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1. Abstract

Background: Female infertility is a health issue
for both humans and animals and despite developments in
medical interventions, there are still some conditions that
cannot be treated successfully. It is important to explore
other potential therapies or remedies that could improve re-
productive health. Choline is an over-the-counter supple-
ment and essential nutrient that has many health benefits.
It has been suggested to be beneficial in various aspects of
fertility, including fetal development and endocrine disor-
ders like polycystic ovarian syndrome (PCOS). However,
choline’s impact on ovarian function has not been explored.
Methods: To study the effects of choline on ovarian devel-
opment, 36 female Yorkshire× Landrace pigs were fed the
following four supplemented diets between 90 and 186 days
of age: (1) Control (corn and soybean meal-based diet that
met estimated nutrient requirements, n = 9); (2) Choline
(additional 500 mg choline per 1 kg of control diet, n =
8); (3) Omega-3 (additional 5556 mg Omega-3 per 1 kg

control diet by introducing fish oil); (4) Choline + Omega-
3 (500 mg choline + 5556 mg Omega-3 per 1 kg control
diet). Pigs fed the choline-supplemented diet were com-
pared to the control group and those fed diets supplemented
with Omega-3 as fertility-promoting agent. Results: It
was found that the number of corpus luteum per ovary in
the Choline (16.25 ± 2.88), Omega-3 (10.78 ± 1.71) and
Choline + Omega-3 (14.89 ± 2.97) groups were all higher
in comparison to that of the control group (5.56 ± 1.72, p
< 0.05). The percentage of antral follicles in the Choline +
Omega-3 group were higher compared to the control group
(p< 0.05). To elucidate the potential molecular mechanism
of choline on these improved ovarian phenotypes, the ex-
pression of a group of genes that are involved in ovarian de-
velopment, including cytochrome P450 family 11 subfam-
ily A member 1 (CYP11A1), follicle stimulating hormone
receptor (FHSR) and luteinizing hormone receptor (LHR),
was analyzed using RT-qPCR. The expression of both LHR
and CYP11A1 was significantly upregulated in the choline-
supplemented group (p < 0.05), while there are no differ-
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ences in FSHR expression among all the groups. Addition-
ally, the expression ofmiR-21, -378, -574, previously found
to be important in ovarian function, were examined. Our
data showed that miR-574 was upregulated in the Choline
group while miR-378 was upregulated in the Choline +
Omega-3 group in comparison to the control group (p <

0.05). Further, serum metabolite analysis showed that 1-
(5Z, 8Z, 11Z, 14Z, 17Z-eicosapentaenoyl)-sn-glycero-3-
phosphocholine, a form of phosphatidylcholine metabolite,
was significantly increased in all the treatment groups (p<
0.05), while testosterone was significantly increased in both
Omega-3 and Choline + Omega-3 groups (p < 0.05) and
tended to be reduced in the choline-supplemented group (p
= 0.08) compared to the control group. Conclusions: Our
study demonstrated choline’s influence on ovarian function
in vivo, and offered insights into the mechanisms behind its
positive effect on ovarian development phenotype.

2. Introduction

Infertility is a global issue that affects approxi-
mately 8–12% of reproductively mature individuals, with
70% of cases being female [1]. Infertility is a disorder
characterized by failure to become or remain pregnant af-
ter at least 12 months of unprotected sexual intercourse in
humans, which may stem from ovulatory or hormonal dis-
orders, diminished ovarian reserve (DOR), and anatomical,
genetic or immunological abnormalities of the reproductive
system [2]. In the livestock industry, infertility also causes
productivity concerns and economic losses. The annual
economic losses of infertility in beef cattle range from 700
to 1100 USD per cow, while seasonal infertility in swine re-
sults in approximately 420million USD losses in the United
States annually [3]. Therefore, addressing infertility and in-
creasing reproductive capability is of great significance to
both human health and livestock industries.

Research efforts have been focused on the re-
lationship between diet and human fertility over the last
decade. Specifically, “healthy” diets are associated with
better fertility and higher live birth rate in assisted reproduc-
tive technology studies [4]. The majority of infertility cases
caused by ovulation-related disorders may be preventable
or improved by modifications in diet and lifestyle [5].
Long-chain Omega-3 fatty acids are one of the “healthy”
dietary components that appear to improve female fertil-
ity [4, 6]. Specifically, lower dietary omega-6-to-Omega-3
ratio is more desirable in decreasing the risk of many dis-
eases which may affect female fertility [7]. In a murine
model, the lifelong consumption of an Omega-3 rich diet
postponed ovarian aging and improved oocyte quality at ad-
vanced maternal age in comparison to the consumption of
an Omega-6 rich diet [8]. Furthermore, women consum-
ing more Omega-3 fatty acids are less likely to experience
anovulation [9], which may be partly due to the alteration of
sexual hormone production by Omega-3 fatty acids [9] and

anti-inflammatory properties of the Omega-3 fatty acids,
which modulate the immune response during ovarian fol-
licular development and oocyte maturation [10]. Omega-3
fatty acids are not produced at a high enough quantity in
the body and need to be obtained from dietary sources [11],
similar to other essential nutrients. Hence, optimizing di-
etary composition is an ideal way to regulate female repro-
ductive capacity, while being extremely cost-effective and
safe for wide-spread application.

Choline is a lipotropic amine that carries out vari-
ous functions in the body and has been described as an es-
sential nutrient for humans [12]. The importance of choline
in normal physiological function is noted in most mam-
mals, where choline deficiency has been observed to lead
to disorders of the liver, kidneys, pancreas, memory, and
growth [13]. Choline is also important in the formation of
acetylcholine, which is a neurotransmitter mainly involved
in controlling smooth muscle contractions. It can be metab-
olized through the same pathway as folate and vitamin B12
that are involved in DNA methylation [14]. DNA methyla-
tion is important for regulating gene expression, asmethyla-
tion in the promoter region and CpG islands of genes can in-
fluence transcription and subsequent cellular function [15].
Choline is also associated with fertility and fetal develop-
ment. In utero, choline is pumped against a concentration
gradient into the fetus, with the amniotic fluid containing
ten times the concentration of choline compared to mater-
nal blood [16]. Further, neural tube development defects
are four times more likely to occur in fetuses of women
who are in the lowest quartile of choline intake compared to
the uppermost quartile [17]. Mother rats receiving choline-
deficient diets in late pregnancy had offspring with lower
numbers of progenitor cells and higher rates of apopto-
sis in the hippocampus, indicating poor fetal development
[18]. Moreover, choline was significantly decreased in both
plasma and follicular fluid of patients with PCOS [19, 20],
a metabolic disorder that alters serum levels of a variety
of metabolites, ultimately reducing the fertility of affected
women [19]. This suggests that choline might have an over-
arching role in regulating ovarian function. However, the
effects of dietary choline on ovarian development and ovu-
lation are not known. Sus scrofa is a widely-used medical
model due to its anatomical, physiological and metabolic
similarities to humans [21]. Furthermore, studies show that
the oocyte development patten, menstrual cycle length and
hormonal cycle of female pigs are more similar to women
compare to that of rodent species [22, 23], which makes
it an idea model for human reproductive performance re-
search. The objective of this study was to assess the effect
of choline supplementation on ovarian follicular develop-
ment and ovulation compared to the basic and Omega-3-
supplemented diets. We hypothesized that, in a pig model,
choline supplementation improves ovarian follicular devel-
opment through regulation of genes and miRNA expression
and altering levels of serum metabolites.
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3. Methods and materials

3.1 Animal trial

Thirty-six Yorkshire × Landrace gilts were re-
cruited at 90 days of age and randomly divided into four
experimental groups based on litter, body weight and back-
fat thickness. Pigs were housed in individual pens and
fed one of the following diets: (1) Standard commercial
corn and soybean meal-based diet that met estimated nutri-
ent requirements for growing pigs (the National Research
Council, 2012; Control, n = 9); (2) Choline-supplemented
diet composed of the control diet with additional choline to
achieve 1000 mg choline per kg of diet, which was 2× the
choline content versus Control (Choline, n = 8); (3) Omega-
3 supplemented diet composed of the control diet with an
additional 5556 mg/kg ω-3 by introducing 2.5% fish oil
in the grower stage and then 2.0% fish oil in the finisher
stage to achieve omega-6-to-Omega-3 ratios of 1.6 and 1.9,
respectively (Omega-3, n = 9); (4) Choline + Omega-3
diet composed of the control diet supplemented with both
choline and fish oil as for the previous two diets (Choline +
Omega-3, n = 9). The diet ingredient composition and cal-
culated nutrient contents are outlined in Table 1. The lower
ratio of omega-6-to-Omega-3 fatty acids have been widely
described to confer a variety of health benefits including
the reproductive system and be essential in a number of bi-
ological pathways [24]. As the known fertility-promoting
properties of Omega-3 fatty acids are well known, the ef-
fect of Omega-3 supplementation on ovarian development
is not thoroughly discussed in this study. This study was
conducted at the Arkell Swine Research Station, University
of Guelph, ON, Canada. All experimental procedures were
approved by the University of Guelph’s Animal Care Com-
mittee (AUP #4068) and followed the Canadian Council of
Animal Care Guidelines (CCAC, 2009).

Experimental feed was provided to pigs ad libitum
between 90 and 186 days of age. Starting at 90 days of age,
pigs were fed the grower diet. At 140 days of age, the pigs
were administered PG600 (Intramuscular injection of 400
IU of Equine chorionic gonadotropin and 200 IU of Human
chorionic gonadotropin) and boar exposure to synchronize
estrous cycles. Feed was also switched to the experimental
finisher diet at 140 days of age. Five days later, the pigs
entered heat cycle 1, indicating that heat cycle 3 would oc-
cur at 187 days of age based on the approximate 21-day
estrous cycle. During the grower stage, one of the pigs was
culled due to lameness and 35 pigs successfully completed
the trial.

Pigs were sacrificed at 186 days of age. Just prior
to sacrifice, gilts were weighed, backfat was measured ul-
trasonically, and 10 mL of blood sample was collected from
the orbital sinus. After collection of the whole blood in a
15 mL sterile centrifuge tube, blood was allowed to clot for
30 min at room temperature and the clot was removed by
centrifuging at 3000 × g for 10 min. Serum was trans-

ferred, aliquoted and stored at –80 ◦C for later analysis.
After sacrifice, the whole reproductive tract was removed
from the carcass and ovarian weight, oviduct length, and
vagina-cervix length were measured. Vagina-cervix length
was measured from the vulva to the uterine body, including
the length of vagina and cervix (method described by Tuz R
et al.) [25]. The corpus luteum on both sides of the ovaries
were counted. The left side of the ovaries was fixed in 4%
formaldehyde, while the right side was kept in RNA later
stabilization solution (Invitrogen, Cat#: AM7021, Carls-
bad, CA, USA) and stored at –80 ◦C for later total RNA
extraction and gene expression analysis. The timeline of
the study design is shown in Fig. 1.

3.2 Histological analysis of ovarian tissues

The ovary samples were fixed for 24 h in 4%
formaldehyde and then switched to 70% ethanol for long-
term storage. Fixed ovarian samples were dehydrated and
then processed by paraffin block embedding using standard
techniques [26]. The embedded samples were trimmed and
sliced into 5 µm-thick sections. General histology was vi-
sualized by Hematoxylin and Eosin (H&E) staining, and
the ovarian follicles in different developmental stages were
subsequently observed and counted under a microscope
(Leica, DMR, Wetzlar, Germany).

3.3 Total RNA isolation and qRT-PCR

Total RNA was isolated from both ovarian and
serum samples using the Norgen Total RNA purification
kit (Norgen Biotek, Cat#: 17200, Thorold, ON, Canada).
For the ovary samples, 10 mg of ovarian tissue from each
pig was thawed, homogenized in the provided lysis buffer,
and total RNAwas extracted per manufacturer’s directions.
For serum samples, 750 µL TRIzol (TribioScience, Cat#:
TBS6003, Sunnyvale, CA, USA) was added into 500 µL
serum and vortexed. After vortexing, 150 µL of chloro-
form was added into each serum mix, vortexed again, and
incubated for 15 min on ice. Followed by centrifugation
for 15 min at 14,000 × g, the clear supernatant in the up-
per layer was transferred to a new RNase-free microfuge
tube. An equal volume of 70% ethanol was added to stabi-
lize the nucleic acids and the mixture was vortexed again.
Manufacturer’s directions were followed for the rest of the
isolation. The concentration and 260/230 ratio of the col-
lected total RNA was and assessed using a NanoDrop 8000
(Thermo Fisher, Cat#: ND8000-GL, Waltham, MA, USA)
to ensure the samples were viable for reverse transcription.
Total RNA sample was reverse transcribed into comple-
mentary DNA using iScript reverse transcription supermix
kit (Bio-Rad, Cat#: 1708841, Berkeley, CA, USA) accord-
ing to manufacturer’s directions and conducted in a gradi-
ent Thermal cycler at the following conditions: 25 ◦C for
5 min, 46 ◦C for 20 min, 95 ◦C for 1 min, and then held
at 4 ◦C (Bio-Rad, T100, Berkeley, CA, USA). Quantitative
PCRwas performed using Ssoadvanced™Universal SYBR
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Table 1. Formulas of the experimental diets.
Grower phase* Finisher phase*

Ingredient (%) Control Choline Omega-3 Choline + Omega-3 Control Choline Omega-3 Choline + Omega-3

Corn 56.87 56.75 56.87 56.75 52.67 52.56 52.67 52.56

Wheat 6.89 6.89 6.89 6.89 20.00 20.00 20.00 20.00

Soybean meal 19.90 19.90 19.90 19.90 12.00 12.00 12.00 12.00

Canola meal 10.00 10.00 10.00 10.00 10.00 10.00 10.00 10.00

AV fat (Corn oil) 2.50 2.50 0.00 0.00 2.00 2.00 0.00 0.00

Vitamin and mineral premix 0.50 0.50 0.50 0.50 0.50 0.50 0.50 0.50

Limestone 1.05 1.05 1.05 1.05 1.00 1.00 1.00 1.00

Mono-Ca phosphate 1.01 1.01 1.01 1.01 0.70 0.70 0.70 0.70

Sodium chloride 0.63 0.63 0.63 0.63 0.63 0.63 0.63 0.63

Lys-HCl 0.49 0.49 0.49 0.49 0.39 0.39 0.39 0.39

Met 0.06 0.06 0.06 0.06 0.01 0.01 0.01 0.01

Thr 0.09 0.09 0.09 0.09 0.08 0.08 0.08 0.08

Vit B4 Choline Cl, 60% 0.00 0.11 0.00 0.11 0.00 0.11 0.00 0.11

Fish oil 0.00 0.00 2.50 2.50 0.00 0.00 2.00 2.00

Vitamin E 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02

SUM (above) 100 100 100 100 100 100 100 100

Net energy (kcal/kg) 2447.4 2447.4 2447.4 2447.4 2452.69 2452.69 2452.69 2452.69

Protein (%) 19.51 19.51 19.51 19.51 17.16 17.16 17.16 17.16

SID-lysine (%) 1.16 1.16 1.16 1.16 0.99 0.99 0.99 0.99

Choline (mg/kg) 500 1000 500 1000 500 1000 500 1000

Omega-6 (%) 1.61 1.61 1.13 1.13 1.49 1.49 1.11 1.11

Omega-3 (%) 0.099 0.099 0.716 0.716 0.088 0.088 0.582 0.582

Omega-6: Omega-3 16.3 16.3 1.58 1.58 17 17 1.9 1.9

*Grower phase and finisher phase were fed between day 90 and 139, 140 and 186, respectively.
*Provided per kg of premix: vitamin A, 2,000,000 IU as retinyl acetate; vitamin D3, 200,000 IU as cholecalciferol; vitamin E, 8000 IU as dl-α-
tocopherol acetate; vitamin K, 500 mg as menadione; pantothenic acid, 3000 mg; riboflavin, 1000 mg; choline, 100,000 mg; folic acid, 400 mg;
niacin, 5000 mg; thiamine, 300 mg; pyridoxine, 300 mg; vitamin B12, 5 mg; biotin, 40 mg; Cu, 3000 mg from CuSO4 × 5H2O; Fe, 20,000 mg
from FeSO4; Mn, 4000 mg fromMnSO4; Zn, 21,000 mg from ZnSO4; Se, 60 mg from Na2SeO2 and I, 100 mg from KI (DSMNutritional Products
Canada Inc., Ayr, ON, Canada).
*SID-lysine: standardize ileal digestible (SID) lysine.

Fig. 1. Timeline of animal trial. Animals were recruited at 90 days of age and fed with experimental grower diet. At 140 days of age, PG600 was
administrated for estrus cycle synchronization and feed was switched to the experimental finisher diet. At 186 days of age, one day before the expected
third heat, gilts were sacrificed, and samples were collected for future analysis.

(Bio-Rad, Cat#: 1725275, Berkeley, CA, USA). Thermal
cycling was performed for 2 min at 95 ◦C for enzyme ac-
tivation, denaturation for 5 seconds at 95 ◦C, and anneal-
ing for 20 seconds at 60 ◦C. Real-time PCR was performed

for 40 cycles in a Real-Time PCR System (Bio-Rad, CFX
Connect, Berkeley, CA, USA). All the primer sets for gene
expression were synthesized from Integrated DNA Tech-
nologies (IDT, Coralville, IA, USA). The primer sequence
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Table 2. Primers for gene expression detection.
Gene Product size Forward 5′-3′ Reverse 5′-3′

GAPDH 147 TCGGAGTGAACGGATTTGGC TGCCGTGGGTGGAATCATAC

UBB 127 GGTGGCTGCTAATTCTCCAG TTTTGGACAGGTTCAGCTATTAC

FSHR 199 ATCACACATGCCATGCAACT GTACGAGGAGGGCCATAACA

CYP11A1 501 TTCCAGAAGTATGGTCCCATTTA TGAGCATGGGGACACTAGTGTGG

LHR 279 TGCTTTCCAAGGGATGAATAACG ATCCTATTCTCTGAAAAAACTGCC

GAPDH, glyceraldehyde-3-phosphate dehydrogenase; UBB, Ubiquitin B; FSHR, Follicle Stimulating Hormone Receptor;
CYP11A1, cytochrome P450 family 11 subfamily A member 1; LHR, luteinizing hormone receptor.

Table 3. Primers for miRNA expression detection.
miRNAs GeneGlobe ID Forward 5′-3′

Ssc-miR-21-5p YP00204230 UAGCUUAUCAGACUGAUGUUGA

Ssc-miR-378-3p YP00205946 ACUGGACUUGGAGUCAGAAGGC

Ssc-miR-574-3p YP00206011 CACGCUCAUGCACACACCCACA

and expected product size are listed in Table 2. Primer
efficiency was calculated, and the product size were ver-
ified by agarose gel electrophoresis. For the gene expres-
sion normalization, Glyceraldehyde-3-Phosphate Dehydro-
genase (GAPDH) and Ubiquitin B (UBB)were used as ref-
erence genes. Relative quantification was conducted using
the 2−∆∆CT method [27]. The changes in gene expression
were presented as fold changes relative to the control group.

3.4 Reverse transcription and miRNA expression
quantification

The total RNA was reverse transcribed into com-
plementary DNA for miRNA detection using the miR-
CURY LNA RT kit (Qiagen, Cat#: 339340, Hilden, Ger-
many) following manufacturer instructions and incubated
in a Thermocycler at 95 ◦C for 5 min, then at 42 ◦C for
60 min and subsequent cooling to 4◦C. Before qPCR, the
miRNA cDNAwas diluted 20 times with nuclease-free wa-
ter. Quantitative PCR was performed using the miRCURY
LNATM Universal RT microRNA PCR kit (Exiqon, Cat#:
203400, Vedbaek, Denmark) in accordance with manufac-
turer’s directions. Primers for miRNA amplification were
ordered fromQiagen (Cat#: 339306, Hilden, Germany) and
the sequences were provided in Table 3. Samples were then
amplified at 95 ◦C for 10 min, followed by 45 amplifica-
tion cycles at 95 ◦C and 1 min at 60 ◦C, with a ramp-rate
of 1.6 ◦C/s4 in a Real-Time PCR System (Bio-Rad, CFX
Connect, Berkeley, CA, USA). The expression of target
microRNAs was normalized to the housekeeping gene S5.
Relative quantification was conducted using the 2−∆∆CT

method [27]. The changes in gene expression were pre-
sented as fold changes relative to the control group.

3.5 Hydrophilic interaction chromatography analysis
of serum

A solution composed of 1:1 acetonitrile: methanol
by volume was added to pig serum to create an 80% or-

ganic solvent by mixing 800 µL of solution and 200 µL of
serum. To remove particulates and protein, the mixture was
filtered through a 0.22 µm filter. Samples were analyzed
using Hydrophilic Interaction Chromatography (HILIC) in
cooperation with the Department of Chemical Engineering
and Applied Chemistry, University of Toronto, ON. Tar-
geted compounds are outlined in Supplementary Table
1. Untargeted compounds were also detected in the analy-
sis, though only two showed significances. The untargeted
compounds were identified by comparing the HILIC data
with the The Human Metabolome Database (HMBD)and
MetaCyt databases.

3.6 Statistical analysis

Statistical analysis was performed using SAS ver-
sion 9.1 (SAS Institute, Cary, NC, USA) with each pig as
the experimental unit, dietary treatment as the fixed effect,
and block as the random effect. Statistical significance was
measured with either an ANOVA post hoc Tukey test or in-
dependent two sample t-test. Differences at p < 0.05 were
considered significant.

For analysis of metabolomic data, the HILIC data
was analyzed usingMetaboAnalyst 4.0 (McGill University,
https://www.metaboanalyst.ca/). A one-way ANOVA was
performed at the p< 0.05 level of significance followed by
Tukey’s Studentized Range test.

4. Results

To study the influence of choline supplementa-
tion on growth performance and reproductive tract devel-
opment, backfat thickness, oviduct length, vagina-cervix
length and the ovary weight data were collected and an-
alyzed. Initial backfat thickness was not different among
treatment groups, nor were feed intake in the growing and
finishing phases, or final bodyweight (data not shown).
Oviduct length and ovary weight had no significant differ-
ences among treatment groups (Table 4, Ref. [25]). Over-
all backfat gain was lowest in the control group, with the
Omega-3 group having significantly higher backfat gain
compared to the control group (p < 0.05, Table 4), while
the other groups had intermediate backfat gain. The vagina-
cervix length in the Choline group was ~14% longer than

https://www.metaboanalyst.ca/
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Table 4. Reproductive organ development of gilts supplemented with choline or/and Omega-3 adding diet (mean ± SEM).

Item
Control Choline Omega-3 Choline + Omega-3

SEM2 p value
N = 9 N = 8 N = 9 N = 9

Overall backfat gain (mm) 7.43a 8.65ab 9.47b 9.12ab 0.63 p = 0.019

Oviduct length (L, cm) 27.78 30.13 30.83 30.10 4.72 p = 0.250

Oviduct length (R, cm) 32.16 34.43 34.28 33.34 5.43 p = 0.398

Vagina-cervix-length (cm)1 40.56a 46.08b 44.97ab 42.56ab 1.79 p = 0.027

Ovary weight (g) 6.94 7.26 7.72 7.87 2.35 p = 0.808
1Vagina-cervix length was measured from the vulva to the uterine body, including the length of vagina and cervix,
described by Tuz R et al. [25].
2Maximum value of standard error of the means.
*Significance was measured using a one-way ANOVA post hoc Tukey test. Means assigned different letters (a, b)
within a factor of are significantly different (p < 0.05).

that of the control group (p < 0.05, Table 4), while the
Omega-3 and Choline + Omega-3 groups had no significant
changes in comparison to the control group. There were no
differences in both oviduct length and ovary weight among
all the groups.

To investigate the effects of a choline-
supplemented diet on ovarian development, the number
of ovarian follicles at different stages and corpus luteum
were counted. As shown in Fig. 2, the percentage of
antral follicles (percentage of antral follicles = number
of antral follicles/number of total follicles × 100% [28])
were significantly increased from ~24% in the control
group to ~35% in the Choline + Omega-3 group (p <

0.05). However, there were no significant differences in
the percentage of antral follicles observed in Choline and
Omega-3 groups compared to control group. Additionally,
the average number of corpus luteum per ovary was signif-
icantly increased from 5 per ovary in the control group to
15 per ovary in the Choline group (p< 0.05). A significant
increase in number of corpus luteum per ovary was also
observed in the Omega-3 and Choline + Omega-3 groups
in comparison to the control group (p < 0.05; Fig. 3).

To test the hypothesis that choline influences ovar-
ian function through the regulation of the expression of
genes involved in ovarian development, qPCR assays were
conducted on the steroidogenesis related genes: LHR,
FSHR and CYP11A1. Out of all the measured genes,
CYP11A1 and LHR expression were significantly increased
in the Choline-supplemented group in comparison to the
control group (p < 0.05, Fig. 4A–B), while no significant
differences in both CYP11A1 and LHR expression were ob-
served between the control, Omega-3, or Choline + Omega-
3 groups. No significance between groups was observed for
FSHR expression (Fig. 4C).

To examine if choline supplementation alters the
expression of miRNAs known to play an important role
in ovarian function, the expression level of miR-21, -378,
-574 in both ovarian tissue and serum were detected via
qPCR. As shown in Fig. 5, miR-21 expression was sig-

nificantly increased in the Omega-3 group, miR-378 ex-
pression was significantly higher in the Choline + Omega-3
group, and miR-574 expression was significantly higher in
both Choline and Omega-3 groups, all in comparison to the
control group (p < 0.05). No change in the expression of
themiRNAs in serumwas observed among all the treatment
groups (data not shown).

To study if choline supplementation influence
serum metabolic profiles, Hydrophilic Interaction Chro-
matography analysis was performed. Of the 22 targeted
(Supplementary Table 1) and 159 untargeted metabolites
(Supplementary Table 2), only the levels of the untargeted
compound, 1-(5Z, 8Z, 11Z, 14Z, 17Z-eicosapentaenoyl)-
sn-glycerol-3-phosphocholine, a phosphatidylcholine, was
significantly increased in the Choline group compared to
control group (p< 0.05) (Fig. 6A). Testosterone, a relevant
metabolite in the context of female fertility, showed a de-
creasing trend in the choline group compared to the control
group (p = 0.08) (Fig. 6B).

5. Discussion

Although choline is known for its health benefits
in adults, fetal development and other aspects of fertility
[29], its specific role in the female reproductive tract and
ovarian development has not yet been explored. Our find-
ings demonstrate that choline increases reproductive tract
development, which could increase future litter size, the
number of live fetuses and the lifetime piglet production
of female pigs [25, 30]. In humans, the cervical length is
inversely proportional to the risk of spontaneous preterm
births in which those with the shortest cervical length have
the highest risk of prematurity [31]. How the length of
the vagina-cervix is increased by choline supplementation
is currently unclear. It is possible that increased levels
of phosphatidylcholine, the dominant phospholipid compo-
nent of eukaryotic membranes, was synthesized from the
choline, which may have contributed to the further growth
of the reproductive tract tissues in the Choline group [32].
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Fig. 2. The representative histological section of the ovary in each group (A–D, H&E staining, 25×) and the percentage of antral follicles in each
group (E). (A) Control group. Most follicles were in the developmental stage, with many early antral follicles (eAF) and a small amount of degenerated
corpus luteum (dCL). (B) Choline group. Compared with the control group, the ovaries in this group have a larger number of corpus luteum and a smaller
number of antral follicles. (C) Omega-3 group. More fresh and degenerated corpus luteum with fewer antral follicles were shown in the sections. (D)
Choline + Omega-3 group. More larger follicles were showed in this group compared to the control group, indicating that the pigs in this group were
closer to ovulation. (E) Percentage of antral follicles in each group. Values are means± standard error of mean for n = 6 gilts. Significance was measured
using a one-way ANOVA post hoc Tukey test. Means assigned different letters (a, b) within a factor are significantly different (p < 0.05).

It has been described that different tissues express different
levels of enzymes that catalyse phosphatidylcholine forma-
tion [33], and the results of the present study could suggest
that the reproductive tract expresses higher levels of these
enzymes relative to other tissues. Backfat thickness has also
been described to positively correlate to reproductive poten-
tial in pigs [34, 35]. During reproductive periods, more nu-

trients are required for maintenance and lactation, leading
to the mobilization of fat reserves [36]. Therefore, prenatal
backfat reserves of the sows may contribute to later repro-
ductive success. In our study, backfat thickness was numer-
ically higher in all the supplementation groups, although the
difference in comparison to the control was only significant
in the Omega-3 group (p < 0.05). This result is consistent
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Fig. 3. Representative ovarian picture of each group (A) andThe num-
ber of visible corpus lutea (B).Values aremeans± standard error ofmean
for n = 8 to 9 gilts. Significance was measured using a one-way ANOVA
post hoc Tukey test. Means assigned different letters (a, b) within a factor
of are significantly different (p < 0.05).

with Omega-3’s role as a fatty acid, and it has been well
demonstrated to promote the formation of adipocytes [37].
Interestingly it is known that bodyfat reserve is positively
related to women reproductive ability under healthy phys-
iological conditions, as bodyfat is the main extragonadal
source of estradiol which aromatized from androgen [38].

Ovarian developmental status and oocyte quality
are the most important factors that affect female fertility
[39]. During unassisted pregnancy in females, follicular de-
velopment results in the release of oocytes from the ovary
to the fallopian tube, where the oocytes can be fertilized
by sperm. Moreover, ovulation rate is positively related to
fecundity in various species such as sheep [40], cow [41],
mice [42] and pig [43]. In this study, a higher percentage

of antral follicles were found in Choline + Omega-3 sup-
plemented group in comparison to controls, indicating that
more follicles were recruited to form the antral follicle co-
hort. Follicle recruitment rate is positively correlated with
reproductive ability and the oocyte quality in humans [44].
Furthermore, both Choline and Omega-3 groups had a sig-
nificantly increased number of corpus luteum per ovary in
comparison to the control, meaning more follicles had ovu-
lated. Choline is also a substrate for the synthesis of be-
taine via choline dehydrogenase during oocyte in vitromat-
uration, and this betaine accumulation is reported to be re-
quired for oocyte meiotic maturation [45]. Taken together,
this suggests that choline and/or Omega-3 supplementation
promotes and enhances ovulation for successful fertiliza-
tion and implantation. Additionally, choline is an essen-
tial component in forming phosphatidylcholines, a class
of phospholipids that are a major element in forming the
cellular membrane. Phosphatidylcholines accumulate dur-
ing follicle growth, and their depletion significantly affects
follicular development and antrum formation [46]. Thus,
choline supplementation may have contributed to oocyte
maturation and ovulation by providing additional substrate
for the synthesis of these biomolecules.

During the estrus cycle, the level of luteinizing
hormone acutely rises to trigger ovulation and generate cor-
pus luteum. In response to the changes of the concen-
tration of this gonadotropin, the density of its receptor,
LHR, and related downstream catalytic enzyme expression
in the ovary changes to ensure that the menstrual cycle pro-
gresses in an orderly manner [47–49]. Our finding that a
significant increase of LHR expression in the ovary of the
Choline-supplemented group is consistent with this notion,
and agrees with the fact that more corpus luteum were ob-
served. Furthermore, the expression of CYP11A1, a gene
coding for the P450scc mitochondrial enzyme that is the
first and rate-limiting catalytic enzyme in steroidogenesis
for the synthesis of pregnenolone from cholesterol [48], was
upregulated in the ovaries of pigs in the Choline group. This
result is consistent with a previous finding that P450scc
expression increases along with luteinizing hormone surge
and corpus luteum formation [48]. These steroidogenesis-
related gene expression results suggest that choline poten-
tially plays a role in the regulation of the ovarian menstrual
cycle and steroid hormone production.

MiR-21, -378, -574 are all important regulators
of ovarian function. MiR-21 promotes cumulus expansion
and oocyte maturation in vitro via targeting tissue inhibitor
of metalloproteinase 3(TIMP3) [50], and miR-574 modu-
lates phosphorylated extracellular-signal-regulated kinase
(ERK) 1/2 level and increases estradiol production. MiR-
378 regulates estradiol production and apoptosis rate in the
ovary [51, 52]. Our findings that miR-21 expression was
significantly increased in the Omega-3 group, and miR-574
expression was significantly increased in both the Choline
and Omega-3-supplemented groups is consistent with the
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Fig. 4. Relative mRNA expression of steroidogenesis related genes in ovarian tissues. (A) CYP11A1. (B) LHR. (C) FSHR. Values are means ±
standard error of mean for n = 8 or 9 gilts. Significance was measured using an independent two sample t-test. Astricts signify that the gene expression is
significantly different in comparison to the control group (*p< 0.05 and **p< 0.01). mRNA levels of both CYP11A1 and LHR were significantly higher
in choline supplemented group compared to control, while mRNA levels of FSHR showed no differences between all groups.

Fig. 5. miRNAs expression level in the ovarian tissues. Values are means± standard error of mean for n = 6 gilts. Significance was measured using an
independent two sample t-test. Astricts signify that the miRNAs expression is significantly different in comparison to the control group (*p < 0.05 and
**p < 0.01).

observed enhanced follicular development and ovulation
observed. Interestingly, others have also reported that miR-
21 is highly expressed in the female goats with high ovula-
tion rate [53]. Ma et al. [54] identified that miR-378 as the
most differentially expressed miRNA in which its expres-
sion level increased over fivefold during luteal maturation.
In our study, miR-378 expression was significantly higher
in Choline + Omega-3 group, which is consistent with the
previous results that more corpus luteum were formed in
this group in comparison to the control group. These re-
sults suggest that Omega-3 and choline supplementation
promote positive regulators of folliculogenesis and ovula-
tion, possibly enhancing reproductive potential of the indi-
vidual.

Lastly, serum analysis of metabolites taken from
the pigs revealed a significant change in phosphatidyl-
choline phospholipids and trending changes in testosterone.
Testosterone is an androgen that coordinates a variety of
bodily processes including energy metabolism, muscle and
bone mass, libido, and especially, fertility [55]. Polycystic
ovarian syndrome (PCOS) is a reproductive metabolic syn-
drome particularly characterized by hyperandrogenism, a
state of excess androgen production in which testosterone is
included [56]. Currently, it is unknown how choline admin-
istration may impact metabolites related to infertility and
the PCOS phenotype. However, the trending lower level
of testosterone suggests that choline may have potential in
the treatment or prevention of PCOS. Further, the metabolic
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Fig. 6. Normalized concentrations of 1-(5Z, 8Z, 11Z, 14Z, 17Z-eicosapentaenoyl)-sn-glycero-3-phosphocholine (A) and testosterone (B) in serum.
Only the levels of 1-(5Z, 8Z, 11Z, 14Z, 17Z-eicosapentaenoyl)-sn-glycero-3-phosphocholine were significantly increased (p< 0.05) in the choline group
compared to control, while testosterone demonstrated trends towards a decrease (p = 0.08) in the choline group compared to control. Values are means
± standard error of mean for n = 8 or 9 gilts. Significance was measured using a one-way analysis of variance (ANOVA) post hoc Tukey test. Means
assigned different letters (a, b) within a factor of are significantly different (p < 0.05).

analysis of pig serum in the Choline group showed a signif-
icant increase in the levels of 1-(5Z, 8Z, 11Z, 14Z, 17Z-
eicosapentaenoyl)-sn-glycero-3-phosphocholine, a form of
phosphocholine, which is reasonable as choline is a major
element of its components, however, its specific role in fol-
licular development remains unknown. It is reported that
choline and phosphocholine were reduced in the follicu-
lar fluid from ovarian follicles where the fertilized oocyte
failed to cleave [57], suggesting that phosphocholine may
play a role in the oocyte competence development in which
1-(5Z, 8Z, 11Z, 14Z, 17Z-eicosapentaenoyl)-sn-glycero-3-
phosphocholine may be involved.

6. Conclusions
In summary, we report that choline supplemen-

tation promotes reproductive tract development and ovu-
lation which is accompanied by enhanced expression of
steroidogenesis-related genes and miRNAs related to ovar-
ian regulation. To our knowledge, this is the first in vivo
examination of the influence of choline supplementation on
ovarian development and function. Our findings support
that the supplementation of this nutrient may have fertility
enhancement benefits and offer insights into how choline
supplementation could be applied to improve reproductive
function.
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