrane acrosome integrity
(PMALI), and viability were evaluated by flow cytometry (Beckman
Coulter, United States). DNA fragmentation was evaluated by the
alkaline single-cell gel electrophoresis method (COMET assay).
Biochemical analyses were carried out by spectrophotometric methods.

2.2 Motility and kinetic characteristics

The analysis was performed using a CASA system (Nikon Eclipse
50i; Japan) and a heating plate. The curvilinear velocity (VCL)
parameter was classified five categories: static (<10um/s), slow
(10-45 pm/s), medium (45-75 um/s), fast (>75pm/s), and progressive
(>75% straightness). Before analysis the samples were thawed, an
amount of 5 uL was then put on a slide, covered with a cover slide, and
heated on the microscopes heating plate to 37°C. At least 200
spermatozoa were counted and examined in five different microscopic
zones for each sample (23). Frozen-thawed semen samples were
analyzed in terms of total motility (TMOT, %), progressive motility
(PMOT, %), straightness (STR, %), curvilinear velocity (VCL, pm/s),
linearity (LIN, %), straight-line velocity (VSL, pm/s), average path
velocity (VAP, pm/s), wobble (WOB, %), beat-cross frequency (BCE,
Hz), and amplitude of lateral head displacement (ALH, pm/s).

2.3 Flow cytometric analyses

Tests were performed using a CytoFLEX flow cytometer
(Beckman Coulter, CA, United States) equipped with emission filters
at 610+£20nm, 585+42nm, and 525+40nm, as well as a 50mW
(488nm) laser output. An average of 10,000 spermatozoa were
analyzed for each test. Pseudo-color plots were used to compare the
side scatter area (SSC-A) to the forward scatter area (FSC-A) of the
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sperm cells to facilitate the selection process. Forward scatter height
(FSC-H) and forward scatter area (FSC-A) were used to exclude
doublets from the analysis (24). All aliquots of 50 uL were made from
the stain stock solutions prepared using DMSO and kept at —20°C.

A FITC/PNA-PI staining protocol was used to detect
spermatozoon parameters using the method described by Inang et al.
(25), 100pg/mL of FITC-PNA (Sigma, L7381), and 2.99mM
propidium iodide (PI, L7011 Molecular Probes, Invitrogen). The
sperm cell concentration was adjusted to 5x10° by diluting the semen
samples with 492 uL of PBS. Then, 5pL of FITC and 3 pL of PI were
added to the mixture, and the mixture was incubated at 37°C for
15min in a dark environment. After the analysis, the FITC- and
PI-populations were recorded as PMALI (%). The MMP of the sperm
was determined using 5,5,6,6" tetrachloro-1,1’,3,3"-tetramethyl
benzimidazolyl-carbocyanine iodide (JC-1) (25). The concentration
of JC-1 (T3198 molecular probes, Invitrogen) was 0.153 mM. The
sperm cell concentration was adjusted to 5x10° by diluting the semen
samples with 495 pL of PBS. 5L of JC-1 was added to the mixture,
which was then incubated at 37°C for 15 min in the dark. Spermatozoa
were evaluated based on their HMMP status after the analysis. The
viability of sperm cells was determined using the SYBR and PI
protocols (5). We used 1:10 SYBR and 2.99mM PI from among
Invitrogens L7011 Molecular Probes. The sperm cell concentration
was adjusted to 5x10° by diluting the semen samples with 492 uL of
PBS. 5L of SYBR-14 and 3 pL of PI were introduced into the mixture,
which was then subjected to incubation at 37°C for a duration of
15min in the dark. After the analysis, the SYBR+ and PI-populations
were recorded as viable (plasma membrane integrity, %).

2.4 Evaluations of chromatin fragmentation

The method reported by Giindogan et al. (26) was used to conduct
a COMET assay to test sperm chromatin integrity. The samples that
were stained and processed were examined using a microscope
(Olympus CX31) equipped with a fluorescence attachment. The
Comet Score software (TriTek, V. 1.5) was utilized to evaluate the
sperm cells. A total of 200 sperm cells were examined and evaluated
across six distinct microscopic zones.

2.5 Biochemical analyses

Malondialdehyde (MDA) was used in to quantify the degree of
lipid peroxidation (LPO), in accordance with the procedure described
by Draper and Hadley (27). The MDA concentration was assessed
based on the reaction between lipid peroxides and thiobarbituric acid,
followed by the measurement of absorbance at 532nm. The
concentration of MDA was determined in units of nanomoles per
milliliter (nmol/mL). Ellman’s method was employed to determine the
quantity of reduced glutathione (GSH), and the resulting
concentration was computed as mg/dL with the methodology
reported by Hissin and Hilf (28). Total antioxidant status (TAS)
measurements were made using a colorimetric test kit (REL Assay
Diagnostics, Gaziantep, TR). The experiment entailed a reduction of
the oxidized radical 2,2-azino-bis-3-ethylbenzothiazoline-6-sulfonic
acid (ABTS) through the action of the antioxidant compounds present
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in the samples, leading to visible alterations in color. A
spectrophotometer was utilized to measure color intensity at a
wavelength of 660 nm, and the outcomes are expressed in units of
mmol/L. Total oxidant status (TOS) measurements were made using
a colorimetric test kit (REL Assay Diagnostics, Gaziantep, TR). The
methodology employed in this study involved the assessment of the
oxidation of Fe*? to Fe*’ by the usage of oxidizing agents. The
concentration of the solution was determined in pmol/L and measured
via the spectrophotometric analysis method at a wavelength of
660 nm. Finally, the oxidative stress index (OSI) was calculated using
the formula OSI=[(TOS)/ (TAS x 100)] (29).

2.6 Statistical analyses

Prior to conducting the significance tests, the data were assessed
for normality using the Shapiro-Wilks test. Levene’s test was used to
determine the homogeneity of the variances. ANOVA was used to
statistically test the differences between groups of data. The Duncan
test was applied to evaluate differences between groups. Descriptive
statistics are presented as “meanzstandard error of the mean”
(Mean + SE). Using the SPSS 13.0 package program, the results of all
statistical analyses were evaluated with a maximum error margin of
5%. A p-value of 0.05 was accepted as the threshold of
statistical significance.

3 Results

The progressive motility rate showed statistically significant
differences among the groups (p <0.05). In comparison to C, B1 and
B2 had contrasting effects on both total and progressive motility
(Table 15 p<0.05). B0.5 achieved numerically better results compared
to C in terms of VSL and hyperactivity. The results for VAP, VSL, VCL,
BCE and WOB in B2 were found to be significantly lower compared
to those in C and B0.5 (p<0.05). It was determined that the higher
doses of treatment (1 and 2mM) did not have positive effects on
kinetic parameters. B0.5 produced significantly better HMMP and
viability outcomes than the other B groups (p <0.05), but C had the
highest HMMP results (p <0.05). The highest PMAI value was found
in B1 (p<0.05). The results on the PMAI, HMMP, and viability
parameters showed that the highest concentration of B (2mM) did not
prevent damage to the ram semen caused by the cryopreservation
process (p>0.05; Table 2). B0.5 and B1 had significantly lower levels
of chromatin damage compared to C (p<0.05). Except for B2,
chromatin integrity was preserved in all B groups compared to C
(p<0.05; Table 3). As seen in Table 4, there were no significant changes
in GSH, MDA, TOS, and OSI levels among the groups (p>0.05).
While the highest GSH activity and OSI and the lowest MDA and TAS
levels were in B2 among all groups, (p <0.05).

4 Discussion

Successful cryopreservation of sperm cells requires an
understanding of the changes that occur throughout the process,
and there have been several studies on this topic (30-32). Research

frontiersin.org


https://doi.org/10.3389/fvets.2024.1394273
https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org

Avdatek et al.

TABLE 1 Sperm motility and kinetic parameters of frozen—thawed ram semen.

10.3389/fvets.2024.1394273

Parameters C B0O.5 Bl B2 p
Progressive motility (%) 12.47+1.48" 17.50+1.99* 821+ 1.01° 2.85+0.46¢ *
Total motility (%) 59.52+2.87° 66.80+1.96" 38.48 +4.27° 16.16+1.31° *
VAP (pm/s) 35.94+1.43° 35.38+2.66 33.05+ 1.50° 27.19+2.20 *
VSL (m/s) 21.83+1.01° 21.92+1.80° 21.23+1.27° 16.65+1.85 *
VCL (pm/s) 57.26+1.66° 56.50+3.14° 54.52+1.95® 48.35+2.00° *
ALH (pm/s) 2.38+0.07 2.43+0.09 2.40+0.11 2.36+0.07 -
BCF (Hz) 8.42+0.35 7.64+0.33® 6.81+0.31° 5.26+0.51° *
LIN (%) 38.19+1.21 37.52+1.78 38.64+2.52 32.83+2.37 -
STR (%) 58.76+0.95% 58.38+0.79% 59.87+2.22° 53.96+2.26 *
WOB (m/s) 61.72+£1.12° 60.97 £2.24* 59.05+1.91% 54.1242.23" *
Hyperactivity 0.98+0.21% 1.19+0.28° 1.71+0.37° 0.53+0.19° *

sb<d Different superscripts on the same row demonstrate significant differences (*p <0.05). No significant difference (p>0.05). Straight line velocity (VSL), curvilinear velocity (VCL), straight
line linearity (LIN) [(VSL/VCL) x 100], average path velocity (VAP), straightness (STR) [(VSL/VAP) x 100], amplitude of lateral head displacement (ALH), cross beat frequency (BCF), wobble

(WOB) [(VAP/VCL) x 100]. Mean (+SE).

TABLE 2 PMAI, HMMP and SYBR14+ activities in frozen—thawed ram semen.

Parameters C BO.5 B1 B2 p
PMAI (%) 17.87+2.39" 20.89+1.19° 30.00+2.14° 11.31+0.80° *
HMMP (%) 15.51+0.42° 13.26+0.47° 1166 +0.49° 5.69+0.29° *
Viability (%) 68.79+1.09" 72.46+1.03* 67.76+1.29" 59.66+ 2.00¢ *

sb<d Different superscripts on the same row demonstrate significant differences (*p <0.05). High mitochondrial membrane potential (HMMP), plasma membrane and acrosome integrity

(PMALI), viability (plasma membrane integrity). Mean (+SE).

efforts have concentrated on diverse attributes, including but not
limited to the motility and viability of sperm, the integrity of
sperm cell membranes, and chromatin integrity. One of the
primary challenges in establishing uniform protocols for the
cryopreservation of sperm is inter-individual variability in the
response of sperm cells to identical freezing procedures. Studies
in the relevant field aim to gain an insight into the anticipated
reaction of sperm cells to cryopreservation. Secondly, they strive
to create customized cryopreservation protocols tailored to
optimize the effectiveness of their technique. The primary goal is
to enhance spermatological characteristics during freeze—thaw
cycles (31). Previous studies have attempted to explain the
processes that regulate B. These are the blockage of the Fas/FasL
pathway (reducing cell apoptosis), the activation of the nuclear
factor erythroid 2-related factor 2 (Nrf2) (promoting anti-
oxidative stress effects), the inhibition of the Nrf2/HO-1 (heme
oxygenase 1) signaling pathway, and the regulation of the mTOR
pathway (cell regulator) (33-36). This study aimed to determine
whether the addition of B at three different doses improves the
resistance of sperm cells to cryodamage during cryopreservation.
It was found that the 0.5mM dose of B (B0.5) prevented damage
to progressive motility, in agreement with increased doses of B
also caused toxicity (35). This might be due to the use of low doses
of B compared to high doses shows its effect by blocking the Fas/
FasL pathway. This result confirmed the results of previous
studies, indicating that B shows dose-dependent effects, as
demonstrated by Fan et al. (37). B has not been used in sperm
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extenders, and thus, we are unable to discuss these results along
with the results of similar studies. On the other hand, the data in
our study were in accordance with prior information that
antioxidant agents that are added to semen extenders could
promote progressive motility in a dose-dependent manner (5, 38,
39). B has different effects on cell-induced apoptosis, whereas it
inhibits metastasis, on the other hand, and protects the viability
of mitochondria and cells (40-42).

Comparable outcomes were obtained in B1 group with regard
to plasma membrane integrity. This could have been caused by B’s
effect in the activation of the signaling pathway Nrf2 and
regulation of the mTOR pathway. Sperm cells, unlike other cells,
have a unique structure in terms of their sensitivity to damage by
LPO and defense reactions (43). According to Kovalski et al. (44),
sperm cells cannot repair themselves following damage resulting
out of LPO. The absence of cytoplasmic enzymes within these cells
creates an imbalance favoring the production of ROS, leading to
the heightened susceptibility of semen to oxidative stress. In our
study, while B0.5 positive outcomes in terms of progressive
motility, it did not have positive results regarding oxidative stress
parameters. Although B did not have a positive effect on oxidative
stress parameters, B0.5 had a positive effect on motility, suggesting
that B may provide an intrinsic antioxidant property by donating
electrons to the spermatozoon plasma membrane. Among other
studies in which contradictory results have been presented, a
correlation was observed between elevated levels of ROS and
reduced motility (45). Alahmar (46) argued that the correlation
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TABLE 3 DNA damage values in frozen—thawed ram semen.

10.3389/fvets.2024.1394273

Parameters C B0O.5 B1 B2
Tail length (pm/s) 25.23+£0.92° 14.00£0.99¢ 14.07 £0.83¢ 18.46+1.29"
Tail DNA (%) 36.67+£3.13* 23.75+2.17° 22.72+2.40° 34.70£0.96*
Tail moment (pm/s) 20.66+1.86° 15.51+1.78" 12.36 £1.05¢ 18.91+0.75®

sb< Different superscripts on the same row demonstrate significant differences (*p <0.05). Mean (+SE).

TABLE 4 GSH and MDA activities, TAS, TOS, and OSl values in frozen—thawed ram semen.
Parameters C B0O.5 B1 B2 p
GSH (mg/dL) 45.30+2.64 40.51+1.26 40.42+0.87 46.15+2.49 -
MDA (nmol/mL) 5.90+0.08 5.96+0.05 5.81+0.15 4.15£0.06 -
TAS (mmol/L) 3.42+0.14® 3.53+0.11®° 3.55+0.02* 3.22+0.07° *
TOS (pmol/L) 8.33+£0.48 7.84+0.27 7.94+0.20 8.02+0.42 -
OSI (TOS/TASx100) 24.37+1.15 22.31+1.02 22.37+0.55 24.81+0.89 -

** Different superscripts on the same row demonstrate significant differences (*p <0.05).” No significant difference (p>0.05). Malondialdehyde (MDA), glutathione (GSH), total antioxidant

status (TAS), and total oxidant status (TOS), oxidative stress index (OSI). Mean (+SE).

between ROS and reduced motility can be attributed to a sequence
of events that culminate in a decline in the phosphorylation of
axonemal proteins and the subsequent immobilization of sperm.
The primary function of antioxidants in the human body is to
mitigate the impact of oxidative processes (47). This can
be achieved either through direct means, such as the catalysis of
enzymatic reactions, or indirectly, by acting as compounds that
neutralize free radicals and interrupt chain reactions. B could
effectively inhibit the generation of ROS by reducing hydrogen
peroxide (37). Moreover, similar studies have added different
antioxidants to sperm extenders before freezing (5, 38, 48-50). B
could also reduce the expression of caspase 9 and caspase 3 (41).
Beside these effects, B promotes the viability of neuroblastoma
cells and prevents the apoptosis-inducing effects of hydrogen
peroxide on neurocytes. This effect is probably related to the
upregulation of deacetylase sirtuin 1 (SIRT1), which is responsible
for cellular functions that are favorable for the lifespan of
organisms and is often considered an “anti-aging” enzyme, and
the downregulation of caspase 3 (12, 41). In this study, B0.5 did
not show significant improvements in viability. This result
contradicted the results found by Pan et al. (41) and Wang et al.
(15). Oxidative damage to mitochondrial DNA is a well-
documented phenomenon occurring in aerobic cells, including
sperm cells, due to their abundance of mitochondria. Prior
research has indicated that the application of B at minimal
concentrations can effectively lower the rate of apoptosis in bovine
mammary epithelial cells (51). These results were in accordance
with our results. The B doses in B0.5 and B1 protected the sperm
from chromatin damage, while the dose in B2 did not. It is thought
that B could block H,0,-induced DNA damage by inhibition of
DNA tail formation and YH2AX phosphorylation. Thereby protect
it from oxidative damage. Fan et al. (37) suggested that an
excessive B dose beyond the physiological concentration may
induce cellular stress, leading to cellular toxicity. Similar findings
have been reported in the flow cytometric assessments of plasma
membrane acrosome integrity, viability, and mitochondrial
membrane status.
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5 Conclusion

The results of this study suggested that the 0.5 mM dosage of B
could preserve the progressive motility and chromatin integrity of
ram sperm cells after the freeze-thawing process. Additional
comprehensive studies on the function of B in the progression of
cryoinjury and its underlying mechanisms are expected to yield
novel insights and approaches for the improvement of the semen
cryopreservation process.
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Introduction: Embryo cryopreservation is a valuable technique used for
preserving genetic resources for long periods. However, the survival rate of
embryos is dependent on the method used. Therefore, in this study, we evaluated
the efficiency of slow freezing method but with an additional dehydration step
prior to freezing to overcome the formation of ice crystals.

Methods: Oocytes collected from the ovaries of native Korean cattle
subjected to in vitro fertilization were cultured for 7 days until the formation
of expanded blastocysts. Before freezing, the blastocysts were placed in four
pre-equilibration media: a control medium with no addition of sucrose, and
three experimental media with the addition of 0.1, 0.25, and 0.5M sucrose,
respectively. Then, the pre-equilibrated embryos were frozen. Embryo survival
and hatching rates were evaluated morphologically at 24, 48, and 72h after
thawing. Immunofluorescence staining, terminal deoxynucleotidyl transferase-
mediated dUTP nick end labeling (TUNEL) assay, and gene expression analysis
of the re-expanded blastocytes were examined 24 h after freeze—thawing.

Results: The survival rate was significantly higher in the 0.1 M group than in the
control group (p <0.05), and the hatching rate at 72 h was significantly higher in
the 0.25 and 0.5M groups than in the control group (p <0.05). TUNEL-positive
cells were significantly lower in the 0.25M group than in the control group
(12.5+0.9 vs. 8.3+0.8; p<0.05). The gene expression of BCL2 associated X,
heat shock protein 70 kDa, and aquaporin 3 in the 0.25 M group was significantly
lower than that in the control group (p <0.05).

Conclusion: Our study revealed that treatment with 0.25 M sucrose before slow
freezing improved the viability of bovine embryos after freeze—thawing.

KEYWORDS
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1 Introduction

Currently, in vitro production (IVP) of embryos is a commercially
successful approach for cattle breeding; the number of embryo
transfers following IVP has increased since the establishment of the
ovum pick-up-in vitro fertilization (IVF) system (1). In addition, the
number of transplanted embryos produced in vitro is higher than that
in vivo (1). The pregnancy rate of embryos produced after freeze-
thawing is lower for embryos produced in vitro than for embryos
produced in vivo (2, 3). Therefore, improvements in freezing methods
are needed to increase the productivity of in vitro embryos after
embryo transfer.

Cryopreservation methods, such as slow freezing, vitrification (4,
5), and low-temperature storage, are used to preserve cattle embryos
(6). The slow freezing and vitrification methods can preserve genetic
resources for long periods and have the advantage of embryos being
transferred 7days after the natural estrus cycle without
synchronization. Vitrification has a faster cooling rate and does not
form ice crystals, resulting in higher embryo survival and conception
rates after embryo transfer (4, 5). However, vitrification involves the
use of cryoprotectants at high concentrations, requiring their removal
during the embryo thawing process (4, 7, 8). Therefore, this method
is difficult to apply in field settings, because it requires skilled
technicians, separate sterile facilities, and specific laboratory
equipment at the embryo transfer site. In slow freezing, although
relatively lower concentrations of cryoprotectants are used and in
straw dilution and direct embryo transfer are practically applicable,
the survival and conception rates of embryos in this method are
relatively low (9), because of ice crystal formation within the embryos
from the remaining water due to insufficient dehydration (10).
Nevertheless, this process can be used at embryo transfer sites because
the thawed embryos in the straws can be directly transferred into the
recipients’ uterus (11). As intracellular ice formation has been
identified as an important factor in slow frozen embryo survival, the
possibility that improvements in embryo dehydration before slow
freezing could improve the conception rate requires investigation. This
aspect becomes particularly important as expanded bovine blastocysts
produced in vitro with higher water content offer better conception
rates (12).

Sucrose is a non-penetrating cryoprotectant used for removing
intracellular water and protecting cells from osmotic shock in freezing
media (7, 13). Bovine embryos were reportedly pre-equilibrated with
sucrose before slow freezing; however, pretreatment did not improve
embryo re-expansion and apoptosis rates (14). Bui-Xuan-Nguyen (15)
pretreated bovine embryos with sucrose before slow freezing in a
medium containing glycerol; however, viability did not improve.
Usually, ethylene glycol (EG) is used as a freezing medium for direct
embryo transfer owing to its low molecular weight and high
permeability compared to glycerol. In addition, Voelkel and Hu (16)

Abbreviations: AQP3, Aquaporin 3; BAX, BCL2 associated X; cDNA, Complementary
DNA; COC, Cumulus—oocyte complex; DPBS, Dulbecco’s phosphate buffered
saline; EG, Ethylene glycol; GAPDH, Glyceraldehyde 3-phosphate dehydrogenase;
HSPAIA, Heat shock protein 70 kDa; IVC, In vitro culture; IVF, In vitro fertilization;
IVM, In vitro maturation; IVP, In vitro production; PLACS8, Placenta-specific 8;
qRT-PCR, Quantitative reverse transcription-PCR; TUNEL, Terminal
deoxynucleotidyl transferase-mediated dUTP nick end labeling; Ct, Threshold cycle.

Frontiers in Veterinary Science

16

10.3389/fvets.2024.1400899

reported that embryos were slow freeze-thawed using EG, propylene
giycol, dimethyl sulfoxide, and glycerol as cryoprotectants, and that
embryos frozen in EG showed high viability.

The use of slow-freezing media supplemented with sucrose to
freeze embryos is a well-known technique (17-19). However, there are
limited reports on sucrose pre-equilibration using bovine embryos
(14, 15). In this study, we aimed to evaluate embryo viability after slow
freezing and thawing by inducing artificial shrinkage of the blastocoel
cavity using different concentrations of sucrose medium before
equilibration in a freezing medium containing EG. In addition,
we investigated any differences in immunofluorescence staining,
terminal deoxynucleotidyl transferase-mediated dUTP nick end
labeling (TUNEL) assay results, and mRNA expression in blastocysts
pretreated with sucrose at the optimal concentration compared with
those in the control group.

2 Materials and methods

2.1 Oocyte collection and in vitro
maturation

Ovaries from Korean native cattle (Bos taurus coreanae) were
collected immediately after slaughter and transported to the laboratory
in a physiological saline solution (0.9% NaCl) at 32°C. Cumulus—
oocyte complexes (COCs) were collected via the aspiration of 2-8-mm
follicles using an 18 G needle connected to a 10mL syringe. The
aspirated COCs with a homogeneous cytoplasm and at least three
layers of cumulus cells were washed three times in OCM (IFP9611;
Research Institute for the Functional Peptides, Yamagata, Japan). The
selected COCs were then washed three times in HP-M199 (IFP971;
Research Institute for the Functional Peptides) supplemented with
0.5pg/mL follicle-stimulating hormone (Folltropin V; Bioniche
Animal Health, Belleville, ON, Canada) and 5% fetal bovine serum
(FBS; Access Biologicals, Vista, CA, United States) used as in vitro
maturation (IVM) medium. The COCs were randomly cultured in
5-well dishes with 50 COCs per well (1 mL IVM medium per well) for
22h at 38.9°C under 5% CO, and 100% humidity.

2.2 In vitro fertilization and in vitro culture
of embryos

In vitro fertilization was performed as reported by Kim et al. (6)
with minor modifications. Frozen semen from Korean cattle were
stored at —196°C in 0.5-mL straws until required. The straws were
thawed in a 38°C water bath for 40s. The thawed sperm were
transferred into a 15-mL conical tube containing 1 mL of SPF45 and
ImL of 80 SpermFilter® (Gynotec, Malden, Netherlands) and
centrifuged at 600 g for 15 min. The precipitate was then transferred to
a new centrifuge tube with 4mL of IVF100 (IFP9630; Research
Institute for the Functional Peptides) and centrifuged at 600¢ for
10min. 3.7mL of supernatant was removed and 15uL of sperm
suspension (1x 107 cells/mL) was added to 50 uL of IVF100 drops,
resulting in a final sperm concentration of 2x10° cells/
mL. Approximately 10-15 cumulus cell expanded oocytes were placed
per drop and incubated at 38.9°C under 5% CO, and 100% humidity
for 6 h. The day of fertilization was labeled as day 0. At the end of IVE,
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the presumptive zygote was removed from the cumulus cells and
sperm by pipetting. For in vitro culture (IVC), 10-15 presumptive
zygotes were placed in a 50 mL drop of potassium simplex optimized
medium and incubated for 7 days at 38.9°C under 5% CO, 5% O,, and
100% humidity.

2.3 Experimental design

2.3.1 Experiment 1: survival and hatching rates of
expanded bovine blastocysts exposed to various
concentrations of sucrose prior to slow freeze—
thawing

Expanded blastocysts developed 7 days after IVF were divided
into four groups treated with 0 (control), 0.1, 0.25, and 0.5 M sucrose
media. To investigate the effect of artificial shrinkage of the blastocoel
cavity on embryos treated with sucrose before slow freezing, the
survival rate was morphologically evaluated by the number of
re-expanded blastocysts 24 h after thawing and the hatching rate at 24,
48, and 72h.

2.3.2 Experiment 2: influence of pre-exposure of
bovine blastocysts to 0.25 M sucrose on different
post-thaw viability measurements

Based on the total number of embryos hatched and embryo
hatching/survival rates in Experiment 1, Experiment 2 was conducted
using control and 0.25M sucrose pretreatment groups. The total and
apoptotic cell numbers of embryos thawed using each freezing
method were confirmed using the TUNEL assay, and the total inner
cell mass (ICM) number was determined using SOX2 antibody
immunofluorescence. Finally, the effects of sucrose pretreatment
before slow freezing on the gene expression levels of BCL2 associated
X (BAX), heat shock protein 70kDa (HSPAIA), aquaporin 3 (AQP3),
and placenta-specific 8 (PLAC8) in embryos after thawing
were investigated.

2.4 Slow freezing

All experiments were performed using good-quality expanded
blastocysts developed 7 days after IVF and were scored according to
the International Embryo Technology Society guidelines (20). As

10.3389/fvets.2024.1400899

shown in Figure 1, the expanded blastocysts were exposed to control,
and 0.1, 0.25, and 0.5M sucrose solution in Dulbecco’s phosphate
buffered saline (DPBS; Gibco, Waltham, MA, United States)
containing 20% FBS for 3 min at 20-25°C. The expanded blastocysts
were washed three times in freezing medium without sucrose,
containing 1.8 M EG (IFP9620; Research Institute for the Functional
Peptides) to completely remove the sucrose pretreatment medium; the
blastocysts were then equilibrated in the same freezing medium for
12 min at 20-25°C. During EG exposure, 5-10 expanded blastocysts
per group were inserted in 0.25-mL straws (IMV Technologies, LAigle,
France). Following exposure, the straws were placed in a freezer
(FREEZE CONTROL®; Cryologic, Victoria, Australia) at —6°C. After
2min, seeding was induced using a pair of tweezers to avoid
supercooling. After another 10 min, the straws were frozen to —35°C
at a rate of —0.3°C per min. After freezing, the straws were stored in
liquid nitrogen for at least 1 week. The frozen straws containing the
expanded blastocysts were thawed for 10s in air and 30s in 35°C
water. The recovered expanded blastocysts were then washed three
times in DPBS containing 10% FBS, diluted in IVC medium for
10 min, and cultured in the same medium for 72h at 38.9°C under
5%C0O,, 5%0,, and 100% humidity. Survival and hatching rates were
determined based on the number of re-expanded and hatched
blastocysts 24, 48, and 72 h after thawing.

2.5 Immunofluorescence analysis for
surviving embryos after slow freeze—
thawing

Immunofluorescence analysis was performed as reported by Lee
etal. (21). Re-expanded or hatched blastocysts in 24-h culture after
freeze-thawing were fixed with 4% (v/v) paraformaldehyde, washed
with DPBS, and permeabilized with 0.5% (v/v) Triton X-100 for
30min. The blastocysts were then co-incubated with a blocking
solution and SOX2 primary antibody (sc-365823, 1:100; Santa Cruz
Biotechnology, Santa Cruz, CA, United States) overnight at 4°C. After
rinsing with washing medium (Tween20, Triton X-100, and DPBS),
the expanded blastocysts were incubated with the secondary
antibodies: goat anti-mouse IgG (H+L) Alexa FluorTM 488 (A11029,
1:200; Invitrogen Corporation, Carlsbad, CA, United States), donkey
anti-rabbit IgG (H+L) Alexa FluorTM 594 (A21207, 1:400;
Invitrogen) for 1h at 20°C-25°C. The nuclei were stained with

0.5 M sucrose

Expanded
blastocyst

FIGURE 1

gradually frozen to —35°C at —0.3°C/min and stored in liquid nitrogen.

(]
12 min —
N —] -
[— | nitrogen
Slow freezing

Control, 0.1,0.25 and Freezing medium

Slow freezing process after artificially shrinking the embryo blastocoel cavity using sucrose medium. (A) After 7 days of IVF, the expanded blastocysts
were pre-equilibrated in Dulbecco’s phosphate buffered saline (DPBS) containing sucrose and 20% FBS for 3 min. (B) After confirming blastocoel cavity
shrinkage, the embryos were equilibrated in DPBS containing 1.8 M EG for 12 min, and then the embryos were inserted in 0.25-mL straws and sealed.
(C) The straws containing embryos were placed in a freezer maintained at —6°C and seeded after equilibration for 2 min. After 10 min, the straws were
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Hoechst-33342 and examined under an epifluorescence microscope
using the ZEN 3.5 Blue Edition software (Zeiss, Germany).

2.6 TUNEL assay for surviving embryos
after slow freeze—thawing

The TUNEL assay was performed as described by Lee etal. (21). To
analyze apoptosis in the re-expanded and hatched blastocysts 24 h after
freeze-thawing, the blastocysts were fixed with 4% paraformaldehyde
for 1h at 20-25°C and washed with DPBS. Permeabilization was
performed using 0.1% Triton X-100 in 0.1% (w/v) sodium citrate for 1 h
at 20-25°C. After washing with DPBS, the expanded blastocysts were
stained with 45mL of TUNEL-Label solution (Roche, Germany)
containing 5mL of TUNEL-Enzyme solution (Roche) for 1 h at 39°Cin
a dark, humidified atmosphere. Subsequently, the nuclei were stained
with 5pg/mL Hoechst-33342 for 10min and the blastocysts were
analyzed under an epifluorescence microscope.

2.7 Quantitative reverse transcription-PCR
analysis for surviving embryos after slow
freeze—thawing

mRNA was isolated from three replicates, each replicate
containing five embryos. Quantitative reverse transcription-PCR
(qQRT-PCR) was performed as reported by Oh et al. (22). mRNA
expression of four genes, BAX, HSPAIA, AQP3, and PLACS, was
analyzed using QRT-PCR with the primer sequences listed in Table 1.
After recovery from freeze-thawing for 24h, the re-expanded or
hatched blastocysts were washed with DPBS and snap frozen sampled
at —80°C prior to experimentation. The total RNA was extracted using
TRIzol reagent (TaKaRa Bio, Inc., Otsu, Shiga, Japan) according to the
manufacturer’s protocol and quantified by measuring the absorbance
at 260/280 nm. The purity of the extracted RNA was 1.9; the RNA was
stored at —80°C until use. Total RNA (1pg) was converted to
complementary DNA (cDNA) using the SuperScript IV VILO Master
Mix (Thermo Fisher Scientific, Waltham, MA, United States). The
synthesized cDNA, SYBR Premix Ex Taq (TaKaRa Bio, Inc.), and

TABLE 1 Primer sequences for quantitative reverse transcription PCR analysis.

10.3389/fvets.2024.1400899

specific primers (Macrogen, Inc., Seoul, Republic of Korea) were used
for qRT-PCR. mRNA expression was analyzed using the CFX96
Touch Real-Time PCR Detection System (Bio-Rad, Hercules, CA,
United States). The cycling parameters were as follows: 40 cycles for
5min at 95°C, 15s at 95°C, 15s at 56°C, and 30s at 72°C. Relative
quantification was performed by comparing threshold cycles (Ct) ata
constant fluorescence intensity. Relative mRNA expression (R) was
calculated using the equation R =2-[1¢tsmple-iCeontroll (5 3) "The R-values
were normalized to those of glyceraldehyde 3-phosphate
dehydrogenase (GAPDH) in each blastocyst group (24).

2.8 Statistical analysis

Statistical analyses were performed using the Statistical Analysis
System software (version 9.4; SAS Institute, Cary, NC, United States).
Data were analyzed using the general linear model approach, followed
by the mean separation method, with the least significant difference
(p<0.05) when there was a difference between treatments. Percentage
data were arcsine-transformed prior to analysis to maintain the
homogeneity of variance. Results are expressed as mean * standard
error of the mean.

3 Results

3.1 Effect of sucrose pretreatment on
blastocyst survival after slow freezing and
thawing

In Experiment 1, the embryos were freeze-thawed using
sucrose of various concentrations to determine the optimal sucrose
concentration for treatment before slow freezing. The blastocyst
survival rate after slow freeze-thawing is shown in Table 2. The
survival rate was higher in the 0.1 M group than in the control
group (p <0.05); however, no significant differences were observed
between the 0.25 and 0.5M groups. There were no significant
differences in the hatching rates among the groups at 24 and 48 h.
However, the hatching rate at 72h was significantly higher

Gene Primer sequence Product size (bp) GenBank accession
number
F: 5-TGTCGCCCTTTTCTACTTTG-3'
BAX 204 NM_173894.1
R: 5-GCCACAAAGATGGTCACTGT-3'
F: 5-GAGTCGTACGCCTTCAACAT-3’
HSPAIA 194 NM_203322.3
R: 5-ATGATGGGGTTACACACCTG-3’
F: 5-GACTGGCATCTTTGACTGCT-3'
PLACSA 195 NM_001025325.2
R: 5-GTCAGACACAGGCAATCCTT-3'
F: 5-TTGGTCATCGGTACCTCAAT-3’
AQP3 196 NM_001079794.1
R: 5-TCATGAGCTGGTACACGAAG-3'
F: 5-CTGGAGAAACCTGCCAAGTA-3'
GAPDH 186 NM_001034034.2
R: 5-GAGCTTGACAAAGTGGTCGT-3'
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TABLE 2 Effect of sucrose on survival rate at 24 h and hatching rate of bovine blastocysts at 72 h after slow freezing and thawing.

Sucrose (M)

embryos/No. of
Blastocysts (%)

Survived (re-
expanded)

No. of hatched blastocysts (%)

48 h

72h

Embryo hatched/

Survived (%)

0 (Control)

59/65 (90.1 +£4.5)*

5(6.5+2.6)

30 (43.6+5.9)

38 (58.0+6.4)"

38 (65.3+7.2)

0.1 64/65 (99.2+0.8)° 13 (18.6+8.1) 37 (53.8+10.5) 48 (76.6 £6.1)™ 48 (77.1£5.9)®
0.25 62/65 (97.5+2.5)® 12 (17.1+6.7) 34 (55.1+8.2) 54 (87.6+6.0)° 54 (89.6 £5.0)°
0.5 61/66 (95.4+3.0)® 16 (24.6+9.7) 38 (59.4+4.6) 50 (80.1+5.6)° 50 (83.5+3.9)®

Seven replicates; data are presented as mean + standard error. **Values in the same column with different superscript letters are significantly different (p <0.05).

TABLE 3 Effect of sucrose on bovine blastocyst cells as determined using immunofluorescence analysis and TUNEL assay after slow freezing and

thawing.

Sucrose
(M)

Immunofluorescence analysis

Total ICM TE
cells

No. of

Blastocysts
(No. of
replicates)

Mean Mean Mean

0 (Control) 13 (3) 171.0+9.2 522+7.1 118.8+7.6

ICM/
TE
cells
(VA

30.5+£3.3

TUNEL assay

Total
cells

No. of
blastocysts
(No. of
replicates)

Apoptotic/
total cells
(%)

Apoptotic
cells

Mean Mean

171.1£6.5 12.5+0.9* 7.5+£0.6

0.25 13 (3) 183.2+7.1 55.3+7.2 127.8+5.2

30.2+3.3

184.4+8.7 8.3+0.8" 4.6+0.5°

Data are presented as mean + standard error. **Values in the same column with different superscript letters are significantly different (p <0.05).

(p<0.05) in the 0.25 and 0.5 M groups than in the control group.
The hatching rate at 72 h was not significantly different among the
0.1, 0.25, and 0.5 M groups. The proportion of hatched blastocysts
among those that survived slow freezing and thawing was higher
(p<0.05) in the 0.25M group than in the control group, and the
proportion in the 0.1 and 0.5M groups was not significantly
different from that in the control and 0.25M groups. Hence,
we performed Experiment 2 using 0.25M sucrose. The results
suggested that pretreatment with 0.25M sucrose could affect
embryo recovery after thawing.

3.2 Effects of sucrose pretreatment on ICM
and trophectoderm of blastocysts after
slow freezing and thawing

For Experiment 2 (0 and 0.25M sucrose treatments), 24 h after
thawing the embryos, we examined the ICM and TE using
immunofluorescence analysis. No significant differences were
observed in the total cell, ICM, or TE numbers between the groups.
In addition, the ICM ratio of the total cell number showed no
significant differences between the control and 0.25 M groups (p >0.05,
Table 3).

3.3 Effect of sucrose pretreatment on the
apoptosis of blastocysts after slow freezing
and thawing

To analyze apoptosis, the embryos were subjected to TUNEL
assay 24 h after thawing. The total cell and apoptotic cell numbers
in the blastocysts are shown in Table 3. No significant differences

Frontiers in Veterinary Science 19

were observed in the total cell number between the control and
0.25M groups. However, the number of apoptotic cells was
significantly higher in the control group than in the 0.25 M group
(p<0.05).

3.4 Effect of sucrose pretreatment on gene
expression levels in blastocysts after slow
freezing and thawing

To analyze the effect of sucrose pretreatment on gene expression
in embryos after freeze-thawing, qRT-PCR was performed. In the
0.25M group, the relative mRNA expression of BAX, HSPIA1, and
AQP3 was significantly lower (p <0.05) than that in the control group
(Figure 2). However, the control and 0.25M groups showed no
significant differences in PLAC8 expression (Figure 2).

4 Discussion

In this study, we investigated the effect of sucrose treatment on
bovine embryos before freezing on the viability of the embryos after
thawing. We demonstrated that embryos treated with sucrose before
freezing had improved hatching rate after thawing. In addition,
we demonstrated that sucrose treatment of bovine embryos prior to
freezing decreased the transcript levels of apoptosis and cell stress
related genes after thawing.

A slow freezing method for shrinking cattle embryos by adding
sucrose to the freezing medium has been designed (9, 11, 17, 25).
However, data on slow freezing methods using sucrose pretreatment
prior to freezing are insufficient. Hence, in this study, we investigated
blastocyst apoptosis and hatching rates upon pretreatment with

frontiersin.org


https://doi.org/10.3389/fvets.2024.1400899
https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org

Jung et al. 10.3389/fvets.2024.1400899
1.5= Hm Control
= 0.25M
o _ L
@6 1.0
S
("] i
29 .
52
) 0.5+ *
& (4] =
0.0~ T T T T
BAX HSPA1A AQP3 PLACS
FIGURE 2
Effect of sucrose medium treatment before slow freezing of bovine blastocysts on the relative mRNA expression after thawing. BAX, BCL2 associated
X; HSPAIA, Heat shock protein 70 kDa; AQP3, Aquaporin 3; PLACS8, Placenta specific 8. *Different superscripts indicate significant differences for each
gene (p<0.05).

various concentrations of sucrose before slow freezing. Iwayama et al.
(26) reported no differences in the overall implantation rate when
vitrification was performed after artificial shrinkage using a sucrose
medium. However, high implantation rates were confirmed in
embryos that recovered quickly after vitrification warming via
sucrose medium pretreatment (26). In addition, Dang-Nguyen et al.
(27) evaluated porcine oocyte quality using 0.2 M sucrose medium
and Van Soom et al. (28) induced contraction of bovine morulae
using 0.3 M sucrose medium; however, these treatments did not have
a negative effect on viability. In this study, artificial shrinkage of the
blastocoel cavity and blastomeres was induced using control, and 0.1,
0.25, and 0.5M sucrose medium before slow freezing. We were
unable to examine the effect of using sucrose medium on embryos
without subsequent freezing; however, no adverse effects on embryos
were identified after freeze-thawing. Additionally, we found that
pretreating bovine embryos with 0.25 M sucrose resulted in higher
hatching and hatching/survival rates at 72 h than in the control group
after freeze-thawing. Thus, using the osmotic agent medium
dehydrates the embryos and blastomeres. When the embryos are
exposed to the freezing medium, a higher amount of the
cryoprotectant penetrates them, possibly improving the viability of
the embryos after slow freeze-thawing. Moreover, the blastocoel
cavity could be artificially shrunk using a sucrose medium; it does
not require special equipment or techniques and is easy to prepare
sucrose medium.

The embryo does not fully recover within 24h after thawing.
We examined the hatching rate at 72 h after thawing to determine the
possibility of implantation. However, in Experiment 2, the embryos
were used 24h after thawing to evaluate the quality of surviving
embryos. Apoptosis maintains embryonic development and
homeostasis, producing normal cells or removing abnormal cells;
increased apoptosis is an important indicator for evaluating embryo
quality. Apoptosis has been used to evaluate the quality of bovine
(25), mouse (29), goat (30), equine (31), and human (29) embryos
produced using the IVP system and that of in vivo and in vitro
embryos. Additionally, vitrification and slow freezing methods
damage embryonic cells by physical, chemical, and thermal factors
during the freezing process; therefore, cell death is an important
indicator of the effect of each freezing method on embryos (32, 33).
In our study, only the control and 0.25M groups were used to
evaluate apoptosis, because the 0.25M group showed the highest
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viability after freezing among the 0.1, 0.25, and 0.5M groups. In
addition, TUNEL staining showed no difference in the total number
of cells between the groups evaluated 24h after thawing, but the
number of apoptotic cells was significantly lower in the 0.25 M group
than in the control group. Compared to the control group, the 0.25 M
group was confirmed to artificially shrink embryonic cells. The
damage to blastomeres was assumed to be reduced by reducing ice
crystal formation along with the dehydration of embryos. In future
studies, the conception rate of frozen blastocysts after artificial
shrinkage using 0.25 M sucrose before freezing should be examined.

The first lineage specification event during mammalian
embryogenesis is the differentiation of the TE and ICM. The ICM
develops into the hypodermis and ectoderm, and the TE develops
outward from the fetal portion of the placenta. In human embryos,
differences in cell numbers between the ICM and TE have been
reported to reduce early embryo loss and improve implantation
and birth rates (34). In cattle, the ICM and TE cell numbers are
vary significantly depending on the culture system (35, 36). The
ratio and distribution of these cells are a potential indicator of
embryo quality and are considered crucial for implantation (37).
However, in this study, no differences were observed in the
number of ICM and TE cells between the control and 0.25M
groups. In the additional experiments, no differences were
observed in TE cell numbers; however, confirming the embryo
quality through the analysis of INFT2, which affects the
conception rate, is necessary.

The relative mRNA expression in embryos after freeze-thawing
has been widely reported. The relative mRNA expression levels in
embryos vary according to culture conditions and time after freeze-
thawing. BAX is a pro-apoptotic gene associated with apoptosis and
). In this study, a
significant difference was confirmed in BAX expression level between
the control and 0.25 M groups. Together with TUNEL staining, this
finding demonstrated that the number of positive cells in the 0.25M

a factor in determining embryo quality (38,

group was smaller than that in the control group at the gene
expression level. HSPs belong to a class of proteins called chaperones,
whose expression is induced as a defense mechanism under all types
of cellular stress; they are important cellular stress markers (40, 41).
In addition, a previous study has observed an increase in HSPAIA
). Mori et al.
(40) reported an increase in HSPAIA level in embryos under heat

level along with DNA fragmentation and apoptosis (
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stress, indicating a decrease in embryo quality and viability. Park et al.
(42) reported an increase in HSP70 expression in embryos and a
decrease in their viability based on the freezing method. In this study,
HSPAIA expression was higher in the control group than in the
0.25M group, suggesting that pretreatment with 0.25M sucrose
reduced expanded blastocyst stress. This result implies the possibility
that pretreatment with sucrose before slow freezing can prevent
damage to embryonic cells and reduce stress by dehydrating
blastomeres and embryos. AQP3 is a water molecule channel protein
that allows water to flow across the membrane in the osmotic
gradient direction, primarily expressed in epithelial tissues (43).
AQP3 expression levels in different culture conditions for bovine
embryos (43, 44), mouse oocytes (45), and mouse embryos (46) have
been investigated. Wang et al. (43) have reported that adding
melatonin to the IVC medium significantly lowered the relative
mRNA expression of AQP3 compared with the control and increased
survival after freeze-thawing. Similar results were obtained in this
study; however, a previous study indicated that a decrease in the
relative expression of AQP3 adversely affected viability after freeze-
thawing (47, 48). Hence, the difference in the culture system and
increased AQP3 expression are speculated indicators of rapid water
influx after freeze-thawing and osmotic stress in embryos; further
studies are needed in this field. Although PLACS8 expression is not
well established in cattle, its expression is related to placental
development (49). High PLAC8 expression in bovine embryos results
in increased conception rates after embryo transfer (50); PLAC8
expression is higher in the endometrium of pregnant cows than in
that of non-pregnant cows (51). However, in this study, no difference
was observed in PLACS8 expression between the control and 0.25M
groups, because cell death and stress are reduced by BAX and
HSPA1A expression, which has a beneficial effect on embryo survival
and quality. However, embryo survival rates may not affect the
conception rate, requiring additional embryo transfer experiments.

This study is limited in that it only demonstrated viability after
freeze-thawing without embryo transfer using in vitro embryos. In
addition, it did not quantify changes in embryos after treatment with
sucrose medium. To overcome these limitations, further studies on
conception rates in farmer’s fields by freeze-thawing bovine embryos
pretreated with sucrose and direct embryo transfer are needed, and this
study will help inform future frozen embryo transfer studies because
embryo survival and conception rates are closely related (14, 52).

Our results indicate that artificially shrinking the blastocoel
cavity using 0.25M sucrose prior to slow freezing affects blastocyst
viability and apoptosis after freezing-thawing. In addition, the
relative mRNA expression of BAX, HSPA1A, and AQP3 significantly
decreased up on 0.25M sucrose treatment. These results imply that
the quality of bovine blastocysts can be improved using the slow
freezing method aided by dehydration with a sucrose medium.
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Oxytocin, prostaglandin F2,, and
scopolamine for uterine
involution of dairy cows

Alice Carbonari, Matteo Burgio, Lorenza Frattina,
Edmondo Ceci, Maurizio Sciannamblo, Pasquale Ricci,
Vincenzo Cicirelli* and Annalisa Rizzo

Department of Veterinary Medicine, University of Bari Aldo Moro, Valenzano, Italy

The aim of the study was to compare the effect of three substances with
ecbolic activity, Oxytocin, Prostaglandin F2a (PGF2a) and Scopolamine, on the
uterine involution process in dairy cows and on the resumption of ovarian
activity. Eighty bovine were randomly divided in four groups: GROUP C: 20
cows treated, within 24h of calving, with 5mL/head of saline solution; GROUP
PG: 20 cows treated, within 24h of calving, with 150pg/head of d-cloprostenol;
GROUP OX: 20 cows treated, within 24h of calving, with 501U/head of oxytocin
acetate; GROUP S: 20 cows treated, within 24h of calving, with 40mg/q
Scopolamine Butylbromide. Each cow was subjected to blood samples to
evaluate the Hydroxyproline (HYP) levels, at TO, within 24h after calving, and
T7, T14, T28, 7, 14, and 28days after calving, respectively. At T14 and T28,
an ultrasound examination was performed to measure the diameter of ex-
pregnant horn. In all cows, the reproductive indices (days to first service and
number of artificial insemination for conception) were evaluated. In all groups,
the HYP concentrations have been rising from TO to T28, with the maximum
levels obtained at T28 in the groups PG and S. As regard the diameter of uterine
horn, the comparison among the groups showed significant differences only
at T28, with lower values in the group PG and S. In group S and PG, the days
to first service were less than other groups. Treatment with Scopolamine and
PGF2a resulted in better outcomes, evidenced clinically by more efficient
uterine involution and faster ovarian recovery.

KEYWORDS

bovine, oxytocin, prostaglandin F2, scopolamine, uterine involution

Introduction

Post-partum (PP) in dairy cows is the period that most influences the productive and
reproductive efficiency of the animal (1). To allow a new pregnancy occurs the female genital
apparatus undergoes physiological changes, such as uterine involution, epithelial
regeneration, elimination of bacteria and resumption of ovarian cyclicity (2).Uterine
involution is characterized by a series of macroscopic, microscopic and molecular events.
The macroscopic ones affect the volume and weight of the uterus, while the microscopic
ones concern regeneration. These changes are characterized by the phenomena of necrosis
and desquamation of the caruncles and regeneration of the endometrium, which lead to a
decrease in the weight of the organ, from an average weight of 13 kg before delivery to 1kg
30days later (3). These events are intended to ensure that the uterus regains suitable
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conditions for a new gestation (2). Furthermore, the molecular
changes characterized by the reconstitution of Ca** and glucose
reserves are crucial for the proper resumption of uterine contractility.
The latter, after an initial increase, undergoes a reduction in the
frequency and number of contractions to about 14 per hour in the
next few hours after delivery; in the next 42h, contractile events
must further reduce to 1 per hour to ensure that placental retention
does not occur (4). Complete uterine involution is reached around
40-50 days PP (2).The number of days required for proper involution
increases in cows that have experienced complications during
parturition (e.g., dystocias) or retention of fetal membranes; in these
cows the risk of developing a uterine infection increases, as the
possibility of bacterial colonization is greater (5). Failure of the
uterus and cervix to return to normal size, in particular a cervical
diameter of 7.5 cm, between 20 and 33 days PP, is associated with a
reduced rate of conception as reported by LeBlanc et al. (6). Several
pharmacological approaches are used to condition PP, all of which
focus on modulating the contractile activity of the uterus. Currently,
ecbolic drugs such as oxytocin (OX) and natural or synthetic
Prostaglandin F2a (PGF2a) analogs are widely used in cattle
breeding (7-9). There are conflicting opinions on the use of such
ecbolics. Treatment with OX has a positive effect on uterine
contractility up to day 2 PP, given its low half-life (7). The
administration of PGF2a has a positive effect on uterine involution
(8, 9), promoting a rapid completion of the process and a rapid
recovery of ovarian activity (10). Stephen et al. (11), on the other
hand, compared the two ecbolics administered for 1week
postpartum and found no positive effects on uterine involution,
incidence of endometritis and reproductive performance. The
parasympathetic nervous system also regulates the contractile
activity of the uterus, promotes its vascularization and stimulates
secretion from the cervical glands (12, 13). These activities are
mediated by acetylcholine, which binds to muscarinic receptors, M2
and M3. Binding to the M2 receptor prevents relaxation of the
uterus, while binding to the M3 receptor promotes its contraction
(14). The distribution of the receptors is regulated by the hormone
most present: estrogens stimulate the synthesis of the M2 receptor,
while reducing that of the M3 receptor. In the 24h after delivery,
estrogens are still present in high concentrations and, therefore, M2
receptors are the most prevalent muscarinic receptor subtypes (15).
Rizzo et al. (16) evaluated the effect of an antimuscarinic
(parasympatholytic) drug, scopolamine, administered within 24h
after calving, to regularize uterine contractions and, thus, improve
uterine involution in dairy cows. Scopolamine has proved to be a
valid alternative to traditional ecbolic substances in the management
of PP in dairy cows, regularizing uterine contractility by blocking,
for the duration of its half-life (2-3h), uterine contractions in PP,
which are then more efficient and regular when they resume (16).
The aim of the present study was to compare the effect of three
substances with ecbolic activity, Oxytocin, PGF2a and Scopolamine,
administered within 24h of calving, on the uterine involution
process in dairy cows and on the resumption of ovarian activity. To
compare the efficacy of these drugs, hydroxyproline (HYP) levels, an
important marker of uterine involution (16), ultrasound
examination, for the measurement of the diameter of the uterine
horns and reproductive indices (days to first service and number of
artificial insemination for conception) were evaluated.
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Materials and methods

All procedures were conducted in accordance with animal welfare
and use guidelines, with the informed consent of the owner and
approval of the ethics committee (protocol no. 10/2023).

Animals

The study involved 80 Friesan dairy cows located on a farm in the
province of Benevento, from 4 to 6 year old, with 550 kg mean weight
(range: 520-600kg), free from non-infectious and infectious diseases.
The free-housed animals were fed by unifeed, composed of corn
silage, oat hay, medical hay, corn flour, soybean meal, cotton, crushed
barley, beet pulp, and vitamin and oligomineral supplements. All
cows, prior to any experimental procedure, underwent a general and
particular objective examination of the reproductive apparatus, by
means of rectal exploration, to diagnose any pathologies. All the
subjects examined had eutocic calving and had no retention of
fetal membranes.

The cows were randomly divided into four groups:

- GROUP C: 20 cows treated, within 24h of calving, with 5mL/
head of saline solution (NaCl 0.9%), in one I.M. administration;

- GROUP PG: 20 cows treated, within 24 h of calving, with 150 pg/
head of d-cloprostenol (Dalmazin®- Fatro-Italy), equivalent to
2mL/head, in one I.M. administration;

- GROUP OX: 20 cows treated, within 24 h of calving, with 501U/
head of oxytocin acetate (Neurofisin®- Fatro-Italy), equivalent to
5mL/head, in one I.M. administration;

- GROUP S: 20 cows treated, within 24 h of calving, with 40 mg/q
Scopolamine Butylbromide (Spasmolax®- Fatro-Italy), equivalent
to 2mL/q, in one I.M. administration.

Blood withdrawals

Each cow was subjected to blood samples to evaluate the HYP
levels, at the following time points, in according to Rizzo et al. (16):

- TO: within 24h after calving.
- T7:7days after calving.

- T14: 14 days after calving.

- T28: 28days after calving.

Blood samples were taken from the coccygeal vein in serum
vacutainer tubes and transferred to the laboratory (20+ 10 min). The
samples were centrifuged at 1,620 x g for 10 min at +4°C. The serum
was stored in 1.5-mL Eppendorf tubes at —20°C until further analyses.
ELISA kit (Bovine Hydroxyproline ELISA Kit MyBio Source Inc.,
California) was used to measure the serum HYP levels, by using the
following manufacter’s instructions. The kit has a detection range of
2,000 to 31.2 ng/mL; a sensitivity such that the minimum detectable is
greater than 12ng/mL; a specificity such that no cross-reaction with
other substances occurred; an intra-assay accuracy of <8%; and an
inter-assay precision of <12%.

frontiersin.org


https://doi.org/10.3389/fvets.2024.1405746
https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org

Carbonari et al.

Ultrasound examination

At each check-up, all cows underwent a particular objective
examination of the reproductive apparatus, by means of rectal
exploration, to assess the possible occurrence of metritis and ovarian
function; during the checks carried out at T14 and T28, an ultrasound
examination was also carried out to measure the diameter of the
uterine horn that had received the previous pregnancy, to monitor the
degree of uterine involution. Ultrasound examination was performed
using a multifrequency linear probe (5-10MHz, set at 7.5 MHz)
(SonoSite MicroMaxx Bothell, WA, United States) and filter set to
100Hz. Ultrasound was always carried out by the same expert
technician. To reduce the interposition of air, cause of artifacts, the
probe was placed in the finger of an examination glove with ultrasound
gel, before the examination. Feces were removed from the rectum and
the diameter of the ex-pregnant uterine horn was measured in the
B-mode. At least three images of uterine horn were stored and on this
each one a cross-sectional diameter (from serosa to serosa) was
detected. The mean of three transverse diameters was calculated, for
each bovine.

Reproductive indices

In all the enrolled cows, the reproductive indices in the
postpartum were evaluated: days to first service and number of
artificial insemination (AI) for conception. Around the 40th day of the
postpartum, a clinical visit, to evaluate the condition of the genital
system, was performed. Estrus detection, oedema of the vulva, clear
mucosal vaginal discharge, standing to be mounted were observed.
Estrus was confirmed by the detection of a preovulatory follicle on
transrectal palpation. At healthy heat, all the cows were inseminated
with frozen semen of proven bulls, obtained from specialized centers
and referenced for preparation. Artificial insemination was always
carried out by the same operator. The cows that did not return to heat,
40 days after the AI, underwent a clinical examination, during which
the diagnosis of pregnancy was confirmed by means of a trans-rectal
ultrasound with a multifrequency linear probe (5-10 MHz, set at
7.5MHz) (SonoSite, MicroMaxx Bothell, WA, United States). The
number of Al for conception was determined based on the number of
Als to obtain a pregnancy, so at each return to heat the cows were
reinseminated until pregnancy was diagnosed.

Statistical analysis

The results were analyzed using the statistical program SPSS 19
(IBM, NY). The ANOVA test was used for comparison between
groups, while the GLM test for repeated measures with LSD post-hoc
test was used for comparison within groups. For all tests, statistically
significant differences were considered for p <0.05.

Results

The administration of all drugs did not produce any side effects.
In the group C, two cows reported an acute metritis; in the group PG
one cow showed subacute metritis; in the group OX one cow reported
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the left abomasal displacement and two cows follicular cyst; in the
group S, one cow showed follicular cysts. These cows were not
included in the experimental study.

Hydroxyproline level

The levels of the HYP in four groups are shown in Figure 1. The
serum concentration are in agreement with reported in literature
(16-18). The comparison among the four groups highlighted
significant differences at T7, T14 and T28 among group C and the
other experimental groups. In all groups, the HYP concentrations
have been rising from TO to T28, with the maximum levels obtained
at T28 in the groups PG and S.

Ultrasound examination

In the B-mode mode, the diameter of the ex-pregnant horn in the
four groups are shown in Table 1. Representative ultrasound images
of a cow of the S group, at T14 and T28 is showed in Figure 2. The
mean diameter of the uterine horn decreased from T14 to T28, in all
groups, in a statistically significant way. The comparison among the
groups showed significant differences only at T28, with lower values
in the group PG and S.

Reproductive indices

The days to first service and number of artificial insemination are
reported in Table 2.

Discussion

The aim of the present study was to compare the effect of three
substances with ecbolic activity, Oxytocin, PGF2a and Scopolamine,
administered within 24 h of calving, on the uterine involution process
in dairy cows and on the resumption of ovarian activity. The first two
are conventional ecbolic drugs, commonly used, while scopolamine is
an parasympatholytic drug that it was demonstrated to have ecbolic
activity, regularizing uterine contractility (16). In present study, the
efficacy of these drugs has been demonstrated by assaying HYP
concentration, marker of uterine involution (16, 19). It increased from
TO to T28 in all groups, with concentrations lower in control group
than the other groups. This confirm that the treatments with PGF2a,
oxytocin and scopolamine, administrated within 24h after calving,
induced an improvement of uterine involution. They may have acted
through their tonic effect on uterus, increasing the myometrial
contractions and, consequently, improving the reduction of the organ
and the clearance of intrauterine fluid (20, 21). HYP, in fact, is produced
following to the uterine collagen fiber degradation, during the
involution process (19). Among experimental groups, the higher HYP
concentrations, at T28, are shown in groups PG and S. These results are
also confirmed by those obtained with ultrasonography: in fact, the
diameters of ex-pregnant uterine horn were reduced from T14 to T28,
with values lower in groups PG and S than C and OX groups. It was
hypothesizable that uterine involution was improved with PGF2x
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FIGURE 1

differences between means *'?p < 0.05.

Concentrations (mean + SD) (pg/mL) of serum hydroxyproline in groups C (control), PG (treated with d-cloprostenol), OX (treated with oxytocin
acetate), S (treated with Scopolamine Butylbromide), at time TO (within 24 h of delivery), T7, T14, and T28, at 7, 14, and 28 from delivery, respectively.
Different letters in the same row show significant differences between means: *p < 0.01. Different letters in the same column show significant

T14 T28
1.50 bX 1.72 bX
2.35 bY 2.58 bY
221bY 2.25 bZ
249 ¢Z 255 cY

TABLE 1 Diameter (mean + SD) (mm) of the ex-pregnant uterine horn in
groups C (control), PG (treated with d-cloprostenol), OX (treated with
oxytocin acetate), S (treated with Scopolamine Butylbromide), at time
T14 and T28, 14 and 28 from delivery, respectively.

Groups T14 T28

¢ 48.81+541° 35.95+4.20%
PG 44.78+7.04° 28.36+6.33"
ox 47.86+9.14° 33.45+5.96%
S 46.86+2.24° 28.97+2.86™

Different letters in the same row show significant differences between means: **p <0.001.
Different letters in the same column show significant differences between means **#p <0.05.

administration, as prostaglandins act not only on contractile activity
but also on activation of the immune response and triggering of
phagocytosis (9, 17). Moreover, prostaglandins act on contraction of
cervical smooth muscle, promoting remodeling of the structure (22).
Then, these activities can explain the higher HYP levels showed in
group PG. In the S group, also, higher HYP concentrations were
obtained. It is hypothesizable that, in this group, rebound effect was
exploited, with positive influences on the involution of the organ, in
agreement with Rizzo et al. (16). In other word, scopolamine
temporarily has blocked the uterus contractions, for a period of time
corresponding to its half-life (2-3h). Following the disappearance of
its pharmacological effect, the uterus has resumed contracting more
effectively and increased glandular secretions, useful for self-cleansing
activity. Moreover, it was demonstrated that the activation of
muscarinic receptors M3 in muscle cells stimulates glucose uptake,
essential element for the contractility (23). The activity on uterine
involution by scopolamine could thus be attributed to both a
regularization of contractility and an increase in contractile force due
to increased glucose up-take. The efficacy of scopolamine on uterine
involution was then demonstrated by both the high HYP levels and the
reduction of the uterine horn diameters. In OX-treated subjects, on the
other hand, there is an increase in the frequency of uterine contractions
that promote the reduction of uterine volume, but immune stimulation
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is lacking. This would explain the lower HYP concentrations recorded
in the OX group cows compared with the groups. Oxytocin, therefore,
acting only on uterine contractility, was not as effective, in reducing
diameters, as the other two drugs tested. In literature, Oxytocin and
prostaglandin were used to influence the evolution of postpartum.
However, there are conflicting opinions. Stephen et al. (11) compared
the effect of oxytocin and dinoprost, administered for the first 7 days
postpartum, on uterine involution, postpartum endometritis, and
reproductive performance. The Authors concluded that these ecbolic
drugs, as used in this study, were not recommended for use in clinical
practice to improve involution or reproductive tract health in normal
cows (11). On the other hand, Abdel-Khalek et al. (21) demonstrated
that cows, treated with oxytocin or PGF2a within 6-12h postpartum,
showed similar results in terms of diameters of uterine horns (gravid
and non-gravid), cervical and vaginal length than that occurred in the
control cows. Moreover, the authors concluded that PGF2a and
oxytocin treatment showed similar beneficial effects on uterine
involution, meanwhile prostaglandin treatment obtained the best
results on conception rate and number of services per conception
within 90 days-post-partum (21).

As reproductive indices in present study, group S achieved the best
results, in terms of days to first service that were less than other
groups. It is known that the ovarian recovery is closely correlated with
good uterine involution. Therefore, in this group, the improvement of
the reproductive efficacy may be due to the scopolamine activity that
regularize the uterine contractility but it also acts on vascularization
(13) and on cervical glandular secretion (12). These activities are
important for improving uterine clearance and, thus, allowing earlier
resumption of reproductive function.

Conclusion

The results of this study support the use of ecbolics in the immediate
postpartum period to accelerate uterine involution and improve the
reproductive efficiency of the dairy cow. Treatment with Scopolamine
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FIGURE 2

and 28 days after delivery, respectively.

Representative ultrasound images of the ex-pregnant uterine horn of a cow of the S group (A,B) and a cow of the C group (C,D), at T14 and T28, 14

Duale

TABLE 2 Reproductive indices (days to first service and number of
artificial insemination -Al) in groups C (control), PG (treated with
d-cloprostenol), OX (treated with oxytocin acetate) and S (treated with
Scopolamine Butylbromide).

Groups Days to first service Ne° Al

C 49.9+4.63 3.2+0.92%
PG 48.3+3.95% 1.7+0.67"
ox 53.1+4.75" 2.7+0.82%
S 45.4+2.95% 1.840.79

Different letters in the same column show significant differences between means ***P<0.05.

and PGF2a resulted in better outcomes, evidenced clinically by more
efficient uterine involution and faster ovarian recovery.

The raw data supporting the conclusions of this article will
be made available by the authors, without undue reservation.

All procedures were conducted in accordance with animal welfare
and use guidelines, with the informed consent of the owner and
approval of the ethics committee (protocol no. 10/2023). The studies
were conducted in accordance with the local legislation and
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This clinical study investigates various metabolic and physiological parameters
in dairy cows during puerperium. Retained fetal membranes (RFM) is a
significant postpartum complication that can affect the overall health,
fertility and productivity of dairy cattle. The research focuses on changes
in total proteins, albumin, glucose, triglycerides, total cholesterol, aspartate
aminotransferase (AST) and alanine aminotransferase (ALT), cortisol, insulin,
and insulin-like growth factor 1 (IGF-1) levels among cows experiencing normal
post-partum period (NP) and those with RFM. A significant increase in protein
levels was noted during the post-partum period in the RFM group, indicating
physiological impacts of RFM at this stage. Albumin levels showed significant
differences, highlighting a significant biological effect of RFM in the post-partum
period. Glucose levels varied significantly in the weeks leading to parturition,
suggesting altered metabolic states in cows that suffered RFM. Triglyceride and
cholesterol levels were significantly higher during the antepartum period in the
group that experienced reproductive failure, indicating substantial alterations
in lipid metabolism which could herald the apparition of RFM. AST and ALT
levels provided insights into cellular stress and liver function, with significant
increases noted around parturition which could be attributed to the substantial
physiological strain of parturition itself. Cortisol levels were higher in RFM cows
2 weeks before parturition, which could indicate an increasing stress response
or a physiological preparation for the upcoming labor, and may be more
pronounced in cows predisposed to RFM. Insulin levels decreased significantly
before and at parturition in RFM cows, indicating a strong energy deficit. IGF-1
levels decreased significantly in RFM cows after parturition. Significant changes
in metabolic parameters, such as glucose, triglycerides, and cholesterol levels,
delineate the pronounced metabolic challenges faced by cows with RFM. The
study elucidates that while some variations are noted as parturition approaches,
the most substantial impacts attributable to RFM on metabolic and physiological
parameters occur after parturition. These changes may have implications for the
health, recovery, and productivity of cows postpartum, suggesting the need for
targeted management strategies to mitigate the effects of RFM.
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1 Introduction

The study of postpartum uterine diseases occupies a crucial
position in veterinary medical research, impacting not only the welfare
of animals but also their reproductive efficiency. These conditions lead
to a decline in reproductive function, which is associated with
increased financial burdens, manifested through decreased milk
production and higher costs of medical treatment (1). Among such
conditions, retained fetal membranes (RFM) is particularly significant,
as it prevents the normal process of uterine involution and contributes
to the development of chronic endometritis, both during and after the
puerperal period, culminating in diminished fertility (2, 3).

Endocrinologically, the period of parturition is characterized by
the intricate interplay of a variety of biologically active substances,
including steroidal and non-steroidal hormones, along with
prostaglandins (4). The transitional phase, which spans from the end
of gestation to the commencement of lactation, represents the most
metabolically challenging period for dairy cows, necessitating a
complex metabolic adaptation that involves the activation and
coordination of metabolic pathways. This adaptation is influenced by
endocrine and neuroendocrine systems in response to environmental
and physiological changes, thereby affecting the metabolism of
proteins, lipids, and carbohydrates across various tissues (5).

To satisfy the increased endogenous demands for energy and
nutrients, there is an enhancement in hepatic gluconeogenesis and the
mobilization of proteins and lipids within the body (5). A deficiency
in prepartum diet can lead to reduced serum glucose and insulin
levels, instigating adipose tissue lipolysis, an increase in serum
unsaturated free fatty acids, accumulation of hepatic triglycerides, and
consequently, the onset of steatosis and ketosis. Addressing the
negative energy balance is deemed crucial for the prevention of fatty
liver conditions (6, 7). Consequently, there is a significant correlation
between fatty liver syndrome and ketosis. Typically, fatty liver
syndrome is concomitantly linked with liver function irregularities.
These irregularities manifest as a diminished oxidation of
non-esterified fatty acids within the tricarboxylic acids cycle and an
impaired synthesis of lipoproteins. As a result, there is a rapid and
sustained elevation in the plasma concentrations of ketone bodies (8).

Biochemical markers such as total protein (TP) and albumin
(ALB) are indicators of liver synthetic function, as they are produced
solely by hepatocytes. Decreases in these markers suggest reduced
Additionally,
aminotransferase (AST) and alanine aminotransferase (ALT), serve as

hepatic  synthesis. enzymes like aspartate
biomarkers for hepatocyte damage; elevated levels in the blood
indicate hepatocellular injury or necrosis. Thus, analyzing these
enzyme activities provides insight into liver health (8).

The maternal immune system’s recognition of class I proteins of
the major histocompatibility complex within a mature placenta
initiates immune and inflammatory responses that are crucial for the
expulsion of the allantochorion at parturition. This underscores the
immune system’s broader role beyond mere pathogen recognition.

The ensuing maternal immune response, which is characterized by
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the production of leukocyte activation factors, plays a key role in the
immunological detachment of the allantochorion. A decrease in the
activity of peripheral leukocytes is linked to an increased incidence
of placental retention and related complications (9).

Moreover, Insulin-like growth factor 1 (IGF-I) significantly
influences the immune response across different animal species,
including cattle (10), by affecting the population of T helper 1
lymphocytes (11). These lymphocytes are essential to the immune
mechanism responsible for the elimination of the placenta in the
postpartum period (12). Cortisol, an immunosuppressive hormone,
inhibits the proliferation and vital functions of leukocytes, thereby
disrupting the normal immunological processes for identifying and
eliminating fetal tissues (7, 13). Insulin contributes to the regulation
of glucose supply to various tissues, including the uterine smooth
muscles, thus playing a crucial role in regulating uterine motility and
the strength of contraction (7, 14).

The incidence of REM can be influenced by various factors,
including metabolic and hormonal changes around parturition.
Understanding these changes in Romanian Spotted cows, a breed
significant to the Romanian dairy industry, is crucial for developing
better management and intervention strategies to minimize the
incidence of RFM and improve animal health and productivity.

The goals of this study are to characterize the metabolic
(cholesterol, triglycerides, glucose, protein, albumin) enzymatic
(ASAT, ALAT) and hormonal (insulin, cortisol, IGF-1) profiles of
Romanian Spotted cows during the peripartum period, and to explore
the dynamics of these metabolic and hormonal changes before,
during, and after parturition and their possible correlations with REM.

This study is among the first to focus on the Romanian Spotted
breed, offering valuable breed-specific data that can inform targeted
interventions and management practices.

By examining a wide range of metabolic and hormonal parameters
over a nine-week period encompassing pre-parturition, parturition,
and post-parturition, this study provides a detailed temporal
understanding of the physiological changes occurring around calving.

The comparison of metabolic and hormonal profiles between
cows with and without RFM may identify novel predictors or
biomarkers for REM, contributing to early detection and prevention
strategies. Insights from this study could lead to the development of
nutritional or management interventions tailored to the specific needs
of Romanian Spotted cows during the peripartum period, ultimately
enhancing animal welfare and productivity.

2 Materials and methods
2.1 Chemicals and reagents

The Kkits utilized in the current study were procured from
Elabscience Biotechnology Inc., located in Texas, HT, USA. The

additional chemicals were acquired from Sigma Aldrich and Merck,
both located in Darmstadt, Germany.
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2.2 Experimental animals

The clinical study involved a collaboration with a Romanian
Spotted cattle farm located in Mures County, Romania. At that
time, the farm housed a total of 240 cattle, including both adults
and young stock. The study was conducted between February 2021
and October 2021, during which a group of 50 cows was identified
for which the breeding date and approximate calving date
were verified.

The Biltata Roméneascd (Romanian Spotted, RS) breed, classified
under the Simmental group, serves a bi-functional purpose and is
currently documented with a population of 376,000 cows, comprising
36% of Romania’s cattle breed demographic (15, 16). Originating in
the 18th century, the RS breed was developed through the
non-methodical interbreeding of Simmental bulls, imported from
Austria and Switzerland, with domestically undeveloped Podolic Grey
cattle (16, 17). The lactational milk yield of the RS breed is quantified
between 5,000 and 5,700kg, with the adult female’s body mass ranging
from 600 to 620kg and the fattening young bulls experiencing an
average daily weight gain of 1,000 to 1,200g (16, 18). The breeding
selection index for the RS is strategically concentrated on enhancing
milk production (50%), with additional emphasis on the improvement
of growth rates and carcass quality (20%), as well as the augmentation
of fitness-associated characteristics (30%) (16, 19).

With regards to the shelter infrastructure, it features walls enclosing
three sides, leaving one elongated side completely open. The
construction material for these walls consists of reinforced concrete
elements. The roofing design incorporates a single-sloped configuration,
with the lowest point situated at 1.6 meters in the rear section of the
structure, while the highest point reaches 3.2 meters toward the front.
The flooring substrate is composed of concrete, providing an optimal
foundation for the application of a continuous bedding system. This
bedding is replenished with straw biweekly and replaced every
6-7weeks or as dictated by specific circumstances. The shelter facility
is equipped with two calving enclosures, each boasting a 20-square
meter area, facilitating the segregation of cattle approaching the calving
phase. Post-calving, cows are housed within these enclosures alongside
their calves, effectively mitigating potential conflicts and injuries.

2.3 Experimental model

The study conducted on a total of 50 cows involved multiple
samplings, both during the ante and post-partum periods, following
the protocol below:

o Antepartum period: at 4, 3, 2, 1week(s) before parturition
(AP-W4; AP-W3; AP-W2; AP-W1)

o At the moment of parturition +12h after parturition (P)

« Postpartum period: 1, 2, 3, 4weeks after parturition (PP-W1;
PP-W2; PP-W3; PP-W4)

Blood samples were collected at the same period of time, between
6 and 8am, all through the course of the experiment, from the
coccygeal vein using vacutainers with a coagulant. After collection,
they were left at room temperature to allow serum expression. The
respective serum was separated and placed in Eppendorf tubes, each
tube containing 0.5 mL of serum. The samples were stored at —80°C.
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From the initial group of 50 cows, only 22 met the criteria for
inclusion in the study by providing the necessary nine samples for
evaluation. Throughout the experiment, situations of abortion,
misdiagnosed pregnancies, or premature births before the calculated
term were encountered. At the end of the experiment, it was observed
that out of the 22 cows, only 7 presented placental retention, while the
remaining cattle had no postpartum complications.

All applicable international, national and institutional guidelines for
the care and use of animals were followed. The animal study protocol
was ethically approved by the university local Bioethics Committee
(n0.417/13.12.2023) and followed the guidelines of the European Law
Directive 63/2010, materialized by Romanian National Law no. 43/2014.

2.4 Biochemical analysis

Various parameters including albumin (ALB), glucose (GLU),
triglycerides (TRG), cholesterol (COL), aspartate aminotransferase
(AST)/glutamic oxaloacetic transaminase (GOT) and alanine
aminotransferase (ALT)/glutamic-pyruvic transaminase (GPT) and
total protein were quantified in the serum samples employing specific
assay kits (Elabscience Biotechnology Inc., Texas, HT, USA). All
biochemical analyses underwent rigorous validation and were
performed through spectrophotometry using the SPECTROstar®
Nano microplate spectrophotometer, BMG Labtech in Germany.

2.5 Determination of hormone
concentrations in blood

The specific quantitative ELISA assay kits (Elabscience
Biotechnology Inc., Houston, TX, USA) were used to measure the
All the
measurements were assessed in line with the instructions provided in

blood cortisol, insulin, and IGF-1 concentrations.
the kit, using the SPECTROstar® Nano microplate spectrophotometer,

BMG Labtech in Germany.

2.6 Statistical analysis

Statistical analysis was conducted using the GraphPad Prism 9
software program (San Diego, CA, USA). Data were statistically
evaluated through Unpaired t test with Welch correction. Significance
levels were set at p<0.05, p<0.01, p<0.001, and p<0.0001 to assess
differences between the cows with retained fetal membranes and the
ones with normal parturition. All determinations were carried out
using the two-stage step-up method (Benjamini, Krieger, and Yekutieli),
and the results were presented as the mean values + standard deviations.

3 Results and discussion
3.1 Blood metabolic profile

The findings of the study regarding total proteins and albumins
during the prepartum, parturition, and postpartum periods are

displayed in Figure 1. In the prepartum phase, from AP-W4 to
AP-W1, no statistically significant differences were observed
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between the RFM and normal parturition (NP) groups. This
suggests that any alterations in protein levels in cows that later
developed RFM are either not present or not detectable
until parturition.

During parturition (P), we observed a statistically significant
elevation in protein levels in the RFM group compared to the NP
group, surpassing the threshold for strong significance (p <0.01). This
period appears to be a critical point; physiological parameters are
significantly modified in cows with REM.

The immediate postpartum period presented a dynamic shift in
protein levels. At PP-W1, the protein levels in cows with REM were
significantly lower than those in the NP group (p<0.01), indicating a
continuation of the significant physiological differences noted at
parturition. However, by PP-W2, the significance of these differences
decreased (p <0.05), hinting at a possible transitional recovery phase.
A notable spike in protein levels was observed in the REM group at
PP-W3 which not only re-established the strong significance seen
during parturition but also reached a very high level of significance
(p<0.001). This could imply a delayed or sustained response to the
physiological stress of REM, with potential implications for the cow’s
metabolic state and recovery. By PP-W4, the differences in protein
levels between the two groups were no longer statistically significant
(p>0.05), suggesting a return to homeostatic levels or an adaptation
to postpartum conditions. The lack of significant difference at this
stage may indicate that the initial postpartum disturbances have
resolved or that compensatory mechanisms have effectively mitigated
the metabolic discrepancies associated with REM.

During the prepartum phase, the albumin levels show statistically
significant differences at 1 week before parturition (p <0.05) indicating
that changes in albumin levels associated with RFM become more
pronounced as parturition approaches. Interestingly, the albumin
levels at 4weeks before parturition also demonstrate significant
differences (p<0.05), albeit the effect is less pronounced than at
AP-W1. This suggests that while albumin levels begin to diverge
between RFM and NP groups several weeks before parturition, the
most substantial alterations occur closer to parturition.

10.3389/fvets.2024.1409666

The point of parturition (P) itself marks a highly significant
decrease in albumin levels in RFM cows compared to NP cows
(p<0.0001), reflecting a major physiological impact during this
critical time. This acute change likely represents a combination of
stress responses and the metabolic demands placed on the liver, which
is the primary site of albumin synthesis.

Postpartum albumin levels indicate a return toward normalcy but
with some fluctuations. Immediately after parturition (PP-W1), the
difference in albumin levels is not statistically significant (p>0.05).
However, by the second week postpartum (PP-W2), there is a
significant increase in albumin levels in the RFM group (p<0.01),
suggesting a rebound effect or a delayed response to the physiological
events of parturition. By the third week postpartum (PP-W3), albumin
levels in RFM cows are again significantly higher than in NP cows
(p<0.001), indicating ongoing physiological adjustments or the
continued effects of RFM. Finally, by the fourth week postpartum
(PP-W4), the albumin levels are not significantly different between the
two groups (p>0.05), which may indicate a stabilization of albumin
levels as cows recover from RFM.

Data on the variations in glucose, triglyceride, and total cholesterol
concentrations during parturition and the antepartum and
postpartum periods are presented in

In the weeks leading up to parturition, there were remarkable
differences in glucose levels between the two groups. Starting at
4weeks prior to parturition (AP-W4), cows with REM exhibited
significantly higher glucose levels than NP cows (p<0.001), which
persisted into the second week (AP-W2) before parturition. These
findings may suggest an altered metabolic state or an increased stress
response in RFM cows, which ultimately contribute to the
development of such pathology. However, 3 weeks before parturition
(AP-W3), RFM cows had extraordinarily high glucose levels (p <0.01),
which could imply an acute stress response or a compensatory
mechanism against metabolic demands. Intriguingly, 1 week before
parturition (AP-W1), REM cows showed significantly lower glucose
levels than NP cows (p <0.001), indicating a possible metabolic shift
or the onset of energy depletion as parturition approached. At the

PRT (g/dl)

AL L\
AR

AR SRy
SRR

FIGURE 1

replicate analyses.

mm Retained Fetal Membranes

=3 Normal Parturition

Total protein and albumin levels. Statistical significance *p <0.05, **p <0.01, ***p <0.001, ****p < 0.001. The outcomes represent mean + SD of three

8 -

i ¥ KKK K
:‘)-* |_] m * %
T M T ]
B .
— 4 M
m -
-l
<

7 -

Q {\'\ $"b &") Q\h
&

ORI
QT Q7 Q% QT

vy e T

Frontiers in

33


https://doi.org/10.3389/fvets.2024.1409666
https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org

Rafa et al.

10.3389/fvets.2024.1409666

mm Retained Fetal Membranes

Glucose, triglycerides and total cholesterol levels. Statistical significance *p <0.05, **p <0.01, ***p <0.001, ****p <0.001. The outcomes represent

e Normal Parturition
20+
EEE * % %k
[Txxx%x[]
2y . 154
T o
£ =)
E E 10-
3 2
(] b 54
RPN R Ry RIRIRR
Q5 Q% @5- Q™ R R R K R R K
| Al S R o < g g g Ye W Vv
FIGURE 2
mean + SD of three replicate analyses.

COL (mg/dl)

OO

RO
R

> OO
Qisz\Qg\Q’x\

K LR

point of parturition (P), glucose levels in RFM cows were significantly
higher (p<0.001) compared to NP cows. The marked elevation in
glucose could reflect the intense energy requirements and stress
associated with RFM cows. This is a critical finding as it underscores
the metabolic challenge faced by cows with REM during labor, which
may have implications for their health and recovery postpartum.

Immediately after parturition (PP-W1), the difference in glucose
levels was not statistically significant (p > 0.05), which may suggest an
initial period of recovery where glucose levels begin to stabilize.
However, the subsequent weeks (PP-W2 and PP-W3) continued to
show no significant differences (p > 0.05), indicating that the metabolic
disturbance observed prepartum may resolve or diminish in the early
postpartum period. Notably, by the fourth week postpartum (PP-W4),
RFM cows demonstrated a significant increase in glucose levels
(p<0.01), which might indicate a delayed response to the metabolic
demands or a secondary stress event.

In the antepartum period, the data indicate a statistically
significant elevation in triglyceride levels in cows with REM when
compared to NP cows. This elevation is evident from 4 weeks before
parturition (AP-W4) with a p-value <0.0001 and becomes more
pronounced 3weeks before parturition (AP-W3) with a p-value
<0.0001. This suggests a substantial alteration in the lipid metabolism
of REM cows well before parturition, potentially due to increased
mobilization of fat reserves or a stress-related increase in lipolysis. By
2weeks prior to parturition (AP-W2), the difference peaks
significantly (p <0.001), indicating the highest disparity in triglyceride
levels between the two groups during the prepartum period.
Interestingly, 1week before parturition (AP-W1), while the levels
remain significantly higher in RFEM cows (p<0.01), the difference
diminishes somewhat, which could suggest the beginning of a
metabolic adjustment as parturition approaches. At the time of
parturition (P), RFM cows continue to exhibit significantly higher
triglyceride levels (p<0.01) compared to NP cows. This persistent
hypertriglyceridemia may reflect the ongoing metabolic stress or an
inflammatory state associated with RFM, which could have
implications for the cow’s energy status and the health of the neonate.
Following parturition, the pattern reverses; the REM group shows
significantly lower triglyceride levels than the NP group from the first
week postpartum (PP-W1, p<0.01) through to the fourth week
postpartum (PP-W4, p<0.001). This decline could be indicative of a
higher postpartum energy deficit in REM cows, possibly due to a more
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extensive use of fat reserves for energy production or due to a reduced
feed intake. The significant drop in triglycerides during the
postpartum period may also signal a risk for the development of
metabolic disorders, such as fatty liver syndrome, which is a concern
in dairy cattle management.

Significant elevations in cholesterol were observed in REM cows
as early as 4 weeks before parturition (AP-W4), with a p-value <0.01,
which may suggest an altered lipid metabolism or an increase in
mobilization of fat reserves as part of the body’s preparation for the
energy demands of parturition. This elevation persisted through the
third week (AP-W3, p<0.001) and peaked at the second week
(AP-W2, p<0.0001) before parturition, indicating the highest level of
dyslipidemia in the prepartum period. The continued significant
difference 1week before parturition (AP-W1, p<0.01) adds to the
evidence that RFM is associated with marked changes in cholesterol
metabolism leading up to parturition. At the point of parturition (P),
there was a notable peak in cholesterol levels in REM cows (p<0.01),
suggesting that the physiological stress of parturition may exacerbate
the hypercholesterolemia. This could reflect the acute metabolic
demands placed on the liver for cholesterol, which is vital for hormone
synthesis and cellular functions that are critical during parturition.
Immediately after parturition (PP-W1), the difference in cholesterol
levels between RFM and NP cows was not statistically significant
(p>0.05), which may indicate a transient return to baseline levels or
effective management of cholesterol following parturition. However,
by the fourth week postpartum (PP-W4), a significant difference
re-emerged (p <0.001), suggesting a possible delayed response in the
cholesterol metabolism of REM cows or a secondary stress response
as the cows continue to recover. The non-significant findings at
PP-W2 (p>0.05) and PP-W3 (p>0.05) indicate no substantial
differences in cholesterol levels between the two groups during this
period. It is possible that the lipid metabolism is stabilizing during this
time, or the cows may have adapted to the postpartum state regardless
of the complications associated with RFM.

Figure 3 displays the results of the blood transaminase activity
(ALT and AST) assays. Leading up to parturition, we observe no
statistically significant differences in AST levels at 4 weeks (AP-W4,
p>0.05) and 2 weeks (AP-W2, p>0.05) before parturition. However,
a significant spike in AST activity is noted at 3 weeks before parturition
(AP-W3, p<0.0001), suggesting an early onset of cellular stress or
damage in cows that would later exhibit RFM. The reason for this
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elevation is not immediately apparent but could be indicative of the
metabolic and physiological changes preparing the cows for the
upcoming parturition. At 1 week before parturition (AP-W1), the
increase in AST activity approaches significance (p <0.05), possibly
heralding the impending stress of labor. At the time of parturition (P),
there is a highly significant elevation in AST levels in RFM cows
(p<0.0001), which could be attributed to the substantial physiological
strain of parturition itself. The elevated AST levels could reflect
increased cellular turnover or damage, potentially as a result of
hypoxia or inflammation related to REM.

Interestingly, the postpartum period shows no significant
differences immediately after parturition (PP-W1 PP-W2, PP-W3,
p>0.05). This lack of significant difference might indicate that the
acute stress on tissues typically resolves or diminishes after delivery.
However, by the fourth week postpartum (PP-W4), there is a profound
and highly significant decrease in AST levels in RFM cows (p <0.0001).
This decrease could suggest a resolution of the cellular stress or a
possible compensatory mechanism after the initial postpartum period.
The significant decrease in AST at PP-W4, especially considering the
high levels during parturition, may also point to a substantial recovery
or normalization process that extends into the postpartum period.
This could be reflective of the liver and muscle tissues’ repair and
regeneration capabilities.

The data indicate no significant difference in ALT levels between
RFM and NP cows during the majority of the prepartum period, with
non-significant p-values at AP-W4, AP-W2 and AP-W1 (p>0.05).
However, there is a notable exception at 3 weeks before parturition
(AP-W3), where a significant increase in ALT levels in REM cows
(p<0.05) suggests an early onset of hepatic stress or subclinical liver
injury that may be related to the metabolic changes preceding
parturition. At the time of parturition (P), a modest increase in ALT
levels is observed (p <0.05). While not highly significant, this increase
aligns with the physiological strain of labor and could be indicative of
mild liver stress or increased muscular activity associated with
parturition efforts. In the immediate postpartum period (PP-W1),
ALT levels show no significant difference (p>0.05), suggesting no
sustained hepatic insult following parturition. However, by the second
week postpartum (PP-W2), there is a significant elevation in ALT

10.3389/fvets.2024.1409666

levels in RFM cows (p <0.0001), which could be indicative of ongoing
liver stress or a delayed response to the metabolic challenges posed by
RFM. By the third week postpartum (PP-W3), ALT levels are not
significantly different (p>0.05), potentially signaling a trend toward
normalization. Yet, by the fourth week postpartum (PP-W4), there is
a highly significant decrease in ALT levels in REM cows (p <0.0001),
which is a somewhat unexpected finding. This decrease may reflect a
resolution of earlier hepatic strain or a compensatory adaptation after
the initial postpartum period. However, the lower levels of ALT could
also raise concerns about the liver’s functional capacity, considering
that such a significant decrease might also imply a reduction in
hepatocellular mass or function.

3.2 Blood hormonal profiles

The data suggest that cortisol levels in cows with RFM are not
significantly higher than those with NP at 4 weeks before parturition
(AP-W4, p>0.05), suggesting that at this stage, stress levels do not
differ markedly between the two groups. However, a trend begins to
emerge 3weeks prior (AP-W3, p<0.05) and becomes significant
2weeks before parturition (AP-W2, p<0.01), with RFM cows
exhibiting higher cortisol levels. This could indicate an increasing
stress response or a physiological preparation for the upcoming labor,
which may be more pronounced in cows predisposed to RFM. One
week prior to parturition (AP-W1), the difference in cortisol levels is
not significant (p>0.05), which might suggest a complex interplay of
factors as the cow’s approach labor. Interestingly, at the time of
parturition (P), the data do not show a significant difference in cortisol
levels between the two groups (p>0.05). This could be due to the high
variability of cortisol responses during labor or a possible equalization
of stress levels between RFM and NP cows induced by the parturition
process itself. In the postpartum period, the cortisol levels do not show
significant differences between RFM and NP cows at any week
(PP-W1 to PP-W4), with p-values >0.05. This lack of significant
variation postpartum suggests that the stress associated with RFM
may not extend beyond parturition in a way that is reflected in
systemic cortisol levels, or that both groups of cows experience a
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normalization of cortisol levels as they recover from parturition.
However, it is noteworthy that the cortisol levels in REM cows
significantly decrease by the fourth week after parturition (PP-W4,
p>0.05), approaching significance. This decrease may reflect a return
to baseline stress levels or successful adaptation to postpartum life.
Figure 4 shows a detailed replication of these outcomes.

Figure 5 displays the data obtained following the evaluation of
blood insulin and IGF-1 concentrations during antepartum period,
parturition and postpartum period.

During the prepartum phase, there were no significant differences
in insulin levels between RFM and NP cows 4 weeks before parturition
(AP-W4, p>0.05) and 2 weeks before parturition (AP-W2, p>0.05).
However, a significant decrease in insulin levels was observed 3 weeks
before parturition (AP-W3, p<0.0001) in cows with RFM. This
suggests an early metabolic alteration in these cows, potentially
indicative of a stress response or altered glucose metabolism.
Additionally, 1week before parturition (AP-W1), a significant
difference is noted again (p<0.01), which could signify the
continuation or amplification of these metabolic changes as
parturition approaches. At the time of parturition (P), a significant
reduction in insulin levels is observed in cows with REM (p <0.001).
This notable decrease may reflect a strong stress response or an energy
deficit due to the increased demands of labor, which could
be exacerbated in cows that go on to develop RFM. Immediately
following parturition (PP-W1), insulin levels do not differ significantly
between the two groups (p>0.05), suggesting a return to baseline or
a resolution of the acute parturition-related metabolic disturbances.
However, the second week postpartum (PP-W2) shows a significant
increase in insulin levels in REM cows (p <0.05). This might reflect a
postpartum metabolic adaptation or a rebound from the energy
deficits incurred during parturition. By the third week postpartum
(PP-W3) and the fourth week postpartum (PP-W4), although the
differences in insulin levels are not statistically significant (p>0.05),
there is a trend toward higher insulin levels in REM cows. This could
indicate a persistent alteration in glucose metabolism or insulin
sensitivity in these cows, which may have long-term implications for
their health and productivity.

Significant decreases in IGF-1 levels were observed in cows with
RFM compared to NP cows as early as 4weeks before parturition
(AP-W4, p<0.01), and these persisted through to 3 weeks (AP-W3,

10.3389/fvets.2024.1409666

p<0.01) and 2 weeks (AP-W2, p<0.05) before parturition. This trend
suggests a possible alteration in the metabolic state of RFM cows,
which could be due to a higher energy demand or a stress response
related to the impending parturition. Intriguingly, 1week before
parturition (AP-W1), RFM cows showed an increase in IGF-1 levels
compared to NP cows (p <0.05), which could indicate a compensatory
mechanism or a distinct shift in metabolic focus as parturition
approaches. At the time of parturition (P), no significant difference
was found in IGF-1 levels between RFM and NP cows (p>0.05). This
could be due to the acute and possibly equal physiological stress of
parturition on all animals, overshadowing the subtler chronic stressors
that may differentiate RFM from NP cows. Immediately following
parturition (PP-W1), a significant decrease in IGF-1 levels was
detected in RFM cows (p <0.0001). This suggests a continuation of the
energy deficit or a more pronounced response to the metabolic and
physiological stresses of REM. The significant differences continue
into the second and third weeks postpartum (p <0.001). By the fourth
week postpartum (PP-W4), IGF-1 levels in RFM cows were still
significantly lower than NP cows (p<0.01), which could reflect a
longer-term impact of RFM on the metabolic health of the cows,
possibly influencing recovery and subsequent productivity.

4 Discussion

There is a notable increment in serum total protein levels in
bovines commencing 2 months prior to the expected parturition date,
reaching a zenith 1 month before parturition, followed by a swift
decrement approaching the parturition period (20). This pattern
underscores the translocation of immunoglobulins from the serum to
the mammary gland, initiating several weeks before parturition and
attaining maximum concentrations between 1 to 3 days before the
(20, 21).

The typical plasma concentration range of albumin in bovines is
established to be 3.03 to 3.55g/dL (22). Albumin is classified as a
negative acute-phase protein, characterized by a gradual decrement in
its concentration, with more significant reductions observed in the
context of chronic inflammatory disorders. Negative acute-phase
proteins are delineated as serum proteins that exhibit a decrease in
concentration of 25% or greater during the acute phase in response to
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Blood Insulin and IGF-1 concentrations. Statistical significance *p <0.05, **p <0.01, ***p <0.001, ****p <0.001. The outcomes represent mean + SD of
three replicate analyses

infection, inflammation, or trauma (20). Trevisi et al. (23) documented
the inflammatory alterations following a retained placenta, indicating
that cows exhibit diminished albumin levels during the postpartum
period (Day 1-28.3g/L; Day 7-28.3g/L; Day 14-28.6g/L; Day
21-29.4g/L; Day 28-30.3g/L) in comparison to their healthy
counterparts (Day 1-34.2¢/L; Day 7-32.1g/L; Day 14-32.1g/L; Day
21-32.8g/L; Day 28-33.4g/L). This reduction is attributed to
compromised hepatic function and a deteriorated energy balance.
Corresponding observations were presented in the research by
Semacan and Seminc (24), where bovines with a retained placenta
demonstrated lower albumin levels (2.93+0.07 g/100 mL) relative to
those in a healthy condition (3.32+0.07 g/100mL). A typical decline
in albumin levels immediately post-calving is noted (25, 26), which is
also observed in cows undergoing normal calving, indicating an
improved protein status at the organismal level.

The basal plasma concentration of total proteins in bovines is
delineated within a range of 6.74 to 7.46g/dL, as documented by
Farver et al. (22). Investigations by Hashem and Amer (27) reveal an
elevation in total protein concentrations in bovines afflicted with
retained placenta (8.70+£0.44mg/1 dL) in comparison to those
undergoing uneventful parturition (8.41+1.58 mg/1 dL). Conversely,
research by Civelek et al. (28) indicates a reduction in total protein
levels during parturition in cows with retained placenta
(6.62+0.13 mg/dL) relative to those with normal parturition processes
(8.15+£0.36 mg/dL). Kumari et al. (29) corroborate these findings,
noting significantly diminished total protein concentrations in
bovines with retained placenta across multiple time points: 14 days,
7 days, and 5 days preceding parturition, during the parturition event
itself, and on the first and second days postpartum, when compared
to bovines experiencing normal parturition. In our studies, during
parturition, we observed a significant elevation in protein levels in the
RFM group compared to the NP group, this period appears to be a
critical point; physiological parameters are significantly modified in
cows with RFM. Three weeks after parturition, there was a noticeable
increase in protein levels in the RFM group. This may indicate a
prolonged or delayed reaction to the stress of RFM, which could have
consequences for the cow’s recovery and metabolic state. The protein
levels in the RFM group were not significantly different from the NP
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group by week 4 postpartum, indicating a return to physiologic values
or an adaptation to postpartum conditions.

The normative plasma glucose concentration in bovines is
quantified as ranging between 45 and 75mg/dL, according to Farver
et al. (22). Empirical data elucidate that bovines suffering from
retained placenta manifest diminished glucose levels during the
immediate aftermath of parturition compared to those experiencing
normal delivery. Semacan and Sevinc (24) reported a significant
disparity in blood glucose levels, with cows afflicted by retained
placenta showing lower levels (61.6 + 6 mg/dL) versus those in healthy
conditions (88.9+7.3mg/dL). This trend of reduced glucose levels in
cows with retained placenta relative to those undergoing normal
calving is consistently observed across various studies (27, 28). Kumari
et al. (29) established that bovines with retained placenta exhibited
lower glucose concentrations on days 14, 7, 5, 3, 1 preceding calving,
during the calving process, and on the first postpartum day in
comparison to cows with uneventful deliveries. These findings are in
accordance with the data that was obtained during our investigations.
Compared to NP cows, RFM cows had significantly higher glucose
levels at parturition (P). The high energy requirements and stress that
RFM cows experience may be the cause of the significant increase
in glucose.

The occurrence of hypoglycemia in bovines with retained placenta
underpins the hypothesis that glucose concentrations toward the
culmination of pregnancy act as an indicator of elevated risk for
retained placenta. An alternative explanation posits that the decreased
glucose levels may be attributed to augmented nutritional demands of
the fetus and the formation of colostrum (27). Furthermore,
hypoglycemia might be associated with elevated cortisol levels related
to retained placenta and postpartum metritis, either in a direct or
indirect manner (27, 30). The presence of hypoglycemia during the
final month of gestation is identified as a risk factor for the
development of retained placenta and postpartum metritis (27, 31).

Additionally, the increased susceptibility to retained placenta is
linked to hypotonia or atonia within the musculature of the
reproductive and digestive tracts, a condition precipitated by
diminished concentrations of glucose and calcium within the smooth
muscle cells (7, 32).
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The typical plasma concentration range for triglycerides in
bovines is reported to be 0 to 14 mg/dL (22). Kaczmarowski et al. (30)
posited that diminished lipid and triglyceride levels might result from
altered lipid metabolism, augmented activity of tissue lipolytic
enzymes, or ketosis in afflicted animals, with ketone bodies measured
at 765+427pmol/L in cows with retained placenta versus
754+296 pmol/L in their healthy counterparts. A lower amount of
triglycerides was observed throughout our research, which may
indicate that REM cows have a greater postpartum energy deficit. In
addition, the significant decrease in triglycerides during the
postpartum phase may also indicate a risk for the development of
metabolic disorders (such fatty liver syndrome).

Deviations in triglyceride concentrations are frequently linked to
hepatic disorders, as illustrated by Semacan and Sevinc (24), where
bovines with retained placenta exhibited lower triglyceride levels
(15.57+1.4mg/100mL) in
(21.5+ 1.6 mg/100mL). Fatty liver infiltration or hepatic steatosis,

comparison to healthy bovines

which can significantly impair hepatic function, is one such disorder.
A notable effect of hepatic steatosis includes a reduction in serum
albumin levels, indicative of compromised liver synthetic capacity, and
an increase in plasma enzyme activity such as AST, aligning with
observations made in this discourse.

The normative plasma cholesterol range in bovines is delineated
as 80 to 120 mg/dL, according to Farver et al. (22). It has been observed
that cows with retained placenta demonstrate significantly elevated
plasma cholesterol levels compared to those that efficiently expel fetal
membranes. Moreover, decreased circulating cholesterol levels during
the antepartum period have been associated with a heightened risk of
retained placenta. This trend is corroborated by Semacan and Sevinc
(24), where cows with retained placenta had cholesterol levels of
96.1+6.8mg/100mL, healthy
141.3+9.8 mg/100mL. Similar findings were echoed in additional

whereas cows had
studies comparing healthy cows to those with retained placenta (25,
27, 28). In our study, significant increases in cholesterol have been
observed in RFM cows antepartum. The REM cows’ cholesterol levels
peaked at parturition (P), indicating that the physiological stress
associated with parturition might exacerbate the hypercholesterolemia.

On the other hand, Kaczmarowski et al. (30) found no statistically
significant differences in cholesterol levels between cows with
retained placenta and healthy ones (2.08+0.83 mmol/L vs.
2.17+0.83 mmol/L). Kumari et al. (29) reported lower cholesterol
levels in cows with retained placenta on day 1 antepartum, during
parturition, and on day 1 postpartum. Blood cholesterol
concentration serves as a vital marker for hepatic lipoprotein
synthesis and the availability of exogenous energy. Despite cholesterol
levels surpassing physiological norms in both groups, cows with
retained placenta exhibited higher cholesterol levels compared to
those without postpartum pathologies. Blood cholesterol content
thus acts as a crucial indicator of hepatic lipoprotein synthesis and
external energy availability (29), which in turn reflects on liver health.

The standard enzymatic activity range for Aspartate
Aminotransferase (ASAT) in bovines is identified as 78 to 132 U/L, as
established by Farver et al. (22). Elevated ASAT levels observed in this
study correlate with the known association between hepatic steatosis
(fatty liver) and cows experiencing retained placenta, as highlighted by
Semacan and Sevinc (24). The infiltration of fat within the liver is
associated with an escalation in hepatic enzyme activities alongside a
decrease in blood glucose, total lipids, cholesterol, and triglycerides. The
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spectrum of liver fat accumulation, from mild to severe, can precipitate
liver dysfunction without leading to hepatocyte death, albeit with an
increase in hepatic enzyme activity (24, 27). Semacan and Sevinc (24)
attribute the accumulation of lipids within hepatocytes of cows with
retained placenta to the presence of endotoxins stemming from
infectious diseases such as endometritis, which can induce hepatic
lesions and necrosis, thereby causing varying degrees of liver dysfunction.

AST activity, which is inherently high in the liver of all domestic
species, typically surges in serum levels during both acute and chronic
liver damages. Given that AST is also abundant in muscles, kidneys,
pancreas, and erythrocytes, damage to these tissues can likewise result
in elevated serum AST levels (33), as observed in cows with normal
calving during the fourth postpartum week.

The normative range for ALAT activity in bovines is set at
11-40U/L (22). Significant increases in ALT activity are typically
indicative of hepatocellular inflammation. In such scenarios, a
progressive reduction in ALT activity might signal recovery, with a
decrease of 50% or more in serum ALT activity over several days being
viewed as a positive prognostic indicator. However, some animals with
severe liver disease may present with normal serum ALT levels, and a
reduction in serum ALT activity could signify a substantial loss of
viable hepatocytes or a diminished synthesis of transaminases (33).

The induction of corticotropin and adrenocorticotropic hormone
production serves as a pivotal mechanism activating the
hypothalamic-pituitary axis, which in turn elevates plasma cortisol
levels significantly from a normative baseline of approximately 5ng/
mL to a range of 10-20ng/mL (7, 34). This surge in cortisol,
recognized for its immunosuppressive capabilities, notably impairs
leukocyte proliferation and their critical functional roles, effectively
obstructing the standard immunological processes essential for the
identification and subsequent elimination of fetal tissues (7, 13).

Pre-parturition cortisol levels experience a marked increase,
reaching their zenith during or shortly subsequent to the birth process.
This elevation of cortisol plays a multifaceted role during parturition;
it may exert a negative feedback mechanism on prostaglandin synthesis
via the induction of lipocortin-1, a phospholipase inhibitor, or
alternatively, it may contribute to the stress-induced labor process (35).

Normative plasma cortisol concentrations in cattle are delineated to
range between 1.3 and 2.93ng/mL (22). However, during the
periparturient phase, a compromised immune system is observed,
largely attributed to metabolic stress precipitated by hormonal and
metabolic fluctuations, a negative energy balance, and deficiencies in
proteins, minerals, and essential vitamins necessary to meet fetal
demands and support the initiation of lactation (36). This metabolic
stress is capable of activating the hypothalamic-pituitary-adrenocortical
(HPA) axis, leading to an augmented secretion of plasma corticosteroids.
As a result, there is a dramatic elevation in cortisol levels during the
periparturient phase, notably on the day of calving. Cortisol, with its
potent immunosuppressive properties, suppresses the proliferation and
function of leukocytes during periods of stress, significantly reducing
neutrophil phagocytosis, lymphocyte cytotoxic capacity, and cytokine
activity. These reductions compromise the efficacy of immunological
recognition and the expulsion of fetal membranes, thereby contributing
to incidences of retained placenta (36). Cortisol levels 4 weeks prior to
parturition in cows with REM do not appear to be substantially higher
than in cows with NP, according to our data. However, RFM cows
presented increased cortisol levels 2 weeks prior to parturition. These
modifications could indicate an increasing stress response or a
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physiological preparation for the upcoming labor, which may be more
pronounced in cows predisposed to RFM.

The literature suggests that the average insulin concentration
during the periparturient period spans from 0.2ng/mL to 1.6ng/mL
(37). Moreover, periparturient hypocalcemia is intricately linked to
metabolic activities, where diminished calcium levels adversely affect
insulin production, thereby reducing glucose delivery to various
tissues (7, 14). This deficiency in glucose uptake triggers lipolysis,
leading to a negative energy balance, metabolic stress,
immunosuppression, and ketosis. The resultant hypotension or atony
of the reproductive and digestive tract musculature, owing to reduced
glucose and calcium levels within smooth muscle cells, heightens the
risk of retained placenta (7, 32).

Comparative analyses reveal that insulin levels in bovines with
normal calving are higher during the antepartum and calving phases
in contrast to those with retained placenta, albeit lower across all
sampling points than the literature average (37).

Furthermore, the mean concentration of insulin-like growth factor
1 (IGF-1) across various phases has been documented by Baldacim et al.
(38), ranging from 8.67-11.62ng/mL in the antepartum period to 2.50-
4.50ng/mL postpartum. Cows experiencing normal calving exhibit
higher IGF-1 levels in the prepartum period as compared to those with
retained placenta. Notably, during calving, the IGF-1 levels are
comparable across both groups, with a subsequent increase observed in
cows with normal calving relative to those with retained placenta.

Postpartum, a decrease in IGF-1 levels has been observed (39).
Velazquez et al. (10) describe a pattern wherein IGF-I concentrations
diminish in the final days of pregnancy, reach a low point in the initial
weeks post-calving, and subsequently commence an upward trajectory.

The IGF-1 levels in cows undergoing normal calving remain
within physiological parameters during both the antepartum and
postpartum periods and exhibit a more rapid recovery. In contrast,
cows with retained placenta showcase lower IGF-1 levels in the initial
postpartum week than their healthy counterparts, falling beneath the
concentration range specified in the literature (38). Nakada (12)
associates lower IGF-I levels with retained placenta and endometritis,
noting that IGF-I concentrations decline temporarily in cows suffering
from postpartum reproductive disorders and seldom revert to baseline
levels post-lactation cessation.

5 Conclusion

In conclusion, this clinical study reveals the multifaceted metabolic
challenges faced by cows with retained fetal membranes (RFM) across
various biochemical parameters during the periparturient period. Our
findings elucidate the temporal complexity of metabolic alterations,
including significant impacts of albumin, glucose, triglyceride,
cholesterol levels, enzyme activities (AST, ALT), cortisol, insulin, and
IGF-1 dynamics, highlighting the intricate interplay of metabolic
stressors associated with RFM. Notably, the absence of significant
prepartum differences in some parameters contrasts with marked
postpartum fluctuations, indicating a critical period of metabolic
adjustment and recovery following parturition. The significant
prepartum and postpartum changes in these biochemical markers not
only provide insights into the metabolic demands placed on cows by
RFM but also offer potential diagnostic and management strategies to
mitigate its impact. By closely monitoring these indicators, particularly
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during the critical weeks surrounding parturition, interventions can
be targeted more effectively to support cow health, enhance recovery
processes, and ultimately improve dairy herd productivity.
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GnRH-mediated suppression of
S100A4 expression inhibits
endometrial epithelial cell
proliferation in sheep via GNAI2/
MAPK signaling

Xiyao Jiao?, Zhili Chu?3*, Meng Li*, Jiurong Wang?, Zilong Ren?,
Leyang Wang?, Chengcheng Lu?, Xiangyun Li*, Feng Ren?** and
Xinglong Wu*

!College of Animal Science and Technology, Hebei Technology Innovation Center of Cattle and
Sheep Embryo, Hebei Agricultural University, Baoding, China, ?School of Basic Medical Sciences,
Xinxiang Medical University, Xinxiang, China, *Henan International Joint Laboratory of Immunity and
Targeted Therapy for Liver-Intestinal Tumors, Xinxiang Medical University, Xinxiang, China

Background: Gonadotrophin-releasing hormone (GnRH) administration
significantly decreases the pregnancy rate of recipient ewes after embryo
transfer, possibly because GnRH affects endometrial epithelial cell function.
Therefore, this study investigated the effect of GhnRH on endometrial epithelial
cells.

Methods: Transcriptome sequencing was used to determine the regulatory
effect of GnRH on the ewe endometrium, and the S100A4 gene, which
showed altered transcription, was screened as a candidate regulator of this
effect. Endometrial epithelial cells were further isolated, the S100A4 protein
was immunoprecipitated, and host proteins that interacted with S100A4 were
identified by mass spectrometry. We further verified the effects of SI00A4 and
GNAI2 on the proliferation of endometrial epithelial cells via overexpression/
knockdown experiments and subsequent CCK-8 and EdU assays. The effect of
S100A4 deletion in endometrial cells on reproduction was verified in mice with
S100A4 knockout.

Results: Our results showed that SI00A4 gene transcription in endometrial cells
was significantly inhibited after GhnRH administration. GNAI2 was identified as
a downstream interacting protein of S100A4, and S100A4 was confirmed to
activate the MAPK signaling pathway to promote cell proliferation by targeting
GNAI2.

Conclusion: GnRH can suppress the expression of SI00A4 in the endometrium,
consequently inhibiting the proliferation of endometrial cells through the
S100A4/GNAI2/MAPK signaling pathway. These findings suggest a potential
explanation for the limited efficacy of GnRH in promoting embryo implantation.

KEYWORDS

sheep endometrial epithelial cells, GnRH, cell proliferation, SL00A4, GNAI2, MAPK
signaling pathway
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1 Background

The application of assisted reproductive technology is important
for increasing the pregnancy rate of sheep. Further research into the
effects of different hormones on reproduction is therefore warranted.
Gonadotrophin-releasing hormone (GnRH) plays a pivotal role in
hormonal dynamics and reproductive efficiency in mammals. GnRH
is a decapeptide hormone that is synthesized and secreted by specific
hypothalamic neurons. This hormone is released into the pituitary
portal system in a pulsed manner, binds to the GnRH receptor on the
surface of the pituitary gland, regulates the hypothalamus-pituitary-
gonadal (HPG) axis, stimulates the release of gonadotropins and
steroid hormones, such as follicle stimulating hormone (FSH) and
luteinizing hormone (LH) (1), and then regulates embryo implantation
and placental formation, playing an essential role in maintaining the
normal reproductive activities of animals (1-3). GnRH and GnRH
receptors are found in the hypothalamus, pituitary glands, and various
reproductive organ tissues, such as the ovaries, endometrium, and
myometrium. GnRH mRNA is expressed in both epithelial and
stromal cells of the human endometrium in a dynamic manner. In the
early and middle secretory stages of the menstrual cycle, endometrial
GnRH mRNA levels increase significantly, suggesting that GnRH may
be involved in the embryo implantation process (4). GnRH receptors
are expressed in human endometrial decidual stromal cells, and
GnRH agonists can promote the release of enzymes that remodel the
extracellular matrix and change cell movement (1, 5). GnRH agonists
can inhibit the proliferation, migration, and differentiation of
endometrial stem cells through the PI3K/Akt signaling pathway (6)
and can also affect the receptivity of the endometrium by affecting the
immune response and energy metabolism (7). GnRH and GnRH
receptors are also expressed in the myometrium. GnRH agonists can
inhibit DNA synthesis, TGF-p production in myometrial smooth
muscle cells and proliferation of uterine fibroids (4, 8). In summary,
GnRH participates in the embryo implantation process by mediating
various functions of endometrial cells, and exogenous GnRH can
affect uterine function. Therefore, GnRH is often used clinically to
induce ovulation during superovulation (9-11) and to synchronize
estrus (12, 13).

GnRH is widely used to increase pregnancy rates in sheep.
GnRH agonists/antagonists were first used to control follicle
development (9-11, 14) and to assess the efficacy of estrus induction
during different periods (15). This molecule can also be used to
induce estrus synchronization (12, 13, 16). However, we previously
found that using GnRH in sheep fixed-time artificial insemination
and embryo transfer programs does not increase the embryo and
embryo transfer programs decreased the embryo implantation rate
(17). Unfortunately, the mechanism of its negative effect is
still unclear.

Physiological changes in endometrial cells are essential for
cyclic changes in the uterus. In particular, the endometrium must
respond to hormonal changes and proliferate to a state suitable for
embryo implantation. Generally, endometrial cell proliferation is
regulated by hormones such as estrogen, which acts as a
transcription factor that directs target gene expression and exerts its
effects through interactions with the membrane-bound estrogen
receptor (ER). The ER utilizes intracellular signaling systems [such
as mitogen-activated protein kinase (MAPK)/ERK, phosphoinositide

Frontiers in Veterinary Science

10.3389/fvets.2024.1410371

3-kinase (PI3K), and RAS signaling pathways] to participate in the
regulation of gene expression (18). However, the molecular
mechanism by which hormones activate endometrial cell
proliferation after they act on endometrial cells is not fully
understood. Studies have not shown whether GnRH treatment can
affect endometrial cell proliferation.

The S100 protein family consists of 25 calcium-binding proteins
with high sequence and structural similarities. S100A4 is a critical
member expressed in various cell types, including lymphoid and
myeloid cells such as macrophages, neutrophils, mast cells, and
memory T cells. This molecule plays a crucial role in promoting
cancer occurrence and metastasis. The SI00A4 protein also regulates
obesity (19), cell proliferation (20), migration (21, 22), inflammation,
and cell death (23). Additionally, S100A4 is a key dynamic regulator
of embryo implantation (24). In cases of inflammatory reactions in the
bovine uterus, the expression level of S100A4 significantly decreases,
suggesting its relevance to the pathogenesis of endometrial
inflammation (25).

In the pathogenesis of uterine sarcoma, S100A4 also plays a
crucial role in affecting epithelial-mesenchymal transition (26).
Several studies have shown that S100A4 can promote the migration
and metastasis of endometrial cancer cells (27). These findings
collectively suggest that SI00A4 plays an important regulatory role in
uterine diseases.

However, the role of S100A4 in regulating endometrial cell
proliferation remains to be explored. Transcriptome sequencing
revealed that changes in S100A4 expression affect endometrial
proliferation. Furthermore, the downstream interacting protein
GNAI2 was identified through coimmunoprecipitation. These
findings were validated through in vitro and in vivo experiments in
mice with uterine-specific S100A4 knockout, confirming that S100A4
can regulate the MAPK signaling pathway to promote endometrial
cell proliferation.

2 Materials and methods
2.1 Animal experiments

This experiment was conducted from November to December
2019 at a Kazakh sheep breeding farm in Liaoning Province, China
(41°06'N 122°18’E). The 20 selected sheep had no reproductive
disorders. The weight was 40-60kg. The ewes selected for
experiments were treated with an intravaginal vaginal sponge soaked
with 45 mg of progesterone (Mugimuye Sci-Tech Co., Ltd., Shanghai,
China) for 12 days. When the sponge was removed, 3301U PMSG
(Sansheng Biological Technology Co., Ltd., Ningbo, China) was
injected intramuscularly. Ewes induced to undergo estrus were
subjected to insemination 50h after the sponge was removed.
Laparoscopic uterine horn insemination was performed using an
insemination device (Zhengmu Bio-Tech Co., Ltd., Baoding, China).
Semen in 0.25mL aliquots was thawed via conventional methods.
The spermatozoa cell concentration was approximately
400x 10° cells/mL. The experimental ewes were divided into two
groups. The experimental group was administered 17 pg of A3 (a
GnRH agonist triptorelin; Sansheng Biological Technology Co., Ltd.,

Ningbo, China) by intramuscular injection 12 h before insemination,
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and the control group was administered 1 mL of sterile physiological
saline solution via the same route. The endometrium was assessed
5days after insemination. The Ethical Committee of Xinxiang
Medical University approved this study.

2.2 Isolation and culture of sheep
endometrial epithelial cells

Sheep uteri were collected at the slaughterhouse and immersed in
physiological saline containing penicillin  (100IU/mL) and
streptomycin (1 mg/mL). The uteri were then transported in an ice
box to the laboratory. In a biosafety cabinet, the uteri were rinsed three
times with PBS. During surgery, the uteri were cut into pieces, and
efforts were made to remove nonendometrial tissue as thoroughly as
possible. After the tissue was cut, the tissue homogenate was added to
a cell culture dish, allowed to dry and fixed for 1h. Cell culture
medium containing 10% fetal bovine serum, penicillin, and
streptomycin was added to the culture dish. The cells typically began
to expand after approximately 7days. When the cells reached
approximately 70% confluence, they were harvested, digested, and
frozen for future use. The Ethical Committee of Xinxiang Medical
University approved this study.

2.3 Cell transfection with siRNA and
plasmids

Plasmids for synthesizing siRNAs and overexpressing sheep
S100A4 and GNAI2 were used. The target sequences are listed in
Table 1. The cells were transferred to a 6-well cell culture plate one day
in advance, with approximately 5x10° cells per well. During
transfection, Lipofectamine 2000 was mixed with serum-free basic
DMEM to create solution A, while plasmid/siRNA was mixed with
serum-free high-glucose basic DMEM to create solution B. After
5min, solutions A and B were combined, and the mixture was allowed
to incubate at room temperature for 12min. This mixture was
subsequently added to the cell culture dish, and the culture medium
was replaced with fresh medium after 6h. Subsequent experiments
were conducted 42 h after transfection.

TABLE 1 Primer sequences.

10.3389/fvets.2024.1410371

2.4 Transcriptome sequencing

For processing of sheep tissue samples, the samples were ground
and then lysed with TRIzol. For cell samples, the cell supernatant was
discarded, and the cells were washed once with PBS and then lysed
with TRIzol. RNA was subsequently extracted via the addition of
chloroform and TRIzol at a 10% v/v ratio, followed by shaking,
mixing, and centrifugation at 12,000 rpm for 10 min. The supernatant
was transferred to a new centrifuge tube, and an equal volume of
isopropanol was added. After inversion, mixing, and a 30-min
incubation step, the mixture was centrifuged at 12,000 rpm for 10 min.
The supernatant was gently discarded, and 1 mL of precooled 75%
alcohol was added. The samples were centrifuged again at 12,000 rpm
for 10 min, the supernatant was removed, and the pellet was allowed
to dry in a fume hood. The RNA was subsequently dissolved in
ddH20 for library construction.

Sheep uterine tissue sequencing and data analysis were performed
by Beijing Geekgene Technology Co., Ltd. Sequencing following
S$100A4 knockdown was conducted by Suzhou GenePharma Co., Ltd.
Transcriptome sequencing and analysis of GNAI2-overexpressing
cells were performed by Beijing Novo Biotechnology Co., Ltd.

2.5 CCK-8 assays

Cells were seeded into a 96-well plate. After the corresponding
treatment (as described in Materials and Methods 2), CCK-8 (C0005,
Targetmol, United States) reagent was mixed with culture medium at
aratio of 1:9 in a centrifuge tube, and then, 100 pL of culture medium
containing CCK-8 reagent was added to each well. The plate was
placed in a cell culture incubator for further incubation. After 30 min,
the OD450 was measured using a FlexStation 3 instrument.

2.6 EdU staining

After the cells were processed, EAU was dissolved in culture
medium (10 pM), mixed evenly, and placed in a cell culture incubator
for 30 min. Then, the culture medium in the original cell culture dish
was discarded, and the above mixture was added. The cells were

Forward sequence Reverse sequence

S100A4 TGAGCAACTTGGACAGCAACA TTCCGGGGTTCCTTATCTGGG
GNAI2 GGTCGTCTACAGCAACACCA GTCTTCACTCGAGTCCGCAG
C-fos CCAGCCCTGACCTACAATGG CTGCCTCCCGTCATGGTTT
c-JUN CGACCTTCTACGACGATGCC GGGGTTACTGTAGCCGTAGG
GAPDH AGGTCGGTGTGAACGGATTTG TGTAGACCATGTAGTTGAGGTCA
si-S100A4 GCAUCGCCAUGAUGUGCAATT UUGCACAUCAUGGCGAUGCTT
si-NC UUCUCCGAACGUGUCACGUTT ACGUGACACGUUCGGAGAATT
si-GNAI2 GCACGAGAGCAUGAAGCUGUUTT AACAGCUUCAUGCUCUCGUGCTT
Alb-cre-Primer 1 GAAGCAGAAGCTTAGGAAGATGG TTGGCCCCTTACCATAACTG
Alb-cre-Primer 2 GGACAACTTATCCTTATCACAAGGG TTGGCCCCTTACCATAACTG
koS100A4-LoxP ACAATGAAGTTGACTTCCAGGAGTA GCAAACTACACCCCAACACTTC
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incubated for 1-3h. Afterward, the culture medium containing EdU
was discarded, and the cells were washed twice with PBS, fixed with
4% paraformaldehyde for 30 min, washed twice with PBS, and treated
with a 0.3% Triton 100 solution for 15min. The cells were stained
according to the instructions of the working solution of the EdU kit
and incubated for 30 min. After the staining solution was discarded,
the cells were rinsed twice with PBS, PBS containing Hoechst 33342
was added, and images were captured using a fluorescence microscope
(Ts2R-FL, Nikon, Japan).

2.7 Immunofluorescence and
immunohistochemical staining

For immunofluorescence staining, tissue sections were subjected
to conventional dewaxing, repaired with citric acid solution, and then
washed with tap water to remove citric acid. Subsequently, the sections
were blocked with 1% BSA for 30 min, and GnRHR (diluted with 1%
BSA; 1:300; 19,950-1-AP; Proteintech, China) primary antibody or
S100A4 primary antibody (1:100; sc-377059; Santa Cruz,
United States) was added and incubated overnight at 4°C. After the
primary antibody was removed by washing the next day, a fluorescent
secondary antibody (1:200, AS037, Abclone, China) was applied, and
the samples were incubated in the dark for 2h. After the secondary
antibodies were removed, the slides were covered with glycerol
containing Hoechst 33342, and images were captured using a
fluorescence microscope. For immunohistochemical staining of tissue
sections, antigen retrieval solution was used to restore epitope—
antibody binding. Endogenous peroxidase activity was blocked via the
addition of a 3% hydrogen peroxide solution and incubation in the
dark for 30 min at room temperature. Then, the tissue was blocked
with 3% BSA for 30min. The antibody was dissolved in PBS and
placed in a humidified box overnight for 4days. The next day, an
HRP-labeled secondary antibody was added to the corresponding
mixture, which was incubated at room temperature for 1h.
Subsequently, DAB chromogenic solution was used for color
development, followed by hematoxylin counterstaining for 3 min and
rinsing with tap water. The slides were dehydrated, mounted, and
photographed using a microscope.

2.8 Mass spectrometry and
coimmunoprecipitation (Co-IP)

For mass spectrometry, SI00A4 (with an HA tag) was first
overexpressed in endometrial epithelial cells. After 48 h, the cells were
lysed with IP lysis buffer (Beyotime). Then, the cell lysates were
incubated with precoated anti-HA primary antibody (CST) and
Protein A/G. The cells were incubated for 12 h, followed by six rinses
with NP-40 solution. Finally, the solution was discarded, and protein
A/G beads were isolated for mass spectrometry analysis. Mass
spectrometry-based detection and analysis were conducted by Jin
Kairui Biotechnology, Ltd.

For Co-IP, 293 T cells were prepared and simultaneously
transfected with the S100A4 and GNAI2 plasmids. After 48 h, the
proteins were collected, and a portion of the total protein sample
was stored for later use. The same procedures were followed as
described above. After the proteins bound to the protein A/G beads
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were obtained, 50 pL of 1x loading buffer was added. The samples
were heated in a 100°C metal bath for 5min, after which
electrophoresis was performed at 100 V constant voltage. A 300 mA
constant current was used for 90min for transfer. The PVDF
membrane was blocked with 10% skim milk powder for 30 min, the
corresponding primary antibody was added, and the membrane was
incubated overnight at 4°C. The cells were rinsed with TBST for
3x10min, incubated with the secondary antibody at room
temperature for 2h, and then rinsed with TBST for 3 x 10 min.
Chemiluminescence solution (Bio-Rad, United States) was added,
and images were captured.

2.9 Primer sequences and qPCR analysis

Total cellular RNA was extracted as described in (3). The RNA
was reverse transcribed into cDNA using a reverse transcription kit
(D7168M, Beyotime Biotechnology Co., Ltd.) and analyzed using
a qPCR kit (A313-05, Beijing Kangrun Chengye Biotechnology
Co., Ltd.). The components included 2 x qPCR Mix (10puL), 1 pL
each of Primer F and Primer R, 0.5pL of cDNA, and 7.5pL of
H20. The qPCR program involved denaturation at 94°C for 30s,
annealing at 60°C for 30s, and replication at 72°C for 30s; this
process was repeated for 40 cycles. The primer sequences are listed
in Table 1.

2.10 HE staining

The paraffin sections were dewaxed in water, stained with
hematoxylin for 3-5min, and then rinsed with tap water. The sections
were counterstained with a bluing solution and then rinsed with
running water. The sections were dehydrated in 85 and 95% gradient
alcohol for 5min each and subsequently immersed in an eosin
staining solution for 5min. Finally, the slices were placed in absolute
ethanol solutions I, II, and III for 5min each. The slides were cleared
in xylene twice for 5min each, sealed with neutral gum, allowed to
dry, and imaged.

2.11 Animal breeding and analysis

Transgenic animals were purchased from Saiye Biotech and kept
in specific pathogen-free (SPF) animal rooms with a 12h/12h dark/
light cycle, after which the mice were allowed access to drinking water
and food. A Mouse Direct PCR Kit (for genotyping) (B40013, Selleck)
was used for mouse genotyping. The sequences of the primers used
for genotype identification are shown in Table 1.

2.12 Statistical analysis

Statistical analysis was performed with GraphPad Prism 5
software (GraphPad Software, Inc., CA, United States). All values are
expressed as the means+SDs of three independent experiments.
Student’s t test and one-way ANOVA were used to evaluate the
significance of differences; p<0.05 was considered to indicate
statistical significance (28).
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3 Results

3.1 S100A4 expression in the sheep
endometria decreased in response to
GnRH treatment before insemination

We treated sheep with GnRH before insemination, but no
satisfactory results were achieved. To investigate the reasons
underlying embryo implantation failure in sheep treated with
GnRH before insemination and explore the effects of GnRH on the
endometrium, we divided the sheep into two groups: one group
received 17 ug A3 (GnRH) before insemination, while the other
group received 1 mL of sterile physiological saline solution as a
control. Five days after insemination, we collected uterine tissue,
scraped the endometrial tissue, and performed transcriptome
sequencing. Analysis of the differentially expressed genes (DEGs)
between samples from the control and treated sheep revealed
substantial differences in the expression of S100A4 between the two
groups of sheep (Figure 1A). S100A4 is known to regulate cell
proliferation. Kyoto Encyclopedia of Genes and Genomes (KEGG)
enrichment analysis revealed that GnRH affected the enrichment of
cell proliferation-related signaling pathways, such as “growth” and
(Figure 1B). We
immunofluorescence analysis to assess the expression of the GnRH

“cell proliferation” initially performed
receptor protein (GnRHR) in the endometrium. The results revealed
robust expression of the GnRH receptor protein in the
endometrium, as indicated by green fluorescence (Figure 1C). To
investigate the localization of the S100A4 protein in the sheep
endometrium, we performed immunofluorescence staining.
We found that S100A4 was expressed in the endometrium in a
pattern similar to that of GnRHR (Figure 1C). These findings
suggest that SI00A4 may play a role in the effects of GnRH
treatment on the endometrium, although the specific mechanism
involved remains unclear.

3.2 S100A4 promotes sheep endometrial
cell proliferation

To assess the effect of S100A4 expression on the sheep
endometrium, we isolated endometrial epithelial cells and synthesized
an siRNA targeting sheep S100A4 and a eukaryotic expression vector
to overexpress sheep S100A4.

S100A4 was overexpressed in sheep cells, and one group of these
cells was transfected with siRNA targeting S100A4 (siS100A4); then,
of HA-S100A4 was through
immunofluorescence. The results indicated that the anti-HA antibody

the expression assessed
could be used to identify HA-positive S100A4-overexpressing cells,
and the fluorescence ratio decreased in the siS100A4-transfected
group (Figure 2A). These findings suggested that both overexpression
and knockdown of S100A4 can be achieved in endometrial
epithelial cells.

Subsequently, we introduced siRNA into the cells, with the NC
group serving as the control group. We then used a CCK-8 assay to
assess changes in cell viability. The results revealed decreased cell
viability after S100A4 knockdown (Figure 2B). Conversely, the
S100A4-overexpressing group had a greater percentage of viable cells
than did the empty vector group (Figure 2B).
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To assess cell proliferation, we labeled endometrial epithelial cells
with EdU for 2h. A significantly greater proportion of cells with red
fluorescence was found in the S100A4-overexpressing group than in
the control group (Figures 2C,D). Conversely, the proportion of cells
with red fluorescence decreased among the cells with S100A4
knockdown (Figures 2E,F). These findings suggest that S100A4 can
indeed promote the proliferation of endometrial cells.

3.3 S100A4 knockdown affects cell
proliferation-related signaling pathways in
endometrial epithelial cells

To elucidate the mechanism by which S100A4 regulates
endometrial cell proliferation, we conducted transcriptome
sequencing on the NC and S100A4 knockdown groups. The volcano
plot results showed that after S100A4 was knocked down, several
genes, including S100A4 itself, were downregulated (Figure 3A). GO
cluster analysis of these genes revealed that many of the DEGs were
enriched in gene sets related to the regulation of “growth” and “cell
proliferation” (Figure 3B). Furthermore, KEGG pathway enrichment
analysis revealed that 52 of the DEGs were enriched in the MAPK
signaling pathway (Figure 3C). These findings suggest that SI00A4
may regulate cell proliferation through the MAPK signaling pathway.

To assess the effect of the MAPK signaling pathway on
endometrial epithelial cell proliferation, we treated cells with the
MAPK inhibitor U0126, which targets the key node protein ERK1/2.
Endometrial epithelial cells were treated with various concentrations
of the inhibitor for 12h, followed by EdU labeling. Fluorescence
staining revealed a significant reduction in the percentage of
EdU-positive endometrial epithelial cells after MAPK pathway
inhibition (Figures 3D,E), indicating that the MAPK signaling
pathway indeed regulates the proliferation of these cells.

To determine whether SI00A4 regulates cell proliferation via the
MAPK signaling pathway, we added U0126 to cells overexpressing
S100A4. EAU staining showed that, compared to that in the DMSO
solvent group, the percentage of EdU-positive cells was significantly
lower in the U0126 (50 nM) treatment group (Figures 35,G). C-Jun
and c-Fos are downstream target molecules of the MAPK signaling
pathway and are known to be involved in regulating cell proliferation.
qPCR analysis demonstrated that both the overexpression (Figure 3H)
and knockdown (Figure 3I) of S100A4 affected the expression of
C-Jun and c-Fos, and the expression of SI00A4 was positively
correlated with the expression of these two genes. These findings
suggest that S100A4 may modulate sheep endometrial cell
proliferation by regulating MAPK.

3.4 S100A4 promotes cell proliferation by
interacting with the GNAI2 protein

To determine how S100A4 regulates cell proliferation,
we employed mass spectrometry to identify proteins that interact
with S100A4. First, we overexpressed S100A4, and after 48 h, the
cells were lysed, and the total cellular protein was collected. Protein
A/G beads coated with the HA tag antibody were then incubated
with the harvested protein to allow binding to the S100A4-HA
protein. After the samples were rinsed, we identified the proteins
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proliferation,” in treated sheep. (C) Expression of GnRHR and S100A4 in the sheep endometrium; the results show that the localization patterns of

on the resin using mass spectrometry. The results revealed 35
proteins that specifically interact with S100A4 between the
overexpression group and the empty vector group (

). Cluster analysis of these proteins
revealed that multiple differentially expressed proteins were
) and
enriched in the “cell growth and death” signaling pathway

involved in multiple physiological processes (

( ), suggesting that interacting proteins downstream of
S100A4 may play a role in regulating cell proliferation. We screened
proteins that potentially regulate cell proliferation from a set of 35
S100A4-specific enriched proteins. Among them, GNAI2 has been
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reported to regulate cell proliferation. Therefore, we selected
GNAI2 as a target for studying its role in regulating
cell proliferation.

To further confirm the interaction between GNAI2 and S100A4,
we cotransfected plasmids overexpressing S100A4 and GNAI2 into
293 T cells, with a control group with single plasmid transfection.
We collected the protein 48 h after transfection, incubated most of the
protein sample with Protein-A/G beads precoated with HA antibody,
and used a rinse solution to remove unbound protein. Western blot
analysis confirmed the presence of Flag-GNAI2 in the group
cotransfected with GNAI2 and S100A4 constructs but not in the other
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FIGURE 2
S100A4 overexpression promotes endometrial cell proliferation. (A) Confirmation of S100A4 overexpression and knockdown in endometrial epithelial
cells through immunofluorescence. (B) CCK-8 analysis of the effects of SI00A4 knockdown and overexpression on cell metabolism. (C,D) EdU
staining-based determination of the effects of SI00A4 overexpression on the proliferation of endometrial epithelial cells. (E,F) EAU staining-based
determination of the effects of SI00A4 knockdown on the proliferation of endometrial epithelial cells

groups ( ), confirming the interaction between GNAI2
and S100A4.

We then cotransfected the lentiviral vector and viral packaging
plasmid into 293 T cells to generate the lentivirus ( ). The cell
supernatant containing the lentivirus was collected, and after

endometrial epithelial cells were infected, we observed green
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fluorescence under a fluorescence microscope 48h later ( ).
EdU results further demonstrated an increase in cell proliferation after
GNAI2 overexpression ( ). To further determine the
effect of GNAI2 on cell proliferation, we synthesized a siRNA targeting
GNAI2 and transfected the siRNA into endometrial epithelial cells for
24h. EAU staining also revealed that cell proliferation was suppressed
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FIGURE 3
S100A4 regulates cell proliferation through the MAPK signaling pathway. (A) Volcano plot illustrating the impact of SI00A4 knockdown on gene
transcription in endometrial epithelial cells. (B) GO analysis indicating the effect of SI00A4 knockdown on the expression of genes related to "growth”
and "cell proliferation” in endometrial epithelial cells. (C) KEGG enrichment analysis revealing the enrichment of genes associated with the MAPK
signaling pathway following S100A4 knockdown. (D,E) EdU staining-based analysis of endometrial epithelial cell proliferation after treatment with the
MAPK inhibitor U0126. (F,G) EdU staining-based analysis of the effect of blocking the MAPK signaling pathway on cell proliferation after SI00A4
overexpression. (H) gPCR analysis of the expression of the MAPK signaling pathway downstream genes C-Jun and c-Fos following SI00A4
overexpression. (I) gPCR analysis of the expression of the MAPK signaling pathway downstream genes C-Jun and c-Fos following SI00A4 knockdown.
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after GNAI2 was knocked down (
suggest that GNAI2 can promote the proliferation of endometrial

). The above results

epithelial cells.

3.5 GNAI2 regulates the MAPK signaling
pathway and interacts with S100A4 to
promote cell proliferation

Given the interaction of GNAI2 with S100A4 and its ability to
promote cell proliferation, we investigated whether GNAI2 regulates
cell proliferation through a mechanism similar to that of S100A4.
We conducted transcriptome sequencing to elucidate the mechanism
through which GNAI2 promotes sheep endometrial cell proliferation.
We established two groups of endometrial epithelial cells, the empty
vector group and the GNAI2 overexpression group, each with three
replicates. The results from the volcano plot revealed 1980 differentially
expressed genes upon transcriptome sequencing. Among them, 1961
genes were upregulated, and 19 were downregulated following GNAI2
overexpression ( ). To assess the regulatory effect of S100A4
on GNAI2, we examined the expression level of GNAI2 after S100A4
overexpression using qPCR. The results indicated that overexpression
of S100A4 significantly increased the transcription level of GNAI2
(

). Cluster analysis of these DEGs revealed enrichment in
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the “MAPK signaling pathway” and “cell cycle” signaling pathways
( ), consistent with the findings of transcriptome sequencing
analysis after S100A4 knockdown. Furthermore, to clarify whether
GNAI2 is involved in the S100A4-mediated regulation of cell
proliferation, we knocked down GNAI2 in the cells overexpressing
S100A4 and performed EdU staining. The results revealed a notable
reduction in the cell proliferation rate ( ). Moreover, to
confirm whether GNAI2 regulates sheep endometrial cell proliferation
through the MAPK signaling pathway, we treated the cells
overexpressing GNAI2 with the MAPK inhibitor U0126 and
conducted EdU staining. The results showed that the cell proliferation
rate was significantly lower in the treated group than in the control
group ( ). These findings suggest that GNAI2 might be a
downstream factor in the SI00A4-mediated regulation of endometrial

epithelial cell proliferation via the MAPK signaling pathway.

3.6 Animal experiments verified the
downstream regulation of cell proliferation
by S100A4

We employed a crossbreeding approach in which the Pr-Cre
enzyme—expressing mice were mated with the conditional S100A4
knockout mice to generate mice with uterine-specific SI00A4
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GNAI2 mediates the effects of SI00A4 on the promotion of cell proliferation through the MAPK signaling pathway. (A) Volcano plot illustrating the
transcriptome sequencing results following GNAI2 overexpression. (B) gPCR analysis of GNAI2 expression after SI00A4 overexpression. (C) Cluster
analysis of KEGG signaling pathways revealing enrichment of the "MAPK signaling pathway” and “cell cycle” signaling pathways. (D,E) EdU staining-
based detection of the effect of GNAI2 knockdown on cell proliferation after SI00A4 overexpression. (F,G) EdU staining-based analysis of the effect of
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deletion. Comparative analysis of the control mice and the mice with
uterine-specific S100A4 deletion revealed no significant differences in
the main organs. However, several differences in endometrial cell
morphology and structure were observed ( ). In a
comparison of the mice with uterine S100A4 deletion to heterozygous
mice, one out of ten homozygous mice experienced sudden death
before pregnancy but exhibited no other discernible abnormalities
(surprisingly, death occurred only when homozygous mice were
obtained by crossing heterozygous mice). However, during later
rearing and breeding, no abnormal deaths occurred in the offspring
of the homozygous mice. The reason is unclear). Another homozygous
mouse died unexpectedly after two generations of reproduction, also
without typical symptoms. The survival curve is shown in ;
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these results suggest that uterine-specific S100A4 knockout can have
systemic effects.

Regarding reproduction, we observed delayed implantation in
the mice with uterine-specific deletion of S100A4, but there was no
significant difference in the number of offspring per litter ( )
Preliminary sequencing results indicated that both S100A4 and
GNAI2 can regulate downstream MAPK signaling pathways. The key
protein node in the MAPK signaling pathway, ERK1/2,
becomes phosphorylated (p-ERK1/2) upon pathway activation.
Immunohistochemistry was used to determine the expression level
of p-ERK1/2. The results demonstrated significantly lower p-ERK1/2
expression in the endometrium of the SI00A4 knockout mice than
in the endometrium of the control mice ( ).
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Animal experiments confirming the inhibition of endometrial cell proliferation by SI00A4 knockout. (A) HE staining results of major organs in the
control mice and uterine-specific S100A4 knockout mice. (B) Survival curve depicting the impact of SI00A4 knockout. (C) Statistical analysis of the
reproductive parameters. (D) Immunohistochemical analysis of p-ERK1/2 expression in the endometrium. (E) Immunohistochemical analysis of Ki67

expression in the endometrium.

To elucidate the impact of S100A4 on endometrial cell
proliferation, we employed immunohistochemistry to assess Ki67
expression. The findings revealed a lower number of Ki67-positive
cells in the SI00A4 knockout group than in the control group
(Figure 6L). These findings suggested that S100A4 knockout may
inhibit endometrial cell proliferation by suppressing the MAPK
signaling pathway.

4 Discussion

During embryo transfer, superovulation is often an important
factor in regulating reproduction. The most commonly used
superovulatory hormone in sheep is FSH (29, 30). The combined
use of FSH and eCG can result in increased superovulation (31).
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GnRH is also widely used for superovulation, and experiments
have shown that the combination of GnRH and other hormones
has a good effect on superovulation (32). These results suggest that
GnRH is effective in promoting superovulation in sheep. However,
for embryo transfer in clinical practice, embryo implantation is
another factor that affects reproduction. GnRH agonists and
inhibitors are widely used in embryo implantation. For example, if
a woman who has experienced embryo implantation failure
undergoes human embryo transfer, pretreatment with GnRH
agonists will increase the live birth rate. However, if women have
not experienced embryo implantation failure, pretreatment with
GnRH agonists does not increase the live birth rate (33). Similar
results were found in patients with uterine fibroids, in which
pretreatment with GnRH agonists before embryo transfer
increased the live birth rate (34).
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Conversely, if GnRH antagonists are used, only high doses will
have adverse effects on embryo transfer (35). The effect on embryo
implantation, especially at low concentrations, has not been proven.
These results suggest that many unknown factors are involved in
targeting GnRH to regulate embryo transfer.

In livestock, GnRH also plays a wide range of regulatory roles
(36), but some factors are unknown. Five studies analyzed the use
of a GnRH agonist versus a control. No significant benefit was
demonstrated when GnRH agonists were used (37). Interestingly,
these programs did not affect the time interval between calving and
conception in dairy cows (38). Beckett and Lean reported that
GnRH administration before 40 days after delivery may shorten the
time to first estrus but was not associated with the final reproductive
performance of the cow (39). A review described the current
research on GnRH function in sheep reproduction and indicated
that GnRH plays a role in many aspects of reproduction (36).
However, there are no direct reports on whether GnRH can regulate
embryo implantation or its mechanism. We previously found that
treatment with GnRH did not increase the implantation rate of
sheep after embryo transfer, but the underlying mechanism is still
unclear. We studied the regulatory mechanism involved in
endometrial cell proliferation to clarify whether GnRH facilitates
sheep embryo transfer. Our results showed that GnRH may inhibit
the expression of S100A4 in the endometrium; therefore, GnRH
cannot be used during embryo transfer. Endometrial proliferation
may also explain why the embryo implantation rate did not increase.

S100A4 has been shown to play an important regulatory role in
various diseases and disease models, and its mechanisms of action are
relatively diverse. Single-cell sequencing of human tissues revealed
that S100A4 is a regulator of immunosuppressive T cells (40).
Experiments in mice revealed that the S100A4-mediated increase in
mitochondrial metabolism results in a decrease in acetyl-CoA levels,
which impairs the transcription of effector genes, especially IFN-y,
facilitating cell survival, tolerance, and memory potential (41).
Targeted blockade of S100A4 with an antibody suppressed epithelial-
to-mesenchymal transition in asthmatic mice (42). Overexpression of
S100A4 also inhibited endoplasmic reticulum stress and ameliorate
ischemia-reperfusion injury (43). These findings suggest that S100A4
functions via multiple mechanisms.

The role of S100A4 in regulating proliferation may be most
relevant for regulating endometrial receptivity after hormone
treatment. Therefore, we performed experiments and found that
S100A4 can promote the proliferation of endometrial epithelial cells.
In a previous study, SI00A4 protein was overexpressed in cultured
cancer cells; the results showed that S100A4 protein overexpression
did not significantly affect the proliferation of MCF-7 cells but
inhibited the proliferation of MDA-MB-231 cells (44). Similarly,
S100A4 was found to regulate cell migration but not cell proliferation
in gastric adenocarcinoma (20). However, when S100A4 targets
leukemia cells, it also promotes cell proliferation (45). In experiments
on PC3 prostate cancer cells, intracellular SI00A4 expression was
found to be positively correlated with cell proliferation, revealing that
S100A4 promotes cancer cell proliferation (46). The effect of S100A4
on cell proliferation may be affected by the cell type and the
localization of SI00A4.

We sequenced the transcriptome of endometrial epithelial cells
with S100A4 knockdown, and subsequent Gene Ontology (GO)
enrichment analysis of the DEGs revealed that S100A4 plays a role in
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cell proliferation-related mechanisms. KEGG enrichment analysis
revealed enrichment of the MAPK signaling pathway. This pathway is
important for regulating the proliferation of various cell types (47, 48).
MAPK activation can promote cell proliferation. Sheep basic fibroblast
growth factor (bFGF), epidermal growth factor (EGF), and vascular
endothelial growth factor (VEGF) can quickly activate the MAPK
signaling pathway to regulate cell proliferation (49). Several
biologically active substances, such as osteocalcin (50), progesterone
and FSH (51), and thyroid hormone (52), can target the MAPK
signaling pathway to regulate cell proliferation. Similarly, GnRH can
also regulate the MAPK signaling pathway to regulate cell proliferation
(53). These findings suggested that S100A4 may regulate the
proliferation of endometrial epithelial cells by activating the MAPK
signaling pathway.

GNAI2, which belongs to the G protein family, is one of the key
genes involved in melanogenesis (54). Studies have shown that GNAI2
can promote cell proliferation (54, 55). However, no studies have
shown whether GNAI2 can promote cell proliferation, and its
mechanism of action in endometrial cells is unclear. In our
experiments, we found that SI00A4 can interact with GNAI2 and that
GNAI2 can promote endometrial cell proliferation, which expands the
known list of targets of SI00A4.

Various cells can secrete the SI00A4 protein (56-58); this finding
may also explain why mice can still reproduce normally after S100A4
is knocked out of the uterus. However, in the case of uterine-specific
S100A4 knockout, some events require special consideration, such as
the sudden death of mice, but the explanation is unclear. In addition,
the proliferation of endometrial cells was significantly inhibited, and
the expression of p-ERK1/2 was significantly reduced in the mice with
uterine-specific S100A4 knockout. This result is similar to the results
of previous cell experiments. We speculated that in animals, S100A4
can target the MAPK-ERKI1/2 signaling pathway to regulate
endometrial cell proliferation.

5 Conclusion

While GnRH is widely utilized in animal reproduction,
particularly in practical operations such as embryo transfer to
promote animal quality, our previous investigations have not
conclusively demonstrated its efficacy in promoting embryo
implantation. Furthermore, the underlying mechanism of action
remains unclear. During our research, we discovered that the
application of GnRH may actually impede the proliferation of
endometrial cells through the S100A4-GNAI2-MAPK signaling
pathway, which has adverse effects on embryo implantation. Our
findings elucidated a previously unrecognized aspect of the
mechanism by which GnRH regulates endometrial cell proliferation.
These findings can potentially offer valuable guidance for optimizing
hormone treatment in the context of animal reproduction.
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Tarim University, Alear, Xinjiang, China, ®Institute of Xinjiang Yili Animal Science, Yining, Xinjiang, China

Introduction: Gonadotropin-releasing hormone (GnRH) is widely used in the
timed artificial insemination protocol for sheep. However, there remains a
debate regarding its impact on pregnancy rates during artificial insemination.
This study aims to evaluate the effect of GnRH on the pregnancy rates in Huyang
ewes, analyze the pre-implantation metabolite changes caused by GnRH using
metabolomics, and elucidate the mechanism effect on pregnancy rates.

Methods: All ewes were administered a vaginal progesterone sponge containing
45mg of flurogestone acetate for 12days and received 330 units of equine
chorionic gonadotropin (eCG) intramuscularly after sponge removal. The
experimental group (n = 69) received an intramuscular treatment of 17 pg GnRH
agonist triptorelin 48 h after sponge removal on Day 0, while the control group
(n=41) received 1 mL of sterile saline solution. All ewes underwent a single
vaginal insemination 58 h after the withdrawal of the progesterone sponge.
The difference in pregnancy rates between the two groups was calculated.
Metabolomic analysis was performed on plasma samples collected on Day 7
after the treatment of GnRH agonist.

Results: Gonadotropin-releasing hormone (GnRH) treatment significantly
reduced the pregnancy rate in the experimental group compared with the
control group (72.2 vs. 82.9%, p<0.05). Metabolomic analysis indicated that
GnRH treatment affected metabolites involved in collagen synthesis and
prostaglandin synthesis in the endometrial tissue, which includes a marked
decrease in hydroxyproline amino acid content and a significant increase in
corticosterone and prostaglandin D2 lipids and unsaturated fatty acids.
Conclusion: In summary, the injection of GnRH agonist Triptorelin 48 h after
progesterone sponges removal reduces the pregnancy rate of Huyang ewe
following artificial insemination. It also affects the metabolite levels related
to endometrial collagen and prostaglandin synthesis, harming embryo
implantation.

KEYWORDS

gonadotropin-releasing hormone, pregnancy rate, metabolomics, hydroxyproline,
prostaglandin D2, corticosterone, ewes
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1 Introduction

Promoting estrus synchronization and artificial insemination
technology in the sheep industry can increase lamb production,
improve reproductive efficiency, and enhance flock management
and genetic improvement (1). Synchronized breeding results in
synchronized lambing, simplifying centralized management and
lamb sales (2). In production practice, a commonly used estrus
synchronization program for ewes undergoing artificial
insemination or serving as recipients in the Multiple Ovulation
and Embryo Transfer (MOET) process involves the use of vaginal
inserts or sponges containing fluorogestone acetate or
medroxyprogesterone acetate and eCG (3, 4). Numerous studies
have demonstrated the effectiveness of using gonadotropin-
releasing hormone (GnRH) to synchronize and induce ovulation
in farm animal reproduction (5-7). It has been demonstrated by
Menchaca et al. (2) that administering a single dose of GnRH
24-36h after removing the progesterone-releasing intravaginal
device results in a luteinizing hormone peak approximately 40 h
later. Additionally, 90% of ewes ovulate within 72 h after removing
the device.

Although GnRH has been widely used in Fixed Time Artificial
Insemination (FTAI) projects for sheep (8), resulting in a certain
degree of economic benefit improvement in animal husbandry
production (9), its effect on pregnancy rates is still debated (2). Some
studies indicated that administering a single dose of GnRH after
pessary removal increases pregnancy rates (10, 11), contrasting with
findings of no effect (6, 12, 13) or a decrease in pregnancy rates in
(14).

synchronization, administering GnRH during insemination leads to

other studies Similarly, in cows undergoing estrus
the ovulation of physiologically immature follicles, impacting the
pregnancy rate of cows and the fetal survival in later gestation (15).
Pre-ovulatory follicle exposure to the gonadotropin surge triggered by
exogenous GnRH may reduce oocyte quality, decreasing the
pregnancy rate (16). Moreover, it has been inferred that GnRH might
hinder embryo implantation, consequently affecting pregnancy rates
in FTAI protocols (17).

Metabolomics is an important technology for studying the
metabolic networks of biological systems. It involves quantitatively
analyzing all metabolites in organisms and exploring the relative
relationships between metabolites and physiopathological changes
(18). This technique is extensively applied in plant research (19), drug
development (20), and disease studies (21). Various studies have
utilized metabolomics to detect sheep meat quality (22), feed and
nutrition (23), and diseases (24). Relevant studies have also used
metabolomics to analyze the composition of ewe cervical mucus and
the negative impact of inflammatory responses on the transportation
of semen in the cervix (25). However, research on the implantation
environment during the peri-implantation period remains limited.

In the study, Huyang ewes were treated with estrus
synchronization, GnRH agonist was injected 48 h after the withdrawal
of progesterone sponges, and the difference in pregnancy rate was
compared 40 days after insemination. Blood samples were collected
on Day 7 post-GnRH treatment for metabolomics analysis to identify
metabolic pathways and metabolites impacting pregnancy rates in
Huyang ewes caused by GnRH. The objective of the present study was
to evaluate the effect of GnRH treatment on pregnancy rates and
pre-implantation metabolites in Huyang ewes.
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2 Materials and methods
2.1 Animals and location

The study was conducted in January 2023 in Hulunbeir, Inner
Mongolia. It is located at longitude 120°28'E and latitude 47°5'N. This
region experiences a temperate continental climate and receives
annual precipitation ranging from 300 to 500 mm. Winters are chilly
and arid, while summers are hot and rainy, resulting in significant
fluctuations in both annual and daily temperatures. The experiment
selected 23 healthy and multiparous Huyang ewes (aged 1.5-4 years,
weighing 40-45kg, BSC > 3, ranging from emaciation to obesity). All
the ewes participating in the experiment possess healthy reproductive
tracts and lactating abilities, with an average weaning period exceeding
3 months, thus qualifying them for estrus synchronization treatment.
During the experimental period, the ewes were kept away from the
rams to prevent voluntary mating. The ewes were kept indoors at night
and allowed to graze at natural pastures on the farm throughout the
day. When ewes were kept indoors, all ewes received TMR, including
alfalfa hay, barley, and mixed concentrate according to NRC
recommendation, and had free access to water and mineral block. This
study was approved by the Animal Care and Use Committee of the
Hebei Agricultural University, Baoding, China (Number: 2021011).
All efforts were made to minimize animal suffering. The authors
declare that all procedures in the experiment were conducted in ways
consistent with the precepts of animal welfare, with personnel
being

involved in the caring and handling of animals

licensed veterinarians.

2.2 Estrus synchronization and hormonal
treatment

All experimental ewes comprised indigenous, multiparous
Huyang ewes, which were synchronized using a progestogen-eCG
combination protocol. Each ewe received a polyurethane intravaginal
sponge impregnated with 45mg flurogestone acetate (Muqimuye
Sci-Tech Co., Ltd., Shanghai, China) for 12 days, followed by treatment
with 3301U of eCG i.m. (Sansheng Biological Technology Co., Ltd.,
Ningbo, China) at sponge removal. The experimental group (B, n=69)
was subjected to 48h (Day 0) after sponge removal to intramuscular
administration of 17 pg of the GnRH agonist triptorelin (Sansheng
Biological Technology Co., Ltd., Ningbo, China), and the control
group (Y, n=41) with 1 mL of sterile physiological saline solution. All
ewes underwent a single vaginal insemination 58h after the
withdrawal of progesterone sponges.

2.3 Fixed-time artificial insemination

Fresh sperm was collected from six healthy Huyang rams, and
sperm motility and density were assessed using a hemocytometer and
an optical microscope. The sperm (progressive motility more
significant than 50% and density greater than 1 x 10° sperm/mL) was
diluted using 5-7 times the volume of skim milk (Yili skimmed milk,
Inner Mongolia Yili Industrial Group Limited by Share Ltd), ensuring
that the motility of sperm after dilution remained above 0.5, and the
density was adjusted to 4 x 10° sperm/mL. The diluted sperm was then
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stored in a water bath kettle at 30°C. The experimental sheep were
restrained upside down, and their vaginal mucus was cleaned with
warm normal saline to ensure the hygiene of the vaginal environment,
thereby reducing the impact on sperm viability. A vaginal speculum
was inserted to open the vagina, and the cervical os was observed and
located. A sheep-specific inseminator (produced by Baoding
Zhengmu Biotechnology Co., Ltd.) was used to aspirate 0.3mL of
semen and inject it into the cervical os.

2.4 Blood sample collection

Ewes were randomly selected from the experimental group
(n=13) and the control group (n=10). In the experimental group
(n=13) and the control group (n=10), 5mL of jugular venous blood
was collected using vacuum blood collection tubes containing heparin
sodium on Day 7 after the treatment of GnRH agonist. Afterward, the
blood samples underwent centrifugation at 3,000 x g for 15min at
4°C. The resulting supernatant plasma was carefully separated and
transferred into enzyme-free 1.5mL EP tubes using a precision
pipette. The plasma samples were immediately stored at —80°C to
preserve their integrity for subsequent metabolomics analysis.

2.5 Serum liquid chromatography—-tandem
mass spectrometry detection

Mix 100 pL of the sample with 400 uL of pre-cooled methanol,
ensuring thorough mixing by vortexing. Incubate the mixture on ice
for 5min, centrifuge it at 15,000x g, and 4°C for 20 min. Dilute a
portion of the resulting supernatant with LC-MS grade water to
achieve a final methanol concentration of 53%. Subsequently, transfer
the diluted sample to a new centrifuge tube using a 0.22 pm filter and
centrifuge it again at 15,000 x g and 4°C for 20 min. Finally, the filtered
sample is injected into the LC-MS/MS system for analysis.

The LC-MS/MS analysis was conducted using the Vanquish
UHPLC system (ThermoFisher, Germany) coupled with an Orbitrap
Q ExactiveTMHEF-X mass spectrometer (ThermoFisher, Germany).
Samples were injected into a Hypersil Gold chromatographic column
(100mmx2.1mm, 1.9um) at a flow rate of 0.2mL/min using a
17-min linear gradient. For the positive polarity mode, the mobile
phases consisted of eluent A (0.1% Formic Acid in water) and eluent
B (Methanol). For the negative polarity mode, the mobile phases were
eluent A (5mM ammonium acetate, pH 9.0) and eluent B (methanol).
The solvent gradient was set as follows: 2%B, 1.5min; 2-85%B,
3 min;85-100%B, 10 min; 100-2%B, 10.1 min; 2%B, 12 min. The Q
ExactiveTMHF-X mass spectrometer was operated in both positive
and negative modes with a spray voltage of 3.5kV, a capillary
temperature of 320°C, a sheath gas flow rate of 35 psi, and an auxiliary
gas flow rate of 10L/min, S-lens RF level of 60, Aux gas heater
temperature of 350°C.

2.6 Pregnancy test
Forty days after insemination, a fixed technician used a

B-ultrasound tester (DP-30Vet, Shenzhen Mindray Biomedical
Electronics Co., Ltd.) to perform a pregnancy test on the inseminated
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ewes through the abdomen. The B-ultrasound screen showed a clear
gestational sac, which was identified as pregnancy. The pregnancy
rates were calculated as the percentage of pregnant ewes among the
inseminated ewes.

2.7 Data analysis

Statistical analysis was carried out using GraphPad Prism 8.0
software. The pregnancy rates in the experimental and control groups
were analyzed using a Chi-square Test. It was accepted as significant
if the calculated p value <0.05. Use the Human Metabolome Database
(HMDB, http://www.hmdb.ca/), Kyoto Encyclopedia of Genes and
Genomes (KEGG, http://www.genome.jp/kegg/), and Lipidmaps
(Lipid Metabolism Pathway Research Program, https://lipidmaps.
org/) databases to annotate metabolites. Utilize metaX for Partial Least
Squares Discriminant Analysis (PLS-DA) and employ univariate
analysis (T-test) to calculate statistical significance (p value). PLS-DA
was performed to compute Variable Importance in Projection (VIP)
scores. Metabolites that fulfill the criteria of Variable Importance in
Projection (VIP) > 1, p value <0.05, and either Fold Change (FC)>1.2
or FC<0.833 are deemed as differential metabolites. The functions of
these metabolites and metabolic pathways were studied using the
KEGG database. The metabolic pathways enrichment of differential
metabolites was performed, and metabolic pathways were considered
enrichment. When the p value of metabolic pathway <0.05, metabolic
pathways were considered statistically significant enrichment.

3 Results

3.1 Effect of GnRH on pregnancy rates at
40 days after insemination

Pregnancy was detected by ultrasound 40 days after insemination,
the result as shown in Table 1. The pregnancy rate of the experimental
group was significantly lower than that of the control group (72.2 vs.
82.9%, p <0.05). Results showed that GnRH treatment during artificial
insemination decreased the pregnancy rates in Huyang ewes.

3.2 Classification of metabolites in ewes

To investigate the factors contributing to the reduced pregnancy
rates following GnRH treatment in Huyang ewes, plasma samples
from both experimental and control groups were collected 7 days after
artificial insemination for metabolomics. All 23 samples identified 464
metabolites in positive ion mode (POS) and 376 in negative ion mode

TABLE 1 The effect of GnRH treatment on pregnancy rate in Huyang
ewes.

[\[o} [\[o} Pregnancy
Inseminated  Pregnant rate (%)
ewes (SWES
Experimental group 69 50 72.5%
Control group 41 34 82.9

The pregnancy rates were analyzed using a Chi-square Test. *p <0.05.
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(NEG). Positive ion mode analysis revealed a range of metabolites
such as lipids and lipid-like molecules (57.38%), organic acids and
derivatives (14.48%), organoheterocyclic compounds (10.86%),
benzenoids (5.01%), phenylpropanoids and polyketides (3.90%),
organic nitrogen compounds (3.34%), nucleosides, nucleotides, and
analogs (2.79%), organic oxygen compounds (1.95%), and alkaloids
and derivatives (0.28%) (Figure 1A). Negative ion mode analysis
indicated the existence of lipids and lipid-like molecules (63.93%),
organic acids and derivatives (13.44%), benzenoids (6.89%), organic
oxygen compounds (4.26%), organoheterocyclic compounds (3.93%),
phenylpropanoids and polyketides (3.93%), nucleosides, nucleotides,
and analogs (2.95%), none (0.33%), and organic nitrogen compounds
(0.33%) (Figure 1B).

In addition, the KEGG database was utilized for functional
annotation of the identified metabolites to comprehend their
functional traits and classifications (Figures 1C,D). In the positive
and negative modes, the identified metabolites participate in
pathway processes related to cellular processes, environmental
information processing, genetic information processing,
metabolism, and organic systems. Specifically, under the positive
ion mode, metabolites primarily participate in biological processes

10.3389/fvets.2024.1442931

such as cell growth and death, membrane transport, lipid
metabolism, energy metabolism, and amino acid metabolism. In
the negative ion mode, metabolites mainly involve biological
processes, including cell growth and death, signaling molecules
and interaction, lipid metabolism, amino acid metabolism, and the
immune system.

3.3 Screening and analysis of differential
metabolites

Partial Least Squares Discriminant Analysis established a
relationship model between metabolite expression and sample
category, facilitating sample category prediction. To discriminate the
differential metabolites between the two groups, supervised PLS-DA
was performed to find different metabolites. As shown in Figure 2, the
prediction parameters of the PLS-DA evaluation model exhibit R2Y
values of 0.84 and 0.78 in positive and negative ion modes
(Figures 2A,B), with the Q2Y values of 0.09 and — 0.03, respectively.
The higher R2Y values compared to Q2Y in both modes indicate the
reliability of the model used in this study.

Lipids and lipid-like molecules (57.38 % )
Organic acids and derivatives ( 14.48 % )
Organoheterocyclic compounds ( 10.86 % )
Benzenoids (5.01%)
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Screening of differential metabolites in Huyang ewe plasma samples. PLS-DA scatter plot of the experimental and control groups in positive ion modes
(A) and negative ion modes (B). The abscissa is the sample’s score on the first principal component, and the ordinate is the sample’s score on the
second principal component. R2Y represents the interpretation rate of the model, Q2Y is used to evaluate the predictive ability of the PLS-DA model,
and when R2Y is greater than Q2Y, the model is well established. Volcano plot of differential metabolites in positive ion mode (C) and the negative ion
mode (D). The gray plot shows there is no difference. The red plots show upregulated endogenous metabolites, while the green plots show
downregulated endogenous metabolites. VIP value represents the important projection value of the metabolite obtained in the PLS-DA model
compared to this group. B: experimental group; Y: control group.

Metabolomic data were analyzed using FC, p value, and VIP in
univariate analysis. Differential metabolites were subsequently
identified based on VIP>1.0, FC>1.2 or FC<0.833, and p<0.05. A
total of 53 metabolites exhibiting significant differences were identified:
37 in positive ion mode, comprising 31 upregulated and six
downregulated metabolites, and 16 in negative ion mode, with 13
upregulated and three downregulated (Table 2; Figures 2C,D). As
shown in Figures 3A,B, the heat map showed all differential metabolites
in positive and negative ion modes. The top 10 differential metabolites
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in positive ion mode are N,N’-di[4-(2,6-dimethylmorpholino)phenyl]
thiourea, phosphatidylcholine (20:3¢/19:2), 4-methoxycinnamic acid,
phosphatidylcholine  (18:1e/22:6), 2-arachidonyl glycerol ether,
phosphatidylcholine  (14:0e/3:0),  tetranor-pgdm,  cinchophen,
phosphatidylcholine (15:0/16:1), and monoacylglycerol (18:2). The top 10
differential metabolites in negative ion mode are retinoic acid,
methyltestosterone, corticosterone, (+) 18-hydroxyeicosa-5,8,11,14,16-
pentaenoic acid (18-HEPE), prostaglandin D2, prostaglandin K1,
lysophosphatidylcholine (LPC) 22:6, LPC 22:4, LPC 19:0, and
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TABLE 2 Differential metabolites detected in Huyang ewe plasma
samples under positive and negative ion modes.

Compared [\[o} [\[o} [\[o} No. Sig

samples Total Total Sig Up Down
Ident Sig

Bvs. Y_pos 464 37 31 6

Bvs. Y_neg 376 16 13 3

B, Experimental group; Y, Control group. Compared samples: Compare the pairs of samples,
for the former than the latter; No. Total Ident, Total metabolite identification results; No.
Total Sig, The total number of metabolites with significant differences; No. Sig Up, The total
number of significantly upregulated metabolites; and No. Sig Down, The total number of
significantly downregulated metabolites.

DL-3,4-dihydroxyphenyl glycol. Among them, the metabolic levels of
cortisone and hydroxyproline significantly decreased, and the pantothenic
acid level significantly increased in the experimental group in positive ion
mode. In negative ion mode, the metabolic levels of corticosterone and
prostaglandin D2 of the experimental group significantly increased
(Figure 3B). Correlation analysis of differential metabolites was performed
using Pearson correlation analysis (Figures 3C,D). In positive ion mode,
the metabolic levels of hydroxyproline had a significant positive
correlation with cortisone and 5-nitrothiophene-3-carbaldehyde 3-(2-
pyridyl) hydrazone (Figure 3C, p <0.05). The metabolic levels of
corticosterone and prostaglandin D2 were significantly positively
correlated in negative ion mode (Figure 3D, p <0.05).

3.4 The impact of GhRH on metabolic
pathways

To explore the physiological functions of metabolites affected by
GnRH treatment, KEGG pathway enrichment analysis was performed
on 53 differential metabolites in positive and negative ion modes.
KEGG pathway enrichment analysis revealed 22 significantly enriched
pathways in positive and 19 in negative ion modes. These pathways
belonged to five modules: metabolism, genetic information processing,
cellular processes, environmental information processing, and
organismal systems. The enriched pathways of differential metabolites
in positive ion mode mainly included pantothenate and CoA
biosynthesis, Foxo signaling pathway, mTOR signaling pathway,
PI3K-Akt signaling pathway, ¢cGMP-PKG signaling pathway,
aldosterone-regulated sodium reabsorption, and cAMP signaling
pathway (Figure 4A). Significantly downregulated hydroxyproline was
enriched in the arginine and proline metabolism pathway (Figure 4B).

Conversely, in negative ion mode, differential metabolites were
primarily enriched in aldosterone synthesis and secretion, arachidonic
acid metabolism, neuroactive ligand-receptor interaction, steroid
hormone biosynthesis, and Th17 cell differentiation, among other
metabolic pathways (Figure 4C). Significantly upregulated corticosterone
was primarily enriched in the aldosterone synthesis and secretion pathway
and the steroid hormone biosynthesis pathway (Figure 4D). Additionally,
there is a significant increase in the metabolic content of prostaglandin
D2 in the arachidonic acid metabolism pathway and the interaction of
neuroactive ligands with receptors (Figure 4D). Moreover, a KEGG
regulatory network was constructed utilizing the differential metabolites
(Figures 5A,B). The figure visually represents changes in metabolites such
as hydroxyproline, corticosterone, and prostaglandin D2. It also displays
the intersections and biological processes related to these metabolites and
their corresponding pathways.
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4 Discussion

Synchronization and artificial insemination techniques have been
widely used in sheep reproduction, and GnRH treatment during
insemination has become a relatively common practice in the sheep
industry (26). However, the impact of GnRH on embryo development
and implantation remains debated among various studies. Our study
compared the 40-day pregnancy rates between GnRH-treated and
control sheep. The results indicated that the pregnancy rate in the
experimental group (72.5%, n=69) was significantly lower than that
in the control group (82.9%, n=41) (p<0.05).

The pregnancy results obtained in our control group are acceptable,
which is consistent with the results of conventional progesterone +eCG
synchronization treatment and artificial insemination (27). Previous
studies have shown that treatment with GnRH 24-48h after
progesterone withdrawal in sheep does not enhance the pregnancy rate
(11, 14). Corriedale sheep were treated with two prostaglandins to
induce synchronization and FTAI with GnRH 24h after the second
prostaglandin used decreased the pregnancy rate following artificial
insemination. However, treatment with GnRH 36h later had no
significant effect on the pregnancy rate (14). Additionally, administering
GnRH simultaneously with single-timed insemination can potentially
decrease the pregnancy rate (28). Similarly, GnRH treatment 36 h after
progesterone withdrawal and performing insemination 48h later did
not lead to a significant improvement in the pregnancy rate in goats (6).
In the MOET process, the receptors treated with GnRH analog Folligon
also achieved a low pregnancy rate of 43.2% (29). These previous study
results are consistent with the results in this study.

Moreover, metabolomics analysis was performed to investigate
the potential reasons behind the lower pregnancy rate observed in
GnRH-treated sheep. Metabolomics employs comprehensive
analysis through positive and negative ion modes, aiming to capture
the diverse metabolites within the organism. The positive ion mode
tends to detect alkaline metabolites, while the negative ion mode
focuses on acidic substances (30). This study conducted metabolite
screening and discussion separately in two modes. Significantly,
differential metabolites were screened, including hydroxyproline in
positive ion mode and corticosterone and prostaglandin D2 in
negative ion mode. Hydroxyproline, a distinctive amino acid found
in collagen, is a marker for collagen degradation (31, 32). It
comprises approximately 13% of collagen’s total amino acid content,
making it crucial for maintaining collagen’s structure and function.
During pregnancy, the uterine collagen content progressively rises,
leading to a corresponding increase in hydroxyproline levels (33).
Currently, the uterus and genital tract’s extracellular matrix contain
abundant collagen, essential for supporting the growing fetal load
and maintaining gestation (34). Metabonomics results revealed that
hydroxyproline metabolite was significantly downregulated in the
arginine and proline metabolism pathway (p <0.05) in Huyang ewes
treated with GnRH during the peri-implantation period. This
downregulation may decrease collagen synthesis, affecting
endometrial tissue’s stability and mechanical strength and potentially
causing uterine tissue damage or dysfunction. Such conditions are
unfavorable for establishing a suitable environment for embryo
implantation. Furthermore, studies have demonstrated that collagen
rapidly degrades after cows give birth, decreasing uterine size and
weight as part of the uterine involution process (35). In conclusion,
a significant reduction in hydroxyproline level during the
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FIGURE 3
Analysis of differential metabolites in Huyang ewe plasma samples. Heat map of differential metabolite levels in positive ion mode (A) and the negative
ion mode (B). The vertical direction was the clustering of metabolites. The correlation diagram of differential metabolites in the positive ion model
(C) and negative ion mode (D). Pearson’s correlation coefficient between all metabolites was calculated to analyze the correlation between each
metabolite. When the linear relationship between the two metabolites is strengthened, the positive correlation tends to be 1, and the negative
correlation tends to be —1. At the same time, the statistical test of significance was carried out on the correlation analysis of metabolites, and the
threshold of significant correlation was selected as the significance level p value <0.05.

peri-implantation period is detrimental to embryo implantation in
the uterus, ultimately decreasing the pregnancy rate in Huyang ewes.

The results of this study indicate that the metabolism of
corticosterone in the aldosterone synthesis and secretion pathway
significantly increased (p=0.01) in Huyang ewes treated with
GnRH. Corticosterone, produced primarily by the adrenal cortex,
plays a crucial role in the stress response (36). Studies have shown that
up-regulated corticosterone levels can inhibit embryonic development
and decrease the number of inner cell mass cells, compromising
embryo quality and affecting pregnancy rates (37). Zheng et al.
continuously use exogenous corticosterone in mice during pregnancy
days 1-4. Compared to the control group, using corticosterone
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resulted in a sharp decrease in phosphorylated Stat3, affecting
endometrial receptivity and significantly reducing the number of
implantation sites on day 5 (38). Similarly, studies on a mouse model
of corticosterone excess have shown that elevated corticosterone levels
affect female fertility by influencing the uterus rather than the oocytes
(39). These findings are consistent with our results. So, we thought that
treatment with GnRH during insemination significantly increases
corticosterone levels in Huyang ewes before implantation, thereby
affecting the uterine environment before implantation, disrupting
endometrial receptivity, and ultimately decreasing the pregnancy rate.

Prostaglandin D2 (PGD2) belongs to the prostaglandin family and
is synthesized from arachidonic acid (AA) via the action of
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cyclooxygenase (COX) (40). Metabolomic analyses indicated a
significant increase in prostaglandin D2 within the arachidonic acid
metabolism pathway (p =0.017). Although PGD2 promotes luteal
regression, its effect is less pronounced than that of Prostaglandin F2
alpha (PGF2a). Nonetheless, PGF2a and PGD2 exhibit synergistic
effects in promoting luteal regression by effectively expanding blood
vessels and increasing inflow to luteal tissue, which facilitates the influx
of additional PGF2a synthesized in the endometrium and accelerates the
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luteal regression process (41). In addition, PGs serve as key mediators in
the study of inflammation (42). Under inflammatory conditions or other
stimuli, the expression of COX-2 is significantly upregulated, further
promoting the synthesis of PGs to a notable degree (43). The induction
of intrauterine inflammation can negatively impact the implantation and
development of embryos within the uterus (44). Studies have revealed
the presence of PGD2 in human endometrial and uterine smooth muscle
tissues, where it stands out as the most potent substance within the PG
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KEGG enrichment pathway network diagram of hydroxyproline, corticosterone, and prostaglandin D2 metabolites in the positive ion mode (A) and
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family for augmenting blood flow to the endometrium and uterine
muscles (45). The significant elevation of PGD2 can trigger and expedite
uterine smooth muscle contraction frequency, ultimately decreasing
embryo survival rate (46). Consequently, the imbalance of PGD2 levels
in ewes adversely affects embryo implantation, resulting in a decreased
pregnancy rate in the experimental group.

5 Conclusion

In summary, administering a single dose of the GnRH agonist
triptorelin 48 h after sponge removal reduces the pregnancy rate in
Huyang ewes after insemination. Metabolomic analysis revealed a
significant decrease in hydroxyproline levels and a significant increase
in corticosterone and prostaglandin D2 levels, which are linked to a
decreased pregnancy rate in Huyang ewes.
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The present study investigated the effects of various inclusion levels of dietary
Chinese herbal medicine (CHM) preparation on feed consumption, milk
yield and milk composition, serum biochemistry, hematological profile, and
reproductive efficiency of Holstein dairy cows. A total of 117 lactating Holstein
cows were randomly divided into four groups as control (n =27; without CHM
supplementation) and treatment groups CHM-0.5 (n =31), CHM-0.75 (n=29),
and CHM-1 (n =30) fed diet supplemented with 0.5, 0.75, and 1kg/cow/d for
30 days, respectively. The study began at d 20 postpartum (d O of the study). Atd
50 postpartum, the cows in all groups were subjected to estrus synchronization
using a modified Ovsynch protocol (GPGMH) and observed for reproductive
variables. Feed intake, milk yield and milk composition, serum biochemistry and
hematological profile, and reproductive efficiency were measured. A significantly
higher milk yield with improved milk lactose, milk protein and milk fat were
found in the CHM-0.75 group compared to the other groups (p < 0.05). Besides,
the estrus response, ovulation rate, ovulatory follicle diameter, and pregnancy
rate increased in CHM-0.75 compared to CHM-0 or CHM-0.5 group (p <0.05).
The serum metabolites (glucose, AST, arginine, BUN, and NO) showed variations
among the treatment groups at different time points (synchronization, Al, or
post-Al). In conclusion, CHM supplementation improves the milk yield, milk
composition, and serum metabolites in dairy cows. Daily supplementation of
0.75 kg CHM before the GRGMH protocol application enhances the reproductive
traits in dairy cows under summer conditions.
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1 Introduction

In recent years, animal production in China has developed rapidly
and it has become a key component of the agriculture sector. High-
density large-scale commercial farming and intensive breeding
paradigm lead to the deterioration of animal physiology. For efficient
growth and maintenance of productivity, feed antibiotics were a
common practice for the prevention and cure of animal diseases. The
excessive use of antibiotics in livestock production amplified the
antimicrobial resistance, high antibiotics residues in animal products
and environmental contamination that negatively affected public
health (1). Consequently, the use of in-feed antibiotics was banned in
the European Union in 2006 followed by further ban in different
countries across the globe. This attracted the development of
alternatives for use in animal diets. In this scenario, Chinese herbal
medicine (CHM) preparations have received considerable attention
in recent years than synthetic feed additives. Due to the versatile
composition of CHM preparations, several attempts have been made
to replace antibiotics. The CHM preparations contain polysaccharides,
vitamins, alkaloids, amino acids, saponins and act as immune
enhancers, anti-stress agents, and hormone-like agents, insect
repellents, galactagogues, and disease control agents (2). Previous
studies have documented the beneficial effects of dietary CHM on
growth, feed utilization, reproductive performance, and quality of
animal products (3).

These preparations can boost anabolism and digestion by
increasing the absorption of nutrients during the growth phase.
Dietary supplementation of calf starter diet with CHM (four main
Chinese herbs, i.e., Leonurus cardiaca, Taraxacum officinale, Ligustrum
lucidum, and Hordeum vulgare) enhanced the rumen environment
and improve the daily weight gains of calves (4). Similarly, piglets fed
traditional CHM synergized with probiotics in grower-finisher ration
had greater average daily gain (5). The CHM not only improve the
growth but also enhance the reproductive efficiency of dairy cows (6)
and sows (7). The use of other herbs, such as Agaricus bisporus, Acorus
tatarinowii, Wolfiporia extensa, Bupleurum falcatum, Crataegus
monogyna Jacq., and Agastache rugosa also improved the feed intake
in cows (8, 9). The ingestion of Crataegus monogyna and dried
tangerine peel is greater in cows due to its attractive aroma.
Additionally, the growth and development of mammary glands,
increment in hormones levels, and improved lactation were significant
outcomes of feeding CHM as supplements (10). A formulation with
Glycyrrhiza glabra, Astragalus L. (Fabaceae), and Gardenia jasminoides
successfully cured the subclinical mastitis in cows (11).

Keeping in view the beneficial effects of different CHM on cow
health and production (12), we hypothesized that the inclusion of
CHM in diets for dairy cows in early postpartum period might
be useful to improve the growth, milk yield, and reproductive
efficiency of dairy cows by improving the feed intake, digestibility, and
nutrients absorption. Therefore, the present study was designed to
evaluate the effects of a CHM preparation on the uterine involution
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rate, dry matter intake and blood metabolites, milk yield and
composition, and reproductive performance of lactating Holstein
cows in early postpartum period.

2 Materials and methods

Before execution of the study, an approval was obtained from the
Animal Experimental Ethical Inspection of Laboratory Animal
Centre, Huazhong Agricultural University, Wuhan (HZAUCA-2018-
004). All the experimental protocols were performed according to the
guidelines of the Committee of Animal Research Institute of
the university.

2.1 Location and climatic conditions

The study was conducted during the summer season (July 12,
2022, to August 30, 2022) at Hebei JunYing dairy farm Co., Ltd.
Hebei (30°32’'N, 111°5’E), China.
geographically located in a subtropical monsoon region with average

province The farm is
temperatures ranging from 1 to 5°C in winter and 27 to 35°C during
summer (reaching up to 40°C sometimes in July and August
months). During the study period, the average temperature was
36.5+0.2°C, relative humidity 79.0+1.1%, and temperature-
humidity index (THI) was 91.0+0.3. The observed THI level
showed intense heat stress for dairy cows maintained in
Hubei province.

2.2 Chinese herbal medicine

The CHM used in this study was based on Shi-Quan Da Bu
Decoction procedures (13). The CHM contained the extracts of
plants (Eucommia ulmoides, A. L. (Fabaceae), Codonopsis pilosula,
Angelica archangelica, Atractylodes amurensis G. glabra, Ligusticum
striatum, W. extensa, and Pueraria montana) extracted twice in the
aqueous medium. The extracts were subjected to fermentation
using Lactobacillus acidophilus (0.2 x 10°CFU/g), Lactobacillus
plantarum (0.2 x 108CFU/g), Bacillus subtilis (0.2x10°CFU/g),
Bacillus  coagulans (0.2x 10°CFU/g), Bacillus licheniformis
(0.2x 108CFU/g), Enterococcus faecalis (0.2x10°CFU/g), and
Saccharomyces cerevisiae (0.2 x 10 CFU/g). All these ingredients
were fermented (anaerobic) followed by cold granulation to prepare
the fermented granules of CHM additive (Cat. C6H10N205, Longxi
Huachuang Biotechnology Co. Ltd. Dingxi, Gansu province, China)
used in the present study. The CHM preparation was characterized
by total flavonoids, polyphenols, glycyrrhetinic acid, saponins,
polysaccharides, and acids. Detailed nutritional composition and
physicochemical properties of CHM have been presented in
Table 1.
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TABLE 1 Chemical composition and physicochemical properties of Chinese herbal medicine used in the study.

ltem Description ltem Concentration
Color Dark brown Flavonoids, mg/kg 500
Odor Medicinal aroma Polyphenols, mg/kg 500
Total viable bacteria 5.4x10%cfu/g Carotenoids, mg/kg 50
Aflatoxin B1 Not detected Polysaccharides, g/kg 20
Escherichia coli Not detected Total acids, g/kg 38
Salmonella Not detected Saponins, g/kg 17
Lead Not detected Glycyrrhetinic acid, g/kg 2
Fluoride, mg/kg 12 Moisture, % 39.2
Arsenic, mg/kg 0.419 Ash, % 42
Mercury, mg/kg 0.036 Crude protein, % 8.6
Lactic acid bacteria, cfu/g 1.3x107 Crude fiber, % 25.9
Total mold count, cfu/g 1.8x10° Starch, % 2.18
Crude fat, % 2.4

2.3 Study design

A total of one hundred and seventeen (n=117) multiparous
Holstein dairy cows in early postpartum period, aged between 4 and
7 years, were randomly divided into four experimental groups 20 days
after parturition, ie., control/CHM-0 (n=27; without CHM
supplementation), CHM-0.5 (n=31; CHM 0.5 kg/cow/d), CHM-0.75
(n=29; CHM 0.75kg/cow/d), and CHM-1 (n=30; CHM 1kg/cow/d).
Cows used in this study had moderate body condition score (3.4 £0.6)
with average body weight of 578.1 + 86.5kg. The measured daily dose
of CHM for each respective group was first sprinkled over concentrate,
homogeneously mixed in total mixed ration (TMR) wagon with other
ingredients and offered to the cows. Dietary supplementation of CHM
was carried out twice a day. Measured daily dose of each group was
divided into two and fed after mixing in morning and evening TMR
meals. After each meal, it was ensured that each cow had consumed
the approximate dose of CHM properly. The cows were supplemented
with CHM for 30 days starting from d 20 of calving (d 0 of the study).

2.4 Management conditions

Cows were housed in a semi-intensive shed with cemented
rooftop and the shed was fenced by galvanized wire mesh on two
sides. Ventilation and cooling in the summer was provided by two
exhaust fans and sprinklers installed inside the shed. Cows were fed a
TMR twice a day (morning and evening) formulated according to the
nutrient requirements of dairy cows (Table 2) recommended by NRC
(2001) in an open feeding system. Cows had ad libitum access to fresh
and clean water.

2.5 Dry matter intake
Dry matter intake (DMI) of cows was measured based on the

feed consumption computed from the difference of amounts of
daily feed offered and orts each day. Feed not consumed was
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weighed before the morning feeding. The DMI was calculated using
the dry matter content of the diet and amount of feed consumed.

2.6 Fecal composition

Atd 0, d 15, and d 30, cows (n=8) were randomly selected from
each group and feces were collected directly from the rectum of the cows
and analyzed for dry matter (DM), crude protein (CP), acid detergent
fiber (ADF), neutral detergent fiber (NDF), lignin, starch, total fatty
acids (TFA), crude ash, Ca, P, Mg, and K using methods previously
described in detail by Association of Official Analytical Chemists (14).

2.7 Milk yield and milk composition

Cows were milked thrice a day (at 06:00, 14:00, and 20:00) by
machine milking throughout the supplementation period and the milk
yield was recorded using carefully calibrated jars. Milk composition
was analyzed on d 0, d 15 and d 30 of CHM supplementation using
milk analyzer (MilkoScan Type 78,110; Foss A/S, Hillerod, Denmark).

2.8 Serum biochemistry, immunoglobulins,
and hematological profile

Blood samples were randomly collected from the coccygeal veins
of 5 cows in each group on d 0, d 15 and d 30 of CHM supplementation
to evaluate the serum biochemistry (without anticoagulant) and
hematologic profile (with anticoagulant) of dairy cows. Serum was
separated by centrifugation after the clotting and subjected to analysis
of alanine aminotransferase (ALT), aspartate aminotransferase (AST),
total protein (TP), albumin (ALB), globulin (GLB), alkaline
phosphatase (ALP), y-glutamyl transpeptidase (GGT), lactate
dehydrogenase (LDH), total bilirubin (TBIL), creatine kinase (CK),
amylase, total bile acid (TBA), glucose (GLU), total cholesterol
(CHOL), uric acid (UA), blood urea nitrogen (BUN), creatinine
(CREA), triglyceride (TG), potassium (K), sodium (Na), chloride (CI),
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TABLE 2 Composition of basal total mixed ration fed to the Holstein dairy
cows (as fed basis).

Corn silage 48.02
Concentrate 2498
Alfalfa 10.19
Corn, flaked 4.68
Oats, flaked 3.24
Whole cottonseed 3.60
Sugar beet pulp, pelleted 3.60
Soybean, puffed 0.96
Rumen bypass fat 0.36
Probiotics 0.19
Rumen protected glucose 0.12

Sodium bicarbonate 0.06

Nutritional composition (%, dry matter basis)

Net energy for lactation, M]J/kg 7.21

Crude protein 13.81
Crude fat 4.49

Neutral detergent fiber 31.08
Phosphorus 0.31

Calcium 0.40

calcium (Ca), phosphorus (P), and magnesium (Mg) using commercial
kits (Beijing Beijing Xinchuangyuan Biotechnology Co. Ltd., China)
followed by reading in an automatic biochemical analyzer (TBA-120FR
Auto Clinical Chemistry Analyzer, Toshiba Corporation, Tokyo, Japan).

Serum immunoglobulins A (IgA), G, (IgG), and M (IgM) were
quantified by single radial immune diffusion method using
commercially available kits for IgA, IgG, and IgM (Beijing North
Biotechnology Research Institute Co., Ltd., Beijing, China).

Blood samples were subjected to automatic blood analyzer
(Beckman Coulter Blood Routine Analyzer, Beckman Coulter Trading
Co. Ltd. China) for hematological profile of dairy cows in terms of
complete blood count.

2.9 Application of modified ovarian
synchronization protocol

After 50 days of calving, a modified Ovsynch protocol (GPGMH)
was used to synchronize the cows (15). Briefly, the first injection of
gonadotropin-releasing hormone (GnRH 200 pg, Ningbo Sansheng
Pharmaceutical Industry Co., Ltd., Ningbo, Zhejiang, China) was
given to all the cows on day 0, an injection of PGF2a (0.5 mg, Ningbo
Sansheng Pharmaceutical Industry Co., Ltd., Ningbo, Zhejiang,
China) on day 7 of protocol and second dose of GnRH (200 pg) and
mifepristone (0.4mg/kg, IM, Hubei Yun Cheng Sai Technology,
China) day 9 of protocol. The cows were inseminated artificially (AI)
within 24 h of the 2nd GnRH dose. Moreover, the estrus signs (vaginal
mucous discharge, bellowing, excitation, swollen vagina, and
mounting behavior) were observed physically twice daily. An injection
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of human chorionic gonadotropin (hCG 20001U; Ningbo Sansheng
Pharmaceutical Industry Co., Ltd., Ningbo, Zhejiang, China) was also
administered to each cow on day 5 of AI (Figure 1).

Ultrasound scanner (WED-9618-v, Shenzhen Well.D Medical
Electronics Co. Ltd., Guangdong, China) equipped with rectal probe
(LV2-3/6.5 MHz) was used to monitor follicular dynamics twice daily
(between 6 to 12th day of protocol). Ovulation was recorded by the
sudden disappearance of dominant follicles between subsequent
ultrasonographic examinations. Pregnancy diagnosis was made
rectally by ultrasound scanner on the 35th day after Al, confirming
fetal presence and viability.

2.10 Evaluation of uterine involution rate

Sixty-two postpartum cows (Among them, 12 cows were
suffereing from uterine infections and 50 cows were uterine diseases)
CHM
supplementation time. The rectal ultrasonography of the uterus was

were monitored for uterine recovery during the
undertaken with a B-mode veterinary ultrasound scanner (LV2-
2/6.5 MHZ, linear array transducer, Shenzhen, China). Photographs
of the uterus were transferred to a computer workstation for analysis
to assess the extent of uterine involution at different postpartum
days according to the method established in our laboratory (16).
Before the examination, the feces were gently removed from the
rectum, the probe was inserted, and placed on the uterus. The same
operator performed all ultrasound examinations to avoid
system errors.

2.11 Statistical analysis

All the data were tested for normality using Shapiro-WilK’s test.
Non-normalized variables were transformed by logarithmic or square-
root transformation for normalization. The data related to DMI, fecal
composition, body weight gain of calves, milk yield and milk
composition, serum biochemistry, hematological profile, and
reproductive traits were subjected to one-way analysis of variance
(ANOVA) followed by Duncan’s multiple range test as post-hoc test.
Chi-square test was applied to analyze the data of estrus, ovulation,
and pregnancy. Differences among the groups were assumed
significant at 95% confidence interval (p<0.05). All the statistical
analyses were applied in a statistical package SPSS (version 24.0; IBM
Corp., Armonk, NY, United States). Results were presented as
mean * standard deviation.

3 Results

3.1 Dry matter intake and fecal
composition

The DMI of Holstein dairy cows fed different levels of dietary
CHM has been shown in Table 3. The DMI was greater in CHM-0.5
and CHM-0.75 groups at d 0, CHM-0.75 at d 7, d 28, and d 36
compared to other dietary treatments (p<0.05). In general, DMI
increased in CHM-0.5 and CHM-0.75 groups whereas, no significant
change in DMI was seen in other groups.
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TABLE 3 Dry matter intake (kg) of Holstein dairy cows fed different levels
of dietary Chinese herbal medicine in early postpartum period.

Control CHM-0.5! CHM-0.75! CHM-1*
7 21.2+0.75%° 19.8+2.1% 22.2+0.9% 21.5+0.3®
14 21.8+0.4° 21.1+£1.9* 22.4+0.5° 21.9+0.9
28 22.3+0.44 21.4+0.6"® 23.6+1.0 21.8+0.4"
36 22.6+0.3% 22.2+0.7% 23.5+0.2% 221403

**Means with different superscripts in the same row are significantly different (p<0.05).
*BMeans with different superscripts in the same column against the same variable are
significantly different (p <0.05). 'CHM-0.5=0.5kg CHM; CHM-0.75=0.75kg CHM; CHM-
1=1kg CHM.

Table 4 shows the fecal composition of dairy cows fed diets
supplemented with different levels of dietary CHM. Fecal composition
of Holstein dairy cows in early postpartum period remained
unaffected across the groups except crude ash which was greater in
CHM-0.75 group than CHM-1 group atd 15 (p <0.05).

3.2 Milk yield and milk composition

Milk yield of Holstein dairy cows fed different supplemental
levels of CHM in early postpartum period has been presented in
Table 5. Dietary supplementation of different levels of CHM had no
effect on the milk yield of dairy cows atd 0,d 5, d 15, d 20, and d 25
after parturition. However, CHM-0.75 group had greater milk yield
than CHM-1 group at d 10 (p=0.001) and control group at d 30
(p=0.040) after parturition.

Milk composition of Holstein dairy cows fed different levels of
dietary CHM in early postpartum period has been depicted in Table 6.
Supplemental CHM had no effect on milk fat, milk protein, lactose,
and somatic cell count. Total solids were greater in CHM-0.5 group
compared to other groups at d 15 (p<0.05) and compared to
CHM-0.75 and CHM-1 groups at d 30 (p<0.05). Supplemental
CHM-0.5 increased the solids not fat compared to CHM-0.75 and
CHM-1 groups at d 30 (p <0.05). Milk urea nitrogen was greater in
control group than CHM-0.5 group (p <0.05).
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3.3 Correlation analysis of treatment and
parity effects on production performance

The correlation analysis results for the impact of group, parity,
lactation days, and their interactions on milk production elucidate
that the treatment and parity significantly influence milk production
in Holstein dairy cows during the early postpartum period. The
interaction effects of treatment*parity and DIM2*parity were not
statistically significant (Table 7).

3.4 Serum biochemistry

Table 8 shows the serum biochemical indices of Holstein dairy
cows fed different levels of dietary CHM in early postpartum
period. Serum IgG was greater in CHM-0.75 supplemented group
compared to the control group at d 15 (p <0.05) while, IgA and IgM
remained unaffected across the groups. Serum ALT, AST, ALB, ALP,
LDH, TBA, uric acid, TG, and K were not different among the
groups at any observation. Serum TP was lower in CHM-0.5 group
than other groups at d 15 (p <0.05) and compared to CHM-0.75
group at d 30 (p<0.05). Cows in control and CHM-0.75 group had
greater serum GLB than those in CHM-0.5 group at d 15 (p <0.05)
whereas, CHM-0.75 group had greater serum GLB in comparison
with CHM-1 group at d 30 (p<0.05). Serum TBIL was greatest
(p<0.05) in CHM-0.5 and CHM-1 groups at d 15 and d 30,
respectively. At d 15 and d 30, serum GGT was lowest (p <0.05) in
CHM-0.5 and CHM-1 groups, respectively. Cows in CHM-0.5
group had greater serum CK than CHM-0.75 and CHM-1 groups
atd 15 (p<0.05), whereas no difference was seen among the groups
at d 30. Supplemental CHM-0.5 lowered the serum amylase at d 30
compared to control group (p <0.05). At d 30, supplemental CHM-1
lowered the BUN compared to the control group (p <0.05). Serum
CREA was greater in CHM-0.5 group at d 15 in comparison with
other groups (p <0.05). Supplemental CHM-0.5 lowered the serum
CHOL at d 15 (p<0.05) whereas, serum CHOL was greater in
control and CHM-0.75 group than other groups at d 30 (p <0.05).
Cows fed CHM-0.5 diets had lower serum Na levels than other
groups at d 15 (p<0.05), however, it was lower in all groups at d 30
except CHM-0.75 group (p <0.05). Serum Cl levels were greater in
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TABLE 4 Fecal composition of Holstein dairy cows fed different levels of dietary Chinese herbal medicine in early postpartum period.

Control CHM-0.5* CHM-0.75*
0 82.1+£0.8 81.9+0.5 84.9+0.7 85.2+1.6
Moisture, % 15 86.1+£0.9 83.9+2.4 85.7+1.8 86.2+1.5
30 853+1.3 84.9+2.1 85.4+1.7 82.9+4.7
0 154+2.6 15.1+2.2 159+1.2 14.75+1.1
Crude protein, g/kg 15 17.7+2.4 17.0+1.9 17.3+1.9 17.0+1.1
30 16.2+1.8 16.5+4.9 15.1+1.7 16.3+2.5
0 38.9+2.8 38.1+3.3 39.1+£24 37.5+4.1
Acid detergent fiber, g/kg 15 40.6+2.5 41.4+42 41.5+3.8 38.9+3.7
30 39.9+3.2 39.7+6.7 40.4+2.4 38.3+5.0
0 55.4+4.8 543+4.6 53.9+2.9 52.2+4.5
Neutral detergent fiber, g/
ke 15 56.8+4.1 56.2+4.5 56.2+5.6 56.0+3.9
30 56.9+5.0 55.9+10.1 57.6+2.3 52.9+5.2
0 9.1+0.6 9.4+1.1 9.9+1.1 9.1+1.5
Lignin, g/kg 15 10.9+0.6 10.6+1.1 11.3+1.3 10.3+1.3
30 9.9+0.7 9.6+1.9 9.8+0.9 10.0£1.1
0 47.5+2.1 49.2+4.9° 472+54 47.4+59°
NDF after 240h, g/kg 15 48.8+2.3 50.9+4.6" 48.0+5.0 45.8+6.1°
30 51.4+1.1 57.0+7.7% 51.9+2.9 54.6+6.4*
0 1.5+0.6° 2.5+0.6 2.0+1.2° 1.6+0.7°
Starch, g/kg 15 1.6+0.5% 2.5+0.5 1.9+1.1° 1.8+0.7°
30 33+1.94 28+1.7 3.3+0.6* 4.5+£3.24
0 2.1+0.2 24+0.8 23+09 4.0+£3.2
Total fatty acids, g/kg 15 2.5+0.6 2.5+0.8 2.6%1.1 41+£29
30 22+05 2.7+£0.7 2.5+0.6 4.1+3.1
0 104+1.5 112+1.5 11.9+1.2 8.8+0.6°
Ash, g/kg 15 10.6+ 1.5% 11.4+1.6" 12.2+£2.2% 8.9+0.6™
30 12.0+£0.5 13.1+1.7 13.1+1.4 13.7+4.6*
0 1.8+0.1 1.7+0.4 2.0+0.2 2.1+0.4
Ca, mg/kg 15 2.1+0.2 2.1+0.4 2.1+0.5 22+04
30 1.9+0.2 1.9+0.7 2.1+0.2 2.4+0.5
0 0.6+0.2 0.6+0.1 0.8+0.1 0.7+0.2
P, mg/kg 15 0.8+0.2 0.7+£0.2 0.9+0.2 0.8+0.1
30 0.6+0.1 0.7+0.2 0.7+0.1 0.8+£0.2
0 0.6+0.1 0.7+0.1 0.6+0.2 0.6+0.1
Mg, mg/kg 15 0.7+0.1 0.6+0.1 0.6+0.2 0.7+0.2
30 0.8+0.1 0.6+0.2 0.8+0.1 0.8+£0.2
0 0.7+0.1 0.8+0.2 0.7+0.1 0.7+0.2
K, mg/kg 15 0.7+0.1 0.8+0.1 0.8+0.1 0.9+0.1
30 0.8+0.2 0.9+0.2 0.9+0.1 0.8+0.2

**Means with different superscripts in the same row are significantly different (p <0.05). **Means with different superscripts in the same column against the same variable are significantly
different (p<0.05). 'CHM-0.5=0.5kg CHM; CHM-0.75=0.75 kg CHM; CHM-1 = 1 kg CHM.

CHM-0.75 group than CHM-0.5 group at d 30 (p<0.05). Atd 15,  (p<0.05). Lower serum Mg levels were seen in CHM-1 group
cows in CHM-0.5 group had lower serum Ca levels than those in ~ compared to control and CHM-0.75 groups at d 30 (p <0.05). Cows
other groups (p <0.05) whereas, control and CHM-0.75 had greater ~ in CHM-0.5 group had lowest serum P levels at d 15 in comparison
serum Ca levels than CHM-0.5 and CHM-1 groups at d 30  with those in other groups (p <0.05).
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TABLE 5 Milk yield (kg) of Holstein dairy cows fed different levels of dietary Chinese herbal medicine in early postpartum period.
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CHM-0.5! CHM-0.75!
0 24.6+6.3 25.0+£7.9 23.5+7.4 21.7+7.3 0.181
5 22.5+6.8 25.7+6.8 243+6.7 229+7.9 0.216
10 23.4+7.7% 26.0+5.6" 28.1+7.1% 20.2£6.6" 0.001
15 23.1+9.9 26.2+10.5 241+123 233+11.0 0.809
20 229+8.3 28.8+8.8 24.7+6.5 26.4+8.5 0.203
25 22.5+3.8 23.1+£6.5 26.1+7.1 22.7+6.3 0.243
30 24.4+4.6° 27.2+53% 31.6+6.1° 28.5+£7.9® 0.040

**Means with different superscripts in the same row are significantly different (p <0.05). 'CHM-0.5=0.5kg CHM; CHM-0.75=0.75kg CHM; CHM-1=1kg CHM.

TABLE 6 Milk composition of Holstein dairy cows fed different levels of dietary Chinese herbal medicine in early postpartum period.

Control CHM-0.5!

0 2.2+0.2° 4.1+2.5% 32+1.4° 2.0+0.3°
Milk fat, % 15 2.1+0.5° 4.5+3.3" 32+1.6° 2.5+0.6°

30 3.6+1.44 46+1.14 34+1.94 3.5+1.24

0 3.3+0.3 45+1.2 3.8+0.4 3.6£0.6
Milk protein, % 15 3.6+0.6 59+33 3.6+0.4 3.8+£0.5

30 3404 42+1.1 4.6+3.1 3.5+£0.6

0 4.3+0.4 4.5+0.7 4.8+0.7 5.0+£0.2
Lactose, % 15 4.6+0.6 4.2+0.7 5.1+0.5 4.9+0.7

30 4.5+0.6 4.6+0.3 50+0.4 4.7+0.3

0 11.7+0.5° 15.1+£2.1°* 12.5+1.6" 11.5+1.0°
Total solids, % 15 11.9+0.6" 15.8+3.4° 12.1+2.0° 11.6+0.9°

30 19.7+4.1° 19.7+2.5* 15.5+2.9° 16.6+3.5"

0 9.1+0.5 99+1.1 9.3+0.7 9.5+£0.6
Solids not fat, % 15 9.3£0.5 11.2+3.4 8.9+0.8 9.4+0.6

30 10.2+2.9® 10.1+£0.9* 8.8+0.7° 9.0+0.5"

0 16.1+2.4° 15.8+1.6 17.3+3.1% 19.1+3.3
Milk urea nitrogen,

15 16.1+3.1% 18.5+5.7 17.6+3.2% 18.4+3.1
mg/dL

30 26.9+7.9% 15.9+6.2° 21.9+5.8% 20.4 +5.4®

0 215.2+35.7 190.4£29.1 207.5£25.6 201.8+70.4
Somatic cell count,

15 210.4+34.5 189.7+29.1 202.8+33.6 198.6+27.1
10°/mL

30 196.6 £34.7 178.2+32.3 183.2+18.7 173.8+20.6

**Means with different superscripts in the same row are significantly different (p <0.05). ~*Means with different superscripts in the same column against the same variable are significantly

different (p <0.05). 'CHM-0.5=0.5kg CHM; CHM-0.75=0.75kg CHM; CHM-1=1kg CHM.

TABLE 7 Correlation analysis of group, parity, lactation days and interaction on milk production of Holstein dairy cows fed different levels of dietary
Chinese herbal medicine in early postpartum period.

Main effects and interactions x°-value F-value p-value
Treatment 10.64 3.55 0.014
Parity 7.96 3.98 0.019
Treatment*parity 2.67 0.53 0.750
DIM2 0.08 0.04 0.959
Treatment*DIM2 4.08 1.02 0.395
DIM2*parity 8.14 2.04 0.087
Treatment*DIM2*parity 0.19 0.10 0.908
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TABLE 8 Serum biochemistry of Holstein dairy cows fed different levels of dietary Chinese herbal medicine in early postpartum period.

Item? Day Control CHM-0.52 CHM-0.752 CHM-12
Immune function tests
0 8.6+0.7° 9.3+ 1.4% 11.3+0.5° 10.1+£1.3%
IgG, g/L 15 9.1+£3.0° 9.9+2.4% 11.3+£2.4° 10.4+0.6™
30 9.8+0.9 10.6+1.5® 11.6+0.7¢ 10.9+ 1.7
0 0.6+0.1 0.8+0.1 0.7+0.1 0.6+0.2
IgA, g/L 15 0.6+0.3 0.7+0.2 0.8+0.3 0.7+0.1
30 0.7+0.1 0.8+£0.2 0.8+0.1 0.8+0.1
0 23+0.3 2.6+0.5 2.6+0.2 24+03
IgM, g/L 15 24+0.6 2.6+0.5 2.8+0.5 2.5+0.1
30 2.5+0.5 2.8+0.6 2.8+0.1 2.8+0.5
Liver function tests
0 13.4+7.0° 7.3+1.7° 17.9+7.5® 9.3+2.1%
ALT, U/L 15 23.2+3.1* 22.4+5.0% 27.2+4.8% 22.4+78%
30 14.4+11.0° 7.4+2.7" 18.4+6.8" 9.2+2.28
0 44.9+36.1° 45.8 £35.6" 44.5+26.8° 53.5+21.1%
AST, U/L 15 83.6+15.94 91.2+17.8* 81.0+17.6* 95.8+31.94
30 49.8+32.1° 51.8+27.5" 51.8+24.5" 62.4+20.4%
0 40.6 +25.6° 23.7+5.6° 51.5+19.8" 25.3+52°F
TP, g/L 15 83.2+10.8% 60.1+4.8% 83.0+12.1% 77.1+5.0%
30 43.7+23.5%0 25.7+7.9% 54.4+16.8% 28.7+4.78
0 18.6+7.6° 11.6+4.2° 23.4+8.7° 14.6+3.3°
ALB, g/L 15 32.2+3.0% 34.7+2.54 34.5+3.24 35.9+3.0*
30 19.6+8.8° 12.2+3.9® 24.4+7.9° 16.6£2.9°
0 23.5+16.7% 12.5+7.3% 28.95+11.9® 11.6+2.1°
GLB, g/L 15 51.0+10.24 25.4+2.7% 48.5+13.74 41.1+4.9%°
30 24.0+15.1%° 13.5+4.4% 30.0+10.6™ 12.1+2.2%
0 0.8+0.1 0.8+0.1% 0.8+0.4 1.3+£0.24
ALB:GLB 15 0.7+0.1° 1.4+0.14 0.8+0.3° 0.9+0.2%
30 0.9+0.2° 0.9+0.2% 0.9+0.4° 1.4+0.2%
0 0.3+0.1° 0.3+0.2° 0.65+0.4° 34+1.14
TBIL, pmol/L 15 1.1+£0.6" 6.9+5.44 1.1+0.5% 1.6+1.1%
30 0.4+0.2% 0.4+0.3% 0.7 +0.5% 3.5+1.1%
0 24.0+21.0% 18.8+17.5° 40.6+43.1% 22.8+14.8%
ALP, U/L 15 65.4+14.6* 55.6+10.4* 58.0+30.14 54.0+5.1*
30 37.0+£19.0% 20.8+15.8% 43.6+31.1° 25.8+15.6"
0 18.6+7.6 16.7+16.7¢ 17.7+8.4% 10.1+2.8"
GGT, U/L 15 32.6+8.2% 18.8+5.6" 30.6+10.1% 31.2+£9.9%
30 19.2+4.6% 17.6+13.8* 19.8+8.4% 9.8+2.6™
0 553.2+26.2° 479.9+30.5° 623.7+28.1 514.1+20.2°
LDH, U/L 15 992.2+30.34 753.8+51.8% 746.0+21.6 798.6+68.34
30 563.2+26.6" 498.9£30.5° 613.7+27.1 501.8+18.9"
0 130.0+18.9 50.8+14.2° 124.0+£17.4 93.0+£20.8°
CK, U/L 15 148.8 +£40.1® 211.2+48.3% 123.6+43.8" 140.0 +£49.0%°
30 136.0+10.9 54.8+13.2° 136.0+16.4 105.8+19.8°
(Continued)
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TABLE 8 (Continued)

Control CHM-0.52 CHM-0.752
Pancrease function tests
0 26.6+11.6° 11.1+5.3% 22.6+4.6° 12.0+2.1%
Amylase, U/L 15 39.6+17.6* 42.8+£9.6% 39.4+8.2% 40.8+22.94
30 27.6+14.6™ 11.4+7.8% 23.8+4.9% 14.8 +4.4%
0 10.3+11.7 12.6+4.3 9.3+45 17.1£5.3
TBA, pmol/L 15 11.7+£4.9 20.7+12.3 16.9+6.7 22.1+11.8
30 13.7£10.2 14.4+53 11.1£5.6 19.2+5.2
GLU, pmol/L 0 2.8+0.5 22+04 33+1.1 22+0.2
15 4.3+0.2 3.8+0.5 4403 4.7x0.7
30 29+0.8 2.3+0.5 3.5+0.9 23+0.3
Renal function tests
BUN, pmol/L 0 4.1+£2.4 35+1.1 43+0.7 2.4+0.5
15 4.7£0.5 3.6+0.2 49+0.5 4.7+1.5
30 49+2.1% 3.6+0.9® 4.6+0.6® 2.7+0.5°
UA pmol/L 0 29.6+22.3 23.5+4.5 28.6+8.3 23.8+0.9°
15 42.4%8.6 32.0+14.4 41.4+73 49.2+9.34
30 32.8+19.3 26.0+8.6 30.6+8.3 26.2+3.3°
CREA, pmol/L 0 32.3+94 28.2+6.7° 355+1.9 36.5+3.7
15 42.8+33° 68.2+17.9% 46.0+7.4° 47.4%7.1°
30 342+8.6 30.2+5.8° 36.6+2.9 39.0+4.6
Blood lipids profile
CHOL, mmol/L 0 2.0+0.7° 0.7+0.5 28+1.3 0.5+0.1%
15 45+1.14 1.6+0.3 4.8+0.6 4.1+22%
30 2.1+0.8% 0.8+0.6" 3.1+1.3* 0.6+0.1%
TG, mmol/L 0 0.2+0.1 0.1+0.01 0.1+£0.2 0.1+£0.02
15 0.3+0.03 0.3+0.03 0.3+0.02 0.3+0.1
30 0.2+0.1 0.2+0.01 0.2+0.1 0.2+0.02
Blood minerals profile
K, mmol/L 0 4.5+0.7% 4.1+0.3 4.5+0.5 3.8+0.3
15 734254 4.4+08 6.5+24 4.6+0.6
30 4.4+0.8° 42+04 4.7+0.6 4.0+0.3
Na, mmol/L 0 136.3+6.4% 128.3+3.1 137.4+6.7 124.4+0.6°
15 151.0£8.9% 131.5+1.5° 152.5£5.5° 146.9+10.8*
30 139.6 £5.7% 132.3+4.5° 143.8£8.7¢ 128.4+0.6™
Cl, mmol/L 0 90.6+2.2 87.2+1.4 91.6+1.6 93.1+3.8
15 93.6+1.8 97.0+£9.1 94.9+3.7 94.8+4.1
30 96.2+2.4%® 92.2+2.4° 97.5+1.9* 97.1+3.8®
Ca, mmol/L 0 1.7+0.3% 1.3+0.1% 1.8+0.2" 1.3+£0.2%
15 2.3+0.14 1.9+0.4% 2.2+0.14 2.3+0.1%
30 1.9 +0.4%0 1.4+0.1% 1.9+0.3% 1.4+0.2%
Mg, mmol/L 0 04+0.2 0.3+0.1 0.5+0.2 0.1+0.2%
15 0.6+0.2 0.6+0.3 0.7+£0.2 0.7+£0.2%
30 0.6+0.3* 0.4+0.1® 0.6+0.1* 0.2+£0.2%
(Continued)
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Control CHM-0.52 CHM-0.75?2
P, mmol/L 0 1.2+0.4 13403 1.2+0.1 0.8+0.2°
‘ 15 1.6+0.2° 0.9+0.5° 1.5+0.1° 1.8+0.3%
‘ 30 1.4+0.5 1.4+04 1.3+0.2 0.9+0.2°

**Means with different superscripts in the same row are significantly different (p <0.05). “*Means with different superscripts in the same column against the same variable are significantly

different (p <0.05). 'IgG, immunoglobulin G; IgA, immunoglobulin A; IgM, immunoglobulin M; ALT, alanine transaminase; AST, aspartate transaminase; TP, total protein; ALB, albumin;
GLB, globulin; TBIL, total bilirubin; ALP, alkaline phosphatase; GGT, Gamma-glutamyl transferase; LDH, lactate dehydrogenase; CK, creatine kinase; TBA, total bile acids; GLU, glucose;
BUN, blood urea nitrogen; UA, uric acid; CREA, creatinine; CHOL, total cholesterol; TG, triglycerides. *°CHM-0.5=0.5kg CHM; CHM-0.75=0.75kg CHM; CHM-1=1kg CHM.

3.5 Hematologic profile

Complete blood profile of Holstein dairy cows fed different levels
of supplemental CHM are shown in Table 9. Results indicated that
leukocytes (WBC), erythrocytes (RBC), hematocrit (HCT), mean
corpuscular volume (MCV), mean corpuscular hemoglobin (MCH),
mean corpuscular hemoglobin concentration (MCHC), erythrocyte
distribution width - standard deviation (RDW-SD), erythrocyte
distribution width - coefficient of variation (RDW-CV), mean platelet
volume (MPV), platelet distribution width (PDW), and plateletcrit
(PCT) values were not influenced by the dose of CHM. The
lymphocytes range was within the range, however, their values
increased in the CHM-0.5 group compared to the CHM-1 group at d
30 (p<0.05). Higher granulocyte (%) values were observed in the
CHM-1 group than in the CHM-0.5 group both at d 15 and d 30
(p<0.05). The highest monocytes (%) level was recorded at d 30 in
CHM-1 group compared to other groups (p <0.05). The number of
monocytes and granulocytes remained unaffected whereas,
lymphocyte numbers were greater in control group than in CHM-1
group at d 15 and d 30 (p<0.05). At d 30, lower hemoglobin levels
were noted in the CHM-0.5 group compared to other groups
(p<0.05). Total platelet count increased in the CHM-1 group
compared to the CHM-0.5 group at d 15 (p<0.05) whereas, it was
highest in control group than other groups at d 30 (p <0.05). Cows in
CHM-0.5 group had greater platelets than those in CHM-1 group at
d 15 (p<0.05), while CHM-0.75 group had greater number of platelets
than CHM-0.5 and CHM-1 groups at d 30 (p <0.05).

3.6 Reproductive performance

Reproductive performance of Holstein dairy cows fed different
supplemental levels of CHM in early postpartum period has been
presented in Table 10. Diameter of the first detecting follicle did not
differ between the CHM-supplemented groups of cows. The CHM-0.75
group displayed a greater estrus response than a non-supplemented
group of cows. Interval to estrus or ovulation after 2nd GnRH and
estrus duration remained the same between the treatment groups.
However, ovulation rate, follicle growth rate and ovulatory follicle
diameter were significantly different in supplemented cows with a dose
of 0.75kg compared to control. Similarly, higher cows got pregnant in
the CHM-0.75 group compared to the control and CHM-0.5 groups.

The results shown in Figure 2 indicate that 30days of
supplementation of CHM during the postpartum period. The involution
period of the cervix, gravid and non-gravid horns in healthy crossbred
cows were 33.6+2.4, 36.8+3.4, and 31.6+1.8days, respectively;

Frontiers in Veterinary Science

75

however, postpartum uterine infected cows had comparatively extended
uterine involution period of the cervix, gravid and non-gravid horns
(43.1+5.2,45.6£6.8, and 39.6 +5.7 days, respectively).

4 Discussion

Over the past decades, increasing number of studies involving
the use of plant-based feed additives have reported alternative
solutions to antibiotics and synthetic feed additives. The variety of
herbs comprising of various bioactive molecules has increased the
interest to include those substances in animal diets. It has prompted
the mixing and blending of different components resulting in the
availability of multi-herb preparations in the market. However, this
has added to the difficulty of interpreting any result due to the
differences in the mechanisms as well as possible interactions
among the bioactive molecules from different sources. In the
present study, supplemented CHM had a variety of herbs including
E. ulmoides, A. L. (Fabaceae), C. pilosula, A. archangelica,
A. amurensis G. glabra, L. striatum, W. extensa, and P. montana that
provided various phytogenic bioactive molecules like saponins,
glycyrrhizic acid, polyphenols, polysaccharides, phytosterols,
flavonoids, and carotenoids. Generally, these bioactive molecules
carry out numerous beneficial activities, therefore, the use of CHM
is in practice as feed additives according to “China Veterinary Drug
Specifications” Owing to the natural sources of CHM, these
formulations are accepted by animals and humans with fewer drug
residues and toxic/side effects. Amongst these, Eucommia,
Astragalus, Codonopsis, Angelica, Atractylodes, and Liquorice
nourish and strengthen the body by regulating the metabolism, and
Chuanxiong promotes blood circulation, and nutrient digestion and
absorption; Poria induce diuretic effects, and Pueraria act as heat
dissipate and detoxifier, antibacterial and anti-inflammatory (17).
Therefore, the present study was conducted to evaluate the effects
of CHM on DMI, milk yield and milk composition, blood
biochemistry, and reproductive performance of Holstein dairy cows
in early postpartum period.

4.1 Dry matter intake and fecal
composition

The DMI and subsequent nutrient digestibility are key
components that drive the productive, reproductive, and health status
of dairy cows. In this context, feed composition, minerals, and other
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TABLE 9 Hematological profile of Holstein dairy cows fed different levels of dietary Chinese herbal medicine in early postpartum period.

Reference Control CHM-0.52 CHM-0.752
range
0 129+53 13.5£4.3 12.8+£2.9 10.7+3.1
Leukocytes, 10°/L 5.0-16.0 15 14.9+7.1 15.8+7.4 14.3£3.9 11.7+3.1
30 19.4+13.9 192+7.3 16.8+6.3 16.4+11.4
0 31.3+18.1 32.2+19.5% 32.7+15.7% 27.2+15.4
Lymphocyte ratio, % 20.0-60.3 15 36.3+21.2 38.5+23.2% 33.3+18.8% 29.1+£18.3
30 44.5+31.4% 52.0+£27.14 45.5+23.9%% 28.9+21.4°
0 11.2+6.6® 8.3+4.3" 11.0+8.5® 14.4+12.6*
Monocyte ratio, % 4.0-12.1 15 10.2+6.9% 7.4+4.4° 9.9+7.6% 15.1+£11.6*
30 8.7+8.1% 42+2.4° 6.1+3.2% 10.8£3.5°
0 51.4+14.3 51.2+18.4 54.0+17.0 53.5+16.1
Granulocyte ratio, % 30.0-65.0 15 53.4+16.6 54.2+20.2% 56.9+18.2 559+17.1
30 46.8+26.2° 43.8+25.1% 483+21.1° 60.3+18.2*
0 4.7+5.4" 5.6+2.1° 4.3£25 34+2.6
Lymphocytes, 10°/L 1.5-9.0 15 6.6+£6.9% 7.2+ 6,948 5.0+3.7% 3.5+2.4°
30 11.9+8.6* 10.9+9.34® 8.8+8.2% 6.5+7.4°
0 1.2+0.4 0.5+0.1 14+1.4 1.6+1.8
Monocytes, 10°/L 0.3-1.6 15 1.2+0.6 09+0.3 14+1.2 1.8+1.7
30 09+0.4 0.7+0.4 09+0.4 1.5+£0.9
0 6.97+1.1 7.5+2.6 69+1.7 56+1.6
Granulocytes, 10°/L 2.3-9.1 15 6.9+1.2 7.7+34 7.8+2.5 6.4+25
30 6.6+3.0 7.6+4.5 7.1+1.9 8.4+33
0 5.6+0.2 54+0.7 5.8+0.5 52+0.3
Erythrocytes, 10'/L 5.00-10.10 15 6.1+0.6 57+0.8 6.0+£0.6 5.6+0.5
30 66.0+0.3 55+0.6 6.3+0.5 6.1+0.4
0 106.7£5.3 102.6+13.1 105.1+14.5% 100.3+15.2%
Hemoglobin, g/L 90-130 15 113.7£5.6 106.6+15.4 110+15.6° 102.3+£16.3°
30 113.6£9.2° 97.0+19.4° 121.8+£14.8% 119+11.5%
0 345+1.6 329+2.4 342+5.0 325+1.9
Hematocrit, % 28.0-46.0 15 36.7+2.9 359+4.8 36.6+5.4 354+2.7
30 38.1+3.0 32.4+4.5 39.3+5.4 38.7+2.9
0 56.7+2.4 60.7+2.1 53.6+11.1 60.2+3.5
MCV, fL 38.0-53.0 15 60.7+3.4 62.7+3.2 56.9+12.1 62.3+4.7
30 62.5+5.7 59.5+4.4 62.7+4.4 64.6+3.6
0 17.6+1.5 14.5+£0.2 16.3+0.7 17.1+£1.8
MCH, pg 13.0-19.0 15 18.8£1.6 18.5£0.6 18.1£0.9 182+1.6
30 19.4£0.7 17.5£2.4 19.4+£0.9 189+1.2
0 308.3+£18.1 291.9+6.4 278.6+21.4 278.3+31.3
MCHGC, g/L 300-370 15 310.3+21.1 295.9+9.5 300.6+18.4 287.3£33.3
30 312.0£21.9 293.6£26.7 310+11.7 292.8+9.8
0 28.0+3.2 29.7+2.4 27.1+7.2 33.7+3.8
RDW-SD, % 0.1-99.9 15 31.0+29 32.7+3.9 30.1+6.5 33.7+3.8
30 32.7+4.1 29.7+4.4 33.4+3.9 342+£5.0
(Continued)
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TABLE 9 (Continued)

10.3389/fvets.2024.1434548

Reference Control CHM-0.52 CHM-0.75
range

0 13.4%1.0 16.1+1.2 16.6+1.2 154412
RDW-CV, % 14.0-19.0 15 167+1.1 17.1+14 16.9+1.4 174412

30 17.2+1.1 16.3+1.7 17.5+1.2 174+1.8
Platelets, /L 120-820 0 308.1+132.7% 334.54140.2M0 370.4+125.6M 376.3+199.1%

15 362.14188.7% 344.5+137.5% 390.4+130.9% 407.3+194.1%

30 400.2+160.3% 319.0+143.7% 305.2+162.1% 307.84159.8%
MPV, % 3.8-7.0 0 77412 8.0+1.1 73+1.0 7.1£0.2

15 82414 81413 8.0+1.0 73403

30 8.8+1.9 7.8+1.4 94+1.6 7.741.6
PDW, % 0.1-30.0 0 83+0.6 9.0+1.2 83+1.0 7.8+0.5

15 85408 92+1.1 8.6+0.9 8.9+0.8

30 8.440.9 8.140.4 8.9+0.7 8.8+0.9
Plateletcrit, % 0.01-9.99 0 0.140.1 02+0.1 03+0.1 02+0.1

15 03402 03+0.1 04402 03402

30 0.4:+0.4 0.2+0.1 03+0.2 0.1£0.1
Platelets ratio, % 0.1-99.9 0 21456 86423 65456 23421

15 4.1+9.6%° 8.9+8.9° 5.7 +8.7%0 2.5+2.7°

30 10.1+13.9%0 11.14£9.2° 14.9410.5% 52469

**Means with different superscripts in the same row are significantly different (p <0.05). #*Means with different superscripts in the same column against the same variable are significantly
different (p <0.05). "MCV, mean corpuscular volume; MCH, mean corpuscular hemoglobin; mean corpuscular hemoglobin concentration; RDW-SD, erythrocyte distribution width - standard
deviation; RDW-CV; erythrocyte distribution width - coefficient of variation; MPV, mean platelet volume; PDW, platelet distribution width. *CHM-0.5=0.5kg CHM; CHM-0.75=0.75kg

CHM; CHM-1=1kg CHM.

supplemental components influence the DMI by nutritive value and
palatability factors. In our study, the supplementation of CHM
promoted the DMI in supplemented groups except in high-dose
groups. It has been noted that CHM have poor palatability due to the
presence of essential oils or a combination of cinnamaldehyde and
eugenol, and increased supplementation level of CHM made the feed
unpalatable because of organoleptic effects of CHM components,
hence feed intake did not change in the present study. According to
the Dictionary of Chinese Medicine (Nanjing University of Chinese
Medicine 2006), CHM energizes the stomach and the spleen for better
digestion and appetite (18). In this study, improved feed intake by
cows supplemented with low or medium-dose CHM can might
be attributed to the above postulation.

Cows showed an increase in ash and starch digestibility in the
control and high-dose CHM groups. In contrast, higher NDF
digestibility was noted in the low-dose group. Such a change in
digestibility indicates the digestion stimulating activity of CHM for
cellulose-degrading/fibre-degrading bacteria and probiotic bacterial
growth that, in turn, maintain the pH and digestive enzyme activity
(19). Previously, inhibitory CHM affected the growth of protozoa and
methane-producing bacteria in the rumen (20).

An improvement was observed in daily weight gain of calves fed
supplemental CHM. The improvement in the growth of calves in this
study is likely linked to better nutrient utilization and the antioxidant
potential of the supplements offered. Such preparations increase
energy, lipid and fat metabolism when offered even to calves.
Previously, better growth rates were observed in growing calves in
cattle and yak (12, 21) or lambs (22, 23). The use of CHM had
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stimulating effects on ruminal epithelium development and ruminal
microbiota in early-weaned calves.

4.2 Milk yield and milk composition

It is well-known that milk yield and milk composition reflect the
nutritional and metabolic status, udder condition, and overall health
of dairy cows. In the present study, cows fed 0.75kg CHM per day had
greater milk yield than those in control group. The used combination
of CHM is an optional supplement in lactating cows. Based on the
theory of traditional Chinese medicine, the CHM formulation derived
from herbs (Eucommia, Astragalus, Codonopsis, Angelica,
Atractylodes, Liquorice, Chuanxiong, Poria, and Pueraria) has
beneficial effects (24, 25). The formulation consists of synergistic
detoxification effects and promotes blood circulation of internal organs
by sharing the bioactive ingredients of flavonoids or polysaccharides.
Previously, various formulations of CHM were offered to cows under
normal (26, 27) and stressful conditions (28, 29) that showed varying
effects on milk production performance of supplemented cows.

Improved milk fat, total solids, and milk urea nitrogen levels in
CHM groups suggest that the supplemental CHM improved the
ruminal fermentation by promoting the ruminal microbiota for better
nutrient digestion and absorption. Efficient nutrient uptake in
CHM-supplemented experimental cows directed the superfluous fatty
acids, carbohydrates, and amino acids towards the mammary glands
for milk fat, lactose, and protein (30). In addition, the galactagogue
property of different herbs (31) could be a plausible reason for quality
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TABLE 10 Reproductive performance of Holstein dairy cows fed different levels of dietary Chinese herbal medicine in early postpartum period.

Item Control CHM-0.5! CHM-0.75* CHM-1!
Diameter of first detecting

9.9+3.5 8.3+3.3 8.4+2.8 7.8+14
follicle (mm)
Estrus response 17/27 (63.0%)" 24/31 (77.4%)™ 26/29 (89.7%)* 24/30 (80.0%)™
Interval to estrus after 2nd

8.5+0.8" 10.3+0.6* 9.6+0.8" 8.3£0.8"
GnRH (h)
Estrus duration (h) 15.4+0.6 16.5+0.4 16.3+0.6 15.5+0.5
Ovulation rate 15/27 (55.6%)" 22/31 (70.9%)™ 24/29 (82.8%)* 22/30 (73.3%)®
Interval to ovulation after 2nd

24.5+0.9 25.5+0.5 25.4+0.8 24.8+0.8
GnRH (h)
Follicle growth rate (mm/day) 0.01° 0.29° 0.68* 0.31°
Ovulatory follicle diameter

13.9+2.4° 15.0+3.8® 16.7+4.0° 14.7+2.3%
(mm)
Pregnancy rate 9/27 (33.3%)° 16/31 (51.6%)" 21/29 (72.4%)* 17/30 (56.7%)™

**Means with different superscripts in the same row are significantly different (p <0.05). 'CHM-0.5=0.5kg CHM; CHM-0.75=0.75kg CHM; CHM-1=1kg CHM.
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FIGURE 2

Uterine involution time and diameters of gravid uterine horn in
Holstein dairy cows fed different levels of Chinese herbal medicine in
early postpartum period.

milk production in the present study. Previously, there are variable
findings in terms of milk fat, protein, lactose, milk urea nitrogen, and
somatic cell count (32) that might have occurred due to the differences
in experimental conditions, herb types, duration of supplementation,
day in milk, and the bioavailability of active ingredients.

4.3 Serum biochemistry and hematological
profile

Immunity-related indicators indicate the health status of
animals. In the present study, the IgG levels rose in dairy cows after
supplementation with a medium dose of CHM consistent with the
previous studies in cows (33, 34). These studies report that CHM
improved cell-mediated and humoral immunity by provoking
nonspecific immunity factors via activation of the host
immune cells.

Lower levels of ALT, protein, albumin, globulin, bilirubin, alkaline
phosphatase, and gamma-glutamyl transpeptidase following

supplementation or among the treatment groups describe the

Frontiers in Veterinary Science

protective effects of CHM. These findings correspond to earlier
documents where CHM were supplemented during stressful
conditions of parturition and postpartum uterine infections (35).
Beyond this, enormous fluctuations in protein and liver enzyme levels
could indicate liver cell damage and increased liver cell membrane
permeability, subsequently causing leakage of enzymes into the blood.
Whereas the fluctuations in liver function tests are also linked to
negative energy balance during the early postpartum time in cows due
to excessive depletion of body fat to fulfill the energy for milk
production (36). In the present study, no change was observed in total
bile acids and glucose levels, which indicates that CHM provision did
not influence insulin secretion Low amylase levels after CHM
supplementation indicate the increased utilization of starch in the
small intestine by amylase thereby reflecting the reduced amylase
level. The CHM contributes the various nutritional factors, i.e.,
glucose, amino acids, fatty acids, and others that are used for synthesis
and stimulating different enzymes, including amylase. In the present
study, creatinine, urea and uric acid were within reference range after
CHM supplementation suggesting the normal functioning of renal
system. A decreasing trend was observed in renal function tests in
CHM-supplemented groups but was not always significant. Similar
findings were observed earlier in ruminants (34). Increased serum
urea and creatinine levels reflect the protein intake and digestibility,
fatty acids breakdown by the liver, muscular breakdown, and ruminal
urea recycling (33). Serum lipids, total cholesterol, and triglycerides
are the main lipids class particularly influenced by dietary factors. In
the present study, supplemental CHM influenced the total cholesterol
but not triglycerides. Reduced serum total cholesterol levels by CHM
supplementation indicate the emulsifying effects (37) and fibrous
nature (38). Such dietary properties regulate the ruminal microbiota,
digestion, and absorption of nutrients.

The macro- and mirco-elements are essential in animals for
normal physiological and biochemical processes and milk and meat
production in ruminants. The mineral contents varied during the first
and second observations after CHM provision might be related to the
lactation stage of cows (39). Reported higher mineral levels by adding
a CHM mixture to the diets of goats. They described that the CHM
mixture remained unaffected by ruminal action and was transported
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to the intestinal region, where it positively influenced the hindgut
digestion of nutrients.

No earlier studies have reported the effect of supplemental CHM
on the hematological profile of cows. In the present study, although
there were variations in many hematological variables between the
supplemented and control groups, they existed in normal ranges.
Thus, CHM supplementation to cows at different levels had no
negative effects on hematology. These findings are consistent with
previous studies reporting the effects of different herbs on hematology
(34, 40).

4.4 Reproductive performance

In order to avoid the prepartum and postpartum reproductive
disorders, management of dairy cows may be subjected to nutritional
and hormonal regimens before and after calving to support the early
uterine involution and resumption of ovarian activity. Our study
demonstrated that CHM supplementation can improve the estrus,
ovulation, and conception rates in synchronized dairy cows in
addition to expediting the uterine involution in early postpartum
period. Consistent with our findings, previous studies have reported
the earlier resumption of postpartum reproductive events in cows fed
diets supplemented with CHM (32-34). In addition, improvements
were witnessed in cows suffering from calving or postpartum
reproductive disorders in response to dietary CHM supplementation
(30, 33). The exact mechanism by which dietary CHM
supplementation improved the reproductive performance of cows in
early postpartum period is not yet known. It is speculated that the
improvement in DMI providing superfluous energy might have
supported the occurrence of these ovarian activities due to the
potential antimicrobial, immunomodulatory, antioxidative, and
energy and gut ecosystem enhancing properties of CHM. Increased
permeability of blood vessels in addition to lowered blood triglycerides
and cholesterol might have improved the uterine health in cows fed
dietary CHM. Earlier studies have provided preliminary evidence
regarding the positive effect of CHM on the fertility of cows in early
postpartum period. It is, however, necessary to establish the efficacy,
safety margins, and mechanisms of CHM in improving the fertility of
cow using well-controlled experiments with larger sample size.

5 Conclusion

In conclusion, the CHM preparation had no adverse effects on the
biochemical indicators for immunity, digestibility, metabolism, and
production performance of cows. The estrus, ovulation, and pregnancy
rates were improved by CHM supplementation prior to
synchronization of dairy cows. No significant change in uterine
healthy
CHM-supplemented cows. However, there are certain limitations of

involution was observed in wuterine infected or
the present study. The period of this study has focused on the early
postpartum period (early lactation) that requires further evaluation of
supplemental CHM in mid and late lactation. Moreover, this study
lacks the investigation of mechanisms by which supplemental CHM
exerted these effects on the studied biological indicators. Further
studies are suggested to elucidate the mechanisms and pathways

involved in the beneficial effects of CHM in dairy cows.
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Exploring swine oviduct anatomy
through micro-computed
tomography: a 3D modeling
perspective
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Mare Nostrum), University of Murcia, Murcia, Spain, *Institute of Biochemistry and Cell Biology (CNR-
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The oviduct plays a crucial role in the reproductive process, serving as the
stage for fertilization and the early stages of embryonic development. When the
environment of this organ has been mimicked, it has been shown to enhance
in vitro embryo epigenetic reprogramming and to improve the yield of the
system. This study explores the anatomical intricacies of two oviduct regions,
the uterotubal junction (UTJ) and the ampullary-isthmic junction (AlJ) by using
micro-computed tomography (MicroCT). In this study, we have characterized
and 3D-reconstructed the oviduct structure, by measuring height and width of
the oviduct's folds, along with the assessments of fractal dimension, lacunarity
and shape factor. Results indicate distinct structural features in UTJ and AlJ,
with UTJ displaying small, uniformly distributed folds and high lacunarity,
while AlJ shows larger folds with lower lacunarity. Fractal dimension analysis
reveals values for UTJ within 1.189-1.1779, while AlJ values range from
1.559-1.770, indicating differences in structural complexity between these
regions. Additionally, blind sacs or crypts are observed, akin to those found in
various species, suggesting potential roles in sperm sequestration or reservoir
formation. These morphological differences align with functional variations
and are essential for developing an accurate 3D model. In conclusion, this
research provides information about the oviduct anatomy, leveraging MicroCT
technology for detailed 3D reconstructions, which can significantly contribute
to the understanding of geometric-morphological characteristics influencing
functional traits, providing a foundation for a biomimetic oviduct-on-a-chip.

KEYWORDS

oviduct, microCT, 3D-reconstruction, swine model, utero tubal junction, ampullary-
isthmic junction
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1 Introduction

The oviduct is the organ where the journey of life begins for all
mammals. It is divided into 4 regions, the infundibulum, the ampulla,
the isthmus, and the uterotubal junction. After ovulation, the
infundibulum is responsible for collecting the cumulus-oocyte complex,
and on the isthmus, the sperm will form the spermatic reservoir
attaching to the epithelial cells, suffering changes in its membrane, and
prolonging their viability. Before ovulation, spermatozoa will be released
from the reservoir and they reach the ampulla, where fertilization takes
place. On the other hand, the uterine-tubal junction could be considered
one of the main selection barriers (1).

The epithelium of the oviduct is composed of two major types
of cells: secretory and ciliated. The secretory cells are responsible
for the formation of oviductal fluid (2), which plays an important
role in creating an appropriate environment for the transport and
nourishment of gametes, as well as in protecting the fertilized egg
during its journey through the oviduct (3). Conversely, the ciliated
cells possess carbohydrate residues that are recognized by lectin-
like proteins on the head of spermatozoa, leading to their binding
and the creation of the previously mentioned sperm reservoir (4).
The oviduct offers a dynamic environment, since its cell
proportion and functionality change in response to the hormonal
swings that take place throughout the cycle (5, 6). For instance,
during the follicular phase, ciliated cells prevail in the ampulla of
the oviduct while during the luteal phase, secretory cells take the
forefront in this region (7). By contrast, in other segments of the
oviduct, like the isthmus, the proportion of these cell types
remains relatively stable with minimal variations throughout the
estrus cycle (7).

Due to the relevance of oviduct in fertilization, some authors
have tried to mimic its effect in in vitro fertilization platforms
used in artificial reproductive techniques (8, 9). Indeed, the
addition to artificial environment designed to allow the
fertilization could improve the system’s out, mainly reducing the
epigenetic differences between the in vivo derived and in vitro
produced embryos.

In that context, for instance an oviduct-on-a-chip has been
recently created (9). In one hand it represents a very interesting
device, but in the other one hand it ignores the architectural
features of the organ. Since it has been demonstrated that there is
a correlation between oviduct architecture and function (10) here
we carried out a set of measures to lay the foundation to a sort of
reverse engineering work. In fact, in a recent work we identified,
from a selection of 3D-printing-biocompatible materials
previously used in cell cultures, the one suitable for construction
the model of the oviduct, evaluating its toxic effects by mean of
embryo development (11). Consequently, the present work
emerges as a pilot study aimed at creating an anatomically
accurate-3D model of the oviduct to furtherly design a biomimetic
oviduct-on-a-chip. This approach will consider the organ’s
morphology, then we adopted an approach based on the use of
microcomputed tomography (MicroCT) as a reliable tool for the
anatomical study of oviduct: it is non-destructive technology
characterized by high resolution and three-dimensional
visualization capabilities, and it is able to allow sophisticated
quantitative analysis and detailed 3D reconstructions.
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2 Results
2.1 Utero tubal junction

In this segment of the oviduct, it is noteworthy that there are small
folds present, and their dimensions typically fall within the range
144-988 pm 70-366pum  width
(Supplementary Table S1; Figure 1). These folds do not reach a great

between length  and
percentage of the lumen, an observation that is supported by the high
lacunarity value (Supplementary Table S1).

On the contrary, the distribution of values for fractal dimension
and lacunarity in UTJ is concentrated around a different subpopulation
(Figure 2). The fractal dimension encompasses values within the range
1.189-1.1779, while the lacunarity values range within 0.901-2.701
(Supplementary Table S1). On the other hand, the shape factor values
of the UTJ external and internal regions are provided (Table 1).

2.2 Ampullary-isthmic junction

In this section of the oviduct, we not only observe a higher
prevalence of folds but also an increase in their individual sizes,
ranging between 126-1,446 pm length (Supplementary Table S2) and
40-512pm width (Supplementary Table S2), resulting in a more
substantial occupancy within the lumen, reducing the lacunarity
(Supplementary Table 52). In AlJ, distinct subpopulations of folds are
discernible, with one set characterized by larger dimensions and
another set exhibiting smaller dimensions. By contrast to the width
measurements, where the data distribution is not centered around
specific values, but rather displays a more homogeneous spread
(Figure 3).

Similar to what we observed with the length of the folds, the fractal
dimension and lacunarity are also divided into different subpopulation
(Figure 4). The fractal dimension encompasses values within the range
1.559-1.770, while the lacunarity values ranges within 0.577-1.544
(Supplementary Table 52). On the other hand, the shape factor values
of the AIJ external and internal region is provided (Table 2).

2.3 3-D reconstruction

In the 3D reconstruction, the tortuous structure of the oviduct is
represented offering a detailed view of the high tortuosity it possesses
(Supplementary Movie 1). The visualization highlights the spatial
arrangement of the folds of the AIJ section and small blind-ended sacs
(Figures 5A=D). On the other hand, in the UT] of the oviduct, the
lumen is narrower and exhibits a less tortuous structure compared to
the other sections (Figures 5E-H).

3 Discussion

In this study, we have delved into the architectural examination of
different segments of swine oviduct by using a medical imaging
approach, reporting for the first-time parameters such as the shape
factor, fractal dimension and lacunarity of the oviduct through
microCT imaging. These parameters will be the basis for a more
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Violin plot representing the different measurement of length (left) and width (right) of the folds from the UTJ.

Width UTJ
400
300
£ ]
5 200
100
0 T T T T T T T T
v N D
LU VLG V. AT R LG VR W
ST
N \J \ \J \J \J \) \)
ot o oF & oF o X\
Late Early Late Early
follicular  follicular  Iluteal luteal

Fractal dimension UTJ
2.0+

1.8

3
1.6- &
8

1.0 T T T T T T T T
N Y
Q(} Q‘}
N '\b '\b
04 04 Q)

N Y
PO G Y A G Y
Ny 4 '\éeo N 4 .\éQ"' @‘Q 3 8)0
o' o o o ¢

Late
follicular

Early Late
follicular luteal

Early
luteal

FIGURE 2

Violin plot representing the different measurement of fractal dimension (left) and lacunarity (right) of the folds from the UTJ.
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accurate representation of reality in an oviduct-on-a-chip, enabling
improved IVF and embryo culture performance, presumably
enhancing epigenetic embryo reprogramming (9).

MicroCT has already been used to characterize the architecture of
organs such as lungs (12), tendons or arteries (13), or even to recreate
3D images of breast cancer specimens (14). It generates 3D models
that can then be converted into files suitable for 3D printing, thus
enabling the creation of three-dimensional replicas of those organs
(15). This technology has been used to create custom prostheses (16),
and could be used to create models for surgeon planning (17) or for
educational purposes (18). Recently, it has been used to create 3D bone
phantoms through 3D printing, using CT generated images (19). In
this context, this preliminary study means a progress into the creation
of a novel oviduct 3D model considering the architecture of the organ,
in the light to design a biomimetic 3D scaffold suitable for IVP.

The classical method for reconstructing the oviduct has
traditionally involved using histology slides. However, it has been
shown that this method may not be the most suitable, as it could
result in gaps (20). Additionally, when using histology, it can

Frontiers in Veterinary Science

be reconstruction inaccuracies ranging due to deformation of
misalignment (21), due to the difficulty of managing three-
dimensional orientation. Multiple manual artifacts affect the perfect
alignment of the sample in all directions of space. In fact, the
positioning procedures of the sample inside the embedding medium,
the mounting of the histological specimen on the microtome, the
simultaneous three-dimensional angulation of the specimen and the
instrument are evident causes of problematic management of the
spatial orientation of the specimens. This type of problem is partially
overcome in the case of virtual histology that can be performed by
microCT, which also becomes the basis of the three-dimensional
model perfectly fitting the original sample. MicroCT technique has
proven to be a valuable tool for studying mineralized biologic tissues

22), although its utility in the investigation of soft tissues has been
somewhat constrained due to the limited contrast these tissues
typically exhibit (23). Some tries have been made previously to study
the internal structure of the oviduct through microCT (24). With the
oviduct unmodified and without contrast, and other ones fill the
oviduct with a strong contrast agent (24). The initial attempt proved
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TABLE 1 Shape factor of the oviduct in UTJ region.

10.3389/fvets.2024.1456524

External shape factor

Late follicular Early follicular Late luteal Early luteal
Oviductl  Oviduct 2 Oviductl  Oviduct 2 Oviduct1l  Oviduct 2 Oviduct1l  Oviduct 2
Volume 66.31 127.71 31.53 26.64 41.55 43.64 84.22 39.80
(mm?’)
Surface 234.11 353.68 124.53 109.56 170.13 130.69 268.53 143.59
(mm?)
Height 4.46 4.46 4.46 4.46 4.46 4.46 4.46 4.46
(mm)
Shape index 15.75 12.35 17.62 18.34 18.26 13.36 14.22 16.09
shape index 3.53 2.77 3.95 4.11 4.09 2.99 3.19 3.61
(1/mm)
Internal shape factor
Volume 3.95 32 0.52 0.80 1.66 1.58 7.78 2.87
(mm?’)
Surface 77.88 50.2 13.83 16.31 30.20 23.92 106.27 30.19
(mm?®)
Height 4.46 4.46 4.46 4.46 4.46 4.46 4.46 4.46
(mm)
Shape index 87.94 69.97 118.62 90.93 81.14 67.52 60.92 46.92
shape index 19.72 15.69 26.60 20.39 18.19 15.14 13.66 10.52
(1/mm)
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FIGURE 3
Violin plot representing the different measurement of length (left) and widths (right) of the folds from the AlJ.

to be unsuccessful as it yielded no discernible internal structures. In
contrast, the subsequent approaches provided what could be likened
to a photographic “negative” of the oviduct. This effect was achieved
due to the significant disparity in clarity between the contrast agent
and the surrounding tissue. However, when compared with histology
slides, the structure observed was not very detailed. In our work,
we employed the paraffin embedding method, a technique that
enables us to visualize the high-resolution structure of the oviduct
by leveraging its endogenous contrast, as previously described for
murine embryos (25). Although in human the use of MicroCT to
study the oviduct has been already achieved successfully (26), to our
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knowledge, those represent the first data obtained from swine
oviducts through microCT.

Like what has been observed in humans (26, 27) or sheep (28), our
results show throughout all phases of the cycle, at the UT]J level,
mucosal folds are sparse and smaller in size, occupying limited space
within the lumen. However, as we move away from the uterus and
progress toward the oviduct until the ampulla, a significant increase
in the size of these folds and the proportion of space they occupy
within the lumen becomes evident. This increase in lumen occupancy
is not only apparent from the measurements of the folds in the images
but is also corroborated by the decrease in lacunarity. In addition, even
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TABLE 2 Shape factor of the oviduct in AlJ region.

External shape factor

Late follicular

Early follicular

Late luteal Early luteal

Oviduct 1 Oviduct 2 Oviduct 1 Oviduct 2 Oviduct 1 Oviduct 2 Oviduct 1 Oviduct 2
Volume 40.79 44 236 26.51 29.83 23.79 35.10 48.41
(mm’)
Surface 226.97 225.73 234.99 286.61 155.14 84.67 166.89 323.40
(mm’)
Height 4.46 4.46 4.46 4.46 4.46 4.46 4.46 4.46
(mm)
shape index 24.82 22.88 44.41 48.21 23.20 15.87 2121 29.79
shape index 5.56 5.13 9.96 10.81 5.20 3.56 4.75 6.68
(1/mm)
Shape factor
Volume 4.87 432 6.36 5.88 1.99 0.40 0.81 8.34
(mm’)
Surface 66.76 73.22 103.86 141.18 4152 8.96 18.91 195.45
(mm?)
Height 4.46 4.46 4.46 4.46 4.46 4.46 4.46 4.46
(mm)
shape index 61.15 75.59 72.83 107.16 92.96 99.90 104.12 104.56
shape index 13.71 16.95 16.33 24.03 20.84 22.40 2335 23.44
(1/mm)

though our sample size is small, it is worth noting that the maximum
fold amplitude is consistently observed during the follicular phase, as
previously described using electronic microscopy (29). Cyclic
variations during the estrous cycle have been even described in the
serosal part of the oviduct where cells of the tubal epithelium are also
present, being the ciliated cells predominant during the follicular
phase and the secretory cells during the luteal phase (30). It has been
suggested that the folds in the oviduct could play a crucial role in the
transport of oocytes and embryos during the fertilization process.
These oviductal epithelial folds serve to significantly increase the
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surface area of the epithelium, thereby enhancing the likelihood of
contact between the oocyte/embryo and the ciliated cells within the
oviduct (31). Moreover, the specific structure of these folds appears to
play a key role in alleviating the pressure difference in the oviductal
fluid before and after the passage of the oocyte/embryo (31). It has
been observed that the Celsr1 gene controls the proper formation of
these oviductal folds, and Celsr1-deficient mice present an altered
ciliary beating coordination, and aberrant fold orientation distribution,
even leading to infertility (32), presumably due to difficulties in the
effective transport of oocytes and embryos through the oviduct.
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FIGURE 5

luteal (D,H).
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3D reconstruction of AlJ (A—D) and UTJ (E-H) regions in different phases of the cycle late follicular (A,E), early follicular (B,F), late luteal (C,G), and early

In the 3D reconstruction of the oviduct, we can observe numerous
blind sacs or crypts, which are small, pouch-like structures within the
oviduct. These anatomical features have been described in pigs (29)
and in other animal species, including humans (26), ovine (28),
marsupials (33, 34), hamster (35), bovine (6), and moles (36). In some
animals, such as shrews, it has been suggested that the crypts in the
oviduct mucosa may serve the function of “sequestering” sperm,
thereby preventing polyspermy (37). Meanwhile, in other animals like
cows (6) or sows (29), it has been proposed that these structures could
also collaborate to form the sperm reservoir.

The data gleaned from this study possesses significant potential to
lay the groundwork for the development of a sophisticated 3D model.
Advanced printing techniques, including additive manufacturing
processes, can then be employed to fabricate the physical device layer
by layer, resulting in a tangible replica of the organ. This model would
be meticulously crafted to encompass the intricate architecture of the
oviduct. By meticulously incorporating the detailed structural nuances
revealed by the microCT imaging, this 3D printing file would serve as
a blueprint for creating a physical device that faithfully replicates the
natural features of the organ. This innovative device, when combined
with microfluidic systems, could have the potential to replicate the
physiology of organs, offering a valuable tool for enhanced studies of
organ function and disease (38). Notably, in recent years, research has
shown that conducting in vitro fertilization processes within devices
mimicking the oviduct can yield superior outcomes (9, 39).
Considering this, the reconstructions obtained in this study hold the
promise of serving as the blueprint for a 3D-printed device that
accurately reflects this complex architecture. Thanks to its accuracy
anatomy reconstruction, together with a microfluidic system, could
even allow the study of the biophysics of the organ and a more reliable
representation of the processes that’s occurs in the oviduct, as sperm
capacitation or the “taxis” (chemotaxis, thermotaxis and rheotaxis)
that guides sperm cells within the oviduct (40).
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In this work, we conducted a comprehensive assessment to
determine the most suitable segmentation techniques for accurately
representing the morphological traits of interest. This evaluation
encompassed various segmentation methods, including automatic,
interactive, and manual approaches. The challenge of segmentation in
biomedical imaging, as highlighted in both the existing literature and
this experimental investigation, predominantly arises from the lack of
efficient automated tools.

In summary, the pursuit of optimal segmentation techniques in
biomedical imaging is crucial for advancing both research and clinical
practice. By addressing the challenges inherent in segmentation, such
as automation and accuracy, researchers and clinicians can harness the
full potential of biomedical imaging. Additionally, the integration of
3D printing technology further amplifies the impact of biomedical
imaging by that facilitating the conversion of virtual models into
physical prototypes capable of faithfully reproducing even the most
intricate shapes and geometric features. For that reason and
considering that our group have previously identified a suitable
material together with the suitable appropriate 3D printing technology,
the data presented in this work will allow the engineer of a new 3D
scaffold as closely as possible to the oviduct in order to increase the
quality of embryos produced with ARTs.

4 Materials and methods
4.1 Oviduct selection and collection

Genital tracts from sows and gilts were obtained at the local
slaughterhouse and transported into the lab within 2 h of slaughter.
Once in the lab, the cycle stage of the tracts was determined based
on the ovarian morphology as described previously (41) and
classified into early follicular (n=2), late follicular (n=2), early
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FIGURE 6

Comparison between virtual and histological oviduct sectioning, with a schematic representation of the measurement method performed

1000 pm

luteal (n=2), or late luteal phase (n=2). Two oviduct from 4
animals were selected for each phase of the reproductive cycle,
dissected and divided into segments. The portions corresponding
to the isthmus and the uterine-tubal junction were washed in PBS
and fixed in 4% paraformaldehyde for 1h. Subsequently, the
samples underwent dehydration through a series of alcoholic
solutions (ranging from 50 to 100%) and soaked in xylene 3 times
for 15min each (45min tot). An incubation step with xylene
paraffin (1:1) was carried out for 45 min at 56°C before embedding
in paraffin wax.

4.2 MicroCT and image acquisition

MicroCT datasets of swine oviducts at different stages of estrous
cycle were acquired by using the high-resolution 3D-imaging
system Skyscan 1172G (Bruker, Kontich - Belgium), using an
L7901-20 Microfocus X-ray Source (Hamamatsu), with image pixel/
size of 7.4 pm, camera binning 2x2, source voltage of 39kV, source
current of 240 pA, exposure time of 500 ms. The reconstructed
tomographic volumes of the acquired images were performed using
built-in NRecon Skyscan reconstruction software (Version: 1.6.6.0;
Skyscan Bruker). 3D-images were generated using 3D-Visualization
Software CTvox v. 2.5, while the volume rendering and virtual
sectioning views using DataViewer v. 1.4.4 (Skyscan Bruker) and
the analysis of the sample was performed using CT-Analyser
software version 1.13.

4.3 Histology and light microscopy

Paraffin embedded oviducts were microtome-sectioned at 10 pm
and stained with Hematoxylin (Sigma-Aldrich, cat. MHS16) - Eosin
(Sigma-Aldrich, cat. 109,844) standard protocol to perform
histological assay. Images were obtained with the stereomicroscope
MZ12 (Leica) equipped with a color camera. The histological analysis
highlighted the accuracy and fidelity of the two-dimensional and
three-dimensional images obtained from microtomography, which
has the further advantage of guaranteeing the structural integrity of
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the sample and avoiding distortions and artifacts resulting from the
sectioning procedures ( , 6).

4.4 Image analysis

Using microCT images, measurements of the length and width of
. The FIJI
program (Image] 2.0.0-rc-43/1.50e) was employed for this purpose,

the oviduct folds were conducted, as illustrated in

utilizing its built-in measurement tool to ensure accuracy in
anatomical dimensions. Similarly, to calculate the fractal dimension
and lacunarity values, we applied the box-counting method using the
FracLac plugin in Fiji.

4.5 Two-dimensional image processing

For the processing of two-dimensional images, the software Mimics
from the Belgian company Materialise (Materialise, Leuven, Belgium)
and 3Matic (Materialise, Leuven, Belgium) were used. Mimics is the
primary software for processing biomedical images in the rapid
prototyping sector. Initially, the DICOM files were loaded, and the
correct orientation of the images (Top-Bottom, Anterior-Posterior,
Right-Left) was set. Once the images were loaded, the software provided
their visualization of the three anatomical planes: transverse/axial,
coronal/frontal, and sagittal. It was decided to analyze, in particular, the
series of images from the ampullary-isthmus junction (AIJ) and of the
utero-tubal junction (UTY). This approach ensured that images from all
phases acquired were available, regardless of their original format. Each
image series generated a project within Mimics, i.e., a file in .mcs format.
At this point, an initial segmentation was performed on each of the four
files by selecting the region of interest through the crop project
operation. Specifically, various slices along all three directions (X, y; z)
were excluded from the project, retaining only the structures of interest
and reducing the number of slices to be analyzed. This helped eliminate
the influence of regions not relevant to the study. To achieve this, the
position and size of a rectangle were set in all three views (axial, coronal,
and sagittal) to delimit the volume of interest in the resulting
parallelepiped in the three-dimensional view. After a careful analysis of
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the images from various contrast phases, the different anatomical
structures that would be included in the overall three-dimensional
virtual model have been segmented separately: both the external and
internal structures of the reference tract (UT] and AlIJ). For each of these
structures, it was assessed which image series was most suitable for their
segmentation. This decision was based on the presence of enhanced
visibility of the mentioned structures in those specific images. Regarding
the improvement of image quality, especially in terms of contrast, a
point-wise enhancement technique was employed. This involves
applying a transformation that maps a small range of grey levels onto
the entire possible range, aiming to achieve visual enhancement. Finally,
itis specified that the term “mask” refers to a set of pixels that have been
grouped together as a result of various operations performed on the
three two-dimensional views. Each mask is associated with a specific
color, a minimum HU value, and a maximum HU value.

4.6 Processing of the three-dimensional
model

Once the segmentation of the different structures has been carried
out, it is necessary to process the three-dimensional model by performing
a smoothing operation with the appropriate number of iterations. This
is done to achieve a virtual model suitable for both three-dimensional
visualization and the subsequent potential 3D printing phase. The three-
dimensional object calculated from the mask inevitably exhibits a step
effect due to the spatial resolution of the images, which is evidently
insufficient for our purposes. The edges of the three-dimensional object,
reconstructed from the mask, tend to follow individual pixels that have
dimensions of approximately I mm X 1mm. This scaling effect can
be observed both in the three-dimensional view and on the individual
slices for each anatomical structure. The smoothing operation was
performed in the Mimics software rather than the modelling software
3-Matic by Materialise, used in the later phase of processing the three-
dimensional model and optimizing the mesh. This choice is because,
once the smoothing operation with a certain number of iterations is
completed in Mimics, it is possible to compare the result with CT images
on individual sections (axial, coronal, and sagittal) by visualizing the
contours of the obtained three-dimensional object. In general,
smoothing operations contribute significantly to enhancing the surface
quality of a model. Nevertheless, it is crucial to exercise caution, as an
excessively high number of smoothing iterations can lead to alterations
in the model, resulting in unexpected outcomes. It is important to keep
in mind that real-life organs do not possess perfectly smooth surfaces.
The complete virtual model obtained in this way enabled the three-
dimensional visualization of various anatomical structures. In this
visualization, appropriate degrees of transparency were set for different
structures, allowing for the visualization of outer and inner structures
as well.

4.7 Processing of the three-dimensional
model

The calculation of the shape factor is a procedure used in various
contexts, such as physics, engineering, or thermodynamics. The shape
factor is a quantity that expresses the geometry of one body in relation
to another, often concerning thermal radiation exchange or fluid
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dynamics. Its mathematical expression can vary depending on the
specific context.

In general terms, the shape factor (F) that we used can
be calculated using the following simplified formula:

_S*h
v

F

where S and V are, respectively, the surfaces and volumes of the
two bodies under consideration, the UT] and AlJ, and h is the height
of the traits. However, in more complex situations, such as radiation
exchange between non-ideal surfaces, the formula can be more
intricate and involve angles, distances, and emissivity properties of
the surfaces.
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cooling medium with Eurycoma
longifolia extract enhances native
Thai chicken sperm quality and
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Cooled semen storage methods result in oxidative stress generated by an
imbalance between oxidation rates, specifically reactive oxygen species
production, and sperm cell antioxidants, leading to degradation of semen
quality. We aimed to investigate the impact of adding Eurycoma longifolia (EL)
extractas anantioxidant supplementin semen storage medium (IGGKPh semen
extender) on semen quality and fertility potential. EL extract at concentrations
of 5, 10, 15, and 20mg/mL was assessed for its antioxidant capacity in IGGKPh
semen extender. Our findings revealed that the total phenolic content in the
EL extract did not vary significantly across the various concentrations and
temperatures tested. However, incubation at 5°C was found to be the most
effective temperature for increasing the EL extract antioxidant capacity as
assessed via the 2,2-diphenyl-1-picrylhydrazyl inhibition assay in a dose-
dependent manner. Supplementation of the IGGKPh semen extender with
15mg/mL EL extract was found to enhance semen quality during cold storage
for up to 48h (p<0.05), as evidenced by decreased malondialdehyde levels in
cooled semen (p<0.05). However, antioxidant enzyme activities showed no
significant differences among the various experimental groups (p>0.05). The
fertility test showed that the 15mg/mL EL extract group stored for 24h had a
higher percentage than the control group (p<0.05). However, there was no
significant difference in percentage between the two groups at 48h of storage
(p>0.05). The hatchability showed no significant difference in both 24 and
48-h storage periods (p>0.05). Our results indicated that supplementing the
IGGKPh semen extender with 15mg/mL EL extract may positively influence
semen quality during storage, suggesting potential applications for enhancing
semen quality.
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1 Introduction

Artificial insemination (AI) has become widely utilized in
commercial turkey production due to their substantial body size (1),
whereas its adoption in the broiler industry remains limited, primarily
due to the labor-intensive breeding practices involved. However, in the
context of native Thai chicken production, AI has gained popularity
within battery cage systems for parent stocks. This method offers
advantages such as enhanced ease of management and increased
mating ratios (2). Implementation of Al in native Thai chicken has the
potential to elevate the male-to-female ratio during natural mating
from 1:10 to 1:25, resulting in economic benefits through reduced
male requirements (3).

Semen viability is a critical concern for Thai farmers, as semen
starts to lose fertility beyond 1-h post-collection due to dehydration
(4). Rural farmers often utilize a saline (0.9% NaCl) solution as a
short-term diluent in a 1:3 ratio to sustain sperm viability for
immediate use. However, extended storage for 24h at 25°C proves
impractical with saline diluents (5). For optimal semen preservation
over extended periods, dilution with suitable semen extenders, and
storage at 2-5°C is necessary to minimize sperm metabolism (6). It
has been reported that semen fertility decreases with semen stored for
24h or longer (7), possibly due to oxidative stress incurred during
storage (8, 9).

The oxidative stress attributed to semen storage significantly
impacts sperm function, with an imbalance between antioxidants
and free radicals exacerbating the decline in fertility parameters.
The accumulation of malondialdehyde (MDA), an end product of
lipid peroxidation, exhibits a marked increase after 24 h of semen
storage at 4°C compared to MDA levels in fresh semen (10).
Concurrently, antioxidant enzyme activity within semen
diminishes progressively during the storage period (11). An
increase in reactive oxygen species (ROS) levels in stored semen
directly compromises sperm viability, acrosome integrity,
mitochondrial potential, and DNA integrity, ultimately reducing
semen fertility potential (12). Therefore, an antioxidant that would
act as a scavenger of ROS is required to be added to the semen
extender to improve sperm quality and fertility during semen
storage and processing.

Plant extracts have emerged as natural sources of antioxidants and
have shown promise in preserving and enhancing sperm function
during semen storage. Eurycoma longifolia (EL), commonly known
as “Tongkat Ali’ or ‘Long Jack is an herbal plant prevalent in Southeast
Asia, and its root extract contains flavonoids, phenolic compounds,
alkaloids, and antioxidants (13). EL extract shows a significant
presence of superoxide dismutase (SOD) (14) that is pivotal for
eliminating intracellular free radicals (15) and enhancing rooster
sperm motility, viability, and structure preservation (16). Evidential
studies in cattle species suggest that EL extract supplementation in
cooled semen storage media can enhance sperm quality (17).
However, its application in rooster semen preservation remains
unexplored. As such, this study aimed to evaluate the antioxidant
properties of the IGGKPh semen extender augmented with EL extract,
assess the optimal concentration of EL extract for use as an antioxidant
supplement in cooled semen storage, and determine its impact on
semen quality. This involved measuring lipid peroxidation (as
indicated by MDA levels) and antioxidant enzyme activities, ultimately
assessing the potential effects on sperm fertility.
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2 Methodology
2.1 Chemicals

The EL extract powder was obtained from Asian Bioplex Co.
(Bangphra, Si-Racha, Chonburi, Thailand). It underwent a deionized
water extraction process followed by spray drying. The powder
exhibited a bulk density range of 0.20-0.50 g/mL, moisture content
below 10%, and an active ingredient composition with a triterpenoid
glycoside concentration exceeding 30%. Unless otherwise stated, all
chemicals used in this study were acquired from Sigma-Aldrich (St.
Louis, MO, USA).

2.2 Semen extender used

In this study, we used the IGGKPh semen extender for cooled semen
storage experiments (18). Table 1 presents its chemical composition.

2.3 Quantitative determination of
antioxidants

The impact of various extraction procedures, solvents, and
temperatures on the degradation of endogenous plant compounds has
been recognized in the scientific literature (19, 20). Therefore,
we evaluated the antioxidant properties of the EL extract in the
IGGKPh semen extender. The EL extract, in a powdered form, was
added to the IGGKPh semen extender at different concentrations (5,
10, 15, and 20 mg/mL) and stirred continuously to ensure a uniform
distribution. The samples were then incubated at different
temperatures (5, 25, and 60°C) for 6h. Afterward, the samples were
filtered and stored frozen at —20°C until analysis to ascertain the
antioxidant contents quantitatively. Three replicates were prepared for
each concentration of EL extract and temperature condition.

The total phenolic content (TPC) was measured in milligrams of
gallic acid equivalent per gram (mg GAE/g) of the dry extract, while
the antioxidant capacity was assessed using 2,2-diphenyl-1-
picrylhydrazyl (DPPH) percent inhibition assay.

2.3.1 Total phenolic content
Total phenolic content (TPC) is widely utilized as a crucial

parameter for evaluating the overall antioxidant capacity of plants.

TABLE 1 Chemical composition of the IGGKPh semen extender.

Constituents | IGGKPh (g)
Potassium citrate monohydrate 0.70
Sodium glutamate 7.00
Sodium hydrogen phosphate 4.90
Sodium dihydrogen phosphate 1.05
Glucose 4.50
Inositol 4.50
mOsm 396
pH 6.9
Distilled water (mL) 500
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TPC was quantified utilizing the Folin-Ciocalteu (F-C) assay (21),
with gallic acid employed as a standard reference. Sample solutions for
the assay were prepared at a concentration of 10 mg/mL. In parallel,
calibration solutions of gallic acid were prepared at concentrations of
12.5, 25, 50, 100, 200, and 400 pg/mL in distilled water.

The reaction mixtures were then prepared by combining 50 uL of
the sample solution with the F-C reagent in a 1:5 volume ratio.
Subsequently, 100 pL of a 75% Na,COj; solution was added to the
mixtures and incubated at room temperature for 30min. The
absorbance of the reaction mixture was then measured at 765nm
utilizing a spectrophotometer (Microplate reader: TECAN, infinite
200 PRO, Switzerland). The inherent TPC value of samples was
quantified by comparing the absorbance values to a blank. The TPC
results were derived from a calibration curve constructed with gallic
acid standards and were expressed in mg GAE/g of the dry EL extract.

2.3.2 DPPH radical scavenging activity of the EL
extract

The radical scavenging activity of the EL extract was ascertained
using the DPPH radical as previously described (22). Briefly, 100 pL
of a 0.2 mM DPPH radical solution in ethanol was added to 100 pL of
various concentrations of the EL extract. After incubation in the dark
for 30min at room temperature, the absorbance was measured at
517nm using a spectrophotometer (Microplate reader: TECAN,
infinite 200 PRO, Switzerland). Ascorbic acid served as a positive
control, and all measurements were performed in triplicate. The
concentration of the EL extract that yields 50% inhibition (IC50) was
calculated by plotting inhibition percentages against various extract
concentrations. The inhibition percentages were computed with the
formula: Inhibition percentage (%)= (A0— A1)/A0x 100, where Al
and A0 represent the absorbance of the DPPH radical solution after
incubation with and without the EL extracts.

2.4 Animals and management

Twenty-five native Thai roosters (Pradu Hang Dum, 33 weeks of
age) were kept in individual cages (48 x45x45cm) in an open-
environment housing system. They were fed approximately 130g of
commercial feed (Balance 924, Betagro Company Limited, Thailand)
that provided 17% protein, 3% fat, 6% fiber, and 13% moisture. Water
was provided ad libitum. Semen was routinely collected weekly for AL

Forty commercial laying hens (ISA-Brown breed, 34-40 weeks of
age), with egg production >70%, were used for the fertility test. The
hens were housed individually, fed approximately 120 g of the same
commercial feed as the roosters, and provided with water ad libitum.

The Institutional Animal Care and Use Committee approved this
study’s experimental protocol based on the Ethics of Animal
Experimentation of the National Research Council of Thailand
[Record No.IACUC-KKU-13/67; Reference No. 660201.2.11/153 (15)].

2.5 Semen sample collection

Rooster semen samples were collected twice a week from
individual roosters into 1.5 mL microtubes containing 100 pL of
IGGKPh semen extender using the dorso-abdominal massage
method. This dilution step was necessary to maintain sperm
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viability; otherwise, dehydration due to water evaporation from the
seminal plasma could occur (23). The sperm concentration
reported in subsequent analyses refers to the concentration
after dilution.

Following semen collection, the samples were kept at a
temperature between 22 and 25°C and transported to the
laboratory within 20 min of collection. Individual semen samples
were assessed for mass movement and scored on a scale of 0-5
(0=no sperm movement; 5=very rapid waves and whirlwinds
visible, with more than 90% of sperm showing forward
movement). A drop of 5-10pL semen was placed on a slide
without a coverslip and examined under a compound microscope
(10x magnification; Olympus CH30, Tokyo, Japan). Only semen
samples with a mass movement score>3.5 were pooled for
further experimentation.

2.6 Pooled semen evaluation

After pooling, the semen samples were evaluated for sperm
concentration and viability. Sperm concentration was evaluated using
a hemocytometer chamber. Initially, 999 uL of 4% sodium chloride
solution was added to 1 pL of the semen sample. The diluted semen
sample was placed in the hemocytometer and examined under a
compound microscope (40x magnification). The sperm concentration
was determined to be 1billion (10°) cells per mL. Sperm viability was
determined using eosin-nigrosine staining. A 5pL semen sample was
mixed with 10 pL of eosin-nigrosine and smeared on the slide. After
drying, 300 sperms were evaluated under a compound microscope
(40x magnification). Sperm that appeared pink (stained with eosin)
were regarded as dead, whereas sperm without any color (no
penetration of eosin stain) were regarded as live. Only pooled samples
meeting the following criteria were used in the experiments: sperm
concentration >3 x 10’ sperm/mL, and sperm viability >90%.

In the present study, the pooled semen quality regarding sperm
concentration and viability was 4.46x10°+0.03sperm/mL and
94.95+0.85%, respectively.

2.7 Experimental design

To determine the optimal concentration of EL extract to be used
for supplementation of semen extender during semen storage at 5°C
for up to 72h, the pooled semen was divided into five aliquots and
diluted with the IGGKPh extender (1:3v/v) containing various
concentrations of EL extract: 5, 10, 15, and 20 mg/mL. An IGGKPh
extender sample without EL extract supplementation served as the
control. Semen quality, including total motility (MOT), progressive
motility (PMOT), and sperm viability, as well as lipid peroxidation
(measured by MDA) and antioxidant enzyme activities (catalase
[CAT] and superoxide dismutase [SOD]), was evaluated at 0, 24, 48,
and 72h after storage (T0, T24, T48, and T72, respectively). The
experiment was repeated five times.

Fertility potential was examined using the treatment group that
demonstrated the most favorable outcomes after 24 and 48 h of semen
storage compared with the control group through AI conducted in
hens once per week for a continuous period of 4 weeks. Fertility and
hatchability rates were recorded.
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2.8 Cooled semen processing

After fresh semen evaluation, semen samples were pooled and
diluted (1:3v/v) with the IGGKPh semen extender. The diluted semen
was then cooled down to 5°C within 1h and stored for 72 h, with the
semen tubes being flipped every 6 h.

2.9 Evaluation of sperm quality

2.9.1 Sperm motility

MOT and PMOT were evaluated using a Computer-Assisted
Sperm Analyser (CASA), HTM-IVOS Model 10.0 D (Hammilton-
Thorne Bioscience, Beverly, MA, USA). This system was set up
with the following parameters: frames per second, 60Hz;
minimum contrast, 25; minimum cell size, 10 pm. A sperm was
defined as non-motile if the average path velocity was less than
5pm/s, and sperm was considered progressively motile if the
average path velocity was greater than 10 pm/s with a straightness
index of 80. At least five fields of view were evaluated, with a
minimum of 300 sperm per sample, to compute MOT and
PMOT values.

2.9.2 Sperm viability

Sperm viability was analyzed using fluorescent staining to
distinguish live sperm from dead sperm based on cell membrane
integrity. Two dyes were used: SYBR-14 and propidium iodide
(L7011; Invitrogen, Thermo Fisher Scientific, Waltham, MA, USA).
For the test, 300 pL of semen was mixed with 5pL of SYBR-14,
incubated at ~25°C for 10 min, followed by the addition of 5 pL of
propidium iodide and further incubation for 5min. The sperm
were then fixed with 10% formaldehyde, and at least 300 sperm
cells were counted using an IX71 fluorescence microscope (40x
magnification; Olympus, Tokyo, Japan). Sperm with an intact
plasma membrane exhibited green fluorescence from SYBR-14,
while sperm with damaged plasma membrane stained red with
propidium iodide.

2.9.3 Lipid peroxidation

Lipid peroxidation was evaluated by determining the MDA
concentration, the final product of lipid peroxidation, using the
thiobarbituric acid reactive substances (TBARS) assay. This
method involves a reaction between MDA and thiobarbituric acid
(TBA), resulting in a pinkish-orange compound. In this study, the
TBARS assay was performed on whole cells as described by (24).
The procedure involves incubating semen with a sperm
concentration of 250 X 10° or a semen volume of 250-300 pL with
0.25mL of ferrous sulfate (0.2mM) and 0.25mL of sodium
ascorbate (1 mM), incubated at 37°C for 1 h. Following incubation,
1 mL of 15% trichloroacetic acid and 1 mL 0.375% TBA (Sigma,
T550-0) were added. The mixture was heated to 100°C and placed
at 4°C before centrifugation at 5,000xg at 4°C for 10 min to obtain
the supernatant. This was used to measure the MDA concentration
using UV-visible spectrophotometry (Analytikjena Model Specord
250 plus) at a wavelength of 532nm. MDA concentration was
calculated using a standard curve generated from a known
concentration of MDA (0, 0.83, 1.66, 2.40, 3.33, 4.16, 4.99, 5.83,
and 6.66 pmol/mL), with results expressed in pmol/mL.
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2.9.4 Antioxidant enzyme activity

The semen sample was centrifuged at a speed of 5,000xg at 4°C
for 10 min to separate the sperm from seminal plasma. The seminal
plasma was used to quantify the activity of two major antioxidant
enzymes, namely SOD and CAT, as described previously (25).

2.9.4.1 SOD activity

SOD activity was measured using a spectrophotometric assay
based on the inhibition of cytochrome c reduction by xanthine
oxidase. Briefly, an aliquot of seminal plasma (10 pL) was mixed
with a reaction mixture containing (1 mM), xanthine (50 mM), and
155 pL of xanthine oxidase, diluted in a buffer containing sodium
and EDTA at concentrations of 50 mM and 100 mM, respectively.
The decrease in absorbance at 550 nm was monitored over time,
and the SOD activity was calculated based on the rate of
cytochrome c reduction. One unit of SOD activity is defined as the
amount of enzyme required to inhibit the rate of cytochrome ¢
reduction by 50%. The SOD activity was expressed in units per
milliliter (U/mL).

2.9.4.2 Catalase activity assay

Catalase activity was determined by measuring the rate of
hydrogen (H,0,)
spectrophotometer. A 10 pL sample of seminal plasma was mixed

peroxide decomposition  using a
with a buffer solution containing 50 mM amino methane/EDTA and
250mM Tris (hydroxymethyl) for a total volume of 90 pL. Then,
900 puL of 9.0 mM hydrogen peroxide (H,0,) was then added to
initiate the reaction, which was incubated at pH 8.0 and 30°C for
8 min. The absorbance of the reaction mixture was measured every
5s at 230 nm. The decrease in absorbance over time was used to
calculate the rate of H,0, decomposition, which was then expressed
in units/mL (U/mL) to reflect catalase activity in the assessed
seminal plasma sample.

2.9.5 Sperm fertility

The fertility rate of semen in semen extender supplemented with
EL extract was evaluated by Al in ISA-Brown hens (10 hens per
treatment group) as described previously (26). Using a tuberculin
syringe (1mL), 0.l mL of cooled semen, with a concentration of
approximately 100 x 10° sperm per insemination dose, was deposited
into the cloaca, approximately 4 cm deep. Al was performed once per
week and continued for 4 weeks. Fertility assessment was conducted
by collecting eggs from Day 2 after the first insemination until Day 8
following the last insemination. Eggs were stored on paper trays at a
controlled temperature (22-25°C) and incubated weekly to determine
fertility status on Day 7 using candling. The fertility rate was calculated
as the percentage of fertile eggs out of the total number of incubated
eggs. Hatchability rate, defined as the percentage of hatched eggs
from fertile.

2.10 Statistical analysis

To determine the optimal concentration of EL extract to be used
for supplementation of semen extender during cooled semen
storage at 5°C for up to 72 h, a split-plot design with five replicates
was used with two factors (treatment and storage time). Five
treatments were randomly arranged in the main plot, and storage
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time at 5°C with four storage durations (0, 24, 48, and 72h) were
randomly distributed subplots.

The fertility potential was analyzed using a group t-test analysis,
encompassing two treatments: a control group and EL extract
supplementation in semen extender at a dose of 15mg/mL.

All data underwent assessment for a normal distribution using
univariate analysis and the Shapiro-Wilk test. Various parameters
such as total motility, progressive motility, viability, mitochondrial
potential, cell apoptosis, lipid peroxidation level, antioxidant enzyme
activity, fertility, and hatchability were analyzed using analysis of
variance via SAS software (SAS Institute, Inc., Cary, NC, USA). The
mean values for each treatment group were compared using Tukey’s
test. Orthogonal polynomial contrasts were used to determine linear
and quadratic responses to each treatment. Data were considered to
be statistically significant at p <0.05.

3 Results

3.1 Quantitative determination of
antioxidants

Based on the data presented in Table 2, the TPC in semen
extenders ranged from 4 to 7mg GAE/g and did not exhibit
variability based on the concentration of EL extract or the
incubation temperatures. Conversely, the antioxidant capacity, as
determined by DPPH inhibition, was found to be concentration-
dependent and influenced by the temperature of incubation.
Higher concentrations of the extract led to increased antioxidant
capacity, as indicated by higher antioxidant capacity values at
20 mg/mL compared to those observed at lower concentrations of
the extract at 5°C of incubation. Additionally, the temperature of
incubation appeared to influence antioxidant capacity, with lower
antioxidant capacity values observed at 25°C and 60°C compared
with those seen at 5°C, and some values even display
negative outcomes.

TABLE 2 Analysis of antioxidant properties of EL extract.

EL extract supplementation
dosage in IGGKPh semen

10.3389/fvets.2024.1474386

3.2 Effects of EL extract on cooled semen
storage

3.2.1 Sperm quality parameters

The effects of the EL extract on semen quality after storage at 5°C
for 72h are presented in Table 3. The interaction effect between
treatment and storage time was found to be significant for all sperm
parameters (p<0.05). Most sperm quality parameters continued to
decrease as storage time increased (p <0.05).

Our results showed significant differences in semen quality
between the control and the groups supplemented with EL extract. At
T0, the 10mg/mL and 15mg/mL EL extract groups displayed
significantly higher PMOT and viability compared to the other EL
extract groups and the control group (p <0.05).

At T24, the 15mg/mL group exhibited significantly higher MOT
and PMOT than the 10 mg/mL group (p <0.05), but no significant
difference was observed in viability (p>0.05). However, the viability
of the 15mg/mL group was higher than that of the 10 mg/mL group
at T48 and T72 h (p <0.05), while PMOT differed statistically between
these groups only at T48 but not at T72.

The 5mg/mL EL extract group did not exhibit significant differences
in sperm parameters compared to the control group (p>0.05). In contrast,
the 20mg/mL EL extract group exhibited a detrimental effect, with lower
sperm motility at all storage times (p<0.05).

Furthermore, orthogonal polynomial contrast analysis revealed a
significant quadratic relationship (p<0.05) between sperm quality
parameters and KP extract concentration within each experimental
period. This indicates that sperm quality increased with increasing EL
extract concentrations, with the highest sperm quality observed at
15mg/mL.

3.2.2 Lipid peroxidation and antioxidant enzyme
activity

The results of lipid peroxidation, as indicated by MDA
concentration, and the activities of the antioxidant enzymes SOD and
CAT are presented in Table 4. At TO, MDA levels did not show

Temperature of incubation (°C)

extender 25
Total phenolic content (mg GAE/g)

5mg/mL 5.87+0.28 4.92+0.21 4.70£0.28
10 mg/mL 7.73+0.74 6.05+£0.42 5.26+0.49
15mg/mL 6.50+0.34 6.39+0.46 5.00+0.32
20mg/mL 6.14+0.17 5.20+0.39 5.70+0.24

Antioxidant capacity DPPH (%) inhibition
Ascorbic acid (control) 87.32+1.26
5mg/mL 40.95+£1.59 6.25+0.64 —46.03+£2.43
10mg/mL 65.29+0.64 19.29+2.20 —20.34£1.65
15mg/mL 81.97+0.49 27.88+0.64 —43.32£2.12
20 mg/mL 91.87+0.50 —78.93+0.96 —53.70£2.67

DPPH, 2,2-diphenyl-1-picrylhydrazyl; GAE, gallic acid equivalent.
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TABLE 3 Effects of EL extract treatments for various storage times (at 5°C for 0, 24, 48, and 72 h) on rooster semen quality (mean + SEM).

Duration of EL extract treatment dosage p-value

storage (h) : . . :
/mL  10mg/mL 15mg/mL 20 mg/mL Treatment Time of Interaction Linear Quadratic

storage

MOT (%)

TO 87.84% 87.66™ 88.27" 88.16™ 85.34" 1.89 <0.0001 <0.0001 0.0068 0.5484 <0.0001

T24 72.33% 72.54% 74.09% 76.90™ 68.32% 1.50

T48 67.50" 67.62 71.36" 71.26" 65.80 0.76

T72 53.84% 55.19% 62.70" 65.77" 50.92¢ 0.60

PMOT (%)

TO 81.81"" 81.23" 84.03 83.94* 81.44" 1.09 0.0003 <0.0001 0.0458 0.4870 0.0170

T24 64.45% 64.32% 67.03" 70.19% 62.19% 0.90

T48 55219 54,719 58.71 61.43" 54.429 1.04

172 53.41% 53.65" 54.27% 56.40" 53.94% 3.14

Viability (%)

TO 81.90" 81.33" 85.58" 86.42%" 81.24" 2.83 <0.0001 <0.0001 <0.0001 0.0324 <0.0001

T24 74.42% 76.45% 81.63* 83.78 75.69 2.75

T48 73.03 73.729 76.20 80.56" 73.95% 252

172 69.35 70.90 73.82 75.81% 68.68 0.85

Values within a row with different superscript letters

a,b,c d e

progressive motility. T0=0h, T24 =24h, T48 =48h, T72=72h after storage.

96

) indicate significant differences between treatments; values within a column with different superscript letters ®*** indicate significant differences between storage times. p <0.05. MOT, total motility; PMOT,

‘e 19 yJewueypaoy

98¢Y/¥T¥202'S19N/682¢ 0T


https://doi.org/10.3389/fvets.2024.1474386
https://www.frontiersin.org/journals/veterinary-science

22UaI05 Aleuliala) Ul SIS0

610 uISI13UO0L

TABLE 4 Effects of EL extract treatments for various storage times (at 5°C for 0, 24, 48, and 72 h) on lipid peroxidation (malondialdehyde [MDA]), catalase (CAT), and superoxide dismutase (SOD) enzyme activities.

Duration of EL extract treatment dosage p-value

storage (h) : . . :
Control 5mg/mL 10mg/mL 15mg/mL 20mg/mL Treatment Time of Interaction Linear Quadratic

storage

MDA (pmol/mL)

To 0.59* 0.72%" 0.66" 0.59* 0.60™ 0.11 <0.0001 0.0096 0.4970 0.0009 0.4725

T24 1.28" 131 0.92 0.60% 0.63% 0.05

T48 2.40% 1.72% 1.56% 1.55% 1.91% 0.14

T72 2.52¢ 238" 230 238" 2.54* 0.16

SOD (U/mL)

TO 4.07 3.91 4.07 4.11 3.96 0.08 0.3458 0.4934 0.8410 0.6963 0.1289

T24 4.03 4.00 4.14 4.09 3.98 0.08

T48 3.97 4.08 3.97 4.02 3.90 0.11

172 3.96 3.96 425 4.11 413 0.08

CAT (U/mL)

TO 21.05 21.28 21.39 19.59 2115 0.65 0.268 03189 0.7293 0.7297 0.7029

T24 20.17 20.10 20.65 20.07 21.28 0.58

T48 21.58 21.05 22.06 19.80 21.35 0.59

172 19.53 21.22 20.90 19.95 21.35 023

Values within a row with different superscript letters < indicate significant differences between treatments; values within a column with different superscript letters ****? indicate significant differences between storage times. p<0.05. T0=0h, T24=24h,

T48=48h, T72=72h after storage.
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significant differences among treatments (p>0.05). At T24,
significantly lower MDA levels were observed in the groups
supplemented with 15mg/mL and 20 mg/mL of EL extract compared
to the control group (p<0.05). At T48, all EL extract groups (5mg/mL,
15mg/mL, and 20 mg/mL) showed significantly lower MDA levels
compared to the control group (p<0.05). MDA decreased linearly
with increasing concentration levels of EL extract (p<0.05). No
significant differences were noted at T72 storage time (p>0.05). In
contrast, the SOD and CAT levels across the different groups did not
exhibit significant differences at any of the storage times (p>0.05).

3.2.3 Effects of EL extract on sperm fertility

Based on our sperm quality and lipid peroxidation results,
supplementing the semen extender with 15mg/mL of EL extract for a
storage duration of 24-48h was chosen as the treatment for further
investigation into fertility.

The effects of the EL extract on fertility and hatchability values
after storage at 5°C for 48h are presented in Table 5. At a storage
duration of 24 h (T24), the fertility rate in the EL extract group was
higher than that of the control groups (p<0.05) but was not
significantly different between various treatment groups at T48
(p>0.05). The hatchability values were not significantly different
between groups at the same storage time (p>0.05).

4 Discussion

Cooled rooster semen storage at 2-5°C is recommended to
minimize sperm metabolism without inducing serious cold shock.
However, it has been reported that the amount of ROS tends to
increase gradually during cold storage (27). With the passage of semen
storage time, this increase in ROS can lead to plasma membrane
dysfunction, ultimately resulting in a reduced fertility potential when
semen is stored for extended periods, such as 24h or longer. In
response to this challenge, supplementing the semen extender
medium with EL extract at a concentration of 15mg/mL has proven
beneficial as an antioxidant substance. This supplementation has
demonstrated the capacity to enhance semen quality during cooled
storage for up to 48h. Interestingly, a decrease in MDA levels, an
indicator of lipid peroxidation, was noted in the EL extract treatment
groups, even though antioxidant enzyme activities did not show
significant differences among the groups. Our data revealed that the
EL extract treatment groups exhibited increased sperm fertility rates
for a cooled semen storage duration of 24 h. In addition, it is important
to note that higher doses of EL extract supplementation have been

10.3389/fvets.2024.1474386

observed to negatively affect sperm quality despite having greater
antioxidant capacity (Table 2), indicating the need to establish an
optimal EL extract dosage level to achieve the desired improvements
in semen quality during cooled storage.

The extraction procedures, solvents, and temperatures utilized can
significantly impact the degradation of endogenous plant compounds
(19, 20). In the present study, we investigated the antioxidant
properties of EL extract used to supplement the semen extender.
While the levels of TPC (total phenolic content) in the various EL
extract concentrations employed (between 5-20mg/mL) and
incubation temperatures used (5°C, 25°C, and 60°C) did not show a
significant difference, ranging from 4.7 to 7.7 mg GAE/g, our findings
suggest that TPC levels may not be markedly affected by EL extract
dosage and incubation temperature. This observation is likely due to
the limited solubility of phenolic compounds in water. The reported
solubility of TPC in water from EL is 7.3229 mg GAE/g (28), which
aligns with our findings (Table 2), showing consistent TPC levels in
the EL extract within the semen extender despite variations in EL
extract concentrations. The EL extract used in this study was prepared
using a deionized water extraction method and incorporated into a
distilled water base in the semen extender, reinforcing the idea that
the solubility limitation of TPC in water is inherent to EL extract usage.

While previous studies have reported a decrease in phenolic and
flavonoid contents in other plant extracts at elevated temperatures
(29-33), our study did not observe a significant impact on total
phenolic content at higher temperatures (up to 60°C). It's possible that
elevated temperature affects certain phenolic compounds, as suggested
by reports where exceeding 130°C during spinach extraction resulted
in decreased flavonoid levels while the phenolic content remained
unaffected (30). Similarly, extracting peach fruit at temperatures above
60°C caused a reduction in flavonoid levels while phenolic content
remained stable (32). This suggests that EL extract might possess
unique thermal stability (at temperatures below 60°C and incubation
times less than 6h, as used in this study) compared to other
plant extracts.

However, despite this thermal stability, we found that temperature
significantly affects the DPPH radical scavenging activity of EL
extract. We demonstrated that incubation at 5°C was the most
effective temperature for enhancing the antioxidant capacity, as
indicated by increased percentages of DPPH inhibition in a dose-
dependent manner. Conversely, as temperatures rose to 25°C and
60°C, the percentages of DPPH inhibition decreased markedly, with
some reaching negative values, suggesting a loss of antioxidant
properties and free radical scavenging activity. This discrepancy
highlights the complexity of antioxidant activity and the need to

TABLE 5 Effects of EL extract treatment on fertility and hatchability rates after artificial insemination.

Parameters Treatments
T24 T48
Control 15mg/mL p-value Control 15mg/mL p-value
No. of eggs 239 218 200 196
Fertility' (%) 73.59° 83.10° 0.0440 59.80 60.15 0.9325
Hatchability (%) 73.03 73.27 0.9745 63.57 66.30 0.5675

**Different letters within a row of the same storage period indicate significant differences. p<0.05. T24=24h, T48=48h after storage.

"Fertility rate was calculated as the percentage of fertile eggs out of the total number of incubated eggs.

*Hatchability rate was defined as the percentage of hatched eggs from fertile.

Frontiers in Veterinary Science

08 frontiersin.org


https://doi.org/10.3389/fvets.2024.1474386
https://www.frontiersin.org/journals/veterinary-science

Koedkanmark et al.

consider multiple factors beyond just TPC. It's possible that the
temperature affects the reactivity of specific phenolic compounds
within the extract or the presence of other antioxidants, leading to
changes in DPPH scavenging activity. Further research is needed to
fully understand the mechanisms by which temperature affects TPC
and the temperature-dependent changes in DPPH inhibition and to
determine the impact on the overall antioxidant profile of EL extract.
This underscores the importance of considering the complex interplay
of factors beyond TPC when assessing the antioxidant activity of
plant extracts.

We found that the concentration of EL extract significantly
influenced the duration of semen storage and the preservation of
sperm motility, viability, and other important quality parameters.
Notably, a concentration of 15 mg/mL exhibited the most favorable
impact on semen quality, maintaining it for up to 48h. This
improvement in semen quality can be attributed to the phenolic
compounds present in the EL extract that are known to stimulate
mitochondrial function. This stimulation results in increased sperm
motility by enhancing energy generation rates during cellular
respiration processes (34). Furthermore, the antioxidant properties
of the EL extract, particularly its ability to scavenge free radicals,
are supported by the lower MDA levels observed in the semen
supplemented with EL extract, particularly at 24 and 48 h of storage.
This improvement in sperm quality is further supported by the
lower MDA levels observed, suggesting that EL extract effectively
scavenges free radicals and reduces oxidative stress damage during
the early storage stages. However, after 72h of storage, the
antioxidant capacity of the EL extract may be depleted, as indicated
by the less pronounced difference in MDA levels between the
treatment groups. This suggests that while EL extract is effective in
maintaining sperm quality for up to 48h, its effectiveness may
diminish over longer storage periods.

While previous studies highlight the crucial role of antioxidant
enzymes like SOD, CAT, and glutathione peroxidase (GPx) in
protecting semen from oxidative stress (35-37), our study did not
detect significant differences in SOD and CAT activity across the
different treatment groups (Table 4). This finding suggests that the
primary role of SOD and CAT may be intracellular, protecting sperm
cells from oxidative damage within their own environment. Previous
research indicates SOD is pivotal in scavenging free radicals by
converting O, radicals into H,0, while the subsequent
transformation of H,0, into water molecules is facilitated by CAT and
GPx (35). GPx is reported as the dominant antioxidant enzyme in
chicken semen (35, 37), potentially explaining why the observed lower
levels of MDA, a marker of oxidative stress, were not accompanied by
significant differences in SOD and CAT activities. Similar findings
have been reported in previous studies (25, 38), where glutathione
supplementation in chicken semen for cooled storage did not result in
statistically significant differences in GPx and SOD activities in
seminal plasma, while the total antioxidant capacity showed a
significant difference (p <0.05). Additionally, variations in MDA levels
were observed between chicken semen with high and low motility,
despite no differences in SOD and CAT activity (25). These findings
suggest that while the presence of efficient antioxidant systems,
including SOD and CAT, is important for protecting sperm cells from
oxidative stress, other, potentially more dominant, antioxidant
mechanisms might be at play. This emphasizes the complexity of
antioxidant defense within semen and highlights the need for further
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investigation into the interplay of various antioxidant pathways,
including both intracellular and extracellular mechanisms, to fully
understand the impact of EL extract on semen quality during storage.

Besides their antioxidant properties, the EL extract possesses
bactericidal properties attributed to its active components such as
quassinoids and eurycomanone. These compounds induce membrane
damage that leads to increased ion permeability, substance leakage,
and disruption of bacterial enzymatic systems (39). These
mechanisms may also affect sperm cell membranes, explaining why
excessive supplementation of EL extract (20mg/mL) may
be detrimental. A study on Rosmarinus officinalis essential oil
supplementation effects on rooster sperm motility at 4°C revealed
that the highest level of supplementation (870 pg/mL) resulted in
increased sperm cell death due to cell membrane destruction,
highlighting the bactericidal properties of this plant extract as well
(40). Additionally, elevated antioxidant concentrations have been
reported to potentially dehydrate sperm cells within the solution,
leading to hypertonic conditions (41, 42). High concentrations of
phenolic compounds and flavonoids can negatively affect
mitochondrial cellular respiration by directly reacting with
mitochondrial membranes, and this impairs ATP production and the
function of complex I and coenzyme Q-binding that is necessary for
NADH electron transfer (43, 44). Excessive levels of quercetin, a
flavonoid, can also inhibit sperm motility and viability by decreasing
or halting Ca**-ATPase activity that is crucial for maintaining sperm
cell motility (45).

The present study demonstrated that supplementation of semen
extender with the EL extract at a concentration of 15mg/mL
significantly improved the fertility rate in native Thai rooster semen
stored for 24 h. This enhancement in fertility can be attributed to the
antioxidant properties of the EL root extract that positively affected
sperm quality (13). Improved semen quality, particularly in terms of
sperm motility and viability, likely contributed to the prolonged
survival of sperm in the sperm storage tubules (SSTs) of hens and
facilitated a higher rate of migration toward fertilization (46).
However, the beneficial effects of EL extract supplementation on
sperm fertility were not observed at a semen storage duration of 48 h,
where no significant differences in fertility rates were found between
the treated and control groups, even though the sperm quality in the
treatment group was superior to that in the control group. There are
two potential reasons for this outcome. First, while the viability of
sperm after 48h of storage in the treatment group remained high
(approximately 80%), the PMOT was around 60%, which may be too
low to allow successful migration to the SSTs (47). Second, the decline
in antioxidant capacity after 48 h of semen storage could be insufficient
to neutralize the increased levels of oxidative state associated with
longer semen storage periods (10). Future research should explore
strategies to extend the antioxidant efficacy of the EL extract and other
potential supplements to improve semen quality over longer
storage periods.

5 Conclusion

Supplementation of sperm cooling medium with EL extract at a
concentration of 15mg/mL enhanced semen quality during cold
storage for up to 48 h, with a decrease in MDA levels in cooled semen.
In addition, EL extract at a concentration of 15mg/mL effectively
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enhanced fertility rates of native Thai rooster semen when stored for
up to 24 h.
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Ji-Su Kim?*
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Jeonbuk National University, Iksan, Republic of Korea

Introduction: Assisted reproductive technologies (ARTs), suchasintracytoplasmic
sperm injection and embryo transfer, are essential for generating genetically
edited monkeys. Despite their importance, ARTs face challenges in recipient
selection in terms of time and the number of animals required. The potential of
superovulated monkeys, commonly used as oocyte donors, to serve as surrogate
mothers, remains underexplored. The study aimed to compare the efficacy of
superovulated and uterine-embryo synchronized recipients of embryo transfer
in cynomolgus monkeys (Macaca fascicularis).

Methods: This study involved 23 cynomolgus monkeys divided into two
groups—12 superovulated recipients and 11 synchronized recipients. The
evaluation criteria included measuring endometrial thickness on the day of
embryo transfer and calculating pregnancy and implantation rates to compare
outcomes between groups.

Results: The study found no statistically significant differences in endometrial
thickness (superovulated: 448 +1.36 mm, synchronized: 5.15+1.58 mm),
pregnancy rates (superovulated: 30.8%, synchronized: 41.7%), and implantation
rates (superovulated: 14.3%, synchronized: 21.9%) between the groups (p > 0.05).
Conclusion: The observations indicate that superovulated recipients are as
effective as synchronized recipients for embryo transfer in cynomolgus monkeys.
This suggests that superovulated recipients can serve as viable options, offering
an efficient and practical approach to facilitate the generation of gene-edited
models in this species.

KEYWORDS

assisted reproductive technologies, cynomolgus monkey, embryo transfer, pregnancy
outcome, recipient
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1 Introduction

Advanced gene-editing technologies such as CRISPR/Cas9 play a
pivotal role in generating gene-edited animal models (1), enabling
precise modifications in animal embryos. Traditionally, these models
have been developed using mice, favoring genetic tractability and
cost-effectiveness. However, nonhuman primates (NHPs), which
closely mirror humans, offer a more accurate representation of human
diseases (2). This feature has been underscored in several studies that
have successfully developed gene-edited NHP models (3-6).

Assisted reproductive technologies (ARTs), initially devised to
treat infertility in humans, have significantly broadened their
applications to include the development of gene-edited animals. These
technologies, including in vitro fertilization, intracytoplasmic sperm
injection (ICSI), and embryo transfer, have been established in NHPs

7-10). However, the development of ARTs has been slow due to
financial constraints, limited resources, and the complexity of
the procedures.

Cynomolgus monkeys (Macaca fascicularis) are preferred for gene-
edited NHP models due to their continuous breeding capability, suitable
size, and similarities to humans in terms of their reproductive cycles and
uterine structure (11). The successful generation of gene-edited
cynomolgus monkeys conventionally requires superovulated females for
oocyte donation and uterine-embryo synchronized recipients for
embryo transfer. This approach can, however, pose challenges because
synchronizing the embryo stage with the cycle phase of the recipient
candidate is not always straightforward and often necessitates a larger
number of female monkeys. Selecting female recipients using a more
direct and efficient method for embryo transfer is, therefore, crucial.
Very few reports have described the selection of recipients for embryo
transfer during the generation of cynomolgus monkeys. Moreover, no
previous studies have used donors as recipients for embryo transfer in
this species. Research has only reported similar practices in other
laboratory animals such as dogs and marmosets (12, 13).

This study, therefore, aimed to compare the efficacy of
superovulated and uterine-embryo-synchronized recipients in
cynomolgus monkeys for embryo transfer, an essential step in ARTS.
By investigating the effects of superovulation on the condition of
recipients and pregnancy outcomes, this study sought to enhance the
efficiency of developing genetically edited animals using cynomolgus
monkeys and contribute to advancing ARTs in this species.

2 Materials and methods

2.1 Animals

Sexually mature cynomolgus monkeys (88-116 months old) were
imported from China by Biomedical Research and housed at the
Primate Resources Center (Jeongeup, South Korea). They were
individually caged in a room maintained at a temperature of 23 +3°C
and a humidity of 55+15%. The lighting was regulated on a 12-h
light/12-h dark cycle. The monkeys had ad libitum access to water and
were fed a primate-specific diet supplemented with multivitamins
twice daily, with fruits or vegetables provided once daily. Qualified
animal caretakers closely monitored all the animals at least twice daily
for injuries and illnesses. Additionally, any abnormalities, including
signs of pain and unusual behavior, were promptly reported to the
veterinarians. Health and medical records were obtained for each
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animal. All the necessary steps were taken to ensure their well-being
and minimize any potential stress or discomfort. All animal
procedures performed in this research were in accordance with the
ethical standards of the Institutional Animal Care and Use Committee
of the Korea Research Institute of Bioscience and Biotechnology
(approval numbers: KRIBB-AEC-21306, KRIBB-AEC-24098).

2.2 Ovarian stimulation and oocyte
recovery

The ovarian stimulation protocol was adapted from previously
published studies (14), as illustrated in Figures 1A,B. The regimen
included the administration of a gonadotropin-releasing hormone
(GnRH) antagonist, ganirelix (Orgalutran Inj, ORGANON, Seoul,
Korea), at a dosage of 0.125mg once daily, and recombinant human
follicle-stimulating hormone (hFSH) (Gonal-F Pen, Merck, Serono,
Italy) at 37.51U twice daily intramuscularly on days 1-6. Human
menopausal gonadotropin (IVE-M HP, LG Chem, Cheongju, Korea)
was administered at 37.5IU twice daily intramuscularly on days 7-9.
Human chorionic gonadotropin (hCG) (chorionic gonadotropin
human, Sigma) was administered intramuscularly at a dose of 1,000 U
36-38h before oocyte recovery on day 9. Immediately before oocyte
recovery, the developmental status of the follicles was confirmed via
ultrasonography (USG), and females with a poor response to
stimulation were excluded. During oocyte recovery, the monkeys were
anesthetized with an intramuscular dose of 5mg/kg Zoletil® 50
(Virbac, Carros, France). The ovaries were exposed through an incision
in the middle of the lower abdomen, and cumulus-oocyte complexes
(COCs) were aspirated using an 18-gage needle attached to a 10.0mL
syringe. The syringe was filled with Tyrode’s albumin lactate pyruvate-
4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (TALP-HEPES)
medium, according to a method described by another study (15),
supplemented with 4 mg/mL bovine serum albumin (A3311, Sigma,
United States) and 5IU/mL heparin (H3149-25KU, Sigma, USA).

2.3 Semen collection

Semen was obtained from male cynomolgus monkeys
(71-110months old) with proven fertility (16) via electrical
stimulation and diluted in TALP-HEPES medium supplemented with
5mg/mL bovine serum albumin. The sperm were then centrifuged at
2,000rpm for 20min using a PureSperm 90 gradient (PS90-100,
Nidacon, Sweden) to separate the active sperm from the seminal
plasma. The supernatant was discarded, and the sperm pellet was
further washed by centrifugation at 2,000rpm for 10min in
PureSperm Wash (PSW-100, Nidacon, Sweden). The top layer of the
sperm was collected for use in ICSI.

2.4 Intracytoplasmic sperm injection and
embryo culture

The COCs were initially rinsed with TALP-HEPES supplemented
with 4mg/mL bovine serum albumin, 5IU/mL heparin, and 0.2%
hyaluronidase (H4272, Sigma-Aldrich) to remove cumulus cells. Oocyte
maturation was assessed under an inverted microscope (Leica DMIS;
Leica Microsystems, Germany) at magnifications of x100 or x200 to
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FIGURE 1

menopausal gonadotrophin.

Timeline of experimental procedures by date. (A) Schedule of superovulated recipients. (B) Schedule of synchronized recipients. GnRH-a,
gonadotrophin-releasing hormone antagonist; hCG, human chorionic gonadotrophin; hFSH, human follicle-stimulating hormone; hMG, human

identify the germinal vesicle (GV), metaphase I (MI), and metaphase II
(MII) stages for analysis. Immature oocytes at the GV and MI stages
were then cultured for up to 24h until they reached the MII stage, in
50pL  drops of mCMRL-1066 medium (11,530,037, GIBCO,
United States), supplemented with 10mM sodium DL-lactate (L7900,
Sigma, United States), 25 pg/mL 20% fetal bovine serum (16,000,044,
Gibco, United States) and 5pg/mL PMSG (Pregnant Mare Serum
Gonadotropin, Prospec, Israel), 10 ug/ml hCG (CG10, Sigma,
United States). The cultures were kept at 37°C in a 5% CO, and 6% O,
atmosphere (Heracell 150i, Thermo Fisher Scientific, United States),
under embryo-tested mineral oil (M3516, Sigma, United States). MII
stage oocytes, either identified or derived from immature oocytes, were
injected with monkey spermatozoa for genome editing according to a
previously described method (17, 18). For the intracytoplasmic sperm
injection (ICSI), spermatozoa were prepared in PureSperm Wash
10 min before the microinjection. A part of the suspended sperm was
mixed with 10% polyvinylpyrrolidone. The zona pellucida of oocytes in
injection media was covered with mineral oil and penetrated by several
piezo pulses. The oolemma was punctured by the application of 1-2
piezo pulses, with the pipette tips reaching the opposite side of the
oocyte cortex and the oolemma stretched without being broken. The
sperm head was injected into the oocyte cytoplasm with a minimum
amount of medium. Injected oocytes were incubated for at least 10 min
in micromanipulation medium (TALP-HEPES) for stabilization. The
oocytes were then transferred into mCMRL medium containing 0.4%
BSA (A3311, Sigma, United States) and further cultured under embryo-
tested mineral oil at 37°C in an atmosphere of 5% CO, and 6% O, for
48h prior to embryo transfer.
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2.5 Recipient selection

Oocyte donors also served as recipients in the superovulated
group. In the synchronized group, recipient selection was based on
monitoring the regular menstrual cycle and observing changes in
sex-skin color and swelling (Supplementary Figure S1), which
typically occur during ovulation between days 13 and 19 after
menstruation. These observations established a 6-9day window
period for embryo transfer (19). Additionally, only those with a uterus
presenting normal echo, as verified by USG before embryo transfer,
were selected as embryo recipients in both groups.

2.6 Embryo transfer

Embryo transfer was performed 2 days after oocyte recovery, with
the monkeys under anesthesia which was administered via an
intramuscular dose of 5mg/kg Zoletil® 50 (Virbac, Carros, France).
Only the embryos that reached the four-cell stage were selected. Using
a microglass capillary, 1 to 2pL of BSA-free mCMRL medium
containing the selected embryos were carefully picked up from the
culture dishes. The embryos were surgically transferred to the oviduct
via the infundibulum. In the standard procedure, two to three
embryos were deposited in the oviduct. Luteal phase support was
provided through daily intramuscular injections of progesterone
(Taiyu Progesterone; Taiyu Chemical & Pharm, Taiwan) at a dosage of
3.5mg, commencing the day after embryo transfer and continuing
until ultrasonographic confirmation of pregnancy at 30 days.
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2.7 Abdominal ultrasonography

USG was employed to assess ovarian conditions in oocyte donor
monkeys before oocyte recovery and to evaluate uterine conditions in
recipient monkeys before embryo transfer. Specifically, endometrial
thickness in recipient monkeys was measured in the transverse plane at
the point of the greatest uterine diameter. Pregnancy was diagnosed on
day 30 following the transfer, confirming the presence of a yolk sac and
embryonic cardiac motion using USG (20) (Supplementary Figure 52;
Supplementary Video S1). The procedure was conducted under
anesthesia induced by 10 mg/kg ketamine (Yuhan Ketamin 50 Inj., Yuhan
Corporation, South Korea) by an experienced veterinarian using a high-
resolution ultrasound device (LOGIQ e, GE Healthcare Technologies,
Inc., Chicago, IL, United States) equipped with a 12.0 MHz probe.

2.8 Statistical analysis

All the data analyses were performed using the GraphPad Prism
8 software (GraphPad Software, LLC). Comparisons between groups
for continuous variables were performed using the Student’s t-test.
Pregnancy and implantation rates were compared between groups
using Fisher’s exact test. The data were presented as mean + standard
deviation (SD). Differences were considered statistically significant at
a p value of less than 0.05.

3 Results

3.1 Comparative characteristics of the
superovulated vs. synchronized group

Table 1 provides a comparative overview of the characteristics of the
superovulated and synchronized recipients in this study. The
superovulated group had an average age of 98.4+7.7 months, closely
aligning with the average age of the synchronized group of
97.8+9.0months. The body weight for the superovulated group averaged
3.66+0.45kg, slightly less than the synchronized group at 3.92+0.59kg.
There was no statistically significant difference in age and body weight
between the two groups, as confirmed by the Student’s t-test (p>0.05).

The ovary size was measured before oocyte recovery and
endometrial thickness was measured before embryo transfer using USG
(Figures 2A,B). The ovary size in the superovulated group was measured

10.3389/fvets.2024.1452631

before oocyte recovery, yielding dimensions of 19.62 +5.32 mm in length
and 10.83+2.73 mm in width. The ovary size in the synchronized group
was not assessed. In terms of the endometrial thickness before embryo
transfer, the superovulated group presented a slightly thinner
endometrium at 4.48+1.36mm compared to 5.15+1.58mm in the
synchronized group. However, these differences were not statistically
significant, as determined by the Student’s t-test (p>0.05).

3.2 Pregnancy outcomes following embryo
transfer in two groups

The data on pregnancy and implantation rates are summarized in
Table 2. In the superovulated group, 35 embryos were transferred to 13
recipients, resulting in four pregnancies (30.8%), including one twin
pregnancy. The remaining participants had singletons. In the
synchronized group, 32 embryos were transferred to 12 recipients,
leading to five pregnancies (41.7%), one of which was a triplet
pregnancy. The implantation rates were 14.3% (five of 35 transferred
embryos) in the superovulated group and 24.1% (seven of 32 transferred
embryos) in the synchronized group. Although the pregnancy and
implantation rates were higher in the synchronized group, these
differences were not statistically significant (p>0.05). Additionally,
direct observations after embryo transfer revealed skin suture
dehiscence in two cases, one in each group, which was attributed to the
actions of the monkeys; however, no major infections, incision
abnormalities, or other significant complications were observed.

4 Discussion
4.1 Principal findings of the study

The observations suggest that in embryo transfer, superovulated
recipients are as effective as synchronized recipients and could

be considered a preferable option because of their comparable
pregnancy outcomes in cynomolgus monkeys.

4.2 Limitations of previous studies

The superovulated oocyte donor is commonly the recipient in
human ARTSs; however, its application is limited in NHPs. In NHPs,

TABLE 1 Comparative characteristics of superovulated vs. synchronized recipients.

Superovulated group (n = 13) Synchronized group (n =12)

1. Age (month) 984 +7.7 97.8£9.0
2. Body weight (kg) 3.66 +0.45 3.92+0.59
3. *Ultrasonographic findings
3.1 Ovary diameter (mm)
3.1.1 Length 19.62 +5.32 Not applicable
3.1.2 Width 10.83 £2.73 Not applicable
3.2 Endometrial thickness (mm) 4.48 +1.36 5.15+1.58

*Qvary size was measured before oocyte recovery and endometrial thickness was measured before embryo transfer. Data are presented as the means + standard deviation. No significant

differences were detected within rows using the Student’s t-test (p>0.05).
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FIGURE 2
Ultrasonographic measurements of ovary diameter and endometrial thickness in cynomolgus monkeys. (A) Ovary diameter after superovulation
procedures at oocyte recovery. The length of the ovary was defined as the longest axis (straight blue line), while the width was measured perpendicular
to the length at its widest point (dotted blue line). (B) The endometrial thickness of recipients at embryo transfer. The measurement was taken at the
thickest part of the endometrium, typically in the transverse plane of the uterus (straight orange line). All measurements were taken using a digital
caliper in ultrasound device software with an accuracy of £+0.01 mm. The scale bar is 5.0 mm.

TABLE 2 Pregnancy and implantation rates following embryo transfer in two groups.

Group
Superovulated recipients

Synchronized recipients

No significant differences were detected within the columns using the Fisher’s exact test (p>0.05).

surrogate recipients have primarily been used to increase the number of
offspring produced for research purposes and avoid complications
associated with transferring embryos back into the oocyte donor during
the stimulation cycle. To date, numerous cynomolgus monkey offspring
have been produced using ARTs with and without gene editing
methods. To the best of our knowledge, no reports have documented
the use of superovulated recipients; instead, most studies have employed
embryo-uterus-synchronized recipients (Table 3). Research has
predominantly focused on selecting the most suitable synchronized
recipients because of the widely recognized importance of aligning the
developmental stage of embryos with the uterine conditions of the
recipients, which is essential for successful embryo transfer (8, 21).

4.3 Challenges in identifying
uterine-embryo synchronized recipients

Identifying uterine embryo-synchronized recipients in
cynomolgus monkeys can be challenging. In humans, oocyte donors
often serve as recipients and synchronous embryo transfer has been
associated with high pregnancy rates (22). Surrogates other than
oocyte donors are usually employed in cynomolgus monkeys. The
process of identifying a synchronized recipient typically involves
confirming synchronization through various methods such as
assessing estradiol levels, monitoring menses and sex-skin changes,
and observing new stigma or new corpus luteum in the ovaries via
USG or laparoscopy, either separately or in combination.

Hormone assays that detect serum estradiol levels are
commonly used, with embryo transfer typically occurring 1-3 days
after a peak in estradiol levels (8). However, this process requires
daily blood collection over a long period to monitor estradiol levels,
as the peak can occur anywhere from seven to 20days after
menstruation (19). This can cause stress in monkeys and complicate
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Pregnancy rate
30.8% (4/13, 1 twin)

41.7% (5/12, 1 triplet)

Implantation rate
14.3% (5/35)

24.1% (7/32)

the synchronization of embryonic development with the recipient’s
uterine condition.

Predicting the ovulation date by monitoring the menstrual cycle and
sex-skin changes may be straightforward. The menstrual cycle of
cynomolgus monkeys is approximately 29 days, with ovulation occurring
approximately 11-14 days after the onset of menstruation (23, 24). Sexual
swelling and reddening are highly accurate indicators of ovulation timing
(25). Nevertheless, monitoring a regular menstrual cycle is time-
consuming, and not all female’s exhibit changes in sex-skin (26).

The technique of detecting ovulation through the observation of
a new stigma or corpus luteum using USG or laparoscopy is highly
accurate for confirming synchronization. This method, however,
requires specialized equipment and skilled personnel and may not
always detect ovulation points during a normal menstrual cycle (19).

Selecting a synchronized recipient, therefore, requires significant
time and resources as well as several female monkeys. This increases
the complexity and ethical challenges involved in effective embryo
transfer in NHP studies.

4.4 Analysis of endometrial thickness in
superovulated and synchronized recipients

The endometrium of cynomolgus monkeys undergoes significant
changes during the menstrual cycle, which are primarily driven by
ovarian hormones and their receptors (26, 27).

The endometrium typically expands during the follicular phase and
reaches its peak immediately after ovulation (28), and is considered a
critical aspect of uterine receptivity. Uterine receptivity is crucial for
embryo transfer, not only in humans but also in NHPs (29, 30).

In humans, studies on the effect of endometrial thickness have
shown varied outcomes, with some studies suggesting a more
favorable outcome for pregnancies with an endometrial thickness of
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TABLE 3 Previous studies on recipient selection and pregnancy outcomes in cynomolgus monkeys through ARTs.

Previous studies

Gene-editing method

Recipient selection

Pregnancy rate (%)

Implantation rate (%)

Sun et al. (8) 2008 IVE ICSI None used Synchronized recipients 27.6 13.6
Liu et al. (5) 2014 IVF TALEN Synchronized recipients 31.6 14.8
Niu et al. (3) 2014 1CSI CRISPR/Cas9 Synchronized recipients 34.5 229
‘Wan et al. (4) 2015 1CSI CRISPR/Cas9 Synchronized recipients 30.8 21.0
Seita et al. (47) 2016 ICSI Lentivirus-mediated gene transfer Not synchronized recipients 66.7 60.0
Ke et al. (48) 2016 ICSI TALEN N.A. 33.3 7.7

Zhao et al. (49) 2017 1CSI CRISPR/Cas9 N.A. 8.1 2.6

Chen et al. (50) 2017 ICSI TALEN Synchronized recipients 34.1 13.0
Zhang et al. (51) 2018 1CSI CRISPR/Cas9 Synchronized recipients 333 8.3

Cui et al. (52) 2018 ICSI CRISPR/Cas9 Synchronized recipients 30.0 13.3
Zhou et al. (53) 2019 ICSI CRISPR/Cas9 Synchronized recipients 46.2 18.0
Qiu et al. (54) 2019 ICSI CRISPR/Cas9 Synchronized recipients 32.3 9.1

Tsukiyama et al. (55) 2019 ICSI CRISPR/Cas9 Not synchronized recipients 33.7 N.A
Huang et al. (19) 2020 1CSI None used Synchronized recipients 25.0 27.3
Schmidt et al. (56) 2020 ICSI CRISPR/Cas9 Synchronized or not synchronized recipients 0.0 0.0

Wang et al. (57) 2020 ICSI CBE Synchronized recipients 54.5 19.5
Chen et al. (58) 2021 1CSI CRISPR/Cas9 Synchronized recipients 24.0 13.7
Lietal. (59) 2024 FPNT None used Synchronized recipients 20.0 11.4

Pregnancy rate =number of pregnant recipients/number of embryo-transferred recipients x 100; implantation rate = number of embryos implanted/number of embryos transferred x 100. CBE, cytosine base editing; CRISPR/Cas9, clustered regularly interspaced short

palindromic repeats and CRISPR-associated protein 9; FPNT, female pronucleus transfer; ICSI, intracytoplasmic sperm injection; IVE, in vitro fertilization; N.A., not available; TALEN, transcription activator-like effector nuclease.
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at least 10mm and negative outcomes with thicknesses below 6 mm
(31, 32) while others have reported successful pregnancies with
thicknesses as low as 4 mm (33). Interestingly, additional research has
indicated that endometrial thickness may not be directly related to
pregnancy outcomes (34).

The comparison of endometrial thicknesses measured using
ultrasound revealed no statistically significant differences between the
superovulated and synchronized groups in this study. Furthermore, the
observations presented no significant differences compared to those of a
previous study, which reported an endometrial thickness of 5.7 mm (35).
These findings suggest that the endometrial changes induced by
superovulation are comparable to those occurring during the natural
menstrual cycle and do not adversely affect the endometrial thickness,
implying that superovulated recipients have a uterine receptivity similar
to that of synchronized recipients.

For additional analysis, the results of this study were categorized
into pregnant and non-pregnant recipients, with endometrial
thicknesses measured at 4.89+0.71mm and 4.75+1.79mm,
respectively. No significant differences were observed between the
two groups (p>0.05). The results suggest that endometrial thickness
does not significantly affect pregnancy outcomes in cynomolgus
monkeys, because endometrial thickness is often considered a factor
in successful implantation and pregnancy.

4.5 The effect of superovulation on the
pregnancy outcomes

In human ARTs, the of controlled ovarian

hyperstimulation—the use of hormonal medications to stimulate the

impact

ovaries to produce multiple follicles, similar to superovulation in this
study—on pregnancy and implantation rates has been extensively
studied. Several studies have indicated that hyperstimulation does not
negatively affect endometrial receptivity or pregnancy outcomes (36—
39); however, others have highlighted the potential detrimental effects
on the outcomes of assisted reproduction (40-43). Laboratory animal
studies involving rats and mice have demonstrated mixed results in
terms of the effects of ovarian hyperstimulation. Research on rats
suggests that hyperstimulation can maintain normal uterine
receptivity (44), while findings from mouse studies indicate potential
negative impacts on implantation due to endometrial alterations (45).
Despite this controversy, ovarian hyperstimulation is a critical
component of fertility treatments and the generation of mutant
animals, enhancing both the number of oocytes and the quality of
embryos available for fertilization and subsequent development.

In the current study, no significant differences were observed in
the pregnancy and implantation rates between the superovulated and
synchronized recipient groups. It is believed that a superovulation
protocol can effectively optimize the conditions for both follicular
development and endometrial preparation by forcefully controlling
the menstrual cycle. Furthermore, the administration of progesterone
after embryo transfer, which is commonly used in human fertility
treatments to aid embryo implantation and maintain pregnancy (46),
is considered to have similar beneficial effects.

This study additionally achieved moderate success rates for pregnancy
and implantation, comparable to those reported in other studies (Table 3).
These findings support the effective use of superovulated recipients as
synchronized recipients for embryo transfer in cynomolgus monkeys.
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4.6 Strengths and weaknesses of the study

This innovative study confirmed that superovulated monkeys,
traditionally used only as oocyte donors, can also serve as surrogate
mothers. This finding is beneficial in terms of the time, cost, and
reduction in the number of animals needed, as well as alleviating
the cumbersome process associated with selecting surrogate
recipients. The meticulous division and control of the two groups
enhanced the reliability of the findings, suggesting that both
methods were equally effective. Moreover, the study included
measurements of endometrial thickness, which not only enhanced
the understanding of the effects of superovulation but also enabled
comparisons of endometrial thickness between pregnant and
non-pregnant monkeys. This detail is particularly relevant as it may
influence clinical approaches to reproductive technologies. This
study, therefore, makes a practical contribution by identifying
superovulated recipients as viable and efficient alternatives for
generating genetically edited models and broadening the knowledge
base of ARTs in cynomolgus monkeys.

This study was, however, limited by its small sample size, which
may have restricted the generalizability of the results. The slightly
higher pregnancy and implantation rates observed in the synchronized
group suggest a trend that may become more apparent with larger
sample sizes. Focusing predominantly on short-term outcomes
additionally limits a comprehensive understanding of the long-term
implications of these ART methods, such as complications of repeated
surgery, pregnancy maintenance, and birth rates.

4.7 Unanswered questions and proposals
for future studies

In future studies, it will be necessary to confirm these findings
in superovulated recipients with larger sample sizes, slightly
different superovulation protocols, and long-term outcomes to
ensure the reliability and applicability of the results. Additionally,
exploring biological mechanisms such as hormonal profiles,
endometrial gene expression, and the uterine microenvironment
in superovulated recipients will provide deeper insights into the
underlying processes. Employing refined surgical methods such
as laparoscopy can enhance animal welfare by reducing stress and
increasing the safety of procedures. Ultimately, these studies will
safety of ARTs for

improve the overall efficacy and

cynomolgus monkeys.

5 Conclusion

ARTs are vital for producing mutant monkeys; they, however,
often encounter challenges in recipient selection. To the best of our
knowledge, this is the first study to compare superovulated and
uterine-embryo synchronized recipients in cynomolgus monkeys. The
observations from this study highlighted that superovulated recipients,
who are also oocyte donors, effectively serve as surrogates (Figure 3).
This approach not only simplifies recipient selection and reduces the
number of animals needed but also enhances the practical
application of ARTs, facilitating the creation of gene-edited models in
this species.
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FIGURE 3
The highlight of superovulated recipients as effective surrogates compared to synchronized recipients in embryo transfer for generating gene-edited
monkeys. The selection of superovulated recipients enhances efficiency and the practical application of ARTs in this species.
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Sperm quality and in vitro
fertilizing ability of boar
spermatozoa stored at 4 °C
versus conventional storage for
1 week

Ida Hallberg?, Jane M. Morrell**, Pack Malaluang?,
Anders Johannisson, Ylva Sjunnesson! and Denise Laskowski!

!Department of Clinical Sciences, Centre for Reproductive Biology in Uppsala (CRU), Swedish
University of Agricultural Sciences, Uppsala, Sweden, ?Department of Animal Biosciences,
Swedish University of Agricultural Sciences, Uppsala, Sweden

Introduction: Since boar spermatozoa show a marked deterioration in sperm
quality when cooled, insemination doses are usually stored at 16—-18 °C. However,
maintaining this temperature during transport of semen doses is challenging,
particularly during the summer months. An alternative could be to store the doses
at 4 °C if cold-shock to the sperm could be prevented. The objective of this study
was to evaluate boar sperm quality and fertility in in vitro fertilization after storage
in AndroStar Premium at 4 °C for 1 week.

Methods: Insemination doses (n =9) in AndroStar Premium from a commercial
boar semen collection station were transported to the laboratory at approximately
20 °C. At the laboratory, sperm quality evaluation and was preformed and each
dose was split; half of each ejaculate was stored in a climate-controlled box at
16-18 °C, the other was slowly cooled to 4 °C. Both samples were stored for
1 week before further sperm quality evaluation and in vitro fertilization (IVF) were
performed. Mean values were tested using generalized linear regression, with
treatment and boar as fixed factors; p <0.05 was considered significant.

Results: Sperm membrane integrity (mean+sem: 91+0.05and 83+0.09% for 16 and
4 °C, respectively) and superoxide production (6.79+2.37 and 13.54+6.23% for 16
and 4 °C, respectively), were different between treatments. The DNA fragmentation
index was lower in cold-stored samples than in conventionally stored samples
(3.7442.25 and 740+3.36% for 4 and 16 °C, respectively). The numbers of oocytes
developing to blastocyst on Day 6 (mean+sd: 9.0+8.0 and 6.0+5.0%, for storage at
16 and 4 °C, respectively) were not different between treatments.

Discussion: Therefore, storage of boar semen doses in AndroStar Premium at 4 °C
for up to 7days would be a viable alternative to current praxis.

KEYWORDS

porcine, in vitro embryo production, semen storage, artificial insemination, long term
boar semen storage

1 Introduction

One of the major challenges in porcine reproductive biotechnologies lies in maintaining
boar sperm quality in semen doses destined for artificial insemination (AI). This reproductive
biotechnology is considered to be the most frequently used in pig breeding (1). Almost all pig
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breeding involves Al (2), enabling better use of genetics, improved
disease control and increased biosecurity than natural mating (3).
Furthermore, AI improves the farm economy, being cheaper than
natural mating while providing similar reproductive efficiency, and
permitting access to a wider range of sires than is possible if farmers
keep their own boars (4, 5).

In contrast to the situation in cattle Al liquid semen, rather
than frozen semen, is preferred for the vast majority of pig Als
(6), since there is considerable variation in the success of
cryopreservation among boars and even among ejaculates from
the same boar (7). The low ratio of cholesterol to phospholipid in
the boar sperm membrane is believed to be one of the
contributing factors in making boar sperm particularly
susceptible to the adverse effects of cryopreservation (8). Boar
spermatozoa are reported to be sensitive to cooling below 16 °C,
with temperature-induced lipid phase changes to the sperm
membranes that have a profound effect on sperm survival and
functionality (9). However, results are conflicting: in one study,
acceptable fertility rates could be achieved in Androhep extender
under storage conditions as low as 12 °C for 48 h (10). In contrast,
storage temperatures below 20 °C affected sperm motility and
acrosome integrity in semen from Norwegian Landrace boars
(11), although there was considerable variation among boars in
sperm survival during storage at 10 °C.

Apart from the deleterious effects of low storage temperatures on
boar spermatozoa, temperatures above 17 °C during transport are also
deleterious to sperm quality, even when the sperm doses are placed in
a sealed, insulated box. Sperm motility of semen doses was impaired
during transport at a high ambient temperature of 37 °C and did not
recover during subsequent storage at 17 °C (12). Release of heat shock
proteins and increased apoptosis were observed, which the authors
attributed to activation of adenosine monophosphate (AMP)-
activated protein kinase.

Most boar semen for Al is currently stored at 16-18 °C and used
within 3-5days of collection (3). Due to the temperate climate in
Sweden, boar semen doses are transported from the boar station to
the pig farms at ambient temperature, and are subsequently stored at
16-18 °C. In other countries, where ambient temperatures can
be considerably hotter than in Scandinavia, it is difficult to maintain
sperm quality during transport. In any case, even when stored at
16-18 °C there is an increase in DNA fragmentation in boar semen
after storage, either for approximately 48h (13) or 72h (14, 15); the
underlying reason for this increase in DNA fragmentation is
not known.

Adenosine triphosphate (ATP) production in boar sperm
samples is reduced at temperatures below 17 °C, but not all
spermatozoa are affected equally (16). This finding indicates that
at least some spermatozoa could survive low-temperature storage.
The manufacturers of boar semen extenders have developed
formulations that they hope could be used to store boar semen at
4 °C. One such commercial extender is AndroStar Premium
(Minitube Tiefenbach,
preliminary studies investigated sperm quality and fertility of

International, Germany). Some
boar semen in these extenders [e.g., (17, 18)]. The manufacturer
presents data on sperm motility after 9 days of storage in this new
extender. If sperm fertility is not compromised by storage at 4 °C,
the availability of this extender could be of considerable interest

for pig producers.
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The objective of this study was to investigate the in vitro fertility
and sperm quality of boar spermatozoa stored at 4 °C for 1 week
compared to conventional storage at 16-18 °C.

2 Materials and methods
2.1 Experimental design

Ejaculates from nine boars at a commercial boar station were split,
with one portion being stored at 16-18 °C (conventional storage) and
the other portion at 4 °C for 1 week. Sperm membrane integrity,
chromatin integrity and reactive oxygen species production (ROS)
were analysed immediately on arrival at the laboratory, and again after
storage for 6 or 7 days, at which time the in vitro fertilizing capacity was
also evaluated. Although the majority of the sperm samples were stored
for 7 days, it was necessary to store some for only 6 days for practical
reasons. Therefore, on a subsequent occasion, semen samples were used
after both day 6 and day 7 of storage, for comparison.

2.2 Sperm samples

Ejaculates were collected from nine Hampshire boars at a
commercial boar station (Kéttforetagen, Hallsta, Sweden) using the
gloved hand method and were extended in AndroStar Premium (kind
gift of Minitube International GmbH, Tiefenbach, Germany) to give
conventional semen doses of 2.4 x 10° spermatozoa in 80 mL. These
doses were transported to the Swedish University of Agricultural
Sciences in an insulated box at ambient temperature, arriving
approximately 4h after semen collection. After removing 1 mL of
sample for sperm quality analyses, half of each sample was stored at
16-18 °C in a climate-controlled box (Unitron, Terring, Denmark).
The other half was slowly cooled to 4 °C, by placing a 50-mL tube
containing half the insemination dose in an insulated box inside
another insulated box in the cold room at 4 °C. The temperature of the
semen doses reached 4 °C after approximately 6 h. Sperm quality was
evaluated on arrival at the laboratory and again after 6 or 7 days, when
the sperm samples were also used for in vitro fertilization (IVF)
following standard protocols (19).

2.3 Sperm concentration

Sperm concentration was measured with a Nucleocounter SP-100
(Chemometec, Allerod, Denmark). Briefly, 50 uL of semen were mixed
with 5mL Reagent S100 (Chemometec, Allered, Denmark) to break
down cell membranes before loading a cassette containing propidium
iodide (PI) with the sperm mixture. The cassette was then placed in
the fluorescence reader and sperm concentration was displayed after
approximately 30s.

2.4 Flow cytometry
Analyses were performed using a FACSVerse flow cytometer

(BDBiosciences; Franklin Lakes, NJ, United States) equipped with
standard optics. Sperm samples were first diluted to 2x10°
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spermatozoa/mL with modified Beltsville Thawing Solution (BTS)
(20), consisting of: glucose (3.7 g), tri-sodium citrate (0.6 g), sodium
hydrogen carbonate (0.13 g), sodium EDTA (0.13 g) and potassium
chloride (0.08 g) added to 100 mL distilled water, i.e., the modification
was that no antibiotics were added to the mixture.

2.4.1 Membrane integrity

Membrane integrity was evaluated with SYBR-14 and
propidium iodide (PI) (Live-Dead Sperm Viability Kit L-7011;
Invitrogen, Eugene, OR, United States). The sperm samples,
diluted to 2x10° spermatozoa/mL in BTS, were stained with
0.6 uL of SYBR-14 (1:50 in BTS; 40 nM) and 3 puL of PI (24 uM).
The tubes were kept in the dark at 38 °C for 10 min. After
excitation with a blue laser, green fluorescence (FL1) from
SYBR-14 was detected with band-pass filter (527/32 nm), while
red fluorescence (FL3) from PI was measured using a band-pass
filter of 700/54nm. From each sample, measurements from
50,000 events were collected and quantified as percentages. For
the purposes of this experiment, spermatozoa were classified as
having intact membranes (SYBR14+, PI-), or damaged
membranes (either dead SYBR—, PI+ or SYBR14+, PI+).

2.4.2 Sperm chromatin structure assay

After mixing aliquots of sperm samples (50 pL) 1:1 with TNE
buffer (Tris-sodium chloride-EDTA; 0.15 mol/L NaCl, 0.01 mol/L
Tris-HCl, 1 mmol/L EDTA, pH 7.4), the samples were snap-
frozen in liquid nitrogen and transferred to a — 80 °C freezer and
stored until further analysis. The samples were thawed on
crushed ice, aliquots (10 pL) were further diluted with TNE
buffer (90 pL) and subjected to partial DNA denaturation in situ
with a detergent solution (0.2 mL; 0.17% Triton X-100, 0.15 mol/L
NaCl, and 0.08 mol/L HCI; pH 1.2). Then they were stained with
acridine orange (0.6mL; 6pg/mL in 0.1 mol/L citric acid,
0.2 mol/L Na,HPO,, 1 mmol/L EDTA, 0.15 mol/L NaCl; pH 6.0).
The samples were analysed using flow cytometry within 3-5 min.
For each sample, at least 10,000 events were analyzed at a speed
of 200 cells/s after excitation with a blue laser (488 nm). Both
forward scatter (FSC) and side scatter (SSC) were collected. The
FL1 (green fluorescence) was collected through a band-pass filter
(527/32nm); FL3 (red fluorescence) was collected using a band-
pass filter for wavelengths 700/54nm. After gating for
spermatozoa in the FSC-SSC dot-plot, the DNA Fragmentation
Index (%DFI, i.e., the ratio of cells with denatured, single-
stranded DNA to total spermatozoa acquired) was calculated for
each sample using flow cytometry standard (FCS) Express version
5 (De Novo Software, Pasadena, CA, United States). The
proportion of high DNA staining samples (HDS) was
also recorded.

2.4.3 Assessment of reactive oxygen species
Aliquots (300 pL) were stained with Hoechst 33258 at 0.4 pM
(HO; Sigma, Stockholm), 0.4pM hydroethidine (HE; Invitrogen
Molecular Probes, Eugene, OR, United States) and 20pM
dichlorodihydro-fluorescein diacetate (DCFDA; Invitrogen Molecular
Probes). The samples were incubated at 37 °C for 30 min before
analyzing. Excitation was with a blue laser emitting at 488 nm and a
violet laser emitting at 405 nm. Detection of green fluorescence from
DCFDA (FL1) was via a band-pass filter (527/32 nm), red fluorescence
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from HE (FL3) was measured using a band-pass filter (700/54 nm),
and blue/green fluorescence from Hoechst 33258 (FL5) was detected
via a band-pass filter (528/45nm). In total, 30,000 sperm-specific
events were evaluated. After gating for spermatozoa in the FSC-SSC
dotplot, they were classified as living or dead superoxide or H,0O,
negative, and living or dead superoxide or H,O, positive.

2.5 In vitro embryo production

Ovaries from gilts were collected at a local slaughterhouse and
transported to the laboratory at the Swedish University of Agricultural
Sciences where cumulus oocyte complexes (COCs) were harvested
from the follicles and matured in vitro according to standardized
procedures as previously described (19). In brief, the COCs were
divided into two groups at random to minimize variation between
treatments. For this study, in total 11 batches (replicates) were used,
containing in total 874 oocytes leading to 64 developing to the
blastocyst stage.

The procedure detailed in Leclercq et al. (19) was followed for IVE,
using commercially available porcine oocyte maturation medium
(POM), porcine fertilization medium (PFM), and porcine zygote
medium (PZM) purchased from Research Institute for the Functional
Peptides, FHK Fujihura Industry Co Ltd., Osaka, Japan. Wash media
was used for handling oocytes and embryos outside the incubators
and was produced on site (gentamicin sulfate 10 pg/mL, L-glutamine
MW 146.14 1 mM, PVA 3 pg/mL in Hepes TCM 199; wash media for
aspiration of COCs had, in addition, 20 U/mL heparin added). Media
to be used in incubators were equilibrated for at least 2h in 38.5 °C
and 5.5% CO, before use.

The POM medium used for the first 22 h of maturation was
enriched with follicle stimulating hormone (FSH) @ 0.05IU/mL
(FSH Porcine, OOPA00171, Insight Biotechnology, Middlesex,
United Kingdom), luteinizing hormone (LH) @ 0.05IU/mL (LH
Protein, OOPA00173, Insight Biotechnology), and dibutyryl
adenosine cyclic monophosphate (dbcAMP) @ 1 mM (dbcAMP,
sodium salt, 1,698,950, Biogems, Westlake Village, United States).
The following 23 h of maturation were carried out in the absence
of LH, FSH or dbcAMP. In vitro maturation and in vitro
fertilization were performed in an incubator with 5.5% CO, and
38.5 °C in maximum humidity; for in vitro culture, 5.5% O, was
included in the gaseous mix. After maturation of the oocytes for
45h in total, in vitro fertilization was carried out using sperm
samples stored at 4 °C for one group of oocytes and those stored
at 16-18 °C for the other group of oocytes. Semen preparation
consisted of diluting 0.5mL of each sperm sample in 4mL of
PFM. After mixing, 2 mL of the sperm dilution was placed on top
of 4mL of low density Porcicoll at room temperature (21). The
preparations were then centrifuged for 20 min at 300 x g before
removing the supernatant. The sperm pellets were diluted in PFM,
the concentration was measured and the sperm concentration was
adjusted to 0.6 x10%/mL for IVE. The COCs were randomly
distributed between the groups; the group sizes varied between 10
and 13 (50 pL drops under oil) and 35-50 (500 pL wells without
oil). Ideally, only wells would have been used, but there was a
concern that too few good quality oocytes would be available on
any 1 day. Therefore, the alternative (culturing 10 oocytes in 50 pL
drops of culture medium) was compared with our standard
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TABLE 1 Effect of storage on membrane integrity, DNA fragmentation index and High DNA stainability in boar semen stored for 1 week at 4 °C or 16-18

°C (n=9).

Parameter 4 °C storage p-value 16 °C storage p-value p-value 4 °C

Fresh vs. Fresh vs. vs. 16-18 °C
4°C 16 °C

Intact membranes (%) 89+4% 83+0.09% 0.10 91+0.05% NS 0.01

Damaged membranes (%) 0.12+0.05%, 0.18+0.10% 0.07 0.10+0.05% 0.35 0.006

DNA fragmentation 358+1.3 3.7442.25 0.87 7.40+3.36 <0.001 0.0002

(%DFI)

HDS (%) 0.27+0.06 0.39+0.18 0.14 0.40+0.20 0.08 0.73

HDS, high DNA stainability.

practice (culturing 30-50 oocytes in 500 pL culture medium in
wells). Since the results were consistent for both groups, we were
able to use the drop method on days when there were insufficient
oocytes for wells.

After 24h in PFM, presumed zygotes were denuded by gentle
pipetting, washed and cultured in PZM under oil for 6 days before
fixation and staining. During the culture process, cleavage rate and
cleavage rate above 2 cell stage were recorded 48 h post fertilization.
Developing blastocysts were evaluated at day 5 post fertilization by
light microscopy directly in the wells or drops. On day 6 post
fertilization, all oocytes and embryos were collected, fixed in 2%
paraformaldehyde and stained using 4’,6-diamidino-2-phenylindole
(DAPI) to determine the number of spermatozoa still firmly
attached to the zona pellucida. The number of blastocysts and
developmental stages were documented. Note that the number of
spermatozoa still attached to the zona pellucida at this stage might
not correspond to the number that were attached in connection
with fertilization, especially since the presumptive zygotes had been
washed, but it still provides an indication of whether sperm
function was affected by the storage temperature of the semen prior
to its use in IVE.

2.6 Statistical analysis

The sperm parameters were log-transformed to estimate
normal distribution. Generalized linear regression (package
Lme4, R, 4.3.0) was used to test the effect of storage (4 °C or
16-18 °C) against the fresh semen sample, and the effect of
storage temperature (4 °C or 16-18 °C) on semen quality
parameters (damaged membranes, intact membranes, %DFI,
HDS, Live superoxide +, Live superoxide —, Live H,0,+, Live
H,0,—, Dead superoxide +, Dead H,0,+, Dead H,0,-).
Treatment and days of storage (6 or 7 days) were included as fixed
effects and Boar was included as a random effect to account for
the individual variability among boars from which the sperm
samples were collected. Model selection was based on Akaike
Information Criterion (AIC) and likelihood ratio tests. Based on
these criteria, storing the sample 6 or 7days did not affect
treatment outcome and therefore length of storage could
be removed from the models. Therefore, the results from day 6
and 7 were combined and presented as one variable (day 7).
Furthermore, the results from wells separately, and from wells
and drops together were tested and yielded similar results.

Frontiers in Veterinary Science

The results did not differ and therefore all replicates are
included here.

The impact of treatment on oocyte developmental competence
parameters (Proportion cleaved 48h after fertilization, Proportion
cleaved above 2 cell stage 48 after fertilization, Proportion embryos
day 5 and 6 days after fertilization) were assessed through mixed-effect
logistic regression analysis (glmer from the MASS package in R). This
analysis utilized a binary distribution, with replicate as a random
factor and weighting for group size to determine the odds ratio. The
odds ratio (OR) <1 indicates a negative effect of the treatment. To
calculate the effect of treatment on the number of spermatozoa
attached to the zona pellucida, non-parametric tests (Mann-Whitney)
was used (wilcox.test model in R).

Raw p-values are presented (no adjustment for multiple testing
was included); p <0.05 was considered significant.

3 Results

The results for sperm membrane integrity and fragmented DNA
are reported in Table 1. Membrane integrity in stored samples was
similar to the fresh samples but was different between storage
temperatures, being higher in the samples stored at 16 °C than at 4 °C
(89+4,83+0.09, and 91 +£0.05%, for fresh samples and samples stored
at4 °Cand 16 °C, respectively). There were more sperm with damaged
membranes in the samples stored at 4 °C than at 16 °C (0.18£0.10 and
0.10+0.05%, respectively).

The %DFI was similar in fresh samples on Day 0 and in cold-stored
samples on day 7 but was higher in samples stored at 16 °C (3.58 +1.30,
3.74+2.25, and 7.40 +3.36% for fresh samples and samples stored at 4 °C
and 16-18 °C, respectively; p<0.001). The proportion of sperm with HDS
was not different (0.27+0.06, 0.39+0.18, and 0.40+0.02% for fresh
samples and samples stored at 4 °C and 16-18 °C, respectively; p>0.05).

The ROS status of the sperm samples is shown in Table 2. The
proportion of live superoxide positive sperm was higher in cold-
stored samples than in fresh samples (p<0.001), but the
proportion of spermatozoa in the other two categories for
superoxide were not different. The proportion of live superoxide
negative spermatozoa was higher in the fresh samples than for
samples stored at 4 °C (82.04+1.07 and 75.83+2.49%,
respectively; p=0.04). In addition, although there was no
difference between the proportions of live superoxide negative
spermatozoa in fresh samples and in samples stored at 16-18 °C,
there was a difference between samples stored at 4 °C and
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TABLE 2 Effect of temperature of storage on reactive oxygen species in boar spermatozoa stored for 7 days at 4 °C or 16 °C (n =9).

4 °C storage P-value 16-18 °C p-value P-value 4 °C
Fresh vs. 4 °C storage Fresh vs. vs. 16-18 °C
16-18 °C
Live superoxide positive (%) 5.38+0.87 13.54+6.23 <0.001 6.79+2.37 0.35 <0.0001
Live superoxide negative (%) 82.04+1.07 75.83+2-49 0.04 83.44+1.56 0.69 0.008
Dead superoxide positive (%) 12.04+1.09 9.29+0.80 0.27 9.11+£0.29 0.08 0.47
Live hydrogen peroxide 0.20+0.13 0.95+1.44 <0.001 0.74+0.43 0.001 0.61
positive (%)
Live hydrogen peroxide 87.50+1.12 89.37+0.86 0.25 89.46+1.56 0.23 0.97
negative (%)
Dead hydrogen peroxide 0.025+0.007 0.0527 £0.02 0.55 0.037+0.008 0.69 0.28
positive (%)
Dead hydrogen peroxide 12.27+1.11 9.62+0.76 0.06 9.83+1.04 0.06 0.99
negative (%)
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FIGURE 1
Developmental competence of oocytes fertilized with sperm samples stored for 1 week at 4 °C. (n = 436) or 16-18 °C (n = 438), run in 11 replicates.
Boxplots present the proportion of (A) cleaved zygotes 44 h after fertilization from total matured oocytes, (B) cleaved above 2 cell stage 44 h after
fertilization from total matured oocytes, and (C) blastocysts day 6 after fertilization from total matured oocytes,. The line represent the median of all
replicates, the open circles represent the mean, the box the interquartile range (IQR), the whiskers length are 1.5 X IQR and filled dot represents outlier
(>1.5X%IQR). There was a lower proportion of cleaved zygotes in the 4 °C group compared to the 16-18 °C group (p = 0.04) but there was no significant
difference in the proportion of zygotes cleaved above the two cell stage or in blastocysts between the two groups.

16-18 °C (75.83 +2.49 and 83.44 £ 1.56%, respectively; p <0.008).
For hydrogen peroxide production, only the proportion of live
hydrogen peroxide positive spermatozoa was different, being
greater in the stored samples than in the fresh sperm samples
(p<0.001). There was no difference between samples stored at
4°Cand 16-18 °C.

An overview of the IVF results is presented in Figure 1. The
total number of oocytes developing to blastocyst on Day 6 was 39
and 25 for sperm samples stored at 16-18 °C and 4 °C,
respectively. The proportion of oocytes developing to blastocyst
on Day 6 (mean +sd) was 9.0 £8.0 and 6.0 +5.0%, for 16-18 °C
and 4 °C, respectively, and was not different between treatments.
The proportion cleaved 44 h after fertilization was 25+ 16 and
20+15% (p=0.04), whereas the proportion cleaved above 2 cell
stage was 19+ 12 and 15 + 13% for 16-18 °C and 4 °C, respectively.
There was no difference between the proportions cleaved above
2 cell stage. The number of spermatozoa attached to the zona
pellucida [median (min-max)] in the 16-18 °C group, i.e., 5
(0-55) was not different from the 4 °C group, i.e., 3 (0-13)
(p=0.36).
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4 Discussion

The purpose of this experiment was to evaluate sperm quality
and fertilizing capability of boar sperm samples after storage in
AndroStar Premium for 6 or 7days at 4 °C compared to
conventional storage at 16-18 °C. The sperm samples were
prepared for IVF using a low density colloid to separate the
spermatozoa from extender and seminal plasma, i.e., to avoid
selecting only the spermatozoa most capable of fertilization,
which would have been the case if a high density colloid was used
(22). Such selection would tend to negate temperature-induced
differences in fertilizing capacity, since only a few spermatozoa
are required to achieve fertilization. Thus, although it should
be possible to detect differences in fertilizing capacity due to
sperm storage, if they exist, no such differences were
apparent here.

The results showed that most aspects of sperm quality were
not different between the two storage temperatures, with the
exception of %DFI, which was lower for the samples stored at
4 °C, and the proportion of live superoxide positive spermatozoa,
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which was higher for samples stored at 4 °C. Although there was
a small difference between the number of zygotes at the two cell
stage, the number developing beyond this stage was not different
between the two groups. These results are interesting since they
indicate that boar spermatozoa can be cooled to 4 °C in
AndroStar Premium, and stored at this temperature, without
suffering from irreversible functional damage, i.e., cold-shock.

A previous report on cold-storage of boar semen in BTS showed
that sperm cooled to 10 °C or 5 °C suffered from cold shock, with a loss
of motility and viability, with a sub-lethal imbalance of ATP among the
surviving sperm population if stored for more than 120h (16). In
contrast, in our study, not only was sperm viability (membrane integrity)
retained in AndroStar Premium at 4 °C, but fertilizing ability in IVF was
not different to the conventionally stored samples. Waberski et al. (18)
reported that boar sperm viability was maintained in AndroStar®
Premium at low temperatures, as opposed to Beltsville Thawing
Solution, while Jakel et al. (23) observed that there was no difference in
pregnancy results following AI with semen samples stored at 5 °C
compared to 17 °C. On the other hand, Menezes et al. (17) reported that
although membrane integrity was maintained in boar semen stored at
5 °C, sperm motility was lower than in samples stored at 17 °C. These
results are similar to those for membrane integrity in the present study.
However, it is possible that spermatozoa stored at low temperatures
require a longer incubation time prior to motility analysis to regain their
full motility. This possibility was not examined here. According to the
manufacturer, the extender contains membrane stabilizers and
capacitation inhibitors, which help to maintain sperm quality long-term
(24); it is possible that these inhibitors also reduce sperm motility.

Chromatin integrity was not analysed in the previous studies on
cold storage of boar semen. This is surprising since the proportion of
boar sperm with single-stranded DNA breaks was observed to rise after
2-3 days of storage at 16-18 °C (13-15), suggesting that this is a critical
point for boar sperm storage. Since standard praxis is to store boar
semen for up to 5days before use, samples stored for more than 3 days
may potentially have increased proportions of spermatozoa with
fragmented chromatin. Spermatozoa with damaged chromatin are
capable of fertilization, and the DNA-repair mechanisms of the oocyte
can correct some damage (25). If the damage is too great, embryonic
development is halted at some stage, potentially being seen as a
reduction in litter size, or even a failed pregnancy if too few embryos
survive to implant (26). Litter size was shown to be negatively correlated
with DNA fragmentation, at least in Norwegian Landrace and Duroc
breeds (27). In the present study, the %DFI was lower in the samples
stored at 4 °C than in the samples stored at 16-18 °C, which is very
promising for avoiding storage-induced DNA damage.

Reactive oxygen species, such as superoxide and hydrogen peroxide,
are produced as byproducts of metabolism (28) during glycolysis or
oxidative phosphorylation. Previously it was thought that different
animal species tend to use mainly one or the other route for sperm
ATP-production, but recently it was suggested that spermatozoa may
be able to switch from one to the other according to their immediate
environmental conditions (29). Regardless of how superoxide is
produced, it is assumed that superoxide is converted to hydrogen
peroxide by superoxide dismutase (30). Physiological concentrations of
ROS are required for normal sperm capacitation (31) but excessive
concentrations cause loss of sperm function. Lipid peroxidation and loss
of motility were induced in boar spermatozoa by hydrogen peroxide
(32), whereas acrosome exocytosis and glycolysis were observed to
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be caused by hydrogen peroxide (33). Our results showed that there
were differences in ROS production in stored boar spermatozoa
according to storage conditions, with more superoxide production in
the samples stored at 4 °C than in conventionally stored samples.
Moreover, more hydrogen peroxide was produced in the stored samples
than in the fresh samples. Although membrane integrity was maintained
better in the sperm samples stored at 16-18 °C than at 4 °C, DNA
fragmentation was actually lower in the samples stored at 4 °C than at
16-18 °C. Thus, either the semen extender contained sufficient
antioxidants to deactivate the ROS produced (34), or ROS were not
responsible for membrane damage and DNA damage in boar sperm
stored under the conditions of this study. These results are interesting
and warrant further investigation. Previous studies with stallion sperm
also revealed a situation in which increased superoxide production was
not associated with declining sperm quality (35), and increased
superoxide production was not linked to increased hydrogen peroxide
production. Furthermore, another study revealed that hydrogen
peroxide and superoxide are present in different compartments of
stallion spermatozoa (36).

Our results show that boar semen can be stored refrigerated without
losing its fertilizing capacity, at least in IVE if it is extended in AndroStar
Premium. However, the fertility of boar semen stored in this manner
was not tested in an Al trial in this study. Previous studies have used
cooled semen for Al after storage for 1 or 2 days, but to our knowledge,
no studies have been done on fertility after 7 days of storage. Jikel et al.
(23) did not detect a difference in fertility when AI was performed with
samples stored for 72h at 5 °C and 17 °C.

The possibility of cooling boar semen for refrigerated storage and
transport could help to avoid loss of quality during transport in the
summer months. Although the infrastructure on pig farms is set up
for storage of boar semen at 16-18 °C, it would not be too difficult to
introduce refrigerated storage since most farms are already equipped
with a refrigerator for storing medication and other perishable items.
Furthermore, refrigerated transport is commonly used to transport
food supplies all over the world. Therefore, refrigerated boar semen
could offer considerable advantages over conventional storage
temperatures for pig breeding, particularly in view of predicted
climate changes.

5 Conclusion

The fertility of boar semen doses stored in AndroStar Premium at
16-18 °C or 4 °C for up to 7 days was not different in terms of number
of blastocysts developing after in vitro fertilization. Sperm quality was
affected slightly, in that membrane integrity was better in samples
stored at 16-18 °C, but DNA fragmentation was less in the samples
stored at 4 °C. Therefore, cold storage of boar semen is possible
without a detrimental effect on fertility. It would be a viable alternative
to current praxis for pig producers, allowing better control of semen
doses during transport in the summer months.

Data availability statement

The original contributions presented in the study are included in
the article/supplementary material, further inquiries can be directed
to the corresponding author.

frontiersin.org


https://doi.org/10.3389/fvets.2024.1444550
https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org

Hallberg et al.

Ethics statement

Ethical approval was not required for the study involving animals
in accordance with the local legislation and institutional requirements
because semen collection from pigs is a recognized husbandry
procedure and does not require ethical approval in Sweden. Oocytes
were obtained from ovaries from the local slaughterhouse, which also
does not require ethical approval.

Author contributions

IH: Formal analysis, Investigation, Visualization, Writing — review &
editing. JM: Conceptualization, Funding acquisition, Methodology,
Resources, Supervision, Writing — original draft. PM: Formal analysis,
Investigation, Writing — review & editing. AJ: Formal analysis,
Methodology, Writing - review & editing. YS: Investigation, Methodology,
Writing - review & editing. DL: Formal analysis, Funding acquisition,
Investigation, Methodology, Writing - review & editing.

Funding

The author(s) declare that financial support was received for the
research, authorship, and/or publication of this article. This study was
funded by the Sveriges Grisforetagares forskningsstiftelse, Visteras,

References

1. Contreras MJ, Nufez-Montero K, Bruna P, Garcia M, Leal K, Barrientos L, et al.
Bacteria and boar semen storage: progress and challenges. Antibiotics. (2022) 11:1796.
doi: 10.3390/antibiotics11121796

2. Maes D, Lopez Rodriguez A, Rijsselaere T, Vyt P, Van Soom A. Artificial
insemination in pigs. Artificial insemination in farm animals. INTECH. (2011)
85:83-93. doi: 10.5772/16592

3. Knox RV. Artificial insemination in pigs today. Theriogenology. (2016) 85:83-93.
doi: 10.1016/j.theriogenology.2015.07.009

4. Feitsma H. Artificial insemination in pigs, research and developments in the
Netherlands, a review. Acta Sci Vet. (2009) 37:61-71.

5. Singh M, Mollier RT, Pongener N, Patton RN, Yadav R, Chaudhary JK, et al. Effect
of artificial insemination in comparison to natural mating on the reproductive
performance and profitability of smallholder pig production system in Indian Himalaya.
Front Sustain Food Syst. (2022) 6:1067878. doi: 10.3389/fsufs.2022.1067878

6. Kajabova S, Silva H, Valadao L, Moreira da Silva F. Artificial insemination and
cryopreservation of boar semen: current state and problematics. Open Sci J. (2020) 5:12.
doi: 10.23954/0sj.v5i2.2353

7. Roca ], Hernandez M, Carvajal G, Vézquez JM, Martinez EA. Factors influencing
boar sperm cryosurvival. ] Anim Sci. (2006) 84:2692-9. doi: 10.2527/jas.2006-094

8. Bresciani C, Bianchera A, Bettini R, Buschini A, Marchi L, Cabassi CS, et al. Long-
term liquid storage and reproductive evaluation of an innovative boar semen extender
(Formulal2™) containing a non-reducing disaccharide and an enzymatic agent. Anim
Reprod Sci. (2017) 180:10-6. doi: 10.1016/j.anireprosci.2017.02.007

9. Drobnis EZ, Crowe LM, Berger T, Anchordoguy TJ, Overstreet JW, Crowe JH. Cold
shock damage is due to lipid phase transitions in cell membranes: a demonstration using
sperm as a model. J Exp Zool. (1993) 265:432-7. doi: 10.1002/jez.1402650413

10. Althouse GC, Wilson ME, Kuster C, Parsley M. Characterization of lower
temperature storage limitations of fresh-extended porcine semen. Theriogenology. (1998)
50:535-43. doi: 10.1016/S0093-691X(98)00159-9

11. Paulenz H, Kommisrud E, Hofmo P. Effect of long-term storage at different
temperatures on the quality of liquid boar semen. Reprod Domest Anim. (2000) 35:83-7.
doi: 10.1046/§.1439-0531.2000.00207.x

12.LiJ, Zhao W, Zhu ], Wang S, Ju H, Chen S, et al. Temperature elevation during
semen delivery deteriorates boar sperm quality by promoting apoptosis. Animals. (2023)
13:3203-1. doi: 10.3390/ani13203203

Frontiers in Veterinary Science

10.3389/fvets.2024.1444550

Sweden (awarded to DL), by the Infrastructure Committee at SLU via the
Cells for Life Platform (JM), and the Developmental Biology platform (YS).

Acknowledgments

We thank the personnel at Svenska Koéttforetagen for supplying
the boar semen for this project and Minitube International for
providing the AndroStar Premium for this study.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or claim
that may be made by its manufacturer, is not guaranteed or endorsed
by the publisher.

13. Bielas W, Nizanski W, Partyka A, Rzasa A, Mordak R. Effect of long-term storage
in safe cell+ extender on boar sperm DNA integrity and other key sperm parameters.
Acta Vet Scand. (2017) 59:58-69. doi: 10.1186/s13028-017-0325-9

14. Boe-Hansen GB, Ersbell AK, Greve T, Christensen P. Increasing storage time of
extended boar semen reduces sperm DNA integrity. Theriogenology. (2005) 63:2006-19.
doi: 10.1016/j.theriogenology.2004.09.006

15. Khezri A, Narud B, Stenseth EB, Johannisson A, Myromslien FD, Gaustad AH,
et al. DNA methylation patterns vary in boar sperm cells with different levels of DNA
fragmentation. BMC Genomics. (2019) 20:897. doi: 10.1186/5s12864-019-6307-8

16. Henning H, Nguyen QT, Wallner U, Waberski D. Temperature limits for storage
of extended boar semen from the perspective of the sperm’s energy status. Front Vet Sci.
(2022) 9:953021. doi: 10.3389/fvets.2022.953021

17. de Alcantara Menezes T, Gongalves Mellagi AP, da Silva Oliveira G, Bernardi ML,
Wentz I, da Rosa Ulguim R, et al. Antibiotic-free extended boar semen preserved under
low temperature maintains acceptable in-vitro sperm quality and reduces bacterial load.
Theriogenology. (2020) 149:131-8. doi: 10.1016/j.theriogenology.2020.03.003

18. Waberski D, Luther AM, Griinther B, Jakel H, Henning H, Vogel C, et al. Sperm
function in vitro and fertility after antibiotic-free, hypothermic storage of liquid
preserved boar semen. Sci Rep O. (2019) 9:14748. doi: 10.1038/541598-019-51319-1

19. Leclercq A, Ranefall P, Sjunnesson YCB, Hallberg I. Occurrence of late-apoptotic
symptoms in porcine preimplantation embryos upon exposure of oocytes to
perfluoroalkyl substances (PFASs) under in vitro meiotic maturation. PLoS One. (2022)
17:€0279551. doi: 10.1371/journal.pone.0279551

20. Pursel VG, Johnson L. Freezing of boar spermatozoa. Fertilizing capacity with
concentrated semen and a new thawing procedure. ] Anim Sci. (1975) 40:99-102. doi:
10.2527/jas1975.40199x

21. Deori S, Johannisson A, Morrell JM. Single layer centrifugation with 20% or 30%
Porcicoll separates the majority of spermatozoa from a sample without adversely affecting
sperm quality. Reprod Domest Anim. (2020) 55:1337-42. doi: 10.1111/rda.13779

22.Sabes-Alsina M, Wallgren M, Sjunnesson YCB, Ntallaris T, Lundeheim N,
Lopez-Béjar M, et al. Effect of season on the in vitro fertilizing ability of frozen-
thawed Spanish bovine spermatozoa. J Dairy Sci. (2020) 103:9525-33. doi: 10.3168/
jds.2020-18472

23.Jdkel H, Scheinpflug K, Miihldorfer K, Gianluppi R, Lucca MS, Mellagi APG,
et al. In vitro performance and in vivo fertility of antibiotic-free preserved boar

frontiersin.org


https://doi.org/10.3389/fvets.2024.1444550
https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org
https://doi.org/10.3390/antibiotics11121796
https://doi.org/10.5772/16592
https://doi.org/10.1016/j.theriogenology.2015.07.009
https://doi.org/10.3389/fsufs.2022.1067878
https://doi.org/10.23954/osj.v5i2.2353
https://doi.org/10.2527/jas.2006-094
https://doi.org/10.1016/j.anireprosci.2017.02.007
https://doi.org/10.1002/jez.1402650413
https://doi.org/10.1016/S0093-691X(98)00159-9
https://doi.org/10.1046/j.1439-0531.2000.00207.x
https://doi.org/10.3390/ani13203203
https://doi.org/10.1186/s13028-017-0325-9
https://doi.org/10.1016/j.theriogenology.2004.09.006
https://doi.org/10.1186/s12864-019-6307-8
https://doi.org/10.3389/fvets.2022.953021
https://doi.org/10.1016/j.theriogenology.2020.03.003
https://doi.org/10.1038/s41598-019-51319-1
https://doi.org/10.1371/journal.pone.0279551
https://doi.org/10.2527/jas1975.40199x
https://doi.org/10.1111/rda.13779
https://doi.org/10.3168/jds.2020-18472
https://doi.org/10.3168/jds.2020-18472

Hallberg et al.

semen stored at 5 °C. ] Anim Sci Biotechnol. (2021) 12:9. doi: 10.1186/
s40104-020-00530-6

24. Wiebke M, Hensel B, Nitsche-Melkus E, Jung M, Schulze M. Cooled storage of
semen from livestock animals (part I): boar, bull, and stallion. Anim Reprod Sci. (2022)
246:106822. doi: 10.1016/j.anireprosci.2021.106822

25. Fatehi AN, Bevers MM, Schoevers E, Roelen BAJ, Colenbrander B, Gadella BM. DNA
damage in bovine sperm does not block fertilization and early embryonic development but
induces apoptosis after the first cleavages. J Androl. (2006) 27:176-88. doi: 10.2164/
jandrol.04152

26. Mateo-Otero Y, Llavanera M, Recuero S, Delgado-Bermudez A, Barranco I, Ribas-
Maynou J, et al. Sperm DNA damage compromises embryo development, but not oocyte
fertilisation in pigs. Biol Res. (2022) 55:15. doi: 10.1186/540659-022-00386-2

27. Myromslien FD, Tremoen NH, Andersen-Ranberg I, Fransplass R, Stenseth E-B,
Zeremichael TT, et al. Sperm DNA integrity in landrace and Duroc boar semen and its
relationship to litter size. Reprod Dom Anim. (2019) 54:160-6. doi: 10.1111/rda.13322

28. Aitken RJ, Buckingham D, West K, Wu FC, Zikopoulos K, Richardson DW.
Differential contribution of leucocytes and spermatozoa to the high levels of reactive
oxygen species recorded in the ejaculates of oligozoospermic patients. J Reprod Fertil.
(1992) 94:451-62. doi: 10.1530/jrf.0.0940451

29. Amaral A. Energy metabolism in mammalian sperm motility. WIREs Mech Dis.
(2022) 14:€1569. doi: 10.1002/wsbm.1569

Frontiers in Veterinary Science

119

10.3389/fvets.2024.1444550

30. Sakamoto T, Imai H. Hydrogen peroxide produced by superoxide dismutase
SOD-2 activates sperm in Caenorhabditis elegans. ] Biol Chem. (2017) 292:14804-13.
doi: 10.1074/jbc.M117.788901

31. Aitken RJ. Reactive oxygen species as mediators of sperm capacitation
and pathological damage. Mol Reprod Dev. (2017) 84:1039-52. doi: 10.1002/
mrd.22871

32. Awda BJ, Mackenzie-Bell M, Buhr MM. Reactive oxygen species and boar sperm
function. Biol Reprod. (2009) 81:553-61. doi: 10.1095/biolreprod.109.076471

33. Faggi M, Agustin Vanzetti A, Teijeiro JM. Effect of glucose and reactive oxygen
species on boar sperm induced-acrosome exocytosis. Res Vet Sci. (2023) 164:105013.
doi: 10.1016/j.rvsc.2023.105013

34. Bansal AK, Bilaspuri GS. Impacts of oxidative stress and antioxidants on semen
functions. Vet Med Int. (2010) 2010:686137. doi: 10.4061/2011/686137

35.Morrell JM, Lagerquist A, Humblot P, Johannisson A. Effect of single layer
centrifugation on reactive oxygen species and sperm mitochondrial membrane
potential in cooled stallion semen. Reprod Fertil Dev. (2017) 29:1039-45. doi:
10.1071/RD15440

36.Macias-Garcia B, Gonzalez Fernandez L, Gallardo Bolafios JM, Pena FJ,
Johannisson A, Morrell JM. Androcoll-E-large selects a live subset of stallion sperm
capable of producing ROS. Anim Reprod Sci. (2012) 132:74-82. doi: 10.1016/j.
anireprosci.2012.03.017

frontiersin.org


https://doi.org/10.3389/fvets.2024.1444550
https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org
https://doi.org/10.1186/s40104-020-00530-6
https://doi.org/10.1186/s40104-020-00530-6
https://doi.org/10.1016/j.anireprosci.2021.106822
https://doi.org/10.2164/jandrol.04152
https://doi.org/10.2164/jandrol.04152
https://doi.org/10.1186/s40659-022-00386-2
https://doi.org/10.1111/rda.13322
https://doi.org/10.1530/jrf.0.0940451
https://doi.org/10.1002/wsbm.1569
https://doi.org/10.1074/jbc.M117.788901
https://doi.org/10.1002/mrd.22871
https://doi.org/10.1002/mrd.22871
https://doi.org/10.1095/biolreprod.109.076471
https://doi.org/10.1016/j.rvsc.2023.105013
https://doi.org/10.4061/2011/686137
https://doi.org/10.1071/RD15440
https://doi.org/10.1016/j.anireprosci.2012.03.017
https://doi.org/10.1016/j.anireprosci.2012.03.017

& frontiers

@ Check for updates

OPEN ACCESS

EDITED BY
Stefan Gregore Ciornei,
lasi, University of Life Science, Romania

REVIEWED BY

Hossam El-Sheikh Ali,

University of Kentucky, United States
Tiberiu Nicolae Constantin,

University of Agronomic Sciences and
Veterinary Medicine Bucharest, Romania

*CORRESPONDENCE
Aleona Swegen
Aleona.Swegen@newcastle.edu.au

RECEIVED 28 May 2024
ACCEPTED 10 September 2024
PUBLISHED 04 October 2024

CITATION

Lawson EF, Pickford R, Aitken RJ,

Gibb Z, Grupen CG and Swegen A (2024)
Mapping the lipidomic secretome of the early
equine embryo.

Front. Vet. Sci. 11:1439550.

doi: 10.3389/fvets.2024.1439550

COPYRIGHT

© 2024 Lawson, Pickford, Aitken, Gibb,
Grupen and Swegen. This is an open-access
article distributed under the terms of the
Creative Commons Attribution License

(CC BY). The use, distribution or reproduction
in other forums is permitted, provided the
original author(s) and the copyright owner(s)
are credited and that the original publication
in this journal is cited, in accordance with
accepted academic practice. No use,
distribution or reproduction is permitted
which does not comply with these terms.

Frontiers in Veterinary Science

Frontiers in Veterinary Science

TYPE Original Research
PUBLISHED 04 October 2024
pol 10.3389/fvets.2024.1439550

Mapping the lipidomic secretome
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The lipidomic secretions of embryos provide a unique opportunity to examine
the cellular processes of the early conceptus. In this study we profiled lipids
released by the early equine conceptus, using high-resolution mass spectrometry
to detect individual lipid species. This study examined the lipidomic profile in
embryo-conditioned media from in vivo-produced, 8—9 day-old equine embryos
(n = 3) cultured in vitro for 36 h, analyzed over 3 timepoints. A total of 1,077 lipid
IDs were recorded across all samples, containing predominantly glycerolipids.
Seventy-nine of these were significantly altered in embryo conditioned-media
versus media only control (p < 0.05, fold-change >2 or < 0.5). Fifty-five lipids were
found to be released into the embryo-conditioned media, of which 54.5% were
triacylglycerols and 23.6% were ceramides. The sterol lipid, cholesterol, was also
identified and secreted in significant amounts as embryos developed. Further, 24
lipids were found to be depleted from the media during culture, of which 70.8%
were diacylglycerols, 16.7% were triacylglycerols and 12.5% were ceramides. As
lipid-free media contained consistently detectable lipid peaks, a further profile
analysis of the various components of non-embryo-conditioned media consistently
showed the presence of 137 lipids. Lipid peaks in non-embryo-conditioned media
increased in response to incubation under mineral oil, and contained ceramides,
diacylglycerols and triacylglycerols. These results emphasize the importance of
a defined embryo culture medium and a need to identify the lipid requirements
of the embryo precisely. This study sheds light on early embryo lipid metabolism
and the transfer of lipids during in vitro culture.

KEYWORDS

lipidomics, lipids, embryo, equine, pregnancy, in vitro

1 Introduction

Early pregnancy is one of the most challenging and enigmatic facets of mammalian
reproduction. It comprises a precarious pre-implantation phase, in which the embryo is yet to
develop placental attachments and the mother is yet to establish stable systemic support of the
pregnant state. The early conceptus relies on localized embryo-maternal interactions for survival,
including signaling its presence to the maternal environment and in turn receiving metabolic
support through endometrial secretions. In women, pre-implantation embryo loss is estimated at
10-40% and overall pregnancy loss from fertilization to birth is approximately 40-60% (1). The
equine pregnancy poses similar challenges with an estimated 20-30% of conceptions failing prior
to implantation (2, 3). The role of embryo-maternal communications is particularly pertinent in
the horse, as this species features a long period (40-45 days) before the development of definitive
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placentation (4), while the signal that facilitates maternal recognition of
pregnancy (MRP) remains undiscovered (5). Along with proteins and
miRNA, lipids are anticipated to play a key role in both signaling between
embryo and endometrium, as well as in nourishing and supporting the
early embryo during this early period (6). While the abundance and
function of some of these compounds in the embryo environment have
begun to be investigated, the secreted lipids engaged in embryo-maternal
signaling have yet to be profiled in any mammalian species.

For studying Assisted Reproductive Technology (ART), the horse
is a fitting model for human clinical procedures. Women and mares
are both mono-ovulatory, and have similar follicular dynamics and
embryo developmental kinetics until the blastocyst stage (7). In
addition, both species share infertility concerns due to obesity and
aging (8-12), which are believed to influence the lipid composition
of the oocyte. In comparison with many other species, the lipid
content of equine oocytes and embryos is notably higher (13, 14).
Embryonic cytoplasmic lipid droplets, in the form of triglycerides,
represent the most abundant energy source and are accumulated
during embryo development (15). In addition, the embryos of both
equine and human species are particularly sensitive to both ambient
and culture environments (16-18). In humans, it has been suggested
that microtubule spindles are thermosensitive (19), and spindle
integrity can be irreversibly altered by temperature (20). This
sensitivity to the culture environment is particularly pertinent for the
mare, where effective in vitro fertilization (IVF) has proven to be a
major challenge and is not yet commercially available (21, 22). As
such, intra-cytoplasmic sperm injection (ICSI) is currently the only
commercial method for producing equine embryos in vitro.
Reciprocal knowledge May be gained through the comparative study
of equine and human ART and infertility treatments, helping to
define the optimum in vitro requirements for oocyte maturation and
embryo culture.

Lipids are expected to play roles in embryo maternal signaling.
They regulate reproductive cyclicity and are intrinsically linked to
pregnancy [reviewed in Lawson et al. (14)]. With the high metabolic
rate of the early embryo, functionally, lipids serve as a primary energy
source, but, they also serve as a molecular membrane scaffold that
regulates cellular signaling (23). Acting primarily through their
interactions with proteins, many of the pathways by which lipids
modulate these proteins are not yet fully understood (24). Hence,
understanding lipid biosynthesis and hormone structure will lay the
groundwork for better understanding embryonic requirements and
how this May influence maternal signaling. In equine embryos,
researchers have previously identified proteins secreted by the early
equine embryo (25-29), and attempted to identify a putative MRP
factor secreted by the conceptus (30, 31). In a previous study of the
protein component of the embryo secretome it was found that
proteins involved in lipid-associated and lipoprotein function were
consistently over-represented (29). Embryo-produced mediators,
such as the phospholipid Platelet-activating factor (PAF) have been
suggested to have an early stimulatory effect (32, 33) and precursors
such as arachidonic acid and docosahexaenoic acid, which are
essential constituents of membrane lipids in other species, have been
postulated to play a crucial role in equine embryonic development
(34). Such findings suggest lipids are potential regulators of the
embryo-signaling response and, as such, warrant investigation into
the lipidomic profile of equine embryos for investigations into
MRP. This leads to the hypothesis that lipids themselves and the
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interactions between proteins and lipids have important roles in
embryo-maternal signaling as well as equine embryo development.

Apart from maternal signaling, at the pre-implantation stage of
development, embryos require the biosynthesis of lipids, particularly
for energy metabolism, cell membrane construction and signaling
events involved in gene activation (34). It is well established that until
approximately day 22 after ovulation, the equine embryo is encased in
a glycoprotein capsule (35), which covers the equine blastocyst after it
loses its zona pellucida (36). The capsule is believed to play a protective
role, and participate in fetal-maternal interface communication (37).
Importantly for the study of lipids resent research suggests that
exosomes and other extracellular vesicles secreted by the conceptus
membranes May play important roles in equine embryo-maternal
communication during this early period (38). However, despite this
capsule embryos are able to produce and continue to secrete
prostaglandin E2 and other prostaglandins, such as PGF2« and PGI,
(39-41). More recently, prostaglandin synthesis enzymes were shown
to be involved in embryo-driven forward motion motility, due to their
location on the “peri-embryonic” pole (42). Prostaglandins are lipid
autacoids derived from arachidonic acid by the cleavage action of
phospholipase A2s (PLA2s). PLA2s are known to be functionally
involved in diverse cellular events, including phospholipid metabolism,
immune functions and signal transduction, and their actions generate
bioactive lipid mediators (43). Such de novo biosynthesis of lipids
indicates that equine embryos autotrophically produce their own lipid
supply, contributing directly to the steroid environment of the
intrauterine lumen (44). Such findings implicate the role of lipids and
protein-lipid complexes in supporting the early equine embryo,
particularly at the pre-implantation stage. As the lipidomic component
of embryonic secretions have not been well described, defining what
lipids are released by embryos will help delineate the signaling
pathways important for a successful pregnancy. Therefore, this research
sought to comprehensively describe the profile of lipids released by
early equine embryos using high-resolution mass spectrometry.

Lipidomics is a systems-level analysis and characterization of
lipids. Like other omics technologies, such as transcriptomics or
proteomics, lipidomics is a global profiling of lipid species present in
cells, tissues or extracted body fluids (45). The applications of
lipidomics technology are rapidly evolving and currently it allows
detection of a broad range of lipid classes, categories, and quantification
of lipid species. The approach has also provided valuable information
on biomarkers for disease pathophysiology, and shed light on the
detailed biophysiological functions involved in reproductive biology
(46). Currently, the LIPID MAPS® classification system organizes lipids
into eight categories: fatty acyls, glycerolipids, glycerophospholipids,
sphingolipids, sterol lipids, prenol lipids, saccharolipids and
polyketides. Each category can be divided into numerous classes with
individual lipid identities (47). Recent advances in mass spectrometry-
based lipidomics technology have meaningfully improved the detection
of a vast array of lipids (48). The technology allows for the detection of
minute, yet biologically significant fluctuations in lipid levels. For
example, it has recently been used to profile the fatty acid content of
spermatozoa from different species (49). As such, the precision of
lipidomic technology now offers opportunities to answer many of the
remaining unanswered questions. Therefore, in this study we aim to
profile the lipids secreted by the early equine embryo in an in vitro
setting, and in addition, to examine the embryo culture model, by
carrying out lipidomic profiling of embryo culture media.
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2 Materials and methods
2.1 Artificial insemination

All procedures undertaken in this study were reviewed by the
University of Newcastle Animal Ethics Committee and approved
under the Australian code for the care and use of animals for
scientific purposes (approval number A-2018-804). Standardbred
mares (n =3) were housed on pasture. Mares’ reproductive cycles
and ovulations were monitored by transrectal palpation and
ultrasonography. Upon signs of impending ovulation, ovulation was
induced with a synthetic analog of gonadotrophin-releasing
hormone (GnRH), then inseminated with semen containing at least
5x10® motile spermatozoa, obtained from one of three fertile
stallions, extended in SpermSafe (University of Newcastle,
Callaghan, Australia), and stored for up to 3 days at 17°C. All mares
received the same routine post-mating treatment consisting of an
intrauterine infusion with 1L of saline followed 8h later by an
intramuscular administration of oxytocin.

2.2 Embryo collection and culture

A visual summary of the experimental procedure, from embryo
recovery to mass spectrometry lipid analysis, is presented in Figure 1.
Embryos (n=3) were obtained by transcervical uterine lavage
8-9 days after confirmed ovulation, from mares aged between 10 and
11years, as per the method described by Swegen et al. (29). Briefly,
this was done using a 34 French-gage silicone Foley catheter with a
100 cc balloon and Y-tube (MAI Animal Health, Elmwood, WI,
United States). For the collection of embryos, warmed Emcare
Complete Ultra flushing medium (1000-2000 mL per flush; ICPbio
Reproduction, Auckland, New Zealand) was used and uterine fluidic
content was collected through an Em-Con embryo filter (MAI
Animal Health). Filter contents were transferred to search dishes, and
embryos were recovered under a dissecting microscope before being
transferred to transport media. This transport medium consisted of
Hepes-buffered DMEM/F12 (11330-032; Gibco, Grand Island, NY,
United States) supplemented with 0.5% w/v fatty acid-free bovine
serum albumin (BSA; ICPbio), 10 units/mL penicillin-G and 10 pg/
mL streptomycin sulphate. After transport (<30min) to the
laboratory, each embryo was assessed morphologically and rinsed by
moving the embryo through dishes of BSA-containing culture

10.3389/fvets.2024.1439550

medium (bicarbonate-buffered DMEM/F12 11320-033; Gibco) with
0.5% w/v BSA, 10 units/mL penicillin-G and 10 pg/mL streptomycin
sulphate, deposited in a 50 pL droplet of BSA-containing culture
medium under oil, and incubated for 2 to 3h at 38.5°C in a
humidified atmosphere of 5% O,, 6% CO, and 89% N,. Embryos were
then washed twice in BSA-free culture medium (bicarbonate-buffered
DMEM/F12 with 0.1% polyvinyl alcohol, 10 units/mL penicillin-G
and 10pg/mL streptomycin sulphate). Finally, embryos were
transferred to a 50 pL droplet of BSA-free culture medium under oil
and incubated at 38.5°C in a humidified atmosphere of 5% O,, 6%
CO, and 89% N,. Following the initial incubation in protein-
containing (BSA) medium, embryos were cultured for a total of 36 h
in protein-free medium. Within this culture period, embryo-
conditioned media were collected every 12 h. At each collection point
embryos were imaged under a stereomicroscope (SMZ1500; Nikon
Corporation, Kawasaki, Kanagawa, Japan) and their diameter
measured to verify continued blastocyst development and expansion.
Thereafter embryos washed and transferred to a droplet of fresh
BSA-free culture medium before being measured. Embryo-
conditioned medium was centrifuged at 14000 x g for 5min to
remove debris, and supernatants were transferred to cryovials, and
immediately placed in liquid nitrogen, and stored at —80°C until
further analysis. Medium-only controls were also collected at
each timepoint.

2.3 Chemicals and materials

All solvents used were HPLC grade or higher. Glass pipettes and
tubes were used wherever possible and the use of plasticware was
minimized during lipid extraction to avoid contamination of samples.
Glass tubes and glass transfer pipettes were purchased from Sigma and
vWR. Lipid internal standards (ISTDs) were purchased from Avanti
Polar Lipids Inc. (Alabaster, AL, United States). These include
(19:0_19:0), sphingomyelin (18:0_12:0),
phosphatidylethanolamine ~ (17:0_17:0),  phosphatidylglycerol
(17:0_17:0), phosphatidylserine (17:0_17:0), phosphatidic acid
(17:0_17:0), ceramide (d18:1, 12:0), diglyceride (1,3 18:0 d5),
cholesteryl ester (19:0), monoglyceride (17:0), triglyceride mix d5
(Avanti Code LM-6000), diglyceride mix d5 (Avanti Code LM-6001),
phosphatidylinositol (17:0 14:1), C12 GluCer, C12 sulfatide, C17
ceramide, C17 sphingosine, C17 S1P, C12 C1P, D3 C20 fatty acid, and
C12 LacCer. Lipid internal standards were prepared as a mixture at

phosphatidylcholine

FIGURE 1

Visual summary of methods used to profile the lipids released and depleted by equine embryos. Image created with BioRender.
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10 pmol/pl in methyl-tert butyl ether and methanol (MTBE:methanol,
1:1v/v).

2.4 Lipid extraction

Lipids were extracted using chloroform, methanol, and
isopropanol (Sigma Aldrich, St. Louis, MO, United States) and
ultrapure water (Millipore). Medium lipid extraction was based on
the Bligh and Dyer method; briefly, medium samples were thawed
on ice and 80pL aliquots were transferred into glass tubes.
Methanol (600 pL), chloroform (1,000 puL) and ultrapure water
(500 pL) were sequentially added with vortexing between each
addition, followed by spiking with 10 pL of the aforementioned
internal standards. Samples were then centrifuged at 300 x g for
10 min at room temperature. The lower solvent phase was collected
and transferred to a new glass tube using a glass Pasteur pipette.
Chloroform (600 uL) was added to the upper phase, vortexed and
centrifuged at 900 x g for 10 min. The lower phase was collected
and transferred into the same glass tube and dried under nitrogen
gas. Dried lipid samples were reconstituted in 100pL of
isopropanol/methanol (1:1) and stored at —80°C in glass LC—
MS vials.

2.5 Lipidomics mass spectrometry

Lipid extracts (10 pL) were analyzed using a Q-Exactive Plus
Mass Spectrometer coupled to a U3000 UPLC
(ThermoFisher Scientific) according to the methods of Phan et al.

system

and Castro-Perez et al. (50, 51). Chromatography was performed at
60°C on a Waters CSH C18 UHPLC column 2.1 x 100 mm, 1.8 pM
with VanGuard guard column. Solvent A was 6:4 acetonitrile: water
and Solvent B was 1:9 acetonitrile:isopropanol, both with 10 mM
ammonium formate and 0.1% formic acid. Briefly, a 30 min gradient
running from 30 to 100% of solvent B was performed, eluting lipids
in order of hydrophobicity. Column eluate was directed into the
electrospray ionization source of the mass spectrometer where a
HESI probe was employed. Source parameters were broadly
optimized on a range of lipid standards prior to the analysis. The
mass spectrometer was run in data dependent acquisition mode. A
survey scan over the mass range 200-1,200 at resolution 70 K was
followed by 10 data dependent MS/MS scans on the most intense
ions in the survey at 15K resolution. Dynamic exclusion was used
to improve the number of ions targeted. Cycle time was
approximately 1s. Samples were run in both positive and negative
polarities. The samples were run in a random order (generated
using Microsoft Excel) to avoid batch and replicate effects. Data
were analyzed in LipidSearch sofware 4.1.16. Data were searched
against the standard LipidSearch database with all common
mammalian lipid classes included. The search results were then
grouped according to sample type and aligned for differential
analysis. Aligned data, containing lipid identity, retention time,
peak area were exported to Excel software (Microsoft Corporation,
WA, United States). Relative abundance of lipids was obtained from
peak areas normalized to internal standards. LipidSearch-derived
identities of fatty acid chain (fatty acid, FA1, FA2, FA3), CalcMz,
IonFormula, retention time (RT) and peak intensity were
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additionally obtained in both embryo conditioned media
(Supplementary Table S1) and in media only experiment
(Supplementary Table S2).

2.6 Analysis

Identified intensity peaks were filtered with m-Score threshold
(>5.0) and ID quality filter (A and B and C). Adducts included +H,
+NH,, +Na and+H-H,O in positive mode, and-H, +HCOO, -2H
and-CH3 in negative mode. Statistical analyses were performed using
MetaboAnalyst software module’ and Excel. For comparisons between
time points and control groups, a two tailed students t-test was applied
with statistical significance set at p <0.05 in addition to fold changes
between embryo-conditioned samples and media only control
samples. Graphical representations of the data were generated using
the MetaboAnalyst.

2.7 Media only samples

In further experiment, the various components of culture media
were additionally examined. Different components of culture media
were placed in a humidified atmosphere of 5% O,, 6% CO, and 89%
N, for 12h at 37°C. Samples were incubated either under a mineral oil
overlay or without a mineral oil overlay and included bicarbonate-
buffered DMEM/F12 with and without 10 units/mL penicillin-G and
10 pg/mL streptomycin sulphate. Pure mineral oil was also incubated.
Incubating media under oil was done to determine whether incubating
under oil affected lipid quantification. Thus, a total of five media
components/variations were assessed in addition to an ultrapure water
(Millipore) in duplicate. Lipids extracted and intensity peaks were
analyzed and as per the embryo conditioned media. For the media
only samples, ion peaks were compared using one-way analyses to
examine whether incubation under oil, DMEM/F12, or penicillin/
streptomycin influenced the presence of each lipid in the media. The
blocking function was used to account for possible interactions
between influencing factors; i.e., analysis for the effect of incubation
under oil was ‘blocked’ for presence of DMEM/F12, while analyses for
effect of DMEM/F12 and penicillin/streptomycin were ‘blocked’ for
incubation under oil to remove the effect of these parameters as
confounding factors. Finally, lipid ion peaks in mineral oil were
compared against those in all the aqueous media samples (blocking
for incubation under oil as a possible confounding factor). These
analyses were conducted in JMP (SAS Corp., NC) and p-value for all
effects set at p <0.05.

3 Results
3.1 Embryo experiment

Embryos (n=3) were cultured in vitro in a protein-free medium
over a period of 36 h, with each embryo expanding between 20 and

1 www.metaboanalyst.ca
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30% in diameter during that time (30.17, 25.40, 20.42%). In the
secreted media collected, a total of 1,077 lipids IDs were recorded
across all samples, with 222 lipid IDs remaining after filtering for high
confidence. Lipids which were both significantly different, in embryo
conditioned media versus media only control samples (p <0.05) for
at-least one time point, and also had a fold change of greater than 2,
were further examined for this study, which was a total of 79 individual
lipid ions (Table 1). Of these, 55 individual lipids were detected to
be more abundant in embryo-conditioned media (henceforth termed
‘secreted’ lipids), and 24 individual lipids were found to be depleted in
embryo-conditioned media (henceforth termed ‘depleted’ lipids). The
heatmaps depicted (Figure 2) show two distinct populations of lipids:
those that were secreted into the media by the embryos during culture
(Figure 2A), and those that were depleted from the media during
culture (Figure 2B). Of the 55 lipid identities found elevated in the
embryo conditioned media (Table 1), 30 were triacylglycerols (TGs)
(54.5%), 13 were ceramides (23.6%), 4 were diacylglycerols (DGs)
(7.3%) the sterol lipid cholesterol was also identified along with
ubiquinone Co (Q9) and a single sphingomyelin. The 24 lipids found
to be depleted from the embryo conditioned media comprised of 17
DGs (70.8%), 4 TGs (16.7%) and 3 ceramides (12.5%). Note that these
are the numbers of individual lipid species identified and percentages
do not represent quantities of lipid secreted or consumed by embryos.

In addition, a volcano plot analysis was carried out to pinpoint the
differential change of individual lipids between the groups, with a
cut-off for those lipids that had fold-change >2 and p-value <0.1. This
was done for each individual time point, 12h, 24h and 36h. In the
embryo secreted group, ceramides and TGs were the predominant
classes found to increase compared to the control. From the depleted
lipid group, DGs were observed to be the dominant class (Figure 3).
In total, the classes of lipids came from 5 lipid categories, including
glycerolipids, sphingolipids, glycerophospholipids, sterol lipids and
prenol lipids (Figure 4), with a greater diversity of classes observed in
secreted lipids compared to depleted lipids. Comparisons of several
individual relevant lipids, which were both significant and had a fold
change >2 in the embryo conditioned media, are detailed in Figure 5.

3.2 Culture media only experiment

Lipid-free reagents had been used to prepare media for embryo
lipidome experiments, so the detection of lipids depleted following
embryo culture was unexpected. We therefore conducted a follow-up
analysis several months later to validate the presence of lipids in
non-conditioned (control) media and its individual components. For
the media only experiment, a total of 137 lipid species were identified
present across all 5 media samples (DMEM/F12 with and without
10 units/mL penicillin-G and 10 pg/mL streptomycin sulphate, both
of these under a mineral oil overlay or without a mineral oil overlay
and lastly pure mineral oil). These predominantly belong to the
glycerolipid category. Of these, 109 lipid ions were significantly
different between groups. Higher abundance of 18 lipids (15 TGs, 2
DGs, 1 PS) was associated with inclusion of DMEM/F12 in the
formulation (predominantly glycerolipids; 94%). The inclusion of
penicillin-G/streptomycin sulphate to DMEM/F12 medium had no
influence on abundance of any of the lipids detected. Incubation
under oil increased the abundance of 44 lipid species in media (90%
were glycerolipids; 34 TGs and 5 DGs). In pure mineral oil, 47 lipid
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species were detected (i.e., showed p <0.05 versus water only control).
Of these, 91% were glycerolipids (28 TGs and 15 DGs), and 6% (3)
were ceramides. Of the 24 DGs originally found to be depleted in
embryo-conditioned media, promisingly only 5 indivuiduals were
detected in the follow-up media analysis. Of these, two lipids were
detected in mineral oil alone and were influenced by incubation under
mineral oil [DG (18:0_17:0) + NH4 and DG(18:0_18:1) + NH4]; one
lipid was detected in mineral oil but not affected by incubation under
oil [DG(40:0) + NH4].

4 Discussion

This study used high-resolution mass spectrometry-based
lipidomics to examine the changes in lipid profiles of media following
culture of equine embryos. A total of 55 lipid species were found to
be significantly increased in the embryo-conditioned media,
compared to the control, and hence were presumed to be released or
secreted by the embryo over time. In addition, 24 lipids were identified
to be significantly decreased in the embryo-conditioned media
following embryo incubation when compared to the embryo-free
controls. These lipids were presumed to be taken up or depleted from
the media by the embryos. After identifying this population of
depleted lipids, a more comprehensive analysis was carried out of
media without embryos. This was conducted to clarify which lipids or
lipid categories were detectable in culture media, and in turn which
components of the culture environment they were coming from. In
this subsequent study we found that 109 lipids were contributed by the
various media components, the majority of these being glycerolipids.

For those lipids found to be increased in the embryo-conditioned
media, the dominant lipid categories identified were glycerolipids
(66%) followed by sphingolipid (23%); the dominant lipid classes
were TGs (56.6%) and ceramides (20.8%). Those depleted from the
media in the presence of embryos again tended to be glycerolipids
(88%), with the main class of these found to be DGs (70.8%). The
depleted lipid groups May contribute to meeting the embryo’s energy
demands, whereas the secreted lipid groups are likely to either
be involved in maternal signaling, or to be released in response to
stress/increased bilayer fluidity. TGs are esters consisting of a glycerol
backbone and three fatty acids; they represent the main form of lipid
storage in adipose tissue and lipid droplets. TGs are synthesized in
times of energy excess or hydrolyzed to DGs and fatty acids to
be used for ATP generation in times of energy need. Thus, from a
metabolic perspective, release of TGs by equine embryos indicates
that energy stores May be adequate or excessive. Closer examination
of the exact identities of TGs being secreted will be important in
elucidating their potential roles in embryo-maternal signaling. Most
of the secreted TGs that were identified contain medium-chain fatty
acids. Medium chain fatty acids have been shown to enhance
progesterone synthesis and improve embryo implantation in rats,
albeit via a mechanism of dietary supplementation of fatty acids to
the mother (52). It is worth investigating the direct effects of medium
chain fatty acid TGs on the endometrium and whether their secretion
by the embryo is able to influence pathways upstream of luteinisation
and luteal maintenance, such as reduced PGF2a synthesis. The
product of TG hydrolysis, DGs, consist of a glycerol covalently
bonded to two fatty acid chains. They are typically found in both
plant and animal fats, and are often used as emulsifiers (53). DGs are
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TABLE 1 Individual lipid species secreted and depleted in embryo-conditioned media according to lipid category.

Result Lipid species Category Percentage according to lipid category
Lipids increased in embryo Cer(d18:1_25:0)-H Sphingolipids [SP] 25%
conditioned media

Cer(d18:1_26:0)+H Sphingolipids [SP]

Cer(d18:2_26:0)+H Sphingolipids [SP]

Cer(d22:0_24:0)+H Sphingolipids [SP]

Cer(d22:0_26:0)+H Sphingolipids [SP]

Cer(d42:0+0O)+HCOO Sphingolipids [SP]

Cer(t18:0_22:0+0)+H Sphingolipids [SP]

Cer(t18:0_26:0)+ HCOO Sphingolipids [SP]

Cer(t20:0_26:0)+H Sphingolipids [SP]

Cer(t34:0) + H-H20 Sphingolipids [SP]

Cer(t42:0+0O) + HCOO Sphingolipids [SP]

SM(d34:1)+H Sphingolipids [SP]

ChE() + H-H20 (cholesterol) Sterol Lipids [ST]

Co(Q9) + NH4 (ubiquinone) Prenol Lipids [PR]

DG(18:0_24:0) + NH4 Glycerolipids [GL] 2%

DG(20:1e) + NH4 Glycerolipids [GL] 2%

DG(25:0_18:0) + NH4 Glycerolipids [GL] 64%

DG(26:0_18:0) + NH4

Glycerolipids [GL]

DG(39:1) + NH4

Glycerolipids [GL]

TG(12:0_12:0_12:0) + Na

Glycerolipids [GL]

TG(15:0_14:0_15:0) + NH4

Glycerolipids [GL]

TG(15:0_14:0_16:1) + NH4

Glycerolipids [GL]

TG(15:0_16:0_16:1) + NH4

Glycerolipids [GL]

TG(15:0_16:1_18:1) + NH4

Glycerolipids [GL]

TG(16:0_12:0_14:0) + NH4

Glycerolipids [GL]

TG(16:0_13:0_14:0) + NH4

Glycerolipids [GL]

TG(16:0_14:0_14:0) + Na

Glycerolipids [GL]

TG(16:0_14:0_14:0) + NH4

Glycerolipids [GL]

TG(16:0_14:0_16:1) + NH4

Glycerolipids [GL]
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TABLE 1 (Continued)

Result

Lipid species

TG(16:0_18:2_18:3) + NH4

Category

Glycerolipids [GL]

TG(16:0_18:2_20:4) + NH4

Glycerolipids [GL]

TG(16:0_8:0_18:1) + NH4

Glycerolipids [GL]

TG(16:1_14:0_14:0) + NH4

Glycerolipids [GL]

TG(16:1_14:0_16:1) + NH4

Glycerolipids [GL]

TG(16:1_14:0_18:1) + NH4

Glycerolipids [GL]

TG(16:1_16:1_17:1)+ NH4

Glycerolipids [GL]

TG(16:1_16:1_18:1) + Na

Glycerolipids [GL]

TG(16:1_16:1_18:2)+Na

Glycerolipids [GL]

TG(16:1_17:1_18:2) + NH4

Glycerolipids [GL]

TG(16:1_18:2_18:2)+Na

Glycerolipids [GL]

TG(16:1_18:2_20:4) + NH4

Glycerolipids [GL]

TG(18:1_17:1_18:2) +Na

Glycerolipids [GL]

TG(18:1_18:2_18:3)+Na

Glycerolipids [GL]

TG(18:2_17:1_18:2) + NH4

Glycerolipids [GL]

TG(18:3_18:2_18:2) +Na

Glycerolipids [GL]

TG(20:3_18:2_18:2) + NH4

Glycerolipids [GL]

TG(20:5_20:5_20:5) + NH4

Glycerolipids [GL]

TG(4:0_16:0_16:0) + Na

Glycerolipids [GL]

TG(8:0_10:0_10:0) + Na

Glycerolipids [GL]

PC(16:0_18:1)+HCOO

Glycerophospholipids [GP]

PC(18:0_18:2) + HCOO

Glycerophospholipids [GP]

Percentage according to lipid category

PC(34:2) +H

Glycerophospholipids [GP]

PC(36:1)+H

Glycerophospholipids [GP]

Cer(d18:1_19:0) +H

Sphingolipids [SP]

Cer(d19:2_23:0+0)+H

Sphingolipids [SP]

7%
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TABLE 1 (Continued)

Result

Lipids depleted in embryo

conditioned media

Lipid species Category Percentage according to lipid category
Cer(d20:0_20:0) + H Sphingolipids [SP] 13%

DG(15:0_16:0) + NH4 Glycerolipids [GL]

DG(16:0_16:0) + H Glycerolipids [GL]

DG(16:0_16:0) + NH4 Glycerolipids [GL] 88%

DG(16:0_17:0) + NH4

Glycerolipids [GL]

DG(16:0_18:1) + NH4

Glycerolipids [GL]

DG(16:0_18:2) + NH4

Glycerolipids [GL]

DG(18:0_16:1) + NH4

Glycerolipids [GL]

DG(18:0_17:0) + NH4

Glycerolipids [GL]

DG(18:0_18:1)+H

Glycerolipids [GL]

DG(18:0_18:1) + NH4

Glycerolipids [GL]

DG(18:1_18:1) + NH4

Glycerolipids [GL]

DG(18:1_18:2) + NH4

Glycerolipids [GL]

DG(18:1e) +H

Glycerolipids [GL]

DG(18:1e) + NH4

Glycerolipids [GL]

DG(19:1_18:0) + NH4

Glycerolipids [GL]

DG(32:1) + NH4

Glycerolipids [GL]

DG(40:0) + NH4

Glycerolipids [GL]

TG(4:0_14:0_16:0) + NH4

Glycerolipids [GL]

TG(4:0_16:0_18:2) + NH4

Glycerolipids [GL]

TG(4:0_18:0_18:0) + NH4

Glycerolipids [GL]

TG(10:0_12:0_12:0) + NH4

Glycerolipids [GL]

TG(10:0_12:0_12:0) + NH4

Glycerolipids [GL]

TG(10:0_12:0_12:0) + NH4

Glycerolipids [GL]
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not only metabolic substrates but can activate certain lipid-sensitive
receptors. Cellular DGs can bind to members of the protein kinase C
(PKC) family, which leads to their activation and translocation to the
plasma membrane and subsequent phosphorylation of interacting
proteins (54). PKCs have been identified in developing embryos, and
PKC inhibition halts embryo development beyond the eight to 16-cell
stage in bovine embryos (55). Considering these observations, it is
plausible that DGs in embryo culture media or mare uterine fluid
have the capacity to support embryo development both as an energy
source and as a messenger system that activates developmental
processes via receptor activation. As DGs are metabolized by the
lipase pathway for prostaglandin synthesis, while prostaglandins are
suspected to stimulate the myometrial contractions that propel the
conceptus throughout the uterine lumen during days 10-16 after
ovulation (39, 56). If equine embryos do indeed actively deplete DGs
from their direct environment, this May be related to their known
ability to produce and continue to secrete prostaglandin E2 and other

10.3389/fvets.2024.1439550

In this study most importantly, several individual lipids were both
significantly increased and had a fold change of at least 2 in the
embryo conditioned media (Figure 6). The sterol lipid cholesterol
increased across all time points, including an approximate 8-fold
increase at 12 h. In reproduction, the role of cholesterol is essential in
early conceptus development as it maintains the integrity/fluidity of
cell membranes and plays an important role in cell signaling (57). The
lipid moderates important nuclear receptors, such as fetoprotein
transcription factor, and is therefore involved in the most fundamental
signaling pathways during embryonic development (58). Cholesterol
is also the precursor of all steroid hormones (59) from which both
progesterone and oestradiol are synthesized through the precursor
steroid, pregnenolone. As such, the detection of cholesterol is
particularly pertinent as oestradiol production by the early equine
conceptus is considered very significant to the establishment of
pregnancy (60) with substantial quantities of estrogens known to
be produced by day 12 equine conceptus (61, 62). Another individual

prostaglandins (39). lipid, Ubiquinone Co(Q9), which is categorized as a prenol lipid (63)
A B
Control 12 hours 24 hours 36 hours Control 12 hours 24 hours 36 hours
Non-embryo conditioned media  Embryo conditioned media Em% conditioned media [Embryo conditioned media e Non-embryo conditioned media  Embryo conditioned media Embw conditioned media Ew conditioned media s 3
TG(20:3_18:2_18:2)+NH4 | DG(18:0_18:1)+H 2
TG(16:1_14:0_18:1)+NH4 DG(18:0_18:1)+NH4
Cer(d20:0_20:0)+H 1

TG(16:0_18:2_20:4)+NH4
TG(18:

|_18:2)+NH4
TG(16: )_18:3)+NH4
TG(S: )_14:0)+Na
TG(6:1_17:1_18:2)+NH4
ChE(Q+H-H20
TG(15:0_16:1_18:1)+NH4
Cer(d18:1_25:0)H
Co(Q9)+NH4
TG(16:1_18:2_20:4)+NH4
TG )_14:0)+NH4
TG(15:0_14:0_15:0)+NH4
TG(16:0_13:0_14:0) +NH4
2 )_16:1)+NH4

TG(16:1_16:1_17:1)+NH4
TG(1611_14:0_16:1)+NH4
TG(15:0_16:0_16:1)+NH4
TG(16:0_14:0_16:1) +NH4
TG(16:1_14:0_14:0)+NH4
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] ’
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_182)+Na
N : _18:1)+Na
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DG(39:1)+NH4,
DG(25:0_18:0)+NH4.
DG(18:0_24:0)+NH4
PC(16:0_18:1)*HCOO
DG(20:1e)+NH4
PC(34:2)+H
Cer(t34:0)+H-H20
SM(d3a:1)+H
TG(8:0_10:0_10:0)+Na
PC(18:0_18:2)*HCOO
PC(36:1)+H
FIGURE 2

Heatmap visualization of identified lipid abundance (average peak intensity), representing lipid peaks identified. Those secreted (A) into embryo culture
medium, and those which are depleted (B) from the medium. Each column represents the reading from one individual embryo, and each row depicts a
different lipid identity. Medium were exchanged every 12 h and embryo-conditioned samples are compared against non-conditioned (embryo-free)
control media. The heatmap color scale denotes the relative concentration of each lipid mass relative to the minimum and maximum of that lipid for
all groups and is shown on the right-hand side of the figure. Values are measured by Euclidean distance with a Ward clustering algorithm (n = 3 per
group). *p <0.05 for each comparison with a fold change of greater than 2.
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FIGURE 3
Volcano plot of lipid IDs from embryo secreted (red) and depleted (blue) medium. On the y-axis lipids with p < 0.1 are shown, with fold change (FC) >2
depicted on the x-axis and significance on y-axis.
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was significantly elevated in the media across all time points
(Figure 6). Co(Q9) is an essential component of the mitochondrial
electron transfer chain and thus is required for ATP synthesis. The
presence of such lipids and their subsequent increase over time is
encouraging, as they indicate embryos are producing a lipid profile
that is bioactivity relevant. The cascade of events that occurs around
the time of MRP indicates that lipids, such as Cholesterol, May play a
more important role in the establishment of pregnancy both in terms
of what the embryo is synthesizing and how the maternal
endometrium is changing in response to such precursors.

For investigations into mare MRP, studies have examined the
endometrial gene expression changes in response to the presence of a
conceptus during MRP (64-68). Genes involved in lipid metabolism
and those that serve a lipid biosynthetic process were found to
be upregulated and overrepresented in the luminal epithelium of early
pregnant mares (69). The prostaglandin transporter gene SLCO2A1,
changes cyclically during the menstrual cycle in the human
endometrium. In the bovine early embryo (70) and porcine early
embryo (71, 72), its expression has been reported to increase. This
gene was also found to be upregulated within the luminal epithelium
of the pregnant mare (73), highlighting the importance of lipid-
associated gene expression around the time of MRP. Interestingly,
many of the genes upregulated in endometrial epithelium are involved
in sphingolipid metabolism and signaling. The sphingolipid ceramide
is known to be involved in regulation of proliferation via its signaling
role (74), and thus embryo-secreted ceramides, such as those found

10.3389/fvets.2024.1439550

in this study, could form part of the embryo-maternal signaling
mechanism that stimulates or regulates proliferation of endometrial
glands, which support the embryo’s nutritional demands. Interestingly,
ceramides can mimic the actions of progesterone in inducing
maturation of amphibian oocytes in vitro, via the non-classical
(membrane) progesterone receptor (75). Given the central role
progesterone plays in supporting the early pregnancy, the influence of
ceramides during in vitro culture requires further attention.

While we initially set out to profile the lipids increased in the
media by the presence of equine embryos, the results of this study
demonstrate that the “lipid-free” media contained consistently
detectable amounts of lipids. The detection of MS peaks of residual
lipids in the control media samples was an unexpected finding;
some of these were significantly lower in the embryo-conditioned
The of
non-conditioned medium confirmed the presence of numerous

media than control media. additional analysis
glycerolipids in embryo-free culture media, the majority of which
were DGs and TGs. Furthermore, lipid peaks in non-conditioned
medium increased in response to culture under mineral oil, while
mineral oil itself evidently contained ceramides, DGs and TGs,
these were surprising findings. To our knowledge, the alteration of
culture medium lipid composition by mineral oil overlay has not
been described previously. Given the influence of lipids on
preimplantation embryo development, the effect of culturing
embryos in medium with and without an oil overlay warrants
additional investigation. As this is the first lipidomic study of the
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embryo secretome in mammals, the identification of potential
glycerolipid uptake by embryos is of relevance to all mammalian
embryos cultured in vitro. The definitive origin of these lipids
remains uncertain but DMEM/F12 and mineral oil could not
be ruled out as a potential source. Other possible origins include,
but are not limited to, pipette tips, petri dishes, cryovials,
streptomycin, or the ever-present possibility of sample
contamination during handling. We propose that the predominant
source of unknown lipids in our media was transfer from the fresh
mineral oil. Furthermore, the identification of this lipid population
highlights the capacity of the technology to detect and identify
minute amounts of lipids in samples.

As reported in animal models, the lipid composition of
culture medium can disturb embryo metabolism and gene
expression and have consequences on preimplantation
development and the health of resulting offspring following
embryo transfer (76, 77). The presence and uptake of an
unspecified population of lipids May indeed influence future
development. As the embryo requirements for lipids during in
vitro culture are not well understood, this area of enquiry has
gained increasing attention over the past decade. Studies in which
culture media were supplemented with different quantities and or
different types of lipids have shown a range of effects on embryo
development in various species (78). Notably the mare has
recently gained traction as a particularly suitable model for
investigations of human fertility and pregnancy, given it is a
mono-ovulatory mammal with a gestation of a similar duration,
as well as pertinent similarities in embryo development trajectory
and mechanisms of pregnancy loss (7, 79, 80). In humans,
different commercial embryo culture media have been reported
to alter embryo quality and influence birthweight, with one study
finding that supplementing embryo culture media with Human
Serum Albumin (HSA) that contained high levels of residual
lipids correlated with poorer pregnancy and fetal outcomes (81).
The type of lipid is of great importance, as illustrated by
supplementation of embryo culture media with saturated fatty
acids, which was associated with metabolic stress, developmental
delays, increased ROS production, and reduced implantation rates
(81, 82). In addition, in the context of maternal communication,
the ability for extracellular vesicles (EVs) to transfer molecular
cargo, such as lipids, from one cell to another has generated a
growing interest (83), and is relevant for our findings. Embryo-
derived EVs have been pointed to as modulators of embryo
communication in vitro (84), and embryos cultured in vitro have
been confirmed to secrete EVs into their immediate environment
(84, 85). Such research suggests that lipids and lipid-containing
molecule, such as liposomes May also be secreted in the form of
EVs by equine embryos, and hence the role of EVs and lipid
transfer through media warrants further investigation.

In acknowledging the limitations of this study, the small sample
size must be noted, along with the potential for the in vitro environment
to induce a stress response. The in vitro culture conditions did support
continued embryo growth and survival in this study, but it would still
be prudent to assume that the change in environment elicited some
stress in the embryos. Therefore, we do not know whether the ceramide
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secretion seen here is physiological or a response to the stress of in vitro
culture. In liver, skeletal muscle, heart, kidney, and pancreatic /3 cells,
elevated ceramide secretion has been observed in response to cellular
stress and lipotoxicity, leading to apoptosis (86-88). Experiments
examining the direct effects of ceramides on the endometrium will
help to determine if these molecules play a role in embryo-maternal
signaling. Lipotoxicity seems an unlikely cause for ceramide release in
the present study, since the medium used for embryo culture was
essentially lipid-free, even though residual levels of lipids were detected
in the medium-only controls. Nevertheless, it must be considered that
early embryos May be very sensitive to the lipid milieu and the precise
requirements and sensitivities of the mammalian embryo need to
be better understood, especially with regard to lipids in the immediate
embryonic environment. Of note is that phytoceramides (tCer) are
much less abundant in mammalian cells than in yeast (89) and are
predominantly recovered in plants (90) a few of which were identified
in the current data by LipidSearch, using diagnostic fragment ions
(with all common mammalian lipid classes included). So, although
mammalian cells do contain phytoceramides (91, 92), the subcellular
localisation of their synthesis is still a matter of debate. As with any
emerging technology, the field of lipidomics is still being refined.
Further confirmatory work with targeted LC-MS analysis utilizing
authentic standards, would be helpful to confirm whether these are
secreted phytoceramides or mislabelled by the software. Thus, despite
not being abundant in mammals, the identification of tCers warrants
both inclusion in these findings, and future deeper investigation.

To summarize, this study presents the first high-resolution
lipidomic profile of the pre-implantation embryo secretome in any
mammalian species. Predominantly glycerolipids, and in particular
triglycerides, were consistently released by early equine embryos into
their culture environment. While the precise functions of defined
lipids remain to be investigated, many of the lipids identified in this
study have documented roles in cell signaling, metabolism and
embryo development. Meanwhile, a cohort of lipids were depleted
from media during culture, predominantly diglycerides. Since
diglycerides have a documented capacity to regulate embryo
developmental processes, these findings emphasize the importance of
a defined embryo culture medium and a need to identify the lipid
requirements of the embryo precisely. We also highlight that culture
media formulated as “lipid-free” contains detectable amounts of a
wide range of lipid species, many of which are absorbed by the early
embryo. The profiles described contribute new knowledge about early
embryo lipid metabolism and production during a critical period of
pre-implantation development, which will contribute to our
understanding of early equine pregnancy. Further investigation of the
specific lipid ions identified in this study can clarify their functional
roles in early equine pregnancy as well as the uptake of lipids present
in the embryo culture environment.
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diagnostic marker for testicular
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from cryptorchid models
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Introduction: The increasing prevalence of infertility in male dogs in clinical
practice mirrors current trends seen in human medicine. Acquired infertility is
notably more common in dogs compared to congenital causes, with conditions
such as testicular degeneration leading to irreversible loss of fertility. Current
diagnostic methods for testicular degeneration, such as histopathological and
cytological examinations, rely on testicular biopsy or fine needle aspiration,
making them less feasible for routine use. Anti-Mullerian hormone (AMH),
produced by Sertoli cells, has emerged as a potential alternative biomarker for
testicular health, which can be measured in serum. This study evaluates AMH as
a potential marker for testicular degeneration, using cryptorchid dogs as models
for impaired fertility and altered testicular histology.

Methods: The relationship between serum AMH levels and AMH tissue expression
with impaired spermatogenesis and altered histology was investigated. Serum
AMH levels were determined in intact, cryptorchid, and castrated individuals
using an immuno-enzymatic ELISA kit and compared between subgroups
based on testicular location. Tissue AMH immuno-expression was differentially
quantified in two regions of interest (ROIs), the interstitial space and the
seminiferous tubule, in both descended and retained gonads. Furthermore,
testicles were analyzed using histomorphometric analysis in seminiferous
tubules, while spermatogenesis was evaluated using the Johnsen score.

Results: Serum AMH levels were positively correlated with AMH expression
assessed in both interstitial space (p = 0.494, p <0.01) and seminiferous tubules
(p=0.610, p<0.001). Conversely, serum AMH levels showed a negative
correlation with the seminiferous tubule area (p=-0.435, p<0.05). Smaller
seminiferous tubule areas were linked to increased AMH reactivity in both
seminiferous tubules (p=-0.774, p<0.001) and interstitial space (p=-0.725,
p <0.001). Additionally, lower Johnsen scores were associated with higher
serum AMH levels (p =—-0.537, p<0.01) and elevated AMH expression in both
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seminiferous tubules (p=-0.756, p <0.001) and interstitial space (p=-0.679,
p <0.001).

Discussion: Our results suggest that higher serum levels and tissue expression
of AMH are linked to smaller seminiferous tubules and poorer Johnsen scores,
reflecting degenerative changes and Sertoli cell dysfunction in retained testicles.
Given the similarities in the mechanisms that increase AMH levels in both
cryptorchid and non-cryptorchid testicles affected by testicular degeneration,
this study recommends using AMH as a marker for diagnosing testicular

degeneration in dogs.

KEYWORDS

anti-Mullerian hormone, testicular degeneration, cryptorchidism, spermatogenesis,

canine infertility

1 Introduction

Infertility in male dogs is defined as either the inability to mate or
the failure to fertilize multiple fertile bitches despite optimal breeding
timing (1). This issue is becoming increasingly significant in clinical
practice, mirroring the trends seen in human medicine (2, 3).
Consequently, there is a growing focus on developing objective
predictors for fertility and testicular health in male dogs. Such
advancements could facilitate early detection of declining fertility,
which would enable timely intervention. Infertility in male dogs is
described as either congenital or acquired, with the latter being the
more frequently observed cause of reproductive failure (4). Acquired
infertility, linked to factors such as hormonal disturbances, infectious
diseases, stress, hyperthermia, nutritional deficiencies, toxins, and
autoimmune disorders (5, 6), has been notably attributed to testicular
degeneration in dogs, with a reported prevalence of up to 57.6% (1, 3,
7). When some of these factors come into play, they can cause
significant alterations in testicular structure, potentially leading to
irreversible consequences for fertility. Testicular degeneration directly
impacts the quality of the ejaculate, progressively impairing both
sperm morphology and motility parameters (8). Therefore, current
clinical approaches involve assessing the reproductive function of
male dogs through sequential sperm analyses. When a decline in
fertility is detected and treatment is initiated, reevaluation of the
ejaculate after one full spermatogenic cycle is usually recommended.
However, spermatogenesis in dogs spans approximately 62 days, with
an additional 14 days for epididymal transit (9). Given the extended
duration of this process, waiting for sperm production to improve may
not be effective. Issues during this period can lead to a complete
cessation of spermatogenesis (10). Therefore, timely intervention is
crucial to avoid missing treatment opportunities. More objective
assessments of testicular health can be achieved through diagnostic
techniques such as histopathological and cytological examinations,
following testicular biopsies and fine needle aspirations, respectively
(11). However, due to their invasive nature and potential
complications, both methods are rarely employed.

As an alternative, determining the concentration of anti-Miillerian
hormone (AMH) in serum or plasma has recently emerged as a
promising tool for the assessment of testicular function and integrity.
Research conducted on mice has demonstrated that AMH is a reliable
biomarker for detecting testicular damage secondary to aggressive
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chemotherapy (12, 13). Similarly, monitoring serum AMH levels has
been recommended as a useful method for the early detection of
testicular degeneration caused by toxic insults in stallions (14). AMH
is a glycoprotein produced by Sertoli cells (15, 16). Therefore, the
levels of AMH should be linked to Sertoli cell functionality, as it was
scrutinized in bulls with heat-induced testicular degeneration (17). In
dogs, results suggest that AMH secretion is increased not only in
immature or tumorous Sertoli cells but also in degenerative Sertoli
cells (18). Moreover, Sertoli cell degeneration may lead to decreased
spermatogenic output, which is also marked by increased AMH
production (19). Another study suggested that higher serum AMH
concentrations were correlated with a lower percentage of
morphologically normal spermatozoa (20).

Cryptorchidism is characterized by the failure of one or both
testicles to descend into the scrotum (21). This condition results in the
testicles being exposed to a different thermal environment compared
to their normal scrotal location (8), which can lead to structural and
functional changes (22-24) similar to those observed in
non-cryptorchid individuals experiencing testicular degeneration and
subsequent fertility drops (3).

In this study, cryptorchid dogs were used as models for impaired
fertility and altered testicular histology. The aim was to assess the
potential of AMH as a marker for testicular degeneration and
impaired spermatogenesis. To achieve this, we investigated serum
AMH levels in cryptorchid, intact, and castrated dogs, and analyzed
AMH expression in both retained testicles and descended gonads.
Finally, we examined the relationship between AMH levels, altered
testicular histology, and impaired spermatogenesis.

2 Materials and methods
2.1 Sample collection

A total of 50 client-owned male dogs of various ages and breeds
were recruited for the study. Twenty dogs with at least one retained
testicle were classified into the CRYPTO group. Another 20 intact
males with both testicles located inside the scrotum were assigned to
the INTACT group. Additionally, 10 bilaterally gonadectomized dogs
were included as negative controls, forming the CASTRATED group.
All dogs underwent clinical examination, and no concerns were noted
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regarding their general or reproductive health. The cryptorchid
patients were subjected to ultrasound examinations to confirm the
position of the retained testicle prior to any proposed
surgical intervention.

The composition of the three groups in terms of age, breed,
unilateral or bilateral cryptorchid status, and the location of the
retained testicle is detailed in Supplementary Table 1.

Blood samples were collected from all dogs participating in the
serological study. The samples were drawn from the cephalic vein and
stored in plain red-top collection tubes without additives (BD
Vacutainer, Plymouth, UK). For CRYPTO and INTACT dogs, samples
were taken before undergoing orchiectomy, and for dogs in the
CASTRATED group, samples were collected at least 6 months post-
castration. After allowing the blood to clot for 5min at room
temperature, the samples were centrifuged at 2,500xg for 10 min. The
resulting serum was then stored at —80°C until further processing.

Ten dogs from each of the CRYPTO and INTACT groups
underwent gonadectomy with owner consent. Both gonads were fixed
in 10% neutral buffered formalin and subsequently embedded in
paraffin blocks. For the unilateral cryptorchids, the contralateral
descended gonad was available for analysis, with one exception. One
unilateral cryptorchid had only the retained testicle available, as the
scrotal one had been previously removed through surgery.

All sampling protocols underwent review and approval by the
Ethical Committee of the Faculty of Veterinary Medicine, Bucharest
(Approval Number: EA nr. 34-03/2024).

2.2 Evaluation of serum AMH levels

AMH serum levels were quantified using a validated three-step
sandwich type immunoassay kit kit (Canine/Feline AL-116 ELISA,
Ansh Labs, Webster, TX, USA), which has been previously used in
dog-based studies (25, 26). Each coated well of the microplate was
initially treated with 75 uL of Canine AMH Assay Buffer, in accordance
with the manufacturer’s recommendations. Subsequently, after adding
a volume of 25 pL of calibrators, controls, and serum samples, the plate
underwent a 60-min incubation at room temperature on an orbital
microplate shaker at 600 rpm. Following incubation, the wells were
thoroughly washed, and 100 pL of Antibody-Biotin Conjugate was
added to each well, followed by another incubation under the same
conditions as per the manufacturer’s protocol. After additional
washing steps, the wells were treated with Streptavidin-HRP
conjugated enzyme for 30 min. The reaction was developed with a
10-min incubation using 100 pL of TMB chromogen solution and
stopped with 100 pL of stopping solution. The plate absorbance was
read at 450 nm, with background wavelength correction at 630 nm,
using a PR 4100 Absorbance Microplate Reader (Bio-Rad
Laboratories, Hercules, CA, USA). The intra-assay coefficient of
variation was below 10%. Since all samples were processed
simultaneously in a single batch, no inter-assay coefficient of variation
was calculated. The detection limit of the kit was 0.015ng/mL.

2.3 Tissue sample preparation

The previously stored paraffin blocks were sectioned repeatedly at
4pm in order to create two different batches. The first one was stained
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with hematoxylin and eosin (HE) and directed to conventional
microscopical evaluation, followed by histomorphometrical analysis
and spermatogenesis assessment. The second batch was reserved for
the immunohistochemical assessment.

Randomized sections from both descended (DES) gonads of the
INTACT group were analyzed. All retained (RET) testicles from the
admitted cryptorchid individuals were also analyzed. When available,
the contralateral testicle (CONTRA) of unilateral cryptorchids was
evaluated. A detailed description of sample availability for the histological
and immunohistochemical assessments is presented in Table 1.

2.3.1 Immunohistochemical staining
The dedicated
3-aminopropyltriethoxysilane-coated slides. These slides were

tissue  sections were mounted on
subjected to deparaffinization with xylene, followed by rehydration in
decreasing concentrations of ethanol (100, 96, 50%) and 100%
H,O. For antigen retrieval, the slides were placed in a box filled with
distilled water and citrate buffer (pH 6.0), which was then placed
inside a pressure cooker containing 600 mL of distilled water. The
system (cooker + slides) was microwaved at 850 W for 12 min and then
at 300 W for 10 min. After retrieval, the box containing the slides was
cooled to room temperature for 20 min.

After a 5-min wash with PBS, 200 pL of H,O, was added to each
section for 5min. The slides were then washed twice with PBS. The
primary antibody used was anti-AMH C-terminal (anti-rabbit,
Abcam, Cambridge, UK) at a 1:400 dilution (antibody diluent with
background reduction, DAKO Agilent - $3022832, Santa Clara, CA,
USA). The slides were incubated with the diluted primary antibody
for 30 min, washed twice with PBS, and then exposed to 200 pL/slide
of Envision Link rabbit (DAKO Agilent — K400311-2) for 30 min.

After this incubation, the slides were washed twice in PBS for
5min and then treated with 200 puL/slide of 3,3-diaminobenzidine
solution (DAB, DAKO Agilent — K346811-2) for a final 30-min
incubation. Ultimately, the slides were washed in PBS again for 5min,
counterstained with hematoxylin, dehydrated, mounted with
coverslips, and stored for further analysis.

2.4 Tissue sample analysis

Slides were assessed in a blinded manner, by one trained operator,
using a Leica DM5500 B microscope (Leica Microsystems CMS
GmbH, Wetzlar, Germany). Further image acquisition, digital
processing and pixel analysis were performed using Leica Application
Suite (LAS version 4.13, Wetzlar, Germany).

2.4.1 General histology, spermatogenesis and
histomorphometrical evaluation

Using the HE-stained slides, 20 sections of seminiferous tubules
and the neighboring interstitial compartment were analyzed per
sample. General histological traits specific to testicular degeneration
were assessed, such as reduced seminiferous tubule diameter,
decreased numbers of germinal cells, and interstitial fibrosis (27). For
spermatogenesis evaluation, the presence of different cell types within
the seminiferous tubules—spermatogonia, spermatocytes, spermatids,
spermatozoa, and Sertoli cells—was assessed. Based on this assessment,
a score from 1 to 10 was assigned to each of the 20 sections, following
the Johnsen scale criteria adapted for use in dogs (28).
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TABLE 1 Sample availability for histological and immunohistochemical assessments.

Age (months) Left testicle Right testicle
Location Availability Location Availability
1 Mixed breed 48 Inguinal Yes Scrotal Yes
2 Mixed breed 18 Scrotal Yes Inguinal Yes
3 Mixed breed 24 Scrotal No Abdominal Yes
4 Cocker Spagnel 14 Abdominal Yes Scrotal Yes
5 Mixed breed 13 Inguinal Yes Scrotal Yes
6 Mixed breed 14 Abdominal Yes Abdominal Yes
7 Maltese 24 Abdominal Yes Abdominal Yes
8 Pekingnese 18 Scrotal Yes Abdominal Yes
9 Husky 12 Inguinal Yes Scrotal Yes
10 Chihuahua 34 Inguinal Yes Scrotal Yes
11 Mixed breed 26 Scrotal Yes Scrotal Yes
12 Mixed breed 12 Scrotal Yes Scrotal Yes
13 French Bulldog 12 Scrotal Yes Scrotal Yes
14 Mixed breed 25 Scrotal Yes Scrotal Yes
15 Mixed breed 12 Scrotal Yes Scrotal Yes
16 German Shepherd 24 Scrotal Yes Scrotal Yes
17 Mixed breed 12 Scrotal Yes Scrotal Yes
18 Swiss Shepherd 26 Scrotal Yes Scrotal Yes
19 Mixed breed 14 Scrotal Yes Scrotal Yes
20 Mixed breed 12 Scrotal Yes Scrotal Yes

Moreover, the area of seminiferous tubules was determined using
a methodology similar to the one previously used in stallions (29).
Specifically, five round or nearly round tubules from the previously
examined 20 sections were visualized at 400x magnification and
measured across their major and minor axes. The seminiferous tubule
area was calculated using the formula:

major axis minor axis
X
2 2

Seminiferous tubule area = 7w x

2.4.2 Tissue AMH expression quantification
Immunostaining quantification was performed through pixel
analysis on five different randomly obtained images per sample,
employing standardized color correction via white balance and a
standardized threshold. The results were expressed as percentages of
reactive areas relative to the total surface of two predefined Regions of
Interest (ROIs). The ROIs were defined as follows: ROI'—the
seminiferous tubule, including the entire intratubular area; and ROI*—
the interstitial space between a minimum of two neighboring tubules.
For both ROISs, the area was determined by tracking predefined margins
and using the automated measuring tool specific to the LAS software.

2.5 Statistical analysis

The data were processed and subjected to statistical analysis using
IBM SPSS version 18.0 for Windows (IBM Corp., Armonk, NY, USA).
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The normality of the variables was assessed using the Shapiro-Wilk
test, with a significance level set at @ =0.05. Results were presented as
median and interquartile range (IQR), outliers being identified and
removed based on the IQR method. For comparisons across multiple
groups, the Kruskal-Wallis test was applied to determine differences
in the distribution of non-normally distributed data, followed by
pairwise comparisons with significance values adjusted using the
Bonferroni correction. For paired data without grouping variables,
differences were evaluated using the Wilcoxon signed-rank test.
Spearman’s rank correlation coeflicient was employed to investigate
potential associations within the dataset. Statistical significance was
determined by considering p-values less than 0.05. The relation
between the age and AMH variables was computed in all individuals
included in the serological study and with the exclusion of the
CASTRATED subjects. Afterwards, the remaining individuals were
also split into young (age range 0-24 months) and adult (>25 months).
The experimental design is illustrated in Figure 1.

3 Results
3.1 AMH serum levels and age

An outlier was identified in the CRYPTO group secondary to
IQR calculations. The value of 10ng/mL fell below the lower bound
(15.65ng/mL) and was therefore excluded from further analysis.
Remaining data on serum AMH levels showed significant differences
among specific groups (Figure 2). The CRYPTO group had
significantly higher AMH levels (n=19; median 27.4ng/mL,
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FIGURE 1

Experimental design overview illustrating the overall workflow, including the recruitment and classification of subjects into three main groups: CRYPTO
(dogs with at least one retained testicle), INTACT (dogs with both testicles in the scrotum), and CASTRATED (dogs that had been castrated for more
than 6 months prior to the study).
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FIGURE 2

Violin plot representing median AMH serum concentrations among cryptorchid dogs (CRYPTO), intact males with both testicles in the scrotum
(INTACT), and castrated males (CASTRATED) (A). Subcategories within the CRYPTO group (unilateral, bilateral, abdominal, and inguinal cryptorchids)
are also depicted (B,C). Data are presented as median and quartiles (25th and 75th percentiles). The violin shapes illustrate the distribution of the data,
the dashed lines indicate the medians, and the dotted lines represent the quartiles. Significance levels are indicated as p <0.05 (x), p <0.01 (xx) and

P <0.001 (ssksk).

IQR=3.7) compared to both the INTACT (n=20; median 20.4, IQR  (n=20) exhibited only serum AMH values below the described
9.25, p<0.01) and CASTRATED groups (n=10; 0.01+0.01ng/mL  detection limit of the kit leading to a significant difference when
p<0.001) (Figure 2A). The subjects from the CASTRATED group  compared to the INTACT AMH serum levels as well. However, no
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significant differences were detected between unilateral and bilateral
cryptorchids (p=1.000) (Figure 2B), nor between abdominal and
inguinal cryptorchids (p=1.000) (Figure 2C). After excluding the
outlier in AMH values, the median age across all groups was
24 months (n=49, IQR=27). No statistically significant differences
were observed in the age distribution among the CRYPTO,
CASTRATED, and INTACT groups p>0.05. Notably, a negative
correlation between age and AMH levels was detected across all
groups (p=—0.415, p<0.01). However, when computing the analysis
excluding the CASTRATED individuals—who typically have low
AMH levels irrespective of age—the correlation between age and
AMH values remained negative (p=—0.223) but was no longer
statistically significant (p>0.05) (Figure 3A). Moreover, when the
relationship between age and AMH serum levels was investigated
within the separated age groups, a negative correlation was identified
between the two variables in dogs younger than 24months
(p=-0.461, p<0.05) (Figure 3B). Conversely, this correlation was not
significant in the adult category (>25months) (p=-0.108, p>0.05)
(Figure 3C).

3.2 Tissue analysis

3.2.1 General histology

The analyzed samples from the RET category exhibited
seminiferous tubules with few germ cells, with 76.7% of the evaluated
tubule sections being classified as Sertoli-cell-only tubules.

10.3389/fvets.2024.1481248

Additionally, a marked reduction or absence of the lumen was noted
(Figure 4A). Furthermore, seminiferous tubule degeneration was
evident, characterized by a general loss of cellular detail. The basement
membrane surrounding the tubules appeared thickened compared to
samples from the CONTRA and DES groups. Moreover, in the
interstitial space of the RET testicles, an increase in Leydig cell
numbers was subjectively observed, accompanied by an increased
amount of connective tissue (Figure 4A), when compared to the DES
samples (Figure 4B).

3.2.2 Seminiferous tubule areas

Significantly lower tubule areas were found in the RET group
(median 13,027.40 pm? IQR=3,764.41) when compared to the
CONTRA (median 31,908.82 um? IQR=7,061.17, p <0.05) and DES
(median 38,339.93pum?, IQR=9,898.29, p<0.001) (Figure 5A).
However, there was no significant difference in seminiferous tubule
areas between the CONTRA and DES testicles (p=1.000) (Figure 5A),
nor when the distribution of the values was compared between the
inguinally retained gonads and the abdominally located ones
(p=1.000). Interestingly, lower AMH serum values were specific to
higher seminiferous tubule areas (p=—0.435, p <0.05).

3.2.3 Johnsen score

All values of the Johnsen scale score have been assigned to the
sections in the three categories except for scores 1 and 6 (Figure 6).
The Johnsen score for the RET category (median 2, IQR=0.5) was
significantly lower than both the CONTRA (median 9.2, IQR=0.8,
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FIGURE 3
Scatter plots illustrating the correlation between age and AMH serum levels in different subgroups: (A) Scatter plot showing the correlation between
age and serum AMH levels in cryptorchid dogs (CRYPTO) and intact males with both testicles in the scrotum (INTACT). (B) Scatter plot representing the
correlation between age and AMH levels in CRYPTO and INTACT dogs aged 0-24 months. (C) Scatter plot representing the correlation between age
and AMH levels in CRYPTO and INTACT dogs aged >25 months.
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FIGURE 4

retained testicle can be noted.

Microphotographs obtained from the retained (A) and the descended (B) testicles at a 200x magnification after Hematoxylin and Eosin staining. Note
the marked reduction in size of the seminiferous tubules in the retained testicle compared to the descended one, along with the reduction or absence
of the lumen observed in the retained gonad. Additionally, an increase in Leydig cell numbers and connective tissue in the interstitial space of the
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indicated as p <0.05 (x) and p < 0.001 (ssksx).
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Floating bar graph depicting the seminiferous tubule areas (um?) (A) and Johnsen score values (1-10) (B) across the retained testicles (RET), descended
testicle samples from previously intact males with both testicles located in the scrotum (DES), and contralateral testicles from unilateral cryptorchids
(CONTRA). Data is presented as floating bars (minimum to maximum). The line is equivalent to the median value of each group. Significance levels are

p<0.05) and DES groups (median 9.7, IQR=0.4, p<0.001)
(Figure 5B). Additionally, higher scores were associated with lower
AMH serum levels (p=-0.537, p<0.01) and bigger seminiferous
tubules (p=0.828, p<0.001). Similar to the seminiferous tubule areas,
the comparison between the distribution of Johnsen scores assigned
to the inguinally retained and abdominally retained gonads did not
show significant differences (p=1.000).

3.2.4 Tissue AMH expression quantification

The AMH expression was revealed as brown staining in both ROIs
(Figure 7). Higher AMH expression was observed in the Sertoli cells of
retained testicles, resulting in significantly higher expression levels in
the seminiferous tubules of the RET group (median 32.42%,
IQR=15.11) compared to the CONTRA group (median 9.25%,
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IQR=5.55, p<0.05) and the DES group (median 4.63%, IQR=1.43,
p<0.001). However, the difference in AMH expression between the
CONTRA and DES groups was not significant (p=0.444). The
reactivity in the interstitial space ROI was lower than the intratubular
expression across all samples (Z=—4.703, p<0.001). Group-based
comparisons showed that interstitial space reactivity values within the
DES samples (median 0.05%, IQR =0.08) was lower compared to the
RET samples (median 2.36%, IQR=3.24, p<0.001), but did not
significantly differ from the CONTRA samples (median 0.12%,
IQR=0.15, p=1.000). Moreover, intratubular and interstitial AMH
expression levels did not substantially vary between inguinally retained
testicles (p=1.000) and abdominally retained gonads (p=1.000).
Interestingly, serum AMH values were positively correlated with
the tissue AMH expression in both the interstitial space (p=0.494,
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FIGURE 6

Images from (A) to (H) display 400x magnified microphotographs HE staining of seminiferous tubules graded according to the Johnsen score criteria
defined by Merz et al. (28), with each image representing a different level of spermatogenic activity. (A) (Score 10) shows complete spermatogenesis
with numerous spermatozoa. (B) (Score 9) depicts many spermatozoa (>10) but with disorganized epithelium and an obliterated lumen. (C) (Score 8)
illustrates a low number of spermatozoa (<10). (D) (Score 7) features numerous spermatids (>10) but no spermatozoa. (E) (Score 5) displays several
spermatocytes (>10) but no spermatozoa or spermatids. (F) (Score 4) shows a low number of spermatocytes (<5) without any spermatids or
spermatozoa. (G) (Score 3) depicts seminiferous tubules with only spermatogonia present. (H) (Score 2) features tubules with only Sertoli cells and no

germ cells. No images corresponding to scores of 6 or 1 were identified in the present groups.

p<0.01) and the seminiferous tubules (p=0.610, p<0.001).
Conversely, smaller seminiferous tubules were associated with higher
AMH reactivity in both ROIs (seminiferous tubule: p=—0.774,
p<0.001; interstitial space: p=—0.725, p <0.001). Similarly, Johnsen
scores decreased as tissue AMH expression increased in the two
analyzed compartments (seminiferous tubule: p=—0.756, p <0.001;
interstitial space: p=—0.679, p<0.001). All correlations between the
analyzed variables are briefly presented in Table 2.

4 Discussion

In this study, the potential of AMH as a biomarker for testicular
degeneration and impaired spermatogenesis was assessed. Serum
AMH levels and tissue AMH expression were evaluated in relation to
histological findings specific to the degenerative processes and
spermatogenic arrest identified in selected cryptorchid dogs.

Similar to other studies (26, 30), our results demonstrated the
ability of serum AMH to identify the presence of functional
testicular tissue, as evidenced by the significant differences observed
between castrated and intact males. Moreover, the assay successfully
differentiated cryptorchid individuals from those with scrotal-
located gonads, which aligns with previous studies (30-32).
However, in our study, it was unable to distinguish between
unilateral and bilateral cryptorchidism or determine the location of
the retained testicle. These findings suggest that AMH levels may
be more closely related to the intensity of the degenerative processes
than to whether one or both gonads are altered. This is further
supported by the observation that, regardless of the location or the
bilateral or unilateral cryptorchid state, AMH levels were higher in
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with smaller seminiferous tubules and lower

Johnsen scores.

individuals

Multiple human-based studies have consistently demonstrated a
negative correlation between age and serum AMH levels, indicating a
decline in AMH as age increases (33, 34). One particular study also
reported variability in the rate of this decline among individuals,
which was attributed to differences in the preservation of Sertoli cell
output during aging (34). In our study, when castrated individuals
were excluded from the analysis, this correlation between age and
AMH levels was no longer supported. The relationship between these
variables was evident only when the results were stratified by age
group, suggesting that this association might be more relevant to
younger individuals. Nevertheless, due to the limited sample size and
uneven age distribution in the study, these findings should
be interpreted with caution in dog populations, as they do not
establish a definitive trend.

Interestingly, two studies in dogs revealed a correlation between
increased AMH levels and a decline in sperm quality (19, 20).
However, a relationship between age and AMH levels was observed in
only one of these studies (19). This indicates that aging alone may not
fully account for variations in AMH levels, and that these changes
could be more closely related to structural and functional alterations
in the testes that occur secondary to aging (28). Nonetheless, the
relationship between age, AMH, and testicular degeneration remains
unclear, as neither study (19, 20) explored the potential connection
between degenerative changes in the testes and AMH levels within the
context of sperm quality assessments.

Structural degenerative changes in canine cryptorchid testicles
have been already described, including the reduction of seminiferous
epithelium and tubule size along with cellular degeneration leading to
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FIGURE 7

AMH immunostaining in both retained (A,B) and descended testicles (C,D) is depicted at different magnifications: 200x (A,C) and 400x (B,D). Note the
higher AMH expression identified in the seminiferous tubules of the retained testicles compared to the descended gonads. Red arrows mark reactive
Sertoli cells identified in both sample types, but lower intensity staining and fewer reactive cells were specific to the descended testicle samples. Black
arrows show reactive Leydig cells identified exclusively in the interstitial space of the retained testicles.

arrested spermatogenesis (35, 36). Furthermore, these alterations were
investigated together with AMH levels in cryptorchid stallions,
revealing that smaller seminiferous tubules and lower Johnsen scores
are associated with higher AMH serum levels (29), similar to our
results. In cryptorchid patients, these structural and functional
disruptions are explained by the effects of heat stress resulting from the
different temperature regime to which the retained testicle is subjected.
Heat stress may exert its effects by downregulating specific binding
proteins, thereby interfering with the spermatogenetic process (37, 38).
Moreover, elevated temperatures can lead to oxidative stress, which
consequently results in germ cell degeneration and may impair Sertoli
cell function (35, 39-41). The impact of heat stress on Sertoli cells has
also been demonstrated in non-cryptorchid patients (17). A study
involving bulls subjected to scrotal insulation revealed that heat-
induced Sertoli cell dysfunction can lead to alterations in AMH levels,
even in the absence of a cryptorchid state (17). This effect was explained
by the capacity of heat stress to induce the reversion of Sertoli cells to
an immature prepubertal phenotype (42), similar to cryptorchid
testicles (43). In fact, this dematuration of Sertoli cells was considered
the main reason for serum AMH increase when other factors were
responsible for inducing acute testicular degeneration in stallions (14).
The same approach was taken in mice and humans exposed to
gonadotoxic treatments (12). The administration of doxorubicin and
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busulfan resulted in elevated serum AMH levels, which correlated with
a significant reduction in seminiferous tubule size and a marked loss
of meiotic germ cells, including spermatocytes, spermatids, and
spermatozoa (12), in line with our findings in cryptorchids.
According to our results, AMH expression was higher in the
seminiferous tubules of the retained testicles compared to the descended
gonads, due to the more reactive Sertoli cells of the cryptorchid testicles.
In other words, the tissue AMH expression intensified in the
compressed tubules showing either few germ cells or Sertoli cells-only.
These findings align with published data on cryptorchid stallions and
tomcats in which AMH staining was negatively correlated with
seminiferous tubule areas and Johnsen scores (29, 44). In dogs, higher
AMH immunostaining in retained testicles was also explained by the
presence of fewer germ cells in the seminiferous tubules, when
compared to scrotal gonads (31). Therefore, AMH tissue expression
appears to increase due to structural or functional changes within the
testicle, associated with Sertoli cell dedifferentiation or dematuration,
leading to elevated AMH serum levels (14, 45). Severely damaged
mouse testicles showed increased AMH staining intensity, primarily
identifying reactive Sertoli cells, and correlating with a higher degree of
apoptosis (12). In testicles of infertile men, tubular atrophy was marked
by the co-expression of AMH and CK-18 in the Sertoli cells (45). This
expression pattern was specific for the tubules showing spermatogenic
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TABLE 2 Spearman’s rank correlation matrix of the analyzed variables.

10.3389/fvets.2024.1481248

Serum AMH Seminiferous = AMH reactivity AMH reactivity Johnsen score
tubule area in ROl in ROI®

Correlation coefficient 1.000 —0.435% 0.610%* 0.494%* —0.5377%%*
Serum AMH

p-value - 0.018 <0.001 0.006 0.003
Seminiferous tubule = Correlation coefficient —0.435% 1.000 —0.774%* —0.725%* 0.828%*
area p-value 0.018 <0.001 <0.001 <0.001
AMH reactivity in Correlation coefficient 0.610%* —0.774%* 1.000 0.8317%:* —0.756%*
ROI™ p-value <0.001 <0.001 - <0.001 <0.001
AMH reactivity in Correlation coefficient 0.494%* —0.725%* 0.831%* 1.000 —0.679%*
RO p-value 0.006 <0.001 <0.001 - <0.001

Correlation coefficient —0.537%%* 0.828%* —0.756%%* —0.679%* 1.000
Johnsen score

p-value 0.003 <0.001 <0.001 <0.001 -

This table displays the Spearman’s rank correlation coefficients and associated two-tailed p-values, highlighting the relationships among serum anti-Miillerian hormone (AMH) levels,
seminiferous tubule areas, AMH reactivity in two defined regions of interest (ROIs), namely ROI' and ROI? and the Johnsen scores within the study cohort.

*ROI' =region of interest defined as the area within the seminiferous tubule.

"ROI=region of interest defined as a limited area within the interstitial space between a minimum of two neighboring tubules.

*Correlation is significant at the 0.05 level (2-tailed).
#*Correlation is significant at the 0.05 level (2-tailed).

arrest at the spermatogonia stage, as well as in tubules displaying Sertoli
cells only (45), similar our Johnsen score 2 and 3 tubules.

The AMH receptor was initially thought to be located exclusively
on the membrane of Sertoli cells, but subsequent research has also
identified its presence on Leydig cells (46). Moreover, the interaction
between AMH and the receptors located on Leydig cells may have the
potential to inhibit testosterone production (46). Interestingly, in
retained testicle samples a higher reactivity was noted in the interstitial
space in comparison to the same compartment of the descended
gonads, suggesting a higher interaction between the above-mentioned
receptors and the AMH. Therefore, we may consider that AMH could
also reflect the steroidogenic capacity of testicular tissue, which may
be altered by degenerative insults such as those seen in stallions with
thermally induced testicular degeneration (47).

The contralateral descended testicles of unilateral cryptorchids did
not significantly differ from the descended testicles of intact
individuals in any of the analyzed aspects. These findings are
consistent with previous observations in dogs, where similar
comparisons were made across three different age categories,
examining various developmental stages of cryptorchids (35). In this
light and considering that serum AMH was unable to differentiate
between unilateral and bilateral cryptorchids, we can hypothesize that
AMH might not be effective in indicating whether one or both
testicles are undergoing testicular degeneration. However, it could still
be a valuable marker for raising awareness when structural changes
begin to develop in at least one of the gonads.

In spite of the valuable aspects of this study, there are some
limitations to consider. One limitation is the lack of ejaculate
collection from the dogs prior to castration, which would have
provided important insights into sperm functionality and
morphology at the time of blood sampling. Another limitation is the
use of cryptorchid dogs as models for testicular degeneration, along
with healthy controls that lacked a complete reproductive history.
Future studies could focus on dogs suffering from various degrees of
degeneration due to other causes, such as mechanical insults or
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neoplasia, to deepen the understanding of testicular degeneration
mechanisms. Additionally, including only dogs with proven fertility
as healthy controls could offer more robust insights for
future research.

In conclusion, this study supports the use of AMH as a biomarker
for testicular degeneration, as demonstrated in cryptorchid dogs. This
condition exhibits structural and functional changes similar to those
seen in descended testicles affected by agents such as heat stress or
gonadotoxic compounds, which also induce testicular degeneration.
Elevated serum AMH levels and increased AMH tissue expression in
retained testicles were closely correlated with structural damage and
impaired spermatogenesis, indicating that AMH reflects significant
alterations within testicular tissue. While serum AMH proves to be a
promising minim-invasive tool for the early detection of testicular
dysfunction, its current limitations in assessing the severity of
degeneration highlight the need for further research and
complementary diagnostic methods to enhance the evaluation of
testicular health and fertility in male dogs.
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Impact of antral follicle count on
follicular—luteal characteristics,
superovulatory response, and
embryo quality in Sahiwal cows
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BASU, Patna, India, ®Department of Veterinary Physiology and Climatology, ICAR- IVRI, Bareilly, India

The study aimed to evaluate the effect of antral follicle count (AFC) on follicular
and luteal development during the estrous cycle and superovulatory period, as
well as on superovulatory response and in vivo embryo quality within the MOET
program. A total of 48 estrus-induced (500 pg PGF2a, Single dose, IM) Sahiwal
cows (Bos indicus) with a BCS between 3.5 and 4.0 were selected for the study. On
the day of wave emergence, the animals were divided into two groups based on
the AFC, i.e., low AFC (<18) and high AFC (>18). Both the groups were monitored
daily using B-mode ultrasonography (USG) for one cycle, and the superovulation
protocol was initiated on the 9th day of the subsequent estrous cycle. A total of
240 pg of FSH in eight divided doses were given in a tapering sequence for 4 days
and simultaneous administration of 500 pg PGF2a, along with the fifth dose of
FSH. Donors were inseminated at superovulatory estrus using double straws of
high-quality frozen semen thrice at 12-h intervals, and non-surgical flushing was
performed on day 7 of the superovulatory estrus followed by embryo searching
and evaluation under a stereo zoom microscope. Ovulatory waves of the high-AFC
Sahiwal cows have significantly (p <0.05) larger sizes of preovulatory follicles (POF)
(12.06 + 0.19 mMm vs 11.56 + 0.16 mm) and corpus luteum (CL) (19.57 + 0.28 mm
vs 18.26 + 0.35 mm), as compared to low AFC. The ovarian size was significantly
(p <0.0001) larger in cows with high AFC during the superovulatory protocol. The
number of large, medium, and small follicles was significantly (p <0.0001) high
on the day of superovulatory estrus (SOE), PGF2a administration, and initiation
of superovulatory protocol, respectively, in high AFC. Donors with high AFC had
a notably greater (p <0.0001) count of CL and embryos retrieved per flushing,
including excellent and fair-quality embryos. A strong association (p <0.0001)
between high AFC and ovarian size (r = 0.9136), superovulatory response (r = 0.9350),
and embryo quality (x? =8.788; p =0.032) and number (r = 0.9858) were also
recorded. Based on these results, AFC is considered a dependable indicator for
forecasting reproductive capacity. Bos indicus donors with an average AFC of
30 or higher are recommended.

KEYWORDS

antral follicle counts, superovulatory follicular development, embryo quality, Sahiwal
cattle, luteal development

148 frontiersin.org


https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org
http://crossmark.crossref.org/dialog/?doi=10.3389/fvets.2024.1494065&domain=pdf&date_stamp=2024-10-22
https://www.frontiersin.org/articles/10.3389/fvets.2024.1494065/full
https://www.frontiersin.org/articles/10.3389/fvets.2024.1494065/full
https://www.frontiersin.org/articles/10.3389/fvets.2024.1494065/full
https://www.frontiersin.org/articles/10.3389/fvets.2024.1494065/full
mailto:drbrijeshvet02@gmail.com
https://doi.org/10.3389/fvets.2024.1494065
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/veterinary-science#editorial-board
https://www.frontiersin.org/journals/veterinary-science#editorial-board
https://doi.org/10.3389/fvets.2024.1494065

Gawai et al.

1 Introduction

Reproductive biotechnologies, such as embryo production,
play a crucial role in enhancing the reproductive efficiency of
cattle over a short period. While the utilization of in vitro embryo
production (IVEP) has grown significantly over the past decade,
embryo production through multiple ovulation and embryo
transfer (MOET—in vivo method) programs remains a substantial
portion of global cattle embryo production (1). To harvest the
maximum potential of assisted reproductive techniques (ART), it
is crucial to have dependable biomarkers that demonstrate strong
consistency and heritability and are linked to the reproductive
performance of cows (2, 3). Intrinsic and extrinsic factors govern
the success of a MOET program, including season, genetics, age,
nutrition, management, stress, type of gonadotropins used, and
treatment protocols adopted (4). Despite improved control over
external factors, the inconsistency in the ovarian response
indicates that intrinsic factors are primarily responsible for this
variability (5).

In this context, the antral follicle count (AFC), which reflects
the population of antral follicles present in an ovary, has been
indicated as an important phenotypic characteristic related to
female fertility and positively correlated with the superovulatory
response and performance of in vivo and in vitro embryo
production (IVEP) (6, 7). Over time, there has been a growing
understanding of pharmacological strategies to manage the
estrous cycle, the physiological processes of ovarian
superstimulation using hormonal protocols (8), and various
factors influencing embryo production (9), allowing a choice of
strategies and the early control of factors that can improve embryo
yield [Bo (10)]. Among the various factors influencing the in vivo
production of bovine embryos (9, 10), the antral follicle count
(AFC) stands out as one of the most significant and is closely
related to donor selection (7). Once a female’s high genetic
potential is confirmed (11), AFC can serve as a criterion for
selecting donors with a high AFC (6, 12). A significant correlation
(r=0.88) has been discovered between anti-Miillerian hormone
(AMH) and AFC, with both being regarded as markers of ovarian
response (13-15).

AFC and serum AMH levels are reproductive parameters that
exhibit significant variability among females but demonstrate high
consistency within the same animal (16, 17). Additionally, while
AMH measurement requires laboratory analysis, the AFC can
be assessed via a single ultrasound examination of both ovaries by
a trained operator at any time in the cycle to classify females based
on the AFC numbers (16). Bos indicus and Bos taurus cattle appear
to have different fertility responses based on their AFC category.
Moreover, females with high AFC showed a greater number of
embryos produced by the donors in Bos taurus (18), crossbred
indicus-taurus (17), and Bos indicus (19). Additionally, cows with
high AFC had higher conception rates than those with low AFC
(20, 21).

Considering the application of AFC as a valuable tool to assist
cattle performance and reproductive biotechnology, thus the aim of
this study was to determine follicular and luteal development in
relation to AFC and its association with ovarian size, superovulatory
response, and embryo quality and number in Sahiwal donor (Bos
indicus) subjected to a MOET program.
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2 Materials and methods
2.1 Location, animals, and management

A total of 48 Sahiwal cows (Bos indicus) of 1-4 parity,
minimum 60 days postpartum, with a body condition score (BCS)
between 3.5 and 4.0 on a scale of 1-5 (22) with a mean live weight
345+ 6kg (minimum 290, maximum 410kg) acted as embryo
donor. These cows were maintained at Cattle and Buffalo Farm,
ICAR-IVRI, Izatnagar, located at an altitude of 564 meters above
mean sea level, at latitude and longitude of 28° N and 79°E,
respectively.

The total experiment was conducted during the winter months
(November to March). All cows were fed 3.5-4.5 kg of concentrate
feed per day, containing 20% digestible crude protein (DCP) and
70% total digestible nutrients (TDN), had ad libitum access to fresh
drinking water, and wheat straw, and were provided green fodder
twice a day. All the animals were maintained under hygienic and
optimal management conditions in a semi-intensive system with
access to a large, open paddock for free movement. Heat detection
in the herd was carried out twice daily at 07:00 and 16:00 using a
vasectomized bull (teaser) accompanied by skilled herdsmen.
Health and vaccination protocols were followed as per the standard
schedule of farm management.

2.2 Experimental design

A total of 48 estrus-induced (500 pg PGF2«, Estrumate™,
MSD animal health, India, Single dose, IM) Sahiwal cows (Bos
indicus) with a BCS between 3.5 and 4.0 were selected for the
study from the herd. Both the right and left ovaries (the pair) were
scanned ultrasonographically with a 7.5-MHz transducer (Exago
ECM, France), and on the day of wave emergence, antral follicles
(all follicles >2 mm) were counted to determine the total number
of antral follicles as previously described by Morotti et al. (16).

Donors were categorized into two groups based on their AFC
results. 48 donors were chosen from the herd, with 24 having a
consistently low AFC (< 18 follicles; mean=13.21£0.90 follicles;
range =8-18 follicles) and the other 24 having a consistently high AFC
(> 18 follicles; mean =30.08 + 1.64 follicles; range = 19-46 follicles). Both
groups were monitored daily using a B-mode ultrasonography (USG)
for one cycle to record follicular and luteal development. The
superovulation protocol was initiated on the ninth day of the following
estrous cycle.

Intramuscular injections of STIMUFOL® (Reprobiol SPRL,
Belgium), of a total dose of 240 pg in eight fragmented doses
(45,45; 35,35; 25,25; 15,15 pg morning and evening) were given
in tapering sequence for 4 days and simultaneous administration
of 500 pg PGF2a, along with the 5" dose of FSH. Donors were
inseminated during superovulatory estrus using double straws of
high-quality frozen semen, thrice at 12 h. intervals. Non-surgical
flushing of both horns was carried out on the 7th day of the
superovulatory estrus (Figure 1) using a Woerlein catheter (IMV
Technology, India), followed by embryo searching and evaluation
under a stereo zoom microscope (SMZ 1000, Nikon, Japan). The
embryo quality has been determined in accordance with the
International Embryo Technology Society (IETS) standards.
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l I ! I

and evening.

Superovulatory treatment from day 9-12, in a
tapering manner, Total dose 240 pg ( 45, 45;
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FIGURE 1

Experimental design, B-mode ultrasound monitoring of follicular and luteal development in high- and low-AFC Sahiwal cows (Bos indicus). Evaluations
were performed at the same time, and ovulation was determined by the disappearance of POF in the ultrasound images. Superovulatory protocol was
started on day 9 of the subsequent estrus. Non-surgical flushing was performed on day 7 post-superovulatory Al. AFC, Antral follicle count; USG,
ultrasonography; PG, prostaglandin F2 alpha; SOE, superovulatory estrus; Al, artificial insemination.

2.3 Statistical analysis

All data from the high- and low-AFC groups were analyzed for
mean and standard error (SE) using the GraphPad Prism 8.0.1
software module. The different follicular and luteal developmental
attributes in both groups were analyzed using an unpaired t-test. The
significance among different groups or days was assessed through
post-hoc Tukey’s testing. For descriptive analysis, the data were
presented as the mean and standard (M + SE). Pearson’s correlation
analysis was applied to explore the potential relationship of AFC with
ovarian size, superovulatory response, and embryo production. The
significance level for rejecting HO (the null hypothesis) was 5%;
therefore, a significance level of p <0.05 was considered to indicate
an effect of the categorical variables and their interaction, whereas a
significance level of p>0.05 indicated a lack of statistical significance.

3 Results

3.1 Follicular characteristics in
non-ovulatory and ovulatory waves

The wave emergence in high-AFC Sahiwal cows was
significantly (p =0.04) earlier however, deviating late (p =0.03) with
a larger size of the dominant follicle in the non-ovulatory wave
(Table 1). The follicular attributes of subordinate follicles of
non-ovulatory waves of high- and low-AFC Sahiwal cattle did not
vary significantly (p >0.05) (Table 2). Similarly, ovulatory waves of
high-AFC Sahiwal cows have significantly (p =0.04) larger sizes of
preovulatory follicles as compared to low-AFC Sahiwal cows
(Table 3). Furthermore, the inter estrus period, inter ovulatory
interval (Table 3), and various attributes of the subordinate follicle
of ovulatory wave did not significantly differ (p >0.05) between
high- and low-AFC Sahiwal cows (Table 4).
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TABLE 1 Follicular characteristics (Mean + SEM) of non-ovulatory wave of
high- and low-AFC Sahiwal cows.

Low AFC
(N =24)

Follicular
characteristics

High AFC

p-value
(N =24)

Day of wave emergence 0.13+0.15 0.67+0.21 0.04
No. of follicles at wave 29.5+1.55 14.25+0.73 0.00
emergence

Day of deviation 4.0+£0.30 3.29+0.19 0.04
Diameter at deviation 8.39+0.21 8.02+0.18 0.18
(mm)

Dominant follicle 11.95+0.24 10.83+0.16 0.03
maximum diameter

(mm)

Day of maximum 6.83+0.37 7.38+0.42 0.34
diameter

Growth rate (mm/day) 1.07+0.07 0.98+0.03 0.28
Growth period (days) 5.54+0.35 6.25+0.33 0.15
Onset of regression (day) 8.00+0.36 8.54+0.38 0.31
Regression rate (mm/day) 0.89+0.05 0.91+0.06 0.77
Regression period (days) 6.21+0.32 6.17+0.42 0.94
Duration of wave (days) 12.50+0.60 13.92+0.60 0.10

N, Number of Sahiwal cows; AFC, antral follicle count; SEM, standard error of the mean.

3.2 Luteal characteristics of high- and
low-AFC donors

The day of CL detection was significantly (p =0.03) late with a
larger (p =0.001) diameter at detection as well as the maximum
diameter (p =0.01) of CL was reported in the high-AFC group
(Table 5).
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TABLE 2 Follicular characteristics (mean + SEM) subordinate follicles of
non-ovulatory wave of high- and low-AFC Sahiwal cows.

Follicular High AFC = Low AFC P-value
characteristics (N =24) (N =24)

Subordinate follicle 7.16+0.13 7.16+0.16 0.97
maximum diameter (mm)

Growth rate (mm/day) 0.78+0.05 0.73+0.03 0.51
Growth period (days) 3.00+0.16 3.38+0.25 0.21
Regression rate (mm/day) 0.83+0.05 0.81+0.04 0.81
Regression period (days) 2.88+0.16 3.17+0.12 0.15

N, Number of Sahiwal cows; AFC, antral follicle count; SEM, standard error of the mean.

TABLE 3 Follicular characteristics (mean + SEM) of ovulatory wave of
high- and low-AFC Sahiwal cows.

Follicular High AFC Low AFC P-value
characteristics (N =24) (N =24)

Day of wave emergence 10.96+0.33 10.25+0.31 0.13
No. of follicles at wave 30.08+1.64 13.21£0.90 <0.0001
emergence

Day of deviation 14.75+0.41 13.88+0.32 0.10
Diameter at deviation 7.98+0.20 8.03+0.14 0.84
(mm)

Growth rate (mm/day) 1.09+0.06 0.95+£0.48 0.11
Duration of wave (days) 11.25+0.49 11.92+0.52 0.36
Size of preovulatory 12.06+0.19 11.56+0.16 0.04
follicle (mm)

Day of maximum 20.21+0.38 19.79+0.59 0.56
diameter of POF

Inter estrus period (days) 20.33+0.21 19.71£0.35 0.13
Inter-ovulatory interval 21.38+0.27 20.67+0.40 0.15
(days)

N, Number of Sahiwal cows; AFC, antral follicle count; SEM, standard error of the mean.

TABLE 4 Follicular characteristics (mean + SEM) subordinate follicles of
ovulatory wave of high- and low-AFC Sahiwal cows.

Follicular High AFC  Low AFC P-value
characteristics (N =24) (N =24)

Subordinate follicle 7.29+0.10 7.1£0.14 0.27
maximum diameter (mm)

Growth rate (mm/day) 0.97+0.06 0.81+0.06 0.34
Growth period (days) 3.20+0.22 3.29+0.22 0.90
Regression rate (mm/day) 0.74+0.04 0.78+0.03 0.40
Regression period (days) 2.67+0.13 2.58+0.15 0.67

N, Number of Sahiwal cows; AFC, antral follicle count; SEM, standard error of the mean.

3.3 Ovarian size of high- and low-AFC
donors

The ovarian size (diameter) of high-AFC Sahiwal donors showed
significantly (p <0.0001) larger measurements than low AFC on the
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day of estrus, during the superovulatory protocol, and on the day of
flushing (Table 6).

3.4 Follicular development during the
superovulatory period

Large, medium, and small follicles were significantly (p <0.0001)
higher on the day of superovulatory estrus (SOE), the day of PGF2«
injection, and the day of initiation of superovulatory treatment,
respectively, in high-AFC cattle than low-AFC cattle (Table 7). The
low-AFC cattle attained significantly (p =0.03) larger POF size at SOE
than high AFC, and no significant (p >0.05) differences were observed
in medium-size follicles between the groups (Table 8).

3.5 Superovulatory response

The total number of CL was significantly (p <0.0001) higher in
high-AFC cattle; however, there was no significant (p >0.05) difference
in the diameter of CL between the groups on the day of flushing
(Table 9).

3.6 Embryo production and quality

The number of embryos recovered per flushing with excellent and
fair-quality embryos (Transferable) was significantly (p <0.05) higher
in high-AFC Sahiwal donors (Tables 10, 11). AFC was positively
correlated to the ovarian size (r =0.9136 p <0.0001), superovulatory
response (r =0.9350 p <0.0001), and embryo production (r =0.9858
£ <0.0001) (Table 12).

4 Discussion

The present study reveals cows with high AFC showed larger POF,
and follicles with large diameters before ovulation are associated with
better reproductive performance in bovine females (23). According to
USG studies, a high AFC may be related to superior reproductive
performance, such as increased fertility, shorter open period, and
higher reactivity to superovulation treatment in cows (21, 24, 25). In
this regard, an increase in the number of 3-8-mm-sized antral follicles
is expected to reflect the size of the ovaries. High AFC is related to
several characteristics such as larger ovaries with higher possibilities
of pregnancy toward the end of breeding seasons (21).

The number of follicles at wave emergence in both
non-ovulatory and ovulatory waves of high-AFC cattle was
comparable to the findings of Morotti et al. (11) and de Lima et al.
(26) in Nelore cows and higher than in Holstein cows (27, 28).
Furthermore, Ireland et al. (24) also recorded similar results in beef
heifers and stated that the number of total follicles during the
non-ovulatory and ovulatory waves were 2-fold higher in the
high-AFC group than in the low-AFC group. A high degree of
variability in AFC is evident and can be attributed to multiple
factors such as the day of the estrous cycle (18), age (29), and the
body condition of the animal (30, 31), genetics (32), maternal
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TABLE 5 Luteal characteristics (Mean + SEM) during estrous cycle of high-
and low-AFC Sahiwal cows.

Luteal High AFC = Low AFC P-value

characteristics (N =24) (N =24)

Day of detection of CL 3.13+£0.20 2.42+0.24 0.03

Diameter at detection 0.001
10.04+0.37 9.12+0.19

(mm)

Day of maximum 0.72
12.42+0.44 12.13+0.68

diameter of CL

Maximum diameter of 0.01
19.57+0.28 18.26+0.35

CL (mm)

CL growth rate (mm/day) 1.09+0.09 0.97+0.08 0.34

Growth period (day) 9.33+0.46 10.58 +0.52 0.08

Regression rate (mm/day) 0.93+0.04 1.38+0.07 <0.0001

Regression period (day) 6.50+0.41 5.75+0.30 0.15

Lifespan of CL (day) 18.00+0.39 18.71+£0.50 0.27

N, Number of Sahiwal cows; AFC, antral follicle count; SEM, standard error of the mean.

TABLE 6 Effect of AFC on ovarian size (mm) during superovulatory
protocol (mean + SE) in Sahiwal cows.

Different High AFC Low AFC P-value
days of super (N =24) (N =24)

ovulatory

protocol

D-estrus 22.49+0.32 20.78+0.20 <0.0001
DI-FSH 23424027 21.12+0.24 <0.0001
D-PG 26.81+0.41 24.27+0.35 <0.0001
D-SOE 33334037 27.81+0.34 <0.0001
D-flushing 41.95+0.75 32.61+0.58 <0.0001

D-estrus, Day of estrus; D1-FSH, day of initiation of superovulatory treatment; D-PG, day of
prostaglandin injection; D-SOE, day of superovulatory estrus; N, number of Sahiwal cows;
AFC, antral follicle count; SEM, standard error of the mean.

TABLE 7 Various types of follicles (mean + SEM) at different days of
superovulatory protocol in high- and low-AFC Sahiwal cows.

Low AFC
(N = 24)

Different days of High AFC P-value

(N =24)

superovulatory
protocol

Large-size follicle
D1-FSH 0.71+0.09 0.67+0.13 0.80
D-PG 2.46+0.26 1.71+0.16 0.02
D-SOE 15.83+1.04 8.92+0.68 <0.0001
Medium-size follicle
D1-FSH 2.29+0.37 1.29+0.11 0.02
D-PG 17.25+1.17 9.08+0.57 <0.0001
D-SOE 3.21+0.23 2.79+0.17 0.16
Small-size follicle
D1-FSH 24.42+1.32 12.75+0.63 <0.0001
D-PG 3.46+0.52 3.12+0.22 0.56

D1-FSH, Day of initiation of superovulatory treatment; D-PG, day of prostaglandin
injection; D-SOE, day of superovulatory estrus; N, number of Sahiwal cows; AFC, antral
follicle count; SEM, standard error of the mean.
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environment, and health (13, 20, 33). In the present study, cattle
with high AFC exhibited a larger size of the dominant follicle,
which is contradictory to the findings of Santos et al. (19) in
Indicus-taurus cows; Morotti et al. (11) and de Lima et al. (26) in
Nelore cows; and Bonato et al. (27) in Holstein cows noticed that
cows with low AFC exhibited larger preovulatory follicles than
high-AFC cows. Larger POF diameter in low-AFC cattle has been
attributed to fewer follicles receiving gonadotropin stimulation, it
is possible to expect that each follicle would obtain a larger amount
of FSH at the emergence of the follicular wave. Conversely, those
females with a high AFC would have more follicles to share the
same amount of gonadotropins (14, 26). Larger size preovulatory
follicles in the high-AFC group of the present study might be due
to the large number of granulosa cells and higher concentration of
estradiol (28). Scheetz et al. (34) reported that the cultured
granulosa cells derived from the low-AFC cows showed lower
secretion of estradiol, which is essential for granulosa cell
proliferation. Angiogenic factors, such as endothelial nitric oxide
synthase (eNOS), are expressed in ovarian follicles and involved in
folliculogenesis, steroidogenesis, oocyte maturation, ovulation, and
ultimately embryo development through the production of a free
radical gas, nitric oxide (NO) (35-38). No significant difference in
the diameter of subordinate follicles between the groups is in
agreement with Burns et al. (29) and Ireland et al. (24) in beef
heifers. In the present study, significant differences in the day and
diameter of CL at detection with early detection in the low-AFC
group were recorded. The maximum diameter of CL differed
significantly between the groups with greater diameter in the
high-AFC group that exhibited a larger diameter of POF. Similar
findings were reported by Vasconcelos et al. (39) and Baruselli et al.
(40) that ovulation of smaller size preovulatory follicles results in
smaller CL that secrete less progesterone compared to larger
CL. The difference in the diameter of CL may be due to the
difference in the size of the preovulatory follicle. In contrast to the
present study, Bonato et al. (27) in Holstein cows and Lima et al.
(26) in Bos indicus found that cows with low AFC displayed larger
preovulatory follicles and CL in comparison with the high-AFC
group. The larger diameter and relatively faster growth rate of CL
in the high-AFC group are probably due to the high vascularity of
granulosa cells with increased angiogenic and growth factors in
developing CL.

The number of medium and large follicles on the day of PGF2a
injection and SOE were significantly high in the high-AFC group as
compared to the low-AFC group, respectively. Corresponding to the
present findings, Singh et al. (41) reported a positive correlation
between the numbers of follicles measuring 5-7mm and >8 mm or
larger at the end of the ovarian superstimulation process in the
high-AFC crossbred Hereford cows than the low AFC. The larger size
of medium and large follicles on the day of SOE corresponds to the
findings of Tessaro et al. (42) reported that the greater size of large and
medium follicles may be attributed to increased blood flow rates in
developing follicles of high-AFC animals.

We recorded a significant difference in the total number of CL on
the day of flushing and the mean value was greater in the high-AFC
group than the low-AFC group, which aligned with the results of
Ireland et al. (24) who documented that following ovarian stimulation
the taurus donors with a high AFC had a greater number of CL than
those with a low AFC on the day of flushing. Similar results were
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TABLE 8 Size of various types of follicles (mean + SEM) at different days of
superovulatory protocol in high- and low-AFC Sahiwal cows.

10.3389/fvets.2024.1494065

TABLE 11 Effect of AFC on total recovered embryo and its quality in
Sahiwal cows.

Different days High AFC Low AFC P-value Parameters High AFC  Low AFC @ P-value
of (N =24) (N =24) (N =15) (N =17)
rovulator
URERUIEL S Total no. of embryos 112 66 X260 =8 788
protocol
i i recovered P=0.032
Large-size follicle (mm)
Embryo quality Likelihood
D1-FSH 9.07+0.93(n=20) = 9.21+0.97(n=19) 0.35 0=
Excellent or good 63.39% 48.4% (32/66) = ratio=0.036
D-PG 9.48+0.43 9.72+0.16 0.61 71/112) Linear-by-Linear
Association=0.005

D-SOE 10.34+0.10 10.70+0.12 0.03 Fair 25% (28/112) | 22.7% (15/66)
Medium-size follicle (mm) Poor 8.9% (10/112) | 19.6% (13/66)

D1-FSH 6.63£0.53 7.07£0.33 051 Dead and 44% (3/112) | 9.09% (6/66)

D-PG 7.34+0.09 7.25+0.09 0.53 degenerated

D-SOE 7.56+0.18 7.37+0.45 0.47 N, Number of Sahiwal cows flushed; AFC, antral follicle count; SEM, standard error of the

D1-FSH, Day of initiation of superovulatory treatment; D-PG, day of prostaglandin
injection; D-SOE, day of superovulatory estrus; N, number of Sahiwal cows; AFC, antral
follicle count; SEM, standard error of the mean.

TABLE 9 Effect of AFC on superovulatory response (mean + SEM) in

mean.

TABLE 12 Pearson'’s correlation (r) for the association of AFC with ovarian
size, superovulatory response, and embryo production and the
significance score for each variable.

Sahiwal cows. Variable Ovarian size Superovulatory Embryo
response production

Parameters High AFC Low AFC P-value ’ ’
(on the day of (N =24) (N =24) p p
flushing) High AFC | 09136 | <0.0001 = 0.9350 <0.0001 | 0.9858 = <0.0001 ‘
Number of CL 11.250.69 6.04%0.46 <0.0001 Low AFC 09011 = <0.0001 | 0.9304 <0.0001 | 0.9589 | <0.0001 ‘
Mean diameter of CL 12.88+0.25 12.24+0.25 0.08
(mm)

N, Number of Sahiwal cows; AFC, antral follicle count; SEM, standard error of the mean; CL,
corpus luteum.

TABLE 10 Effect of AFC on embryo recovered per flushing and its quality
(mean + SE) in Sahiwal cows.

Parameters High AFC Low AFC P-value
(N =15) (N =17)

Embryo recovered per 7.46+1.12 3.88+0.42 0.0039

flushing

Embryo quality
Excellent or good 4.4+0.67 2.29+0.50 0.0161
Fair 1.6+0.34 0.71+£0.21 0.0191
Poor 0.66+0.12 0.81+0.18 0.529
Dead and 0.33+0.12 0.35+0.11 0.9109
degenerated

N, Number of Sahiwal cows flushed; AFC, antral follicle count; SEM, standard error of the
mean.

reported in Sahiwal (43) and in Nelore donors (7). Center et al. (44)
recorded that the high-AFC cows expressed greater superovulatory
response and produced a higher number of embryos as compared to
low-AFC cows.

Opvarian follicular population or reserve is directly associated with
superovulatory response. The AFC at the time of the start of FSH
administration had a positive and significant correlation with the
superovulatory response, indicating that cows having higher AFC at
the start of FSH, developed more CL (18, 19). The growth of small
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antral follicles and their maturation and ovulation is supported by
exogenous FSH and PMSG causing multiple ovulations therefore the
population of small antral follicles at the beginning of stimulation is
positively correlated with superovulatory response (19).

The ovarian size (diameter) of high-AFC Sahiwal donors showed
significantly larger measurements than low AFC on the day of estrus,
during the superovulatory protocol, and on the day of flushing. This
is in accordance with the findings of Ireland et al. (18), who reported
that animals with a consistently low AFC had significantly smaller wet
weights of ovaries as well as smaller ovarian heights and lengths than
those with a high AFC during follicular waves in Hereford x Angus x
Charolais crossbred beef heifers. Morotti et al. (16) observed similar
results in Bos indicus cattle, finding that cows with a high AFC had a
larger diameter and ovarian area than those with a low AFC. Martinez
et al. (45) found a similar correlation between AFC and ovarian area
in Bos taurus cattle.

The high-AFC group yielded a greater number of total embryos,
embryos recovered per flushing, excellent, and fair-quality
(transferable) embryos, and a smaller proportion of poor and dead or
degenerated embryos as compared to low-AFC Sahiwal donors. This
is in agreement with a previous study by Morotti et al. (14). They
pointed out that the early embryos retrieved on day 7 were greater in
number and their quality was significantly better in donors belonging
to the high-AFC group than those in the low-AFC group.

A positive and significant correlation of AFC with ovarian size,
superovulatory response, and total embryo production with a higher
number of transferable embryos was recorded in the Sahiwal donor of
the present study. Morotti et al. (46) observed comparable results in
Indicus-Taurus animals, where they found that donors with high AFC
had a notably greater number of embryos per collection (6.9 +5.3) in
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contrast to those with lower AFC (1.9 +2.1). Silva-Santos et al. (17)
also reported comparable results in Braford donors. On the other
hand, Lollato et al. (7) reported contradictory findings regarding
embryo production and quality. They noted that Nelore donors with
either low or high AFC showed comparable outcomes regarding the
total counts of viable and freezable embryos, along with the incidence
of degenerated embryos.

A positive but non-significant result between the AFC group
and the total number of recovered and transferable embryos was
reported by Imtiyaz et al. (43). Similar findings have been noted in
in vitro embryo production (IVEP), where donors with a high AFC
demonstrated significantly higher production of oocytes and
embryos via ovum pick up (OPU) in both Bos taurus and Bos
indicus cattle (12, 17, 19, 47). This observation could be explained
by the higher proportion of mature oocytes in the high-AFC group,
which exhibited increased mitochondrial activity prior to
maturation. This led to enhanced ova viability and higher rates of
cleavage and blastocyst development (6, 48). Another possible
reason for the superior embryo quality in high-AFC donors could
be linked to changes in lipid composition. Rosa et al. (49) found
that embryos retrieved from high-AFC Nelore donors exhibited
increased triglyceride levels and decreased concentrations of
cholesterol and diacylglycerol compared to embryos from low-AFC
cows. Similarly, Idrissi et al. (50) observed analogous results, noting
increased triglyceride levels and decreased diacylglycerol
concentrations in grade 1 bovine embryos.

5 Conclusion

The result of this study demonstrates that high-AFC Sahiwal cows
have a larger diameter of preovulatory follicles and greater corpus
luteum size. The antral follicle population showed a strong positive
correlation with ovarian size, superovulatory response, and embryo
production with more transferable embryos. Based on these findings,
AFC is concluded to be a reliable phenotypic marker to predict the
reproductive potential of Sahiwal donors. This is a crucial factor to
take into account in commercial programs aiming for in vivo
embryo production.
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Introduction: Sperm cryopreservation is a valuable technique for storing valuable
canine genetics. However, little is known concerning the fate of frozen sperm
stored in a sperm bank. This study aimed to characterize dogs presented for
sperm cryopreservation and describe the use and popularity of frozen sperm in
the Netherlands and Belgium over recent years.

Methods: Medical records from dogs presented for sperm cryopreservation
between January 1, 2014 and December 31, 2022 at two different freezing
centers were reviewed retrospectively. Imported frozen sperm was excluded due
to lack of usage information. Each sperm cryopreservation was considered a
single event, and data were collected separately for each cryopreserved sample.

Results: A total of 3,090 ejaculates from 1,040 males of 157 different breeds were
included and investigated using exploratory data analysis. The findings showed a
steady rise in the popularity of sperm cryopreservation, with annual growth rates
ranging from 8.4 to 41.9%. The majority of dogs (88.5%) were between 1 and 9
years old at the time of sperm cryopreservation, with nearly one-third aged 2—
4 years. Most dogs were collected for sperm cryopreservation once (62.8%) or
twice (21.6%). Sperm banks were used for both short- and long-term storage
needs, and 6.83% of ejaculates were eventually discarded. The primary use of
froze sperm was for international shipment, while 21.8% was used locally for
artificial insemination. Depending on the year of cryopreservation, between 44.1
and 79.6% of frozen ejaculates remained unused or only partially used at the time
of data collection.

Discussion: The results of this study provides the first comprehensive analysis
of the use and popularity of frozen sperm among dog breeders in Belgium and
the Netherlands and suggest a change in breeding practices in recent years.
The percentage of breeders resorting to sperm cryopreservation and the extent
of frozen sperm use in current breeding strategies remain to be defined in
future studies.

KEYWORDS

sperm, cryopreservation, dog, storage, sperm bank

1 Introduction

Sperm cryopreservation offers the opportunity to preserve the gametes of
dogs with high genetic or sentimental value and to overcome the temporal and
geographical limits of traditional dog breeding (1-3). With advancements in insemination
techniques and satisfactory pregnancy rates—approaching 80% following insemination
with frozen-thawed sperm (4)—sperm cryopreservation has become increasingly
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appealing to breeders, providing access to international markets
and facilitating strategic breeding decisions, particularly in
managing valuable bloodlines (5, 6).

Frozen sperm offers greater flexibility in breeding, allowing
its use even after the dog has experienced age-related decline of
fertility, sterility—whether pathological or elective—or even death
(1, 7). It also enables the preservation of genetics from disease-free
donors with valuable traits, making it possible to establish open
access to these genetics when the owner does not wish to breed their
dog (8). Transporting frozen sperm instead of live animals reduces
stress, minimizes sanitary restrictions, and circumvents potential
quarantine requirements associated with live animals transport
(2, 7). Additionally, cryopreservation maximizes the return on an
ejaculate, as it may be divided into insemination doses and used for
different inseminations, sometimes several years apart. However,
the efficiency of sperm cryopreservation depends on the quantity
and quality of sperm before and after cryopreservation, which can
vary significantly between dogs and individual ejaculates (9, 10).

The storage of frozen sperm in liquid nitrogen tanks has led
to the development of dedicated facilities known as sperm banks.
Initially established at universities, sperm banks have expanded to
private companies that offer breeding services and manage the daily
international trade of frozen sperm (11). Today, they play a crucial
role in enhancing genetic diversity in dogs, particularly important
among rare breeds and working dogs that are represented by
a limited number of individuals, often geographically distant
from one another (12). Dog breeders utilize sperm banks for
both personal and commercial purposes, selling sperm to other
breeders as opportunities arise. Recently, several assistance dog
organizations have integrated sperm cryopreservation into their
breeding strategies, freezing sperm from young male dogs before
castration to preserve valuable genetics. Similarly, pet owners may
seek sperm freezing services for their aging dogs when they wish to
preserve the option of having a future litter but lack an immediate
breeding opportunity, though sperm quality in elderly dogs is often
insufficient for freezing (9, 10, 13).

While several studies have documented the satisfactory fertility
results following artificial insemination with frozen-thawed sperm,
the specific use and management of frozen dog sperm stored in a
sperm bank remain to be described (5, 6, 14-16). This study aimed
to characterize dogs presented for sperm cryopreservation and
describe the use and popularity of frozen sperm in the Netherlands
and Belgium over recent years.

2 Materials and methods

2.1 Patients and inclusion criteria

Medical records from two sperm freezing centers, Cryolab
Eersel in the Netherlands and Ghent University in Belgium, were
retrospectively reviewed in July 2023 to identify sperm freezing
procedures conducted between January 1, 2014, and December
31, 2022. The start date was decided upon the availability of
computerized medical records for all cryopreservation procedures,
while the end date ensured adequate follow-up time for the use of
frozen sperm. Exclusion criteria included imported frozen sperm
due to incomplete data on the utilization of the entire ejaculate.
Each sperm cryopreservation event was considered distinct, and
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data were recorded separately. In total, 3,090 ejaculates (2,957 from
Cryolab and 133 from Ghent University) from 1,440 males of 157
different breeds recognized—either definitively or provisionally—
by the Fédération Cynologique Internationale were included in
the study. The most representative breeds were Belgian Shepherd
Dogs—Malinois (n = 215), Golden Retriever (n = 59), Labrador
Retriever (n = 58), German Shepherd (n = 51), Dutch Shepherd
(n = 42), Border Collie (n = 41), Bullmastiff (n = 39), Belgian
Shepherd Dogs—Tervueren (n = 38), French Bulldog (n = 33), and
Rottweiler (n = 31). Detailed information on the number of dogs
for each breed can be found in Supplementary Table 1.

2.2 Data collection

Data collected for each cryopreservation procedure included:
the date of sperm collection, the birth date of the dog, breed, the
number of straws frozen, detailed utilization of the frozen straws,
and the number of remaining straws. From these data, additional
data were calculated: the age of the dog at sperm collection, the
number of freezing procedures per individual, the storage period
before the first use, and the storage period before the last use if no
straws remained.

If straws were discarded, the disposal date, number of discarded
straws, and the reason for disposal were recorded. Subsequently, the
storage period before disposal was calculated.

2.3 Statistical analysis

Data from the computerized record systems of both freezing
centers were exported to a Microsoft Excel spreadsheet (Microsoft
Corporation, Redmond, USA). Missing data ranged between 0 and
2.1% depending on the variable, and ejaculates with missing data
were excluded from the analysis of the corresponding variable.
Exploratory data analyses were performed using the Base and
rstatix packages for descriptive statistics, while visualizations
(histograms, box plots, and Q-Q plots) were created using ggplot2
(17). Results are presented as median and interquartile range (IQR).
To examine trends in the number of cryopreserved ejaculates over
time, a linear regression analysis was performed, with statistical
significance set at P < 0.05.

3 Results

3.1 Popularity of sperm cryopreservation

Since 2014, the number of cryopreservations has increased
steadily each year, with annual growth rates ranging from 8.5 to
41.9%. By 2019, the number of ejaculates cryopreserved was 2.4
times higher than in 2014. A sharp rise occurred between 2019
and 2021, nearly doubling (1.8 ) within 2 years. However, in 2022,
the number of freezing procedures decreased by 28.8% compared
to 2021 (Figure 1; Supplementary Table 2). Despite the decline in
2022, linear regression analysis over the 9-year study confirmed a
significant positive trend in cryopreserved ejaculates (P < 0.001),
with an average annual increase of 52.32 ejaculates.
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FIGURE 2

Bar plot representing the proportion of dogs, in %, for each age range at the time of sperm cryopreservation.

3.2 Age at collection 1 and 9 years of age, with a notable peak (15.6%) observed between

3 and 4 years. Nearly one-third of the dogs were collected between

Dogs were collected for sperm cryopreservation at amedianage 2 and 4 years of age. A small proportion of dogs were collected

of 55 months (IQR: 34-83 months), with ages ranging from 8 to  before 1 year of age (0.4%) or after 11 years of age (2.9%) (Figure 2;
181 months. The majority of dogs (88.5%) were collected between  Table 1).
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TABLE 1 Frequency, relative percentage, and cumulative relative
percentage of dogs for each age range at the time of sperm
cryopreservation.

Age at Number Relative Cumulative

collection of dogs percentage relative

(years) (VA percgntage
A

<1 12 0.40 0.40

1-2 347 11.46 11.86

2-3 431 14.24 26.10

3-4 471 15.56 41.66

4-5 376 12.42 54.08

5-6 342 11.30 65.38

6-7 308 10.18 75.55

7-8 214 7.07 82.62

8-9 190 6.28 88.90

9-10 129 4.26 93.16

10-11 119 3.93 97.09

11-12 48 1.59 98.68

12-13 20 0.66 99.34

13-14 11 036 99.70

14-15 8 0.26 99.97

15-16 1 0.03 100.00

3.3 Frequency of cryopreservation

The median number of cryopreservations per dog was 1
(IQR:1-2), ranging from 1 to 66. Most dogs had their sperm
cryopreserved once (62.8%) or twice (21.6%), while only a small
percentage (1.9%) had their sperm cryopreserved more than
six times.

3.4 Use of frozen sperm

At the time of data analysis, 1,074 of the 3,090 frozen ejaculates
(34.8%) were fully used, 626 (20.3%) were partially used, and
1,390 (45.0%) remained unused in the sperm banks. A total of
2,197 unique uses were recorded, comprising 1,605 international
shipments (73.0%), 480 artificial inseminations (21.8%), and 112
national ownership transfers (5.1%).

When frozen ejaculates were exported, 59.7% were shipped as
whole ejaculates (all the straws obtained from the ejaculate) after
a median storage time of 60 days (IQR: 12-168) in the sperm
bank. The most frequent destinations for international shipments
were countries outside the European Union (EU) (Figure 3). When
ejaculates were used at the freezing center, artificial inseminations
were performed after a median storage period of 342 days
(IQR: 114-1,084).

Over the 9-year study period, 211 ejaculates (6.8%) were
discarded, primarily due to poor sperm quality after thawing.
Other reasons included increased storage fee, identification of
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a (presumed) inherited condition in the male dog or previous
litters, lack of need following a successful pregnancy or natural
breeding availability, shifts in breeding strategies involving frozen
sperm, or owner dissatisfaction with fertility results after artificial
insemination. Discards occurred after a median storage time of 803
days (IQR: 403.5-1,273.5), mostly as whole ejaculates (69.2%).

The relative percentage of remaining ejaculates varied between
44.1 and 79.6% depending on the year of cryopreservation, with
lower percentages observed for longer storage durations (Figure 4).
Detailed year-by-year percentages of remaining frozen ejaculates
are provided in Supplementary Table 2.

4 Discussion

The present study characterizes the population of dogs
presented for sperm cryopreservation and highlights the growing
popularity of this reproductive technology among breeders in the
Netherlands and Belgium over the past 9 years. The consistent
annual increase in sperm cryopreservation suggests a rising interest
among dog breeders in enhancing their breeding program by
incorporating genetic material from diverse and geographically
distant bloodlines. This trend aligns with previous findings that
reported increased gene flow between countries based on pedigree
database analyses (18). However, it is important to consider that a
potential increasing reputation of the freezing centers examined in
this study may have also contributed to this upward trend.

The significant difference in the number of ejaculates collected
by Cryolab (2,957) and Ghent University (133) could be attributed
to several factors, including Belgium’s smaller demographic size
and the presence of multiple freezing centers, which likely diffuse
the caseload. In contrast, Cryolab is the only dedicated freezing
center in the Netherlands and a private veterinary practice with
a strong focus on sperm freezing and international export, which
likely attracts a higher volume of clients.

The breeds most represented in this study—Belgian Shepherd
Dogs, Dutch Shepherds, and German Shepherds—are primarily
working dog breeds known for their roles in police, military, and
security services. Popular pet breeds, such as Golden Retrievers
and Labrador Retrievers, were also well-represented. This breed
distribution suggests that cryopreservation is gaining traction not
only among working dog breeders but also among those of popular
family pets.

The significant spike in sperm cryopreservations observed in
2020 and 2021 was likely influenced by the global COVID-19
pandemic, which caused a marked increase in the demand for
puppies (19). At the same time, restrictions on physical contact
and border closures between countries limited direct interactions
between breeders. Consequently, sperm cryopreservation and
international shipments became an effective alternative to maintain
breeding schedules and genetic exchange during this period.
Although cryopreservation numbers declined in 2022, this decrease
does not overshadow the overall trend of steady growth, supported
by an average annual increase of 52.32 cryopreserved ejaculates.
The drop in 2022 likely reflects a return to pre-pandemic norms
rather than a reversal in the growing use of frozen sperm.

Most sperm cryopreservation were from dogs aged 1-9 years,
with nearly a third (29.8%) between 2 and 4 years old. This
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age distribution likely reflects the inclusion of young, recently
certified breeding males that have proven their worth in shows
or working competitions (20). In contrast, fewer than 10% of the
dogs were 10 years or older, aligning with evidence that sperm
quality generally declines with age (10, 13, 21-24). However,
the age distribution may be skewed toward younger dogs, as it
excluded those initially presented for cryopreservation but deemed
unsuitable due to poor semen quality. In some cases, some owners
may choose to freeze sperm from older dogs despite reduced semen
quality, driven by emotional attachment or unique breed traits.

Frontiersin Veterinary Science

Nonetheless, achieving pregnancy in such cases is unlikely without
advanced reproductive technologies, like in vitro fertilization, and
the advanced age of the dog may further impair sperm fertility
(24-26). Additionally, surgical artificial insemination is illegal
in several European countries, including the United Kingdom,
Norway, Sweden, and the Netherlands (27).

Most dogs were presented only once or twice for sperm
cryopreservation. However, the case of one dog presented 66
times highlights the intense use of certain sires by some
breeders. Such practices are not recommended, as they pose
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significant risks to genetic diversity and can facilitate the spread
of inherited disorders within a breed (12, 28). Fortunately, these
extreme cases were rare, with only 1.9% of dogs being presented
more than six times. To mitigate these issues, some national
breeding organizations have implemented restrictions on the use
of specific sires or the total number of breedings allowed per
male (29).

Frozen sperm was primarily used for international shipments,
after a median storage time of 60 days. This relatively short
storage duration indicates that many breeders use sperm banks
as temporary storage facilities, awaiting the accumulation of
sufficient straws or the finalization of logistical arrangements for
shipment. This finding supports our assumption that a 6-month
period between the last cryopreservation and data collection was
adequate for assessing the use of frozen sperm by dog breeders.
This timeframe provided ample time for sperm utilization, while
minimizing the risk of missing late usage cases. However, it remains
unknown whether the exported frozen sperm is used shortly after
arrival or stored for a longer period in another sperm bank. In
most cases (59.7%), all straws from a single ejaculate were shipped,
which contrasts with practices in other species, such as stallions
and bulls, where dividing ejaculates into multiple insemination
doses is common practice (30, 31). This difference likely arises
from the lower total sperm count in dogs and the relatively high
recommended sperm concentration per insemination dose, i.e., 100
million progressively motile and normal spermatozoa (5, 16).

The most popular destinations for international shipment
were typically countries with extended transit times (16, 32).
International shipment to EU member countries, such as Finland,
Sweden, Ireland, and Italy, may reflect a growing popularity
of frozen dog sperm in these regions or logistical choices
favoring frozen transport due to geographical distances from the
investigated sperm banks. In addition to international shipments,
artificial inseminations performed at the freezing centers accounted
for 21.8% of frozen sperm use. Many owners of frozen sperm likely
prefer insemination at the sperm bank to avoid the additional costs
and risks associated with shipping, although this option is limited
by the location of the bitch. Lastly, 6.8% of the frozen ejaculates
were discarded, indicating that a small but notable proportion
of breeders ultimately decided to discontinue sperm storage for
various reasons.

A significant portion of frozen ejaculates (44.1-79.6%)
remained unused or only partially used at the time of data
collection. Although this percentage decreased over time, it
remained considerable even 9 years after cryopreservation.
This finding supports the long-term storage of frozen sperm
and highlights the need for continuous expansion of semen
banks as the number of remaining frozen straws increases.
This expansion requires not only increasing the number of
storage containers but also enhancing administrative and logistical
support for organizing international shipments and artificial
inseminations, while maintaining robust safety protocols and
high-quality service.

Overall, this study provides valuable insights into the use of
frozen dog sperm by breeders in Belgium and the Netherlands.
Although the findings may not be fully generalizable to other
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regions, the increasing popularity of sperm cryopreservation
reflects the evolving landscape of canine reproductive management.
Further studies should aim to quantify the proportion of breeders
resorting to sperm cryopreservation and the extent of frozen sperm
usage in breeding programs.
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Background: Gonadotropin-releasing hormone (GnRH) is commonly used in
animal reproduction and production, but it was previously reported that GnRH
decreases the embryo implantation rate during artificial insemination or embryo
transfer in sheep. In addition to the finding that GnRH can target SI00A4 to inhibit
endometrial epithelial cells proliferation, it was also found that endometrial cells
were in poor condition and experienced cell death in SI00A4 knockout mice,
but the mechanism is unclear.

Methods: The protein PPP1CA, which interacts with S100A4, was detected by
immunoprecipitation-mass spectrometry of overexpression and knockdown of
S100A4 and PPP1CA. The effect of SI00A4 and PPP1CA on cell senescence
was detected by Galactosidase staining. To further reveal the mechanism effect
of S100A4 and PPP1CA on cell senescence, transcriptome sequencing was
conducted. Additionally, in vivo experiments were performed to assess PPP1CA
protein expression in the endometrial tissue of SI00A4 knockout mice.

Results: S100A4 inhibited cell senescence by activating PPP1CA, while PPP1CA
overexpression suppressed the activation of the IL-17 signaling pathway. Inhibition
of the IL-17 signaling pathway inhibited the senescence of endometrial cells.

Conclusion: S100A4 can target the PPP1CA/IL-17 signaling pathway and inhibit
endometrial epithelial cell senescence.

KEYWORDS

Cell senescence, endometrial epithelial cells, S100A4, PPP1CA, IL-17

1 Introduction

Sheep are important livestock species worldwide that provide humans with meat, leather,
and wool. Despite high breeding numbers, many traditional local breeds may not meet the
efficiency demands for growth rates and meat yields. Therefore, breeding activities to improve
quality are crucial for sheep farming, with artificial insemination and embryo transfer
representing technologies for rapid breeding improvement. GnRH is associated with the dual
activity of FSH and LH; it can promote ovulation and is widely used in assisted reproductive
technology in sheep, cattle, and humans. However, previous studies have shown that GnRH
administration at the time of insemination reduced pregnancy rates in Kazak ewes (1).
Similarly, GNRH administration to recipient ewes also reduced the embryo transfer success
rate (2). In human-assisted reproductive technology, two main protocols for the use of GnRH
are the gonadotrophin-releasing hormone agonist (GnRH-a) protocol and the gonadotrophin-
releasing hormone antagonist (GnRH-ant) protocol. GnRH can effectively promote ovulation,
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but it has not been shown to significantly improve the outcome of
fresh embryo transfers (3). Neither protocol has achieved perfect
results in promoting embryo implantation (4). For example, GnRH-a
pretreatment seems to improve frozen-thawed embryo transfer
outcomes but is associated with a higher preterm birth rate (5).

Many factors can influence embryo implantation, including the
proliferative capacity of endometrial cells, cell apoptosis (6), and cell
senescence (7), all of which can affect the uterine environment and
further impact embryo implantation. Our previous results indicated
that GnRH can reduce the expression level of S100A4 in the
endometrium and suppress endometrial cell proliferation (8).
However, we also found that mice with endometrial S100A4
knockout tended toward a thinner endometrium and increased
endometrial cell apoptosis, suggesting that GnRH treatment might
also accelerate endometrial cell aging and death. Protein phosphatase
1 catalytic subunit alpha (PPP1CA) is an alpha subunit of the PP1
complex that is known to be involved in the regulation of various
cellular processes (9). Evidence suggests that PPP1CA can inhibit cell
senescence (10).

This study identified PPP1CA as an interacting protein
downstream of S100A4. In vitro experiments verified the effect of
PPPICA on the senescence of sheep endometrial cells, and in vivo
experiments using SI00A4 knockout mice revealed that the absence
of S100A4 could decrease PPP1CA protein levels. Further
transcriptome sequencing revealed that IL-17 is downstream of
S100A4 and PPP1CA, suggesting that inhibiting IL-17 can suppress
the senescence of sheep endometrial cells. These findings provide a
theoretical basis for the use of GnRH in sheep embryo transfer.

2 Materials and methods

2.1 Isolation and culture of endometrial
epithelial cells from sheep

The methods used to isolate and culture the cells were described
in our previous study (8). Briefly, freshly excised uteri were soaked in
PBS containing penicillin (100 IU/mL) and streptomycin (0.1 mg/mL)
and transported to the laboratory. The uteri were washed three times
with PBS containing antibiotics. Under a microscope, the
endometrium was peeled off, cut into 1-2mm® pieces, and evenly
spread on a cell culture dish. The dish was incubated at 37°C for 1h to
allow the tissue fragments to adhere to the dish. Then, DMEM
(Cytiva) containing antibiotics and 10% FBS (fetal bovine serum,
PAN-Biotech) was added. The culture mixture was returned to the
incubator and maintained for 7-10 days to allow cells to migrate from

TABLE 1 siRNA and primers sequences.
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the tissue edges. After this incubation period, the cells were digested
and passaged for use in subsequent experiments.

2.2 B-galactosidase staining

A B-galactosidase staining kit was purchased from Beyotime
Biotechnology. The staining procedure was performed according to
the manufacturer’s instructions. The main steps involved fixing the
cells with a fixative solution for 15min, preparing the staining
solution, adding it to the cell dishes, and incubating the cells in a cell
culture incubator for 1h. After removing the staining solution, the
cells were washed once with PBS, and fresh PBS was added for
imaging (Ts2R-FL, Nikon, Japan).

2.3Y-320 treatment

Y-320 was dissolved in DMSO to prepare a concentrated solution
(5mg/mL). To prepare the working solution, 50 pL of the concentrated
solution was added to a 20% SBE-f-CD in saline solution. The mixture
was gently shaken and left to stand for a few minutes until clear. Y-320
was added to sheep endometrial cells at a dilution of 1:10,000 in the
cell culture medium, resulting in a final concentration of 0.05 pg/mL
(approximately 99nM). After culturing for 48h, f-galactosidase
staining was performed.

2.4 siRNA transfection and lentiviral
packaging

siRNAs were purchased from GENEWIZ Biotechnology Co., Ltd.,
and their sequence information is provided in Table 1. Before
transfecting siRNA, sheep endometrial cells were seeded into 6-well
culture plates at a density of 5x 1074 cells per well. The next day,
non-adherent cells were discarded and fresh medium was added. To
transfect the cells, 50 pmol of siRNA was mixed with 200 uL of Opti-
MEM™ [ Reduced Serum Medium (Cat. No. 31985070, Gibco).
Separately, 5 pL of RNAIMAX (Lipofectamine™ RNAiMAX, Cat. No.
13778-075, Invitrogen) was also mixed with 200pL of Opti-
MEM. After incubating each mixture for 5min, the solutions were
combined and allowed to stand at room temperature for 15min. The
siRNA complex was then added to the cells and incubated at 37°C. The
medium was not changed until the cells were harvested for further
analysis. As a control, NC (Negative Control siRNA) transfections
were performed in parallel.

Name Sense (5’-3) Antisense (5’-3’)

SiPPP1CA-1 GAAGCUCAACCUGGACUCUAUTT AUAGAGUCCAGGUUGAGCUUCTT
siPPPICA-2 GCAAGAGACGCUACAACAUCATT UGAUGUUGUAGCGUCUCUUGCTT
SiPPP1CA-3 GCUGGCCUAUAAGAUCAAGUATT UACUUGAUCUUAUAGGCCAGCTT
SINC UUCUCCGAACGUGUCACGUTT ACGUGACACGUUCGGAGAATT
GAPDH AGGTCGGTGTGAACGGATTTG TGTAGACCATGTAGTTGAGGTCA
1L-17 TAGCGGTAAAGACGGTGGAG TTTACCCTTGCTGGTGCAGT
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Lentiviruses overexpressing S100A4 and PPP1CA were
synthesized by GeneChem Co., Ltd., with the synthesis report
provided in Supplementary materials 2, 3. During lentiviral
packaging, the backbone vector, along with the auxiliary vectors
VSVG and PAX2, were transfected into 293 T cells at a 2: 1:1 ratio.
Forty-eight hours after transfection, the cell supernatant was collected
and used to infect sheep cells. The sheep cells were seeded in a 60 mm
dish. Once the cells reached 60% confluency, the culture medium was
discarded, and 6 mL of the lentiviral supernatant was added, along
with Polybrene at a final concentration of 5pg/mL. After 6h of
incubation, the viral medium was replaced with fresh culture
medium, and the cells were further cultured. After 48-72h, once most
of the sheep «cells expressed GFP, they were ready for
subsequent experiments.

2.5 EdU staining

An EdU staining kit was purchased from Beyotime Biotechnology.
The main steps of the staining protocol were as follows: EAU was
diluted in cell culture medium to a final concentration of 10 uM. The
original culture medium was discarded and replaced with
EdU-containing medium. The cells were incubated in a cell culture
incubator for 3-4h, fixed with 4% paraformaldehyde for 15 min, and
permeabilized with 0.25% Triton X-100 for 12 min. The Click reaction
mixture was then prepared according to the manufacturer’s
instructions and added to the cells. The cells were incubated at room
temperature in the dark for 1 h, after which the reaction mixture was
discarded. The cells were washed once with PBS, fresh PBS containing
hoechst33342 was added, and the cells were imaged after 5min of
incubation at room temperature.

2.6 Transcriptome sequencing and analysis

RNA samples from sheep endometrial cells with S100A4
knockdown were obtained by transfecting siRNA targeting SI00A4,
following the same procedure as described in Section 2.3. After 24 and
48h post-transfection, the medium was discarded, and the cells were
washed twice with PBS. Each well of a 6-well plate was lysed using
1mL of RNAiso Plus (Cat. No. 9109, TAKARA), and three wells of
similarly treated cells were pooled into one sample.

For generating samples overexpressing PPP1CA, lentiviral vectors
overexpressing PPP1CA were packaged in 293T cells, following the
method described in Section 2.3. The harvested lentiviral supernatant
was centrifuged, and the cells were seeded in a 60 mm dish. Once the
cells reached 60% confluency, the culture medium was discarded, and
6 mL of the lentiviral supernatant was added, along with Polybrene at
a final concentration of 5pg/mL. After 6h of incubation, the viral
medium was replaced with fresh culture medium, and the cells were
further cultured. Sequencing and analysis were performed by Beijing
Novo Biotechnology Co., Ltd. Transcriptome sequencing was
performed by Suzhou Jinweizhi Biotechnology Co., Ltd.

Differential gene expression was analyzed using the DESeq2
package, and a volcano plot was generated with logl0 fold-change
values on the y-axis. GO and KEGG enrichment analyses were
conducted using the clusterProfiler program, while Pearson
correlation heatmaps were generated using Pheatmap.
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For samples with S100A4 knockdown, NC1, NC2, and NC3
represent Negative Control Samplel, Negative Control Sample2
Negative, and Control Sample3, respectively, and KD1, KD2, and KD3
represent Knock down Sample 1, Knock down Sample 2, and Knock
down Sample 3, respectively. For samples overexpressing PPP1CA,
Control represents the control group with empty vector, and PPP1CA
represents the experimental group with overexpression.

2.7 Mass spectrometry and
co-immunoprecipitation (Western blot)

In sheep endometrial cells overexpressing HA-tagged S100A4
(HA is the tag added when constructing the vector), 48h after
transfection, cells were washed twice with PBS. The cells were then
lysed using NP-40 lysis buffer containing a protease inhibitor and
incubated on ice for 30 min. The lysate was collected into a centrifuge
tube and spun at 12,000 rpm for 10 min at 4°C. The supernatant was
incubated with Protein A/G resin pretreated with an HA primary
antibody (anti-HA, Cat. No. AE105, Abclone) at room temperature
for 2h. The resin was then washed six times with NP-40 buffer, and
the supernatant was discarded after each wash by centrifuging at
500 rpm for 5min. As a control, Protein A/G resin without the HA
primary antibody was also used. The bound protein was eluted with
protein loading buffer, heated at 100°C for 10 min, then cooled to
room temperature. Protein samples were run SDS-PAGE on
electrophoresis at 110V for 1h, and the gel was sent to Jin Kairui
Biotechnology, Ltd. for mass spectrometry-based detection and
analysis. GO enrichment analysis of the identified proteins was
performed using the clusterProfiler program.

For Co-immunoprecipitation, HA-S100A4 and Flag-PPP1CA
proteins were overexpressed in 293 T cells. When protein samples
were collected 48 h after transfection, a small amount of the cell lysate
was taken in advance for verification. Western blot analysis was
performed with 12% polyacrylamide gel electrophoresis for both the
co-precipitated and whole-cell proteins. Thirty micrograms of protein
were loaded into each well, and the maximum volume of
immunoprecipitated protein was used. Electrophoresis was carried
out at 110V for 1.5h, followed by protein transfer onto a PVDF
membrane at 300mA on ice for 1.5h. The membrane was blocked
with 10% skimmed milk for 30 min, then rinsed with TBST for 10 min.
The corresponding primary antibodies (anti-HA, Cat. No. AE105,
ABclonal; anti-Flag, Cat. No. AE092, ABclonal) were added, and the
membrane was incubated overnight at 4°C. The next day, the
membrane was washed three times with TBST, followed by incubation
with HRP-conjugated secondary antibody (HRP Conjugated
AffiniPure Goat Anti-rabbit IgG (H+L), Cat. No. BA1055, Boster) at
room temperature for 1 h. After washing three more times with TBST,
Clarity Western ECL Substrate (Bio-Rad) was added to the membrane.
The PVDF membrane was then placed in a chemiluminescence
analyzer (MiniChemi® 610, SINSAGE) for imaging.

2.8 Immunofluorescence staining

Cells were fixed with 4% paraformaldehyde for 15min and
permeabilized with 0.25% Triton X-100 for 12 min, followed by three
washes in PBS for 5 min each. The cells were blocked with 1% BSA for
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30min and then incubated overnight at 4°C with primary antibodies
diluted in 1% BSA (S100A4 antibody, 1:100, sc-377059, Santa Cruz,
USA; PPP1CA, A24288, Abclone, China). After three washes in PBS,
the cells were incubated with fluorescent secondary antibodies
(DyLight 594-conjugated AffiniPure goat anti-mouse IgG (H+L)
(1:100, BA1141, Boster, China) and ABflo® 488-conjugated goat anti-
rabbit IgG (H+L) (1:100, AS053, Abclone, China)) for 1h at room
temperature in the dark. After three washes in PBS, the cells were
stained with PBS containing Hoechst 33342 and imaged with a
confocal laser scanning microscope.

2.9 HE staining and immunohistochemistry

HE staining was performed as described previously (8). For
immunohistochemistry, paraffin sections were deparaffinized,
repaired, blocked, and then incubated overnight with a PPP1CA
antibody (1:100, A24288, Abclone, China). After the samples were
reacted with an HRP-conjugated goat anti-rabbit secondary antibody,
color development was performed using a DAB staining kit (G1212-
200T, Servicebio, China). The sections were counterstained with
hematoxylin, rinsed with tap water, mounted, and imaged under
a microscope.

2.10 Animal breeding and analysis

To generate uterine-specific SI00A4 knockout mice, C57BL/6]-
S100A4em1 (flox) Cya mice (strain number CKOCMP-20198-
$100a4-B6]J-VA, Cyagen Biosciences, Inc.) were crossed with PR-Cre
transgenic mice (model number C001035, Cyagen Biosciences, Inc.).
Homozygous flox mice positive for the PR-Cre genotype were used as
experimental subjects, while wild-type and heterozygous mice served
as controls. Transgenic mice were kept in specific pathogen-free (SPF)
animal rooms with a 12h/12h dark/light cycle. The mice were allowed
access to drinking water and food. A Mouse Direct PCR Kit (for
genotyping) (B40013, Selleck) was used for genotyping.

Female mice, aged 8 weeks, were euthanized by CO, asphyxiation.
Uterine tissues were excised, fixed in formalin overnight, embedded
in paraffin, and sectioned for hematoxylin and eosin (HE) staining
and immunohistochemistry.

2.11 Data analysis
Statistical analysis was performed with GraphPad Prism 5
software (GraphPad Software, Inc., CA, United States). Student’s t-test

and one-way ANOVA were used to evaluate the significance of
differences; p <0.05 indicated statistical significance (8).

3 Results
3.1 S100A4 inhibits cell senescence

Previous experiments have shown that SI00A4 can promote cell
proliferation (8). Considering the cyclical metabolism of
endometrial cells and that cell proliferation and senescence are
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generally opposing processes, we hypothesized that S100A4 might
influence the senescence of endometrial cells. Senescence-
associated f-galactosidase staining can be used to detect cellular
senescence. We performed f-galactosidase staining on endometrial
cells overexpressing S100A4 for 48h and on control cells. The
results revealed that blue staining was relatively weak in cells
overexpressing S100A4, and the proportion of stained cells
decreased (Figure 1A). After the cells were transfected with a siRNA
targeting S100A4 and stained for f-galactosidase after 48h, the
results revealed that, compared with the NC (negative control)
group, the S100A4-knockdown group presented an increased
number of p-galactosidase-positive cells (Figure 1B). Given that
S100A4 promotes cell proliferation, we extended the S100A4
treatment time. After S100A4 was overexpressed or knocked down
for 48 h, we performed EdU labeling to detect cell proliferation. The
results revealed that the percentage of EdU-positive cells was
significantly greater in the S100A4-overexpressing group than in
the control group (Figure 1C), whereas the percentage of
EdU-positive cells was significantly lower in the S100A4-
knockdown group than in the NC group (Figure 1D). These results
further indicate that overexpressing S100A4 inhibits cell senescence.

3.2 S100A4 inhibits activation of the IL-17
signaling pathway

We previously performed transcriptome sequencing 24h after
S100A4 was knocked down and reported that SI00A4 can promote
cell proliferation by targeting GNAI2-MAPK (8). Because the cell
senescence process is relatively slow, we performed transcriptome
sequencing 48 h after S100A4 was knocked down to determine how
S100A4 regulates cell senescence. Compared with those at 24 h, there
were significant changes in cell transcription at 48h, indicating the
formation of a distinct subgroup of cells (Figure 2A). A heatmap
generated from the gene transcription data also revealed changes in
the expression levels of many genes between 24 and 48 h after S100A4
knockdown (Figure 2B). It is approximately 2000 gene transcripts
showed up-regulation and down-regulation respectively (Figure 2C).
GO enrichment analysis of the differentially expressed genes revealed
enrichment in cellular physiological responses related to senescence,

» <«

such as the “ubiquitin-dependent ERAD pathway,” “response to
unfolded protein,” and “response to endoplasmic reticulum stress”
(Figure 2D). These results indicate that the cells initiated the
senescence process at the transcriptional level 48h after S100A4
knockdown. Furthermore, KEGG enrichment analysis revealed
significant signaling pathway changes 48 h after S100A4 knockdown
compared with 24h, particularly activation of the IL-17 signaling
pathway (Figure 2E). Given that the IL-17 signaling pathway can
regulate cell senescence, these results suggest that activating the IL-17
signaling pathway may promote cell senescence following
S$100A4 knockdown.

3.3 S100A4 targets and regulates PPP1CA

Previous immunoprecipitation-mass spectrometry studies
identified proteins that interact with S100A4 (8). The cluster of
orthologous groups (COG) classification of these proteins revealed
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enrichment in functions related to cell senescence, such as “replication,
recombination and repair” and “cell cycle control, cell division,
chromosome partitioning” (
PPPICA Immunoprecipitation
experiments confirmed the interaction between S100A4 and PPP1CA
( ). Immunofluorescence staining and confocal microscopy
revealed that S100A4 (RFP) interacted with PPP1CA (GFP), with the
interaction occurring in the cell nucleus ( ). These results
suggest that SI00A4 may regulate cell senescence by interacting
with PPP1CA.

). Among these proteins,
is related to cell senescence.

Frontiers in

3.4 PPP1CA inhibits cell senescence

To verify whether PPP1CA regulates cell senescence, we constructed
a lentiviral vector overexpressing PPP1CA. First, the lentivirus was
packaged in 293 T cells ( ) and then transduced into sheep
endometrial cells to overexpress PPP1CA ( ). p-Galactosidase
staining 48 h after transduction revealed a reduction in the proportion
of positive cells ( ). PPP1CA overexpression promotes cell
proliferation, as demonstrated by EAU staining ( ). These

results suggest that overexpressing PPP1CA can inhibit cell senescence.
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However, the mechanism by which PPP1CA inhibits the senescence of
sheep endometrial cells requires further exploration.

3.5 PPP1CA inhibits activation of the IL-17
signaling pathway

To explore the mechanism by which PPPICA regulates cell
senescence in sheep endometrial cells, we performed transcriptome
sequencing on cells overexpressing PPP1CA and control cells. Pearson
correlation analysis revealed that the expression profiles of the three
PPP1CA-overexpressing groups were all close to 1, indicating stable
transcriptional states and reliable sequencing results (Figure 5A). The
sequencing results revealed that overexpressing PPP1CA increased the
transcription levels of 2,661 genes and decreased the transcription levels
0f 2,709 genes (Figure 5B). Additionally, 545 genes were newly activated,
and 484 genes were silenced upon PPP1CA overexpression (Figure 5C).
KEGG enrichment analysis of the downregulated genes revealed
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pathways such as “protein processing in the endoplasmic reticulum,”
“IL-17 signaling pathway,” and “cell cycle” (Figure 5D). Although these
pathways are related to cell senescence, they are also associated with cell
proliferation. Previous results indicated that GNAI2 could regulate “cell
cycle’-related pathways (7). To further identify PPP1CA-specific signaling
pathways, we performed differential analysis between genes regulated by
GNAI2 and those regulated by PPP1CA (Figure 5E). KEGG clustering
analysis revealed enrichment of the IL-17 signaling pathway, suggesting
that it may be a key downstream regulatory pathway of PPP1CA.

3.6 Inhibition of the IL-17 signaling
pathway suppresses cell senescence

There is currently no evidence that IL-17 can regulate the
proliferation of sheep endometrial cells. To verify whether blocking
the IL-17 signaling pathway can inhibit cell senescence, we treated
cells with the IL-17 antagonist Y-320 for 48 h. -Galactosidase staining
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revealed that Y-320 treatment significantly reduced the number of
positive cells ( ). In addition, after overexpression of S100A4
and PPP1CA in sheep endometrial cells, decreased IL-17 gene
transcription levels were detected ( ). These
results suggest that the inhibition of the IL-17 signaling pathway
resulting from S100A4 and PPPICA overexpression might
be responsible for the reduced senescence of sheep endometrial cells.

3.7 In vivo experiments show that uterine
endometrial cells lacking S100A4 promote
senescence

To determine whether SI00A4 can regulate PPP1CA in vivo,
we generated S100A4-deficient mice through breeding (8).
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HE staining of the endometrium revealed that the epithelial cells in
the S100A4-deficient mice were mostly single-layer columnar cells,
whereas those in the control group were multilayer epithelial cells.
Additionally, the endometrial thickness was uneven and relatively thin
in the S100A4-deficient group. Furthermore, nuclear fragmentation
and cell death in the epithelial cells of the endometrium in the
S100A4-deficient group ( ) indicate that S100A4 deficiency

altered the normal state of endometrial epithelial cells.
Immunohistochemical staining revealed reduced PPP1CA expression
levels in the endometrial cells of S100A4-deficient mice ( ).

These results suggest that knocking out SI00A4 in vivo can reduce
PPPICA protein levels lead to endometrial cell damage. Based on
these results, it can be speculated that S100A4 and PPP1CA inhibit the
senescence of sheep endometrial cells, possibly by inhibiting the
activation of the IL-17 signaling pathway ( ).
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In human clinical studies, compared with GnRH agonist
protocols, GnRH antagonist protocols for in vitro fertilization (IVF)
typically result in lower pregnancy rates, with decreased S100P
expression, while apoptosis is increased following GnRH antagonist
treatment (11). However, the use of GnRH agonists in human EC
cell lines reduces cell proliferation (12), a phenomenon that has
been confirmed in various cell types (13). During sheep embryo
transplantation, GnRH agonists do not facilitate embryo
implantation; instead, they inhibit the expression of S100A4, which
promotes the proliferation of endometrial epithelial cells (8). In
addition to affecting the proliferation of sheep endometrial
epithelial cells, GnRH also reduces the number of endometrial cells

and induces apoptosis. The final outcome for cells that stop

Frontiers in

proliferating is often cellular senescence (14). In this study,
we found that S100A4 knockdown promotes endometrial epithelial
cell senescence, revealing a new mechanism for SI00A4’s role in
endometrial cell regulation.

The activation of the IL-17 signaling pathway is a major cause of
cellular senescence in various cell types. Skin aging is associated with signs
of chronic inflammation, and single-cell sequencing has revealed that
IL-17 produced by lymphocytes is a cause of skin aging (15). In arthritis,
Th17 cells induce fibroblast senescence, and injecting IL-17-neutralizing
antibodies into the joints of patients reduces the expression levels of
senescence markers (16). Additionally, in degenerative arthritis, the
senescence of chondrocytes is significantly linked to IL-17 expression
(17). In studies of vascular endothelial dysfunction, IL-17 has been shown
to induce endothelial cell senescence (18, 19). This study revealed changes
in the IL-17 signaling pathway in S100A4-and PPP1CA-induced
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statistical tests, lower padj values (closer to zero) typically indicate more statistically significant results.

senescence, suggesting that IL-17 pathway activation is a significant cause
of endometrial cell senescence.

We identified the regulatory molecules S100A4 and PPP1CA,
which modulate the IL-17 signaling pathway in endometrial cells.
S100A4 expression is significantly decreased in sheep endometrial
tissue after GnRH agonist treatment (8). Further in vitro experiments
revealed that S100A4 knockdown activated the IL-17 pathway.
Although no previous reports have linked S100A4 to aging, SI00A4
has been extensively studied for its role in promoting the proliferation
of breast cancer cells (20, 21), liver cancer cells (22), lung cancer cells
(23), prostate cells (24), and endometrial cancer cells (25). In addition
to regulating cell proliferation, S100A4 influences immune cell
proliferation and mast cell recruitment (26). Single-cell sequencing
analysis identified SI00A4 as an important immune-suppressing
T-cell regulator in glioma (27). S100A4 activates the NF-kB/NLRP3
inflammasome signaling pathway to promote macrophage pyroptosis
induced by Mycobacterium tuberculosis infection (28). It is also a
marker of microglial its role in

reactivity, suggesting

neuroinflammation (29). These findings imply that S100A4 can
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regulate cell fate and immune responses. The activation of the IL-17
pathway, which is based on immune response-regulated cellular
senescence, indicates that S100A4 has the potential to regulate cellular
senescence. Indeed, our experiments confirmed that knocking out
S100A4 promotes the senescence of sheep endometrial cells,
increasing our understanding of the functional mechanisms
of SI00A4.

PPP1CA can regulate immune responses, affecting immune
cell infiltration and breast cancer tumor cell proliferation (30). In
glioma cells, PPP1CA collaborates with KIF18A to regulate
cancer cell proliferation (31). In MIO-MI1 cells, PPPICA
promotes YAP phosphorylation to regulate cell proliferation (32).
In studies of intervertebral disc degeneration, PPP1CA was
shown to mediate nucleus pulposus cell senescence (10). Our
work revealed the interaction between PPP1CA and S100A4 and
verified the role of PPP1CA in sheep endometrial cell senescence.
These findings expand the scope of PPP1CA regulation of cellular
senescence and elucidate the mechanisms through which
PPP1CA is regulated.
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FIGURE 6
Cell senescence is reduced after treatment with an IL-17 inhibitor.
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5 Conclusion

This study revealed that GnRH can regulate endometrial cell
senescence, identified the interaction between S100A4 and PPP1CA
and described its role in regulating cellular senescence, and revealed
the regulatory role of the S100A4/PPP1CA/IL-17 signaling pathway
in sheep endometrial cell senescence. These findings provide
theoretical guidance for hormone selection during sheep embryo
tansfer in clinical settings. Future research on the interaction
between different cell types and their impact on sheep endometrial
cell senescence will increase the understanding of these mechanisms

Frontiers in Veterinary Science

and aid in identifying regulatory targets to enhance sheep
embryo implantation.
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Bacteriological load in Holstein
Friesian cows with dystocia

Florin Nechifor*, Stefan Gregore Ciornei* and Petru Rosca*

Department Clinics, Reproduction, Faculty of Veterinary Medicine, University of Life Sciences (IULS),
lasi, Romania

The research took place on a farm in North-Eastern Romania with Holstein Friesian
cows aged between 3 and 9 years. Bacteriological investigations were carried out
throughout the year 2023, on a total of 35 cows, including 25 multiparous cows
and 10 primiparous cows, 23 cows had eutocic parturitions and 12 cows had
dystocic parturitions, during the first 3 weeks postpartum. In the case of dystocic
parturition, biological samples yielded isolates including 9.3% strains classified as
Staphylococcus, 8.1% strains of Escherichia coli, 4.1% strains of Arcanobacterium, and
2.3% strains of Klebsiella. Other bacterial types were identified in lesser proportions.
In the case of eutocic parturition, Escherichia coli was most frequently isolated:
18.6% of the isolated bacterial strains, followed by 5.8% Pseudomonas spp., 4.6%
Enterococcus spp., 4.6% Streptococcus species, 3.5% Staphylococcus spp., and
Corynebacterium spp., and 2.3% Arcanobacterium spp. It is noted that on the 7th
day of puerperium, the mean value of colony-forming units per milliliter (CFU/mL)
was 74 x 10* CFU/mL in normal calving cows compared to 29 x 106 CFU/mL in cows
with dystocia. The total number of recorded germs increases significantly during
the first 14 days postpartum in all cases, higher levels being shown in cows with
dystocic calving. For statistical analysis, the independent t-test (p < 0.05) was made
by using the SPSS 16 software. The object of the research is the bacteriological load
in Holstein Friesian cows depending on the type of eutocic parturition/dystocia.

KEYWORDS

cow, dystocia, eutocic, bacteria, puerperium, fertility

1 Introduction

Puerperal infections of the reproductive tract in dairy cows can lead to fertility problems
and represent a relevant economic problem due to their frequency. Uterine disorders lead to
the reduction in cow welfare due to inflammation of the genital tract and they should not
be underestimated (1, 2).

Understanding the morpho-functional activities of the genital apparatus is an essential
condition for specialists who prevent and treat disorders that may occur at this level (3).

The general understanding is that the reproductive ability of animals, expressed by the
term fertility, is based on two anatomo-physiological coordinates of the genital apparatus: the
structural component and the dynamic component, represented by the peculiarities of
reproductive function (4, 5). These two values are integrated into a morphophysiological
complex that constitutes the entire animal organism (6, 7).

Through gynecological examinations and by clinical and laboratory research, the causal
agents of reproductive disorders have been highlighted. These agents can lead to various lesion
and functional changes of the genital apparatus (8, 11).

The postpartum period is predominantly included in the complex of conditions affecting
sexual activity (9, 10, 12).

The puerperal period is conditioned and influenced by several factors: the physical and
health status of the female, the course of parturition, the quality of parturition assistance,
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nutrition, milk production, environmental conditions, or stress factors
(13, 16, 17).

Under these conditions, this period is characterized by:
postpartum uterine involution, lochia elimination, postpartum
ovarian activity resumption and postpartum uterine bacteriology
(14, 18).

The various obstetric disorders that can occur during this period
cause serious disturbances in the course of the puerperium, negatively
influencing the main reproductive parameters, including fecundity
and female fertility (7, 15).

However, bacterial contamination of the uterus in postpartum
cows is common and the development of uterine inflammation
depends on local immunity and the intensity of contamination (6).

Obstetric disorders that may occur during this period can cause
serious disturbances in the course of the puerperium.

Infections in the puerperal period may lead to puerperal metritis
or clinical endometritis. Thus, uterine bacterial infections have been
shown to adversely affect uterine and ovarian function and fertility
(13). These conditions can be so severe that they can permanently
compromise reproductive function (17).

In addition to understanding the physiological phenomena that
occur during the puerperal period, it is recognized that within the
reproductive cyclogram, in case of disturbances that may occur, some
modifications in the female’s subsequent fertility are observed (9, 15).

The numerous functional transformations that take place during
the postpartum period, recorded at the cellular level up to the level of
organs and systems, can have different effects negatively influencing
the body’s recovery and delaying or blocking the resumption of sexual
function (18).

Under the influence of these factors and in the conditions of the
great lability of postpartum body recovery processes, the pathology of
the puerperal period is diverse and complex, being directly related to
the pathology of parturition and the periparturient period (16).

Monitoring the puerperal period involves coordinating the factors
that determine the smooth running of sexual processes, with an
important component being the optimal resumption of physiological
and morphofunctional parameters close to the ante-partum
period (14).

The object of the research is to determine the bacteriological load
in Holstein Friesian cows depending on the type of eutocic parturition/
dystocia.

2 Materials and methods

Bacteriological investigations were carried out throughout the
year 2023, on a total of 35 cows, including 25 multiparous cows and
10 primiparous cows, 23 cows had eutocic parturitions and 12 cows
had dystocic parturitions, during the first 3 weeks postpartum. The
research took place in North-eastern Romania on Holstein Friesian
cows aged between 3 and 9 years.

Sampling was performed with an exudate swab made in the
laboratory. For this, 40 cm metal rods were used, the ends of which
were protected with cotton wool. One of them was inserted into a
30 cm test tube and finally they were distributed individually in bags
to be sterilized by autoclaving. Sterilization was carried out at 121°C
for 60 min. In this way, a proper sterilization and a suitable size for this
type of harvest was ensured.
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For the isolation and identification of potentially pathogenic
bacterial agents, both standard culture media and differential and
selective media were used.

Differential media contain substrates for specific bacterial
enzymes or cytotoxins and an indicator that confirms the reactivity
on this substrate. This category also includes blood agar, which
differentiates between hemolytic and non-hemolytic bacteria, or
lactose media with various pH indicators. Selective culture media for
that
characteristics of bacteria, such as their ability to use certain

bacteria contain specific indicators confirm certain
substrates, to produce certain enzymes, or to resist certain
antimicrobial agents.

The selective and differential media used were: EMB Agar
(Oxoid); Mac Conkey Agar (Merck); Chapman Agar (Oxoid);
Columbia Agar (Oxoid); Infusion Brain Heart Agar (Oxoid); Agar-
bile-esculin-sodiumazide; Brucella Agar (Oxoid); CCDAgar (Charcoal
Cefoperozone Deoxycholate agar, Oxoid); SPS Agar (Sulphite
Polymyxin Sulfadiazine, Oxoid); TSI (triple sugar iron agar, Oxoid);
MIU (motility, indole, urease, Oxoid); MILF (motility, indole,
lysinedecarboxylase, phenylalaninedeaminase, Oxoid); Simmons Agar
(Oxoid) and oxidase test.

Pathological materials were subjected to laboratory investigations
according to the general guidelines of bacteriological diagnosis.

The culture media used are produced by: Oxoid (UK) and Merg
(Germany).

Selective media contain substances that inhibit the growth of
contaminating bacteria, possibly collected during sampling. All
special culture media, used for bacterial isolation, contain, according
to the technical file, different substances that can inhibit or favor the
multiplication of certain species of microorganisms. Depending on
their recommendation, their composition is different.

For identification of bacterial strains Api galleries were used.

Api systems allow easy and rapid identification of 20-30
biochemical tests of aerobic and anaerobic bacteria.

The API tests were selected according to the results obtained
following the examination of the tinctorial, morphological and
cultural characters of the isolated strains.

API 20 A galleries were used to test anaerobic bacteria.

The evaluation methodology is a classic one in microbiology. After
the isolation of the strains in pure culture, the bacteria were subjected
to specific work steps for biochemical testing using the API galleries.
The protocol is extensive and we are not allowed to describe the work
steps, but summarizing we can mention: isolation in pure culture on
the solid medium; obtaining a bacterial suspension equivalent to 0.5
Mc Farland (1.5x10°® CFU), adding it to the wells of the API galleries.
Incubation at 37°C for 24-48 h under aerobic or anaerobic conditions,
checking each test based on color change by automatic reading with
the help of the API reading system.

Determinations were made using the API LAB Plus.

The complex biochemical identification systems used were: mini
API galleries for API 20 NE, API 20 E, API 32 GN. ID32GN is used
for the identification of Gram-negative species, but we used API 32 E,
which also allowed the identification of other non-Enterobacteriaceae
species. The galleries used are produced by Biomerieux. To reconstitute
the substrate, the galleries were inoculated with a bacterial suspension
made from the studied colony. Bacterial suspensions were made from
the 24-h strains brought to a bacterial density equivalent to the 0.5 Mc
Farland standard (1.5x10° cfu).
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When the results were inconclusive after the first reading, the
galleries were further incubated for another 24 h. After reading,
additional agents were introduced, which differ from one
identification system to another: Api 20E (TDA, IND). Sometimes,
the substrates in the wells of the API galleries are not conclusive
enough in terms of color shift and the reading can give errors. In this
case, it is useful and in practice it is recommended that the API
galleries be maintained for another 24 h in the thermostat and only
then the final reading is done.

The bacteriological examination protocol requires isolating
bacteria from pathological materials on culture media and identifying
the cultures.

Inoculation was performed directly onto culture media without
prior processing. The inoculum was spread using an exudate swab or
an inoculation loop onto agar medium. Inoculum spreading was
performed using the quadrant streaking technique to obtain
isolated colonies.

Inoculation on liquid media was carried out using a Pasteur
pipette, transferring the biological sample from the transport tube into
the appropriate growth medium.

Following inoculation, culture media were incubated in a
thermostat at 37°C under aerobic and anaerobic conditions.

The pathological material taken from the patient was discharged
into one milliliter of sterile physiological serum, from which
decimal dilutions were then carried out up to dilution 10% From
each dilution, 1 mL was taken and distributed in two sterile Petri
dishes, over which the Mueller Hinton Agar medium was added,
melted and cooled to 45°C so as not to influence cell viability in the
suspension, and the dishes were incubation at 37°C. After 24 h,
bacterial colonies were counted from the last plates, where the
density of the colonies allowed them to be counted. The results
obtained on the two dilution plates were averaged and multiplied by
the dilution factor, thus obtaining the total number of germs per
1 mL of biological sample suspension. The results were reported
in CFU/mL.

The results of the bacterioscopic examination conducted on the
collected pathological materials revealed bacterial morphologies and
different staining affinities, depending on the sampling area and the
evolution of the infectious site. The purpose of the bacterioscopic
examination was to guide bacteriological investigations to obtain
relevant results.

Microscopic examination of Gram-stained smears identified fields
with: coccal forms of 1 pm, arranged in shorter or longer chains, or
grouped in clusters, stained Gram-positive; bacilli with club-shaped
or rounded ends and deformed bacterial bodies with endospores,
Gram-positive, of various sizes, some unbranched, non-sporulated,
grouped in palisades, Chinese letter shapes, or short chains, with or
without metachromatic granules; branched, filamentous filaments,
long bacilli, some fusiform, Gram-positive or Gram-negative, some
arranged radially; kidney-shaped cocci, arranged in diplo or tetrads,
stained Gram-negative; cocobacilli or Gram-negative bacilli, with or
without bipolar staining, sporulated or non-sporulated.

2.1 Statistical analysis

For statistical analysis, the independent t-test (p < 0.05) was made
by using the SPSS 16 software.
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3 Results

3.1 Bacteriological examination from a
quantitative point of view

It is observed that, in the 7th day of puerperium the average value
of colony-forming units per milliliter (CFU/mL) was 74 x 10* CFU/
mL in cows with normal parturition compared with 29 x 10° CFU/mL
in cows with dystocia. In this situation, the differences in the bacterial
load are obvious (Figure 1A).

For p < 0.05 (independent student t-test), the difference between
average CFU/mL of 7th day samples from cows with normal
parturition and average CFU/mL of 7th day samples from cows with
dystocia is statistically significant.

At 14th day of puerperium the average value for cows with normal
parturition was 52x10° CFU/mL and for those with dystocia the
average grew up until 19x10” CFU/mL (Figure 1B).

For p < 0.05 (independent student t-test), the difference between
average CFU/mL of 14th day samples from cows with normal
parturition and average CFU/mL of 7th day samples from cows with
dystocia is not statistically significant.

At 21st day of puerperium, the average CFU/mL for cows with
normal parturition was 27x10 CFU/mL, while for those with dystocia
the average was 27x10° CFU/mL (Figure 1C).
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FIGURE 1

Graphical representation of the average value and standard deviation
of evolution of the microbial load from cows in 7th day (A), 14th (B),
21st day (C) of puerperium with normal parturition/dystocia.
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For p < 0.05 (independent student t-test), the difference between
average CFU/mL of 14th day samples from cows with normal
parturition and average CFU/mL of 7th day samples from cows with
dystocia is statistically significant.

The results obtained from the quantitative evaluation of biological
samples do not indicate significant differences in cows with eutocic
calving concerning CFU/mL, which are consistent with those
mentioned in specialized literature. For most cows with eutocic
calving, the microbial load varied at 7 days between 10°~10’, at 14 days
between 10°-10°, and at 21 days between 10*~10°. Similarly, there are
no major differences between the compared results obtained in the
study for cows with dystocic calving, except for one case, where the
bacterial load varied within wider limits. Thus, in cow with
identification number 4092, with dystocic calving, the total number
of germs varied from 25x10° at 7 days postpartum, to 11x10° at
14 days, and slightly decreased to 16x10” at 21 days. Bacteriological
examination of vaginal and cervical biological samples from cows in
the postpartum period led to the isolation of numerous
bacterial strains.

The primary analysis of these data shows that, from these
biological samples, 9 (5.24%) bacterial strains were isolated in pure
cultures and 163 (94.76%) mixed bacterial strains (Table 1).

The classification of the isolated microorganisms according to
respiratory type revealed the predominant presence of 163 aerobic
bacterial strains, of which 71 were Gram-positive and 92 Gram-
negative. Anaerobic bacteria were present in small numbers, with 9
(5.24%) strains, of which 4 Gram-positive and 5 Gram-negative strains.

By correlating cultural, morphological, and biochemical
characteristics, the majority of isolated bacterial strains were classified
up to the level of bacterial species.

Microbiological investigations revealed that Escherichia coli was
the most frequently isolated bacterium from vaginal and cervical
samples, with 46 (26.7%) strains, followed by Staphylococcus spp. with
22 (12.8%) strains and Arcanobacterium pyogenes with 11 (6.4%)
strains (Table 2).

From the data obtained in the bacteriological examination, it
arises that, based on the course of parturition, out of the 35 cows,
23 experienced eutocic calving from which 110 bacterial strains
were isolated, while dystocic calving was observed in 12 cows from
which 62 bacterial strains were isolated. Additionally, it is noted
that E. coli was predominantly isolated from the biological samples,
both in the case of eutocic calving (19.14%) and dystocic calving
(9.21%).

In the case of dystocic birth, 9.3% of the strains were classified in
the Staphylococcus genus, 8.1% E. coli strains, 4.1% Arcanobacterium
strains, and 2.3% Klebsiella strains isolated from the biological
samples. In the case of eutocic calving, E. coli was the most frequently

10.3389/fvets.2024.1456324

isolated: 18.6% of the bacterial strains isolated, followed by 5.8%
Pseudomonas spp.

3.2 Bacteriological examination from a
qualitative point of view

The results of the bacterioscopic examination, performed on the
pathologic specimens, revealed different bacterial morphologies and
dye affinity, depending on the area of sampling and the evolution of
the infectious outbreak. The aim of the bacterioscopic examination
was to guide the bacteriologic investigations in order to obtain
appropriate results.

Microscopic examination of Gram-stained smears identified
fields with:

TABLE 2 Classification of bacterial strains according to the type of
parturition.

Bacterian strains Eutocic Distocic
parturition  parturition
\[g % Nr. %
aerob Staphylococcus 6 3.5 16 9.3
aerob Streptococcus 8 4.6 -
aerob Enterococcus 8 4.6 -
Gram aerob Micrococcus 7 4.1 -
+ aerob Corynebacterium 6 35 3 1.7
aerob Arcanobacterium 4 2.3 7 4.1
aerob Listeria 1 0.5 2 1.1
anaerob | Clostridium 5 2.9 2 1.1
aerob Escherichia coli 32 18.6 14 8.1
aerob Citrobacter 2 1.1 3 1.7
aerob Pseudomonas 10 5.8 - -
aerob Klebsiella 4 2.3 4 23
aerob Proteus 4 2.3 2 1.1
Gram | aerob Pasteurella 3 1.7 - -
- aerob Actinomyces 3 1.7 1 0.5
aerob Enterobacter 2 1.1 3 1.7
aerob Serratia - - 1 0.5
anaerob | Bacteroides - - 1 0.5
aerob Neisseria 7 4.1 - -
aerob Actinobacillus - - 1 0.5

TABLE 1 Classification of bacterial strains according to respiratory type and tinctorial affinity.

Total number
of bacterial
strains

Species

Respiratory
type

Strains
Nr. %

Cows 172 Aerob bacteria 163 94.76 71 412 92 53.4
Parturition Eutocic Parturition Distocic Anaerob bacteria 9 5.24 4 0.23 5 0.29
23 (65.7%) 12 (34.3)

Total 172 100% 75 43.6 97 56.4

Frontiers in Veterinary Science

179

frontiersin.org


https://doi.org/10.3389/fvets.2024.1456324
https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org

Nechifor et al.

o 1 pm cocoid forms, arranged in shorter, longer chains or grouped
in clusters, Gram stained Gram positive;

« Rod-shaped or rounded bacilli with deformed bacterial bodies of
endospores, Gram-positive, of various sizes, some unamamified,
unsporulated, grouped in palisades, Chinese idiograms or short
chains, with or without metachromatic granulation;

Branched filaments, filamentous, long bacilli, some fusiform,
Gram-positive or Gram-negative, some radially arranged;
« Coci reniform, arranged in tetrads, Gram-negative stained;

Cocobacilli or Gram-negative bacilli, polymorphous, with or
without bipolar coloration, sporulating or non-sporulating
(Figure 2).

4 Discussion

Sampling is an important step for bacteriological examination.
For the bacteriological examination, sterile genital secretions were
collected from the cervix and vagina.

The direct bacterioscopic examination often does not provide
accurate identification of the bacteria. Therefore, the working protocol
of the bacteriological examination involves isolating bacteria from
pathological materials on culture media and identifying the
cultures themselves.

To achieve this, pathological materials were inoculated onto both
regular aerobic, anaerobic culture media, as well as special and
selective media. Most samples were investigated within 30 min
of collection.

Puerperal infections of the genital tract in cows can lead to a series
of fertility problems and due to their incidence, they are still an
essential problem from an economic point of view (5, 20). Also,
postpartum hygiene of cows has a major influence on the course of
puerperal inflammation and recovery of sick cows (18).

Ante- and post-partum hygiene has a major influence on the
development of puerperal disorders (16).

According to the authors, this bacterial contamination is not
specific, but includes a large number of different bacteria. Sheldon
etal. (10), attempted to classify bacteria isolated from the postpartum
uterus based on their pathogenic potential and assigned high

FIGURE 2

The microscopic aspect of the cow's genital secretion 21 days post-
partum. Microscopic field with different bacteria types. Direct smear,
Gram coloration, 20x100.
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pathogenicity to Trueperella pyogenes, Prevotella spp., E. coli and
Fusobacterium spp.

The biological barriers are broken and thus the bacteria ascend to
the vagina and uterus. This is an inevitable consequence, but it seems
that some cattle face more challenges in controlling this bacterial
contamination than other cows (1, 18).

According to the specialized authors, this bacterial contamination
in this species is not specific, but includes an extremely large number
of different bacteria. Thus, there is a risk that the bacterial
contamination becomes bacterial infections, because the cow’s defense
mechanisms do not cope (1). Sheldon et al. (10), states that in the first
14 days post-partum, a wide variety of bacteria can be detected in
about 90% of cattle.

According data, Williams et al. (7), reached conclusion; E. coli and
Fusobacterium necrophorum were associated with endometrial
inflammation, while the presence of gram-negative staphylococci and
streptococci seemed to exert a protective effect against the condition
after postpartum calving.

This was true for bacteroides spp. Escherichia coli, for example.
These bacteria were also detected significantly more often in the sick
animals compared to the healthy ones (6, 21).

Moore et al. (17), also reported that coagulase negative
Staphylococci were more prevalent in animals that did not show
uterine infections and reduced the risk of abnormal vaginal discharge.

The genus Actinobacillus spp. was isolated from the postpartum
uterus of dairy cows, but has not been associated with positive or
negative effects on uterine health, only with epididymitis in rams (12).

Acinetobacter spp. is described by Sheldon et al. (4) as a potential
pathogen of uterine infections.

Staphylococcus spp. in our research and the increased occurrence
of potential pathogens genera, as seen with Clostridium spp. in cows
with dystocic parturitions versus those with eutocic parturitions.

Uterine bacteriology and defense capacity are important in the
evolution of the puerperal period, various studies report that the
bacteria most commonly associated with uterine infections include
E. coli, Corynebacterium, Actinomyces, Arcanobacterium pyogenes, and
anaerobic bacteria such as Fusobacterium necrophorum, E nucleatum
and Bacteroides spp. (18, 19), compared to similar results
obtained by us.

Other recent research shows that E. coli and Staphylococcus spp.
were the most frequently isolated bacteria, a total of 52 bacterial
isolates (20).

Even in the case of subclinical endometritis reported by Sikra et al.
(21), uterine bacteriology shows an included Gram-positive bacteria
in percentage of 62.5 and 37.5% Gram-negative bacteria. The highest
incidence was reported for Escherichia coli (16.66%), vancomycin-
resistant Enterococcus spp. (16.66%), Staphylococcus spp. (14.58%) and
Streptococcus agalactiae (12.5%).

5 Conclusion

Postpartum bacterial load in the uterus first increased and then
decreased in cows with dystocic parturition; bacterial diversity in the
uterus of cows with eutocic parturitions was lower. Characteristic
changes in the relative abundance of uterine bacteria in cows with
dystocia included increased Staphylococcus and Corynebacterium,
decreased Actinomyces and Bacteroides.
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Objective: Myo-inositol (Myo-Ins), the most abundant form of inositol, is an
antioxidant and plays a crucial role in the development and reproduction of
mammals and humans. However, information elucidating the role of Myo-Ins
in porcine embryonic development after parthenogenetic activation (PA) is still
lacking. Therefore, we investigated the effect of Myo-Ins on porcine embryos
and its underlying mechanisms.

Methods: In this study, various concentrations of Myo-Ins (0, 5, 10, and 20 mM)
were added to the porcine zygotic medium (PZM3) during the in vitro culture
(IVC) of porcine embryos. Several characteristics were evaluated, including
cleavage rate, blastocyst formation rate, intracellular glutathione (GSH) and
reactive oxygen species (ROS) levels in 4-5 cell stage embryos, total cell
number, apoptotic rate in blastocysts, mitochondrial membrane potential
(MMP), mitochondrial quantity, mitochondrial stress in the blastocysts, and gene
expression for antioxidant and mitochondrial function markers. Additionally, the
immunofluorescence of HO-1 was assessed.

Results: The results showed that Myo-Ins at concentrations of 10 and 20 mM
significantly increased the blastocyst formation rate compared to the control group.
Embryos supplemented with 20 mM Myo-Ins exhibited higher GSH levels and
lower ROS levels than those in the control group. Myo-Ins supplementation also
decreased the rate of apoptosis and the apoptotic index in the treatment groups.
Additionally, embryos supplemented with 20 mM Myo-Ins showed increased
mitochondrial membrane potential (MMP), greater mitochondrial quantity, and
reduced oxidative stress in the mitochondria. Interestingly, the expression levels of
genes related to mitochondrial function and the nuclear erythroid factor 2-related
factor (NRF2) pathway were elevated in the Myo-Ins treated groups. Furthermore,
immunofluorescence results indicated that 20 mM Myo-Ins significantly increased
HO-1 expression in blastocysts compared to the control group.

Conclusion: In conclusion, 20 mM Myo-Ins supplementation enhanced
blastocyst development and improved mitochondrial function by regulating
apoptosis, reducing oxidative stress, and activating the NRF2 pathway.
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1 Introduction

In vitro embryo production (IVP) is an essential technique for
early-stage porcine embryos that provides sufficient embryos for
biomedical technology uses, such as genetic modification and cloning,
compared to in vivo embryos. Consequently, the creation of porcine
models for biomedical research is an important step in the IVP
embryos with high implantation potential (1, 2). The quality of
embryos during IVP directly affects the subsequent implantation of
embryos and the early development of the fetus. In IVP, the easiest
method to evaluate pre-implantation embryos is the blastocyst
formation rate; nonetheless, this technique has not significantly
improved during the past 20 years. The in vitro culture (IVC) system’s
inability to accurately mimic the natural in vivo microenvironment of
embryo development is an obstacle to making significant
advancements in the assessment of blastocyst formation rate,
particularly in porcine embryos. This is mainly because pig embryos
are extremely susceptible to reactive oxygen species (ROS) impeding
their growth (3, 4). Thus, it is crucial to optimize embryo culture
systems to improve the competency and quality of early
embryonic development.

Excessive ROS levels result in oxidative stress, which ultimately
affects embryonic development (5). ROS can result from the
surrounding culture environment or the embryo’s metabolism, and
cause protein denaturation (6), lipid peroxidation (7), DNA
damage (8), and mitochondrial damage (9), which, in turn, results
in the inhibition of embryo development (10). Enhancing the
efficiency and quality of porcine embryo production is a viable
strategy for impeding the generation of excessive ROS. Previous
studies have demonstrated that the addition of antioxidants, such
as melatonin (11), cysteine (12), linoleic acid (13), laminarin (14),
and resveratrol (15), diminishes the oxidative stress of embryos.
Nevertheless, the existing IVC conditions fail to mimic the in vivo
environment. Consequently, understanding the mechanisms of
antioxidative damage and investigating potent antioxidant
substances for incorporation into culture media are effective
approaches for enhancing the in vitro developmental capabilities of
embryos (10).

Inositol is a crucial component of structural lipids.
Phosphatidylinositol, a key element in cellular membranes, especially
mitochondrial membranes, plays a pivotal role in the maintenance
and function of mitochondria (16). Myo-inositol (Myo-Ins), the
predominant form of inositol in nature, actively participates in
cytogenesis, cell morphogenesis, lipid synthesis, cell membrane
formation, and cell growth. Myo-Ins is recognized as a precursor of
secondary messengers in cell signaling systems and is therefore
involved in the regulation of intracellular calcium concentrations (17,
18). Consequently, it plays a crucial role in regulating cardiac function,
increasing insulin sensitivity, influencing metabolic changes, and
remarkably impacting reproductive processes (19-22). Myo-Ins
present in body fluids, particularly the follicular fluid, plays a crucial
role in generating essential intracellular signals. Additionally, it is vital
for follicle maturation of follicles and serves as an indicator of high
oocyte quality (23-25).
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Research on farming animals has indicated that Myo-Ins plays a
role in mammalian preimplantation development, as the
supplementation of culture media with Myo-Ins increases blastocysts
formation, expansion, and hatching in rabbits and bovines (26, 27),
ultimately supporting the development of healthy animals (26). In
addition, it has been shown that Myo-Ins exhibits antioxidant
properties and mitigates oxidative stress (28, 29). Previous studies
have reported that Myo-Ins plays a protective role against oxidative
stress by activating the NRF2/KEAPI signaling pathway (30, 31).
However, there is a lack of evidence elucidating the association
between Myo-Ins and the NRF2/KEAPI signaling pathway, specifically
in porcine in vitro embryonic development. Therefore, the objective
of this study was to explore porcine in vitro embryonic development
and elucidate the underlying mechanisms by incorporating optimal
concentrations of Myo-Ins into the IVC medium. This involved the
assessment of blastocyst quality, monitoring of intracellular levels of
ROS and glutathione (GSH), and evaluation of mitochondrial quantity
and membrane potential. Furthermore, we aimed to determine the
correlation between Myo-Ins and the NRF2/KEAPI signaling pathway
during porcine early embryogenesis.

2 Materials and methods
2.1 Chemical and reagents

All the chemicals and reagents were purchased from Sigma-
Aldrich (St.Louis, MO, United States). MitoSOX Red mitochondrial
superoxide indicator and JC-1 were obtained from Invitrogen by
Thermo Fisher Scientific (Carlsbad, CA, United States). HO-1/
HMOX-1 primary antibody was purchased from Proteintech (10701-
1-AP, Proteintech, Illinois, USA).

2.2 Oocyte collection and in vitro
maturation (IVM)

Porcine ovaries were procured from a local abattoir and promptly
transported to the laboratory within 3 h in a 0.9% (v/v) NaCl solution
maintained at 37-39°C. Upon arrival, the ovaries were subjected to
two washes with a 0.9% (v/v) NaCl solution. Medium-sized follicles
(3-7 mm in diameter) were selected for the retrieval of cumulus-
oocyte complexes (COCs) using an 18G needle and a 10 mL
disposable syringe (32). Subsequently, the collected complexes were
transferred to 15 mL conical tubes. COCs exhibiting evenly granulated
cytoplasm and compact cumulus cell layers were selected, and 50-60
COCs were cultured in each well of a four-well dish (Nunc, Roskilde,
Denmark) containing 500 pL of IVM medium and not covered with
mineral oil. The IVM medium consisted of TCM199 (Invitrogen
Corporation, Carlsbad, CA, United States) supplemented with
0.91 mM sodium pyruvate, 0.6 mM cysteine, 75 ug/mL kanamycin,
10 ng/mL epidermal growth factor, 10% (v/v) porcine follicular fluid,
and 1 pg/mL insulin. During the initial 22 h of IVM, the COCs were
incubated with 10 IU/mL equine chorionic gonadotropin (eCG) and
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10 IU/mL human chorionic gonadotropin (hCG), followed by a
subsequent 20 h incubation without these hormones. All IVM
procedures were conducted in a humidified incubator (Astec,
Fukuoka, Japan) maintained at 39°C with a 5% CO, atmosphere.

2.3 Parthenogenetic activation (PA) and in
vitro culture (IVC) of porcine embryos

PA was conducted in accordance with a previously published
protocol (33). Initially, metaphase II stage (MII) oocytes were collected
following IVM and treated with 0.1% hyaluronidase for 1 min to
facilitate the removal of cumulus cells through gentle mechanical
pipetting. Subsequently, the MII oocytes were rinsed twice with an
activation solution comprising 280 mM mannitol, 0.01 mM CaCl, and
0.05 mM MgCl, before undergoing activation in 2 mL of the same
solution. Activation was achieved through the administration of two
direct electrical pulses at 120 V/mm for 60 ps, delivered via a cell
fusion generator (LF101; NepaGene, Chiba, Japan). Subsequently, the
activated oocytes were cultured in PZM3 containing cytochalasin B
within a humidified environment of 5% CO,, 5% O,, and 95% N, for
4h (34). All embryos were subjected to electrical activation and
underwent three washes with IVC medium droplets (containing 10
oocytes per 30 pL) fully covered with mineral oil. PA was initiated on
day 0, with embryo transferring to fresh droplets on days 2 (48 h) and
4 (96 h) of development. The cleavage rates of the embryos were
analyzed on the second day and categorized into five groups based on
the number of cells: 1, 2-3, 4-5, 6-8 cells, and fragmented embryos.
On the seventh day, embryonic development was quantitatively
assessed by determining blastocyst formation rates across three groups
categorized by blastocyst morphology: early, expanded, and hatched.
To quantify cell numbers in blastocysts, all blastocysts displaying a
blastocoel were stained with 10 pg/mL Hoescht-33342 for 10 min.
Following staining, each blastocyst was mounted on a glass slide in a
drop of 100% and examined under an epifluorescence microscope
(TE 300; Nikon, Tokyo, Japan) at 200 x magnification. The cell
numbers were manually counted, and blastocysts with a blastocoel
and at least 20 cells were classified as blastocysts (34-36). Myo-Ins
supplementation was introduced into the IVC media at concentrations
of 0 (control), 5, 10, and 20 mM, without any prior research on its use.
The optimal concentration for Myo-Ins supplementation was
determined through analysis, as depicted in Supplementary Figure S1
and Supplementary Table S1.

2.4 Measurement of intracellular GSH and
ROS levels

As previously described (37) intracellular GSH and ROS levels
were assessed following established procedures. Embryos at the 4-5
cell stage were selected from each experimental group on day 2 for
analysis. Intracellular GSH (indicated by blue fluorescence) and ROS
(indicated by green fluorescence) levels within the embryo
cytoplasm were quantified utilizing CellTracker Blue CMF,HC
(Invitrogen) and H,DCFDA (Invitrogen), respectively. The embryos
were stained by incubating them in a solution of TLH-PVA medium
containing either 10 pM CMF,HC or H,DCFDA for 30 and 10 min,
respectively. Following this, the samples were washed three times
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with TLH-PVA before being transferred to 8 uL droplets of
TLH-PVA. The levels of glutathione (GSH) and ROS were quantified
using a fluorescence microscope (TE300; Nikon, Tokyo, Japan)
equipped with ultraviolet filters (370 nm for GSH and 460 nm for
ROS). The fluorescence intensity of each embryo was then assessed
using Image ] software and normalized against that of the
control group.

2.5 Terminal deoxynucleotidyl
transferase-mediated dUTP nick end
labeling assay (TUNEL assay)

The number of apoptotic cells in the blastocysts stained with
TUNEL was determined using an in-situ cell death detection kit as
previously described (38). On the seventh day, Myo-Ins-treated and
control group blastocysts were washed three times in 0.1% PBS-PVA
(PVS). The blastocysts were then fixed in 4% paraformaldehyde (PFA)
in PBS at 25°C (room temperature (RT)) for 30 min. In the subsequent
stage, the blastocysts underwent two washes in a solution containing
0.1% PVS, in conjunction with 0.1% Tween 20 and 0.01% Triton
X-100 (v/v). Subsequently, the blastocysts were treated with 0.3%
Triton X-100 in PBS for 1h at 37°C in order to facilitate
permeabilization. Subsequently, the TUNEL assay was conducted
utilizing fluorescein-conjugated deoxy uridine triphosphate (dUTP)
and terminal deoxynucleotidyl transferase (obtained from Roche,
Mannheim, Germany) for 90 min at 37°C. Subsequently, the
blastocysts were subjected to two further washes in 0.1% PVS, after
which they were counterstained with 5 pg/mL Hoechst-33342 for
10 min at RT in order to visualize the nuclei.

2.6 Assay of mitochondrial membrane
potential (A¥m)

Blastocysts on day 7 were cultured in PZM 3 supplemented with
2.5uM 5,5,6,6"-tetrachloro-1,1",3,3’-tetraethyl-imidacarbocyanine
iodide (JC-1) (Cat # T3168, Invitrogen, Eugene, OR, USA) for 30 min
at 38.5°C in 5% CO,. Membrane potential was determined by
calculating the ratio of red fluorescence, which corresponds to
activated mitochondria (J-aggregates), to green fluorescence, which
corresponds to less activated mitochondria (J-monomers) (39).
Images were captured using an epifluorescence microscope (TE300;
Nikon, Tokyo, Japan), and Image ] software was used to quantify the
relative fluorescence intensities.

2.7 Colocalization assay of the
mitochondria and mitochondrial ROS

To examine the colocalization of the mitochondria and
mitochondrial ROS, blastocysts were incubated with 500 nM
MitoTracker Red CMXRos (Cat #M7512, Invitrogen, Eugene, OR,
USA) and 0.4 pM MitoSOX red (Cat # 2201584, Invitrogen, Oregon,
USA) at 38.5°C for 30 min (39, 40). The fluorescence signals were
visualized using an epifluorescence microscopy (TE300; Nikon,
Tokyo, Japan) and the relative fluorescence intensities were quantified
using the Image J software.
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2.8 Quantitative reverse
transcription-polymerase chain reaction

Blastocysts (n = 20/group) were collected from the control and
Myo-Ins treated groups and washed with DPBS before being stored in
1.5 mL microcentrifuge tubes (SPL Life Sciences, Co., Ltd., Pocheon,
Gyeonggi-do, Republic of Korea) and placed at —80°C until analysis.
For the extraction of total RNA, TRIzol reagent (TaKaRa Bio, Inc.,
Otsu, Shiga, Japan) was used. Following the manufacturer’s protocol,
cDNA was synthesized using a 5x reverse transcription master mix
(Elpis Bio, Inc., Chungcheongnam-do, Daejeon, Republic of Korea).
For qRT-PCR, the synthesized cDNA (0.5 pg/pL) was mixed with 2x
SYBR Premix Ex Taq (TaKaRa Bio Inc.) and 10 pmol of specific
primers (Macrogen, Inc., Seoul, Republic of Korea). The primers used
in this study are listed in Supplementary Table S2. A CFX96 Touch
real-time PCR detection system (Bio-Rad, Hercules, CA,
United States) was used for the qRT-PCR analysis. The reactions were
initiated by pre-denaturation at 95°C for 5 min, followed by 40 cycles
of denaturation at 95°C for 15 s, annealing at 57°C for 15s, and
extension at 72°C for 30 s. Data were collected during the extension
phase of each cycle, and the relative quantification (R) value was
calculated using the following equation: R = 2-[ACtsample = ACtcontrol] (17)

The expression levels of genes were normalized to RN18S as a control.

2.9 Immunofluorescence assay

The immunofluorescence technique was employed in accordance
with the methodology described by Yoon et al. (42) with certain
modifications. In brief, 4% PFA in PBS was employed to fix the
blastocysts for 30 min at RT. Subsequently, the blastocysts were
permeabilized in 0.5% Triton X-100 at RT for 1 h, after which they
were washed twice with 0.1% PVS. The Image-iT™ FX Signal
Enhancer (Invitrogen, Carlsbad, CA, United States) was employed to
treat the blastocysts for a period of 30 min at RT. Subsequently, they
were incubated in PBS containing 3% BSA and 0.05% Tween 20 for
1 hand 30 min at RT. The blastocysts were incubated overnight at 4°C
with a rabbit anti-HO-1/HMOX-1 primary antibody (10701-1-AP,
1:100 dilution in blocking buffer, Proteintech, Illinois, USA). On the
following day, the blastocysts were washed three times with 0.1%
Tween 20 and 0.01% Triton X-100 in 0.1% PVS (TTVS) at RT for
5 min. They were then incubated with the appropriate secondary
antibody, goat anti-rabbit IgG (H + L) Alexa Fluor 488 (A11029,
1:200; Invitrogen Corporation, Carlsbad, CA, USA), for 2h at
RT. Following three washes in TTVS, the blastocysts were
counterstained with Hoechst-33342 for 10 min and mounted on glass
slides in an anti-fade mounting medium (Molecular Probes, Inc.,
Eugene, OR, USA). The stained blastocysts were analyzed using an
epifluorescence microscope (TE 300; Nikon) equipped with UV filters.
The ImageJ software was employed to quantify the fluorescence
intensity of the stained blastocysts.

2.10 Experimental design
In experiment 1, a total of 954 embryos were used across three

replicates to assess the effects of different concentrations of Myo-Ins
(0, 5, 10, 20, 40, and 80 mM) on the in vitro development of porcine
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PA embryos. The embryos were cultured in IVC medium
supplemented with the specified concentrations of Myo-Ins
throughout the entire IVC period. Developmental competence was
evaluated by measuring cleavage rate, blastocyst formation rate, and
total cell number in blastocysts. Based on the results, high
concentrations of Myo-Ins (40 and 80 mM) decreased the blastocyst
formation rate, suggesting that these levels may negatively impact
embryo development. Therefore, lower concentrations (0, 5, 10, and
20 mM) were selected for further experiments to optimize the in vitro
development of porcine PA embryos. In experiment 2, 352 total
embryos were used in three biological replicates to assess various
concentrations of Myo-Ins (0, 5, 10, and 20 mM). We aimed to
investigate whether Myo-Ins can reduce oxidative stress in early 4-cell
staged PA embryos by monitoring intracellular GSH and ROS levels.
In experiment 3, a total of 168 blastocysts were used across three
independent replicates to evaluate the effect of different concentrations
of Myo-Ins (0, 5, 10, and 20 mM) on apoptosis. The number of
TUNEL-positive cells and cell number were measured to assess
apoptosis levels in the blastocysts. In experiment 4, a total of 280
blastocysts were used in at least three replicates to investigate mRNA
expression levels of antioxidant and mitochondrial related genes in
porcine PA blastocysts. In experiment 5, a total of 281 blastocysts were
used across three biological replicates to evaluate the (A¥m) in
porcine blastocysts after PA with different concentrations of Myo-Ins
(0,5, 10, and 20 mM). In experiment 6, a total of 144 blastocysts were
used across three biological replicates to assess mitochondrial
distribution in porcine blastocysts after PA with different
concentrations of Myo-Ins (0, 5, 10, and 20 mM). In experiment 7, a
total of 167 blastocysts were used across three replicates to assess
mitochondrial reactive oxygen species (ROS) levels in porcine
blastocysts after PA with different concentrations of Myo-Ins (0, 5, 10,
and 20 mM). In experiment 8, a total of 140 blastocysts were used
across three replicates to investigate the effect of various concentrations
of Myo-Ins (0, 5, 10, and 20 mM) on HO-1 protein levels after
immunofluorescence assay.

2.11 Statistical analysis

Statistical analysis was performed using SPSS (version 12.0; SPSS,
IBM, Armonk, NY, United States) and GraphPad Prism (GraphPad
Software, San Diego, CA, United States). All the experiments were
performed at least three times unless stated otherwise. Data were
presented as the mean = SEM. Percentage data (cleavage and
blastocysts formation rates) and average data (intracellular GSH and
ROS in 4-5 cell stage embryos, TUNEL assay in blastocysts,
mitochondrial membrane potential, Mito tracker, MitoSoX, and
relative gene expression levels) were analyzed using one-way analysis
of variance. Statistical significance was set at p < 0.05.

3 Results

3.1 Myo-ins enhances development of
porcine PA embryos

The optimal concentration of Myo-Ins was investigated by adding
different concentrations (0, 5, 10, 20, 40, and 80 mM) during IVC for
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porcine embryonic development following PA, as shown in
Supplementary Figure S1 and Supplementary Table S1. Considering
these findings, we selected the 5, 10 and 20 mM Myo-Ins treatment
groups for this experiment. On day 2, the embryonic cleavage rate was
evaluated in all the Myo-Ins treatment groups (82.7% + 4.7, 82.0% + 3.6,
85.0% *4.8%) compared with the control group (77.5% + 3.1%)
(Table 1) (Figures 1A,B). Myo-Ins treatment did not show any
differences in the cleavage rate when compared with the control group.
The blastocyst formation rates were found to be significantly increased
(p <0.05) in the 10 (50.9% * 2.5%) and 20 mM (61.9% * 6.7%) Myo-Ins
treated groups compared to the control group (36.7% + 1.7%)
(Figures 1A,C). The supplementation of Myo-Ins at concentrations of
5-(37.0% = 0.7%), 10-(38.7% + 2.6%) and 20-(40.2% + 3.2%) did not
result in a significant increase in the average total cell number of
blastocysts in comparison to the control group (40.5% * 2.2%) (Table 1).

3.2 Myo-ins modulates intracellular GSH
and ROS levels in PA cleaved embryos

To investigate the antioxidative effect of Myo-Ins, we analyzed the
intracellular GSH and ROS levels in 4-5 cell stage embryos cultured
with Myo-Ins-supplemented medium on day 2 after PA (Figure 2).
The 20 mM Myo-Ins group showed significantly higher (p < 0.05)
intracellular GSH levels than those in the control group. Furthermore,
embryos in the 10 and 20 mM treated groups displayed significantly
lower (p < 0.05) intracellular ROS levels compared to than those in the
control group.

3.3 Myo-ins regulates apoptosis in porcine
PA embryos

To evaluate the quality of porcine PA blastocyst, the incidence of
apoptosis and total nuclei were counted. Myo-Ins supplementation
during IVC did not affect the total number of nuclei compared to the
control group (Figures 3A,B). Nonetheless, the number of apoptotic
nuclei and the apoptotic index significantly decreased (p < 0.05) in the
Myo-Ins-treated groups compared to those in the control group
(Figures 3A,C,D).

3.4 Myo-ins modifies gene expression in
porcine PA embryos

To investigate whether Myo-Ins supplementation during IVC

after PA affects the expression levels of mitochondrial
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function-related genes and antioxidant pathway genes such as NRF2/
HO-1, blastocysts from each group were analyzed (Figure 4). Myo-Ins
significantly increased (p < 0.05) the expression of mitochondrial
function-related genes, such as solute carrier family 2 member 1
(SLC2A1I) and ATP synthase (ATP5FIA), in the 10 and 20 mM groups
compared to the control group (Figure 4). Additionally, the mRNA
transcript levels of NRF2, HO-1, and GCLC were significantly higher
(p <0.05) in the 20 mM Myo-Ins group than in the control group.
SOD1 transcript levels were significantly higher in the 10 mM
Myo-Ins-treated group than in the control group. However, no
significant differences were observed in the other mitochondrial-
related genes or antioxidant genes when compared to the control
group (Figure 4).

3.5 Myo-ins improves mitochondrial
function in porcine PA embryos

Mitochondria are the main organelles responsible for ROS
production, and any malfunction regarding them may compromise
embryonic development (43, 44). Therefore, Myo-Ins supplementation
in the IVC medium was assessed in three ways: mitochondrial
membrane potential (MMP), mitochondrial distribution
(Mitotracker), and mitochondrial ROS (MitoSox). Myo-Ins at 20 mM
significantly improved (p <0.05) mitochondrial dysfunction by
enhancing MMP (Figures 5A,B). Moreover, the mitochondrial
quantity also significantly increased (p < 0.05) in the 20 mM Myo-Ins-
treated group compared to that in the control group (Figures 6A,B).
In addition, mitochondrial oxidative stress was reduced (p < 0.05) in
the Myo-Ins-treated groups compared to that in the control group
(Figures 7A,B).

3.6 Myo-ins activates HO-1 expression in
porcine PA embryos

Previous study reported the antioxidant role of Myo-Ins against
oxidative stress in boar sperm in which NRF2 gene expression was
significantly increased compared to that in the control group.
However, downstream genes of the NRF2 pathway have not been
discussed before in porcine IVC (30). Therefore, to investigate whether
Myo-Ins supplementation during IVC stimulates the NRF2/HO-1
pathway at the porcine blastocyst stage, we analyzed the expression of
the HO-1 protein using immunofluorescence. The blastocysts treated
with 20 mM Myo-Ins showed a significant increase (p < 0.05) in the
level of HO-1 protein compared to that in the control group
(Figures 8A,B).

TABLE 1 Effect of Myo-Ins treatment during in vitro culture (IVC) for 7 days on embryonic development after parthenogenetic activation (PA).

Myo-Ins concentration
(mM)

No. of embryos
cultured, N

> 2-cell

No. (%) of embryos developed to

Total cell number in

blastocysts
Blastocyst 4

0 114 88 (77.5+3.1) 42367+ 1.7)* 40.5+22
5 115 95 (82.7 +4.7) 57 (49.1 +3.5)* 37.0+0.7
10 106 87 (82.0 + 3.6) 54(50.9 +2.5)" 387426
20 118 100 (85.0 + 4.8) 72(61.9+6.7)" 402+32

N: Three times replicated. >° Values with different superscripts within a column differ significantly (p < 0.05).
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(A) Effect of Myo-Ins treatment on the blastocysts formation patterns of PA embryos. Scale bar = 300 pm. The cleavage pattern (B) and blastocyst
formation (C) rate of PA embryos. Within each endpoint, the bars with different letters (a, b) indicate significant differences (p < 0.05) at various Myo-Ins
concentrations. Frag, fragmentation; CL, cleavage; BL, blastocyst. The cleavage and blastocyst formation rates were evaluated on Day 2 and 7 after PA,
respectively. For all the graphs, the values represent the mean + SEM. The experiment was replicated at least three times.

M 0mM B 5mM B 10mM 3 20mM
80
g :
Q
% 60 b b
)
m 40 a
L
o
J
S 904
0-

Early Expanded Hatched BL rate

4 Discussion

This study aimed to examine the effects of Myo-Ins
supplementation on porcine PA embryos during IVC. During IVC,
embryos are more susceptible to oxidative stress because of the
differences between the in vivo and in vitro environments. Oxidative
stress induced by ROS can cause various impairments in
developmental parameters, such as decreased blastocyst formation
rate and cell number (45). Antioxidant supplementation can improve
embryonic developmental competence by preventing the excessive
accumulation of ROS. Therefore, the effect of Myo-Ins on porcine
parthenogenetic preimplantation embryos was investigated. We also
investigated the optimal concentration of Myo-Ins in porcine
parthenogenetic embryos during IVC. The addition of Myo-Ins
significantly increased the blastocyst formation rate and GSH levels,
and decreased the ROS levels in 4-5 cell stage embryos. Additionally,
apoptosis in blastocysts was downregulated by the inclusion of
supplementation

Myo-Ins.  Moreover,

mitochondrial dysfunction in blastocysts by reducing oxidative stress

Myo-Ins improves

Frontiers in Veterinary Science

and increasing mitochondrial distribution, resulting in increased
MMP levels. In addition, supplementation with Myo-Ins significantly
increased the expression of genes related to the NRF2/HO-1 pathway,
mitochondrial function markers, and HO-I proteins in the blastocysts.

Enhancing embryo quality is crucial for developing effective
animal models for biomedical research. Nevertheless, unlike the
controlled environment of the oviduct, the in vitro setting exposes
embryos to various stress-inducing factors, leading to an uneven
distribution of antioxidants and free radicals in the cytoplasm (46).
Thus, minimizing oxidative stress is important to improve the
developmental competence and quality of in vitro-produced porcine
embryos. In the present study, we confirmed that supplementation
with Myo-Ins during IVC enhanced the developmental competence
of porcine parthenogenetic (PA-derived) embryos. Of the various
concentrations (0, 5, 10, and 20 mM) of Myo-Ins added, only the
inclusion of 10 and 20 mM Myo-Ins in the IVC medium significantly
increased the blastocyst formation rate. Therefore, the optimal
Myo-Ins concentration for porcine IVC was identified as 20 mM
which is similar to previous study in which the addition of 20 mM
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Epifluorescence photomicrographs and quantitative analysis of PA-derived 4-cell embryos with Myo-Ins supplementation during IVC for 2 days.

(A) Representative epifluorescence photomicrographs of embryos stained with Cell Tracker Blue (a—d) and H,DCFDA (e—h), used to detect intracellular
levels of glutathione (GSH) and reactive oxygen species (ROS), respectively. Scale bar = 100 pm. (B) The relative levels of intracellular GSH and ROS
levels within the in vitro cultured porcine embryos treated with Myo-Ins during IVC. The number of embryos examined in each experimental group is

presented as mean + SEM. The experiment was replicated three times. Scale bar = 100 pm.
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represent significant differences between groups (p < 0.05). Data are

Myo-Ins increased the developmental competence of mouse
oocytes (47).

The idea that a regulated redox system is crucial for normal
embryonic development is supported by the observation that
dysregulation of redox equilibrium severely affects normal embryonic
development (
caused by ROS-induced oxidative stress. These ROS function as

). During IVC, the embryos are prone to damage

secondary messengers and regulate essential transcription factors
associated with oxidative processes (49). Moreover, GSH levels are
crucial during the oxidative stress process in porcine or rodent
embryos, as GSH plays a vital role in scavenging ROS in damaged
cells and is associated with cell proliferation events during embryonic

development ( ). A previous study has revealed the antioxidant
properties of Myo-Ins in murine MII oocytes. It effectively reduced
ROS levels and increased GSH levels after a preincubation period of
4h (47). In this study, the elevated intracellular GSH levels and
reduced ROS levels in the embryos treated with Myo-Ins on day 2
indicate that the in vitro system’s uncontrolled balance between

pro-oxidative and antioxidative stresses, which can inhibit embryonic
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be able to be regulated

development, might by
Myo-Ins supplementation.

Apoptosis is a programmed cell death process that occurs
regularly to maintain a balance between cell formation and cell death.
It is essential for homeostasis and regulates numerous genes. However,
excessive apoptosis can lead to the oocyte degeneration and early
embryo death and can also disrupt normal blastocyst formation (53).
In this study, apoptosis and the apoptotic index were significantly
downregulated in the Myo-Ins treated groups compared to those in
the control group. In contrast, an increase in apoptosis can indicate
inadequate in vitro conditions for oocytes (54). Therefore, Myo-Ins
inclusion prevented apoptosis in the blastocysts; however, further
research is needed to investigate the mechanisms of action of Myo-Ins
against apoptosis in porcine blastocysts.

Mitochondria are vital organelles that play a crucial role in
embryonic development and with excessive ROS levels disrupt
mitochondrial function (43, 44). Disruption of mitochondrial
function impairs embryonic development and causes abnormal

autophagy and apoptosis, leading to death (55, 56). MMP is a
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commonly used indicator of mitochondrial function. However,
excessive ROS accumulation can hinder mitochondrial biogenesis,
which involves the synthesis of new mtDNA, mitochondrial division,
and membrane formation (57). A study conducted on mouse oocytes
found that preincubation with 20 mM Myo-Ins for 4h and 8 h
improved MMP (47).
dysfunction was improved by the enhancement of MMP and the

In the present study, mitochondrial

distribution of mitochondrial quantity within Myo-Ins-treated
blastocysts. Furthermore, Myo-Ins treatment decreased the
mitochondrial ROS levels, specifically superoxide levels, in porcine
blastocysts. These results are consistent with those of a previous
study conducted in mice, in which pre-incubation with 20 mM
Myo-Ins improved MMP and mitochondrial distribution in their
oocytes (47). However, previous research was only conducted on
mouse oocytes, and this is the first report of Myo-Ins supplementation
in porcine blastocysts during IVC, in which mitochondrial function
improved. Based on these results, we speculated that Myo-Ins

Frontiers in

enhances mitochondrial function in porcine blastocysts by regulating
oxidative stress.

A previous study revealed that Myo-Ins supplementation during
the liquid preservation of boar sperm improved oxidative stress,
increased the activity of the nuclear factor (erythroid-derived 2) like
2 (NRF2)-regulated antioxidant pathway and acted as a ROS scavenger
(30). NRF2 is a well-known transcription factor involved in
antioxidant protein expression (58). Under normal conditions, NRF2
remains inactive because it is tethered to its negative regulator, Kelch-
like associated protein 1 (KEAPI), which is located in the cytoplasm.
However, during oxidative stress, it detaches from KEAPI and
translocates to the nucleus, where it binds to ARE (antioxidant
response elements) (59). Subsequently, genes are activated by the
expression of antioxidant enzymes such as HO-Iand SOD, as well as
enzymes responsible for the formation of GSH, are expressed (59). In
this study, 20 mM Myo-Ins treatment significantly upregulated NRF2
gene expression and the expression of downstream genes such as
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HO-1 and GCLC. However, SODI upregulation was observed with
10 mM the Myo-Ins, illustrating the antioxidative role of Myo-Ins via
the NRF2/HO-1 pathway in porcine blastocysts. These results were
further verified by immunofluorescence staining of the HO-1I protein
in blastocysts; 20 mM significantly increased HO-1I expression in the
blastocysts. Further studies are required to investigate the mechanisms
underlying the antioxidant role of Myo-Ins in blastocysts via the
NRF2/HO-1 pathway.

The mitochondria are of significant importance in the generation
of ATP during oocyte and embryonic development (60). This study
found that blastocysts supplemented with Myo-Ins had higher
mtDNA copy numbers and different mRNA expression levels of
mitochondrial transcription factor A (TFAM) than the control group.
May-Panloup et al. reported that mtDNA copy number may increase
due to the elevated levels of TFAM transcripts, which rise
simultaneously ~with mtDNA replication during bovine
embryogenesis (61). However, this study illustrates that higher
mtDNA copy numbers in porcine Myo-Ins-supplemented blastocysts
may improve blastocyst quality with elevated mRNA expression levels
of TFAM which is similar to the results of a previous study in bovines
(61). Furthermore, in the blastocysts treated with Myo-Ins, there was
a change in energy production via glucose metabolism, which is
crucial for adequate mitochondrial function. Blastocysts
supplemented with Myo-Ins showed elevated expression levels of
SLC2A1 and SLC2A5. These genes are responsible for active glucose
and fructose transport across the plasma membrane, indicating the
redirection of energy substrates towards anaerobic glycolysis (62). In
oocytes, mitochondria play a crucial role in fertilization and
embryonic developmental competence. They produce ATP through

the expression of ATP synthase (ATP5A1) and regulate ROS via the
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oxidative stress marker glutathione peroxidase (GPXI), which is
mediated by ROS (62). In this study, ATP5FI1A was upregulated in the
20 mM Myo-Ins group compared to that in the control group, which
showed high ATP production in the blastocysts. Moreover, the
oxidative stress marker GPX1 expression was slightly reduced with 10
and 20 mM Myo-Ins and significantly decreased in the 5 mM
Myo-Ins treated group, indicating that a low concentration of
Myo-Ins may be beneficial in lowering GPX1 in porcine blastocysts.
These results suggest that Myo-Ins may improve mitochondrial
functions. However, further studies are required to assess these
mitochondrial functional marker genes in porcine blastocysts to
understand the underlying mechanisms.

5 Conclusion

In conclusion, the results of this study indicated that Myo-Ins
supplementation in porcine PA embryos during IVC was highly
efficient, highlighting the role of Myo-Ins in enhancing blastocyst
formation rate and, decreasing apoptosis, and oxidative stress in
4-5 cell stage embryos. Moreover, Myo-Ins supplementation
regulated mitochondrial dysfunction by increasing the
mitochondrial distribution and MMP and reducing mitochondrial
ROS. Furthermore, Myo-Ins also upregulated the NRF2/HO-1
related pathway genes and mitochondrial function marker genes.
HO-1 protein expression was upregulated in blastocysts,
highlighting the defense mechanism of Myo-Ins against oxidative
stress. To the best of our knowledge, this was the first study to
investigate the role of Myo-Ins in oxidative stress and mitochondrial

dysfunction in porcine PA embryos. Overall, these findings
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Myo-Ins prevented mitochondrial dysfunction in porcine blastocysts. (A) Representative fluorescence images of JC-1 staining in blastocysts. Scale
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Effect of Myo-Ins on mitochondrial ROS in porcine PA embryos. (A) Representative fluorescent images of MitoSox staining of the Myo-Ins treated
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Effects of Myo-Ins treatment during in vitro culture (IVC) for 7 days on the heme oxygenase-1 (HO-1) expression of parthenote embryos.

(A) Immunofluorescence images (200x) of porcine parthenote blastocysts labeled with HO-1 (green) and Hoechst 33342 (total nuclei, blue) following
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offerred detailed and novel insights into the antioxidative, and anti-
apoptotic protection provided by Myo-Ins in in vitro models.
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