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Choline is an essential nutrient that is necessary for both fetal development and

maintenance of neural function, while its effect on female ovarian development is

largely unexplored. Our previous study demonstrated that choline supplementation

promotes ovarian follicular development and ovulation, although its underlying

mechanism was unclear. To uncover the potential regulation pathway, eighteen

female Yorkshire × Landrace gilts were fed with either standard commercial diet

(Control group, n = 9) or choline supplemented diet (Choline group, additional

500 mg/kg of control diet, n = 9) from day 90 of age to day 186. At day 186, feces

samples were analyzed for effects on the gut microbiome using 16S ribosomal RNA

gene V3–V4 region sequencing with Illumina MiSeq, serum samples were analyzed

for trimethylamine (TMA) and trimethylamine-N-oxide (TMAO) using HILIC method,

and jejunum tissues were analyzed for immune related gene expression using qRT-

PCR. Our results show that choline supplementation did not alter the circulating

level of TMA and TMAO (P > 0.05), but rather increased gut microbiome alpha

diversity (P < 0.05). Beta diversity analysis results showed that the choline diet mainly

increased the abundance of Firmicutes, Proteobacteria, and Actinobacteria, but

decreased the abundance of Bacteroidetes, Spirochaetes, and Euryarchaeota at the

phyla level. Meta-genomic analysis revealed that choline supplementation activated

pathways in the gut microbiota associated with steroid hormone biosynthesis and

degradation of infertility-causing environmental pollutants (bisphenol, xylene, and

dioxins). To further verify the effect of choline on intestinal activity, a porcine intestine

cell line (IPEC-J2) was treated with serial concentrations of choline chloride in vitro.

Our data demonstrated that choline promoted the proliferation of IPEC-J2 while

inhibiting the apoptotic activity. qRT-PCR results showed that choline significantly
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increased the expression level of Bcl2 in both IPEC-J2 cells and jejunum tissues. The

expression of IL-22, a cytokine that has been shown to impact ovarian function,

was increased by choline treatment in vitro. Our findings reveal the beneficial

effect of choline supplementation on enhancing the gut microbiome composition

and intestinal epithelial activity, and offer insights into how these changes may

have contributed to the ovarian development-promoting effect we reported in our

previous study.
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1. Introduction

Choline is an essential nutrient for both humans and animals,
serving as precursor for phosphatidylcholine and acetylcholine to
maintain cellular membrane structure and neural function. Choline
supplementation is an important nutritional strategy for pregnant
females to improve the health of their fetus (1). It is reported that
the concentration of choline in the maternal plasma during the
third trimester of pregnancy is positively associated body weight
gain and BMI score of the child (2). Lifelong supplementation of a
high concentration of choline (5.0 g/kg choline chloride compared
to 1.1 g/kg in the control diet group) significantly ameliorates
Alzheimer’s disease pathology and its associated cognitive deficits
(3). Insufficient uptake of choline is closely associated with fatty
liver, muscle dysfunction and female reproductive related diseases (4,
5). For instance, circulating choline concentrations are decreased in
patients with polycystic ovary syndrome (PCOS) (6). Taken together,
this suggests that sufficient choline supply is important for growth
performance and maintenance of health in both animals and humans.

However, excess choline uptake can induce thrombosis (7),
cardiovascular disease (8) and stroke (9) as choline can be
converted to trimethylamine (TMA) by the gut microbiome,
absorbed into the blood and subsequently oxidized to generate
trimethylamine-N-oxide (TMAO) by hepatic enzymes flavin-
containing monooxygenase-3 (FMO3) (10). TMAO subsequently
promotes the pathogenesis of the above diseases through activation
of platelet hyper-reactivity, increase of foam cell formation and
induction of inflammatory responses (11). The bioavailability of
choline in mice is associated with the composition of the gut
microbiome, especially TMA producing bacteria (12). A choline-
rich, high-fat diet has been reported to alter gut microbial TMA
production in mice which seems to be mediated by the alteration
of colonic epithelial mitochondrial function (13). These findings
suggest that there are close interactions and cross-talk between
choline intake, gut microbiome and intestinal function that lead to
different modes of catabolic pathway activation. Furthermore, in
our previous study, we found that choline supplementation in the
female pig increased ovulation rate, and altered CYP11A1 and LHR
expression in ovarian tissue (14). A few studies also reported that
gut microbiome composition is associated with ovarian development
and can affect the pathogenesis of reproductive-related diseases (15,
16). However, if and how choline supplementation affects swine
gut microbiome composition and intestinal function, which in turn
affects ovarian development, is unknown. In this study, we aimed

to assess if choline supplementation alters the gut microbiome
and intestinal epithelial cell activity of gilts, resulting in changes to
ovarian growth and development.

2. Materials and methods

2.1. Animal trial

Eighteen Yorkshire × Landrace gilts were recruited at 90 days
of age and randomly divided into a Control group (Standard
commercial corn and soybean meal-based diet, n = 9) and Choline
group (control diet with additional 500 mg choline per kilogram
of diet, n = 9), distributing littermates, body weight and backfat
thickness between treatment groups. The diet ingredient composition
and calculated nutrient contents are outlined in our previous
publication which met estimated nutrient requirements for growing
pigs [NRC (14, 17)]. Briefly, feed for grower phase contains 19.51%
crude protein, 4.57% fat, and 2447 kcal/kg of net energy, while
contains 17.16% crude protein, 3.84% fat and 2453 kcal/kg of net
energy for finisher phase. An additional 500 mg/kg of choline was
added to the feed of Choline group in both grower and finisher
phases. 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 Committee (AUP #4068) and followed the Canadian Council
of Animal Care Guidelines [CCAC (18)].

The animal trial design is described in our previous publication
(14). In short, gilts were fed ad libitum with grower diet between 90
and 139 days of age and then switched to finisher diet between 140
and 186 days of age. During the grower stage, one of the gilts was
culled due to lameness and 17 gilts successfully completed the trial.
Individual gilts were weighed at the beginning and end of the trial,
and overall bodyweight gain was calculated. The feed consumption of
individual gilts was also recorded at the same time as bodyweight for
calculation of the overall feed conversion ratio. Gilts were sacrificed
at 186 days of age. Just prior to sacrifice, gilts were weighed and
a 10 mL 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 3,000 × g for 10 min. Serum was
transferred, aliquoted and stored at −80◦C for later analysis. After
sacrifice, the jejunum cross-section tissues (20 cm from the end of the
stomach) were collected and kept in RNA later stabilization solution
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(Invitrogen, Cat#: AM7021, Carlsbad, CA, USA) and stored at −80◦C
for later total RNA extraction and gene expression analysis.

2.2. Hydrophilic interaction
chromatography analysis of serum

As described in our previous publication (14), a solution
composed of equal proportion of acetonitrile and methanol was
added to the gilt serum to create an 80% organic solvent by mixing
solution and serum in ratio of 4:1. The mixture was vortexed and
passed through a 0.22 µm filter to remove particulates and protein.
A sample of water treated the same way was conducted as a negative
control. Samples were analyzed using Hydrophilic Interaction
Chromatography (HILIC) in cooperation with the Department
of Chemical Engineering and Applied Chemistry, University of
Toronto, ON, Canada. The serum concentrations of TMA and
TMAO were analyzed using MetaboAnalyst 4.0 developed by Chong
el al. (19) (McGill University, QC, Canada).

2.3. Gut microbiome DNA extraction 16S
rRNA sequencing

Feces were collected from the colon after slaughter at 186 days
of age and were washed by adding Sodium Phosphate Buffer and
centrifuged. Debris were collected and mixed with Sodium Phosphate
Buffer and MT Buffer to lyse the cells. DNA was extracted from
400 mg feces using MP BiomedicalsTM FastDNATM SPIN DNA
Isolation Kit for Feces (MP Biomedicals, Cat# 116570200, Santa Ana,
CA, USA) according to the manufacturer’s directions. DNA quality
and concentration was assessed using a NanoDrop 8000 (Thermo
Fisher, Cat#: ND8000-GL, Waltham, MA, USA), gel electrophoresis
and Qubit 2.0 (Invitrogen, CA, USA). High quality of microbiome
DNA was then shipped to Novogene Biotech Co., Ltd., Beijing, China.
for sequencing of the 16S rRNA V3–V4 hypervariable gene region.

A two-step PCR was using primers (341F
CCTAYGGGRBGCASCAG; 806R GGACTACNNGGGTATCTAAT)
with Illumina indices. Samples were diluted to equal concentrations
and pooled into one library and sequenced on an Illumina MiSeq
platform to generate 400–450 bp paired-end raw reads.

2.4. Bioinformatic analysis of gut
microbiome data

The gut microbiome data processing and bioinformatic analysis
approach was described by Cai et al. (20). Briefly, The Quantitative
Insights into Microbial Ecology 2 (QIIME2) version 2020.11
pipeline was used for data cleaning, denoising and cluster analysis.
SILVA database (132 release) was used as reference for taxonomic
annotation of the amplicon sequence variant (ASV) using the
QIIME2 feature-classifier classify-sklearn function. Furthermore,
mitochondrion and chloroplast 16S rRNA genes were removed from
all complete dataset by filter_pollution [taxa = c (“mitochondria,”
“chloroplast”)] using R package microeco v0.12.0. The R-package
phyloseq v1.22.3 was used to analyze the alpha and beta diversity
of the gut microbiota in each group which includes rarefaction
curve, observed taxa, Chao1 index, Shannon diversity. Finally,

gut microbiome functional prediction was performed as previous
described by Huyben et al. (21). Briefly, PICRUSt2 (v.2.3.0-b) and
Kyoto Encyclopedia of Genes and Genomes (KEGG) database (22)
were used to predict the functional profile, while Statistical Analysis
of Taxonomic and Functional Profiles (STAMP) software version
2.1.3 was used to visualized the data. Significant differences for
predictive metagenomic pathways were evaluated using Welch’s
t-test.

2.5. CCK-8 assay

A porcine jejunal cell line, IPEC-J2 cells were used in all
the in vitro assays. IPEC-J2 cells were cultured in DMEM/F12
media (WISENT, QC, Canada), supplemented with 10% fetal bovine
serum (FBS) (WISENT, QC, Canada) and 1% penicillin-streptomycin
(WISENT, QC, Canada) at 37◦C with 5% CO2. Cells were digested
using 0.25% trypsin-EDTA when they reached approximately 90%
confluence, and were seeded to 96-well plate at a 5 × 104 cells/mL
density. After culturing for 24 h, cell culture media was discarded and
rinsed two times with sterile PBS. Cells were refreshed with complete
media containing 1.6 µM to 25 mM choline chloride, while another
group only containing complete media served as a control. After
treatment for 24 h, 10 µL of CCK-8 solution was added to each well,
followed by incubation at 37◦C for 2 h. The absorbance at 450 nm
was measured using a Cytation 5 Cell Imaging Multi-Mode Reader
(BioTek Instruments).

2.6. Caspase-3 activity assay in IPEC-J2
cells

IPEC-J2 cells were treated with 8, 40, and 200 µM choline
chloride, respectively, for 24 h at 37◦C in an incubator. The caspase-
3 activity of the cells was determined as previously described (23)
using a caspase-3 assay kit (Sigma-Aldrich, Oakville, ON, Canada).
In short, after choline chloride treatment, IPEC-J2 cells were digested
by using 0.25% trypsin-EDTA. The cell number of each well was
counted using a hemocytometer after staining with 0.4% trypan blue.
Cells were then lysed by using a lysis buffer provided by the kit,
followed by a 4-h incubation on ice. Correlative reagents were added
in accordance with the instruction of the kit. The caspase-3 activity
was determined based on its ability to hydrolyze the acetyl-Asp-Glu-
Val-Asp p-nitroanilide (Ac-DEVD-pNA) substrate into formazan
p-nitroaniline (pNA) which appears yellow in color. The absorbance
of pNA at 405 nm was measured by using a Cytation 5 Cell Imaging
Multi-Mode Reader. The relative production of pNA was normalized
to the total cell number.

TABLE 1 Overall grow performance of gilts supplemented with choline
adding diet (mean ± SEM).

Item Control Choline P-value

N = 9 N = 8

Overall bodyweight gain (kg) 103.8 ± 3.5 108.3 ± 2.7 0.335

Overall feed intake (kg) 339.2 ± 9.3 328.4 ± 12.2 0.488

Overall feed conversion ratio 3.29 ± 0.13 3.04 ± 0.09 0.158
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2.7. Total RNA isolation and qRT-PCR

Total RNA from jejunum samples was isolated using Norgen
Total RNA purification kit (Norgen Biotek, Cat#: 17200, Thorold,
ON, CA) as previous described. Briefly, 10 mg of jejunal tissue from
each gilt was thawed, homogenized in the provided lysis buffer,

and total RNA was extracted per manufacturer’s directions. The
concentration and 260/280 ratio of the collected 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
complementary DNA using iScript reverse transcription supermix

FIGURE 1

Boxplot of normalized concentrations of TMA (A) and TMAO (B) in serum of gilts at the age of day 186 in both Control and Choline diet group. Y-axis are
represented as relative units. Values are presented by log transformed for n = 8 (Choline group) or 9 (Control group) gilts with medians indicated by
horizontal lines within each box. Significance was measured using independent two sample t-test.

FIGURE 2

Boxplot of alpha diversity indices: Chao1 index (A), Shannon index (B), and Simpson index (C). Alpha diversity indices are a representation of the
microbiota species richness and evenness for a given number of individual samples, in which higher number means the microbiota is more diverse in the
sequenced community. Samples were from the pig feces in 186 days of age feeding with control and choline diet. Data were average from 8 gilts in each
group, significant difference was calculated using an independent two sample t-test.
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FIGURE 3

Bar plots of intestinal microbiota composition [(A) phylum level; (B) class level; (C) genus level] from feces of pigs feeding with Control and Choline diet
for 3 months.

kit (Bio-Rad, Cat#:1708841, Berkeley, CA, USA) according to
manufacturer’s directions. Quantitative PCR was performed using
SsoadvancedTM Universal SYBR (Bio-Rad, Cat#:1725275, Berkeley,
CA, USA). All the primer sets for gene expression were synthesized
from Integrated DNA Technologies (IDT, Coralville, IA, USA).
The primer sequence and expected product size are listed in
Supplementary Table 1. For the gene expression normalization,
GAPDH were used as reference genes. Relative quantification
was conducted using the 2−11CT method (24). The changes
in gene transcription were presented as fold changes relative to
the control group.

2.8. Statistical analysis

Statistical analysis was performed using SAS version 9.1 (SAS
Institute, Cary, NC, USA) with each gilt as the experimental
unit, dietary treatment as the fixed effect, and block as the
random effect. A Shapiro-Wilk test was used to confirm a normal
distribution of data. Statistical significance was measured with

an independent two sample t-test. Differences at P < 0.05 were
considered significant.

3. Results

3.1. Gilts growth performance

Our results showed that the overall bodyweight gain in the
Choline group (108.3 ± 2.7) was slightly higher than that in the
Control group (103.8 ± 3.5), and the feed to bodyweight conversion
ratio in Choline group was lower than the control group (3.04 ± 0.09
vs. 3.29 ± 0.13, respectively). However, these differences were not
found to be significantly different (Table 1).

3.2. Serum TMA and TMAO analysis

Hydrophilic Interaction Liquid Chromatography (HILIC) results
showed that there were no differences in the concentration of TMA
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FIGURE 4

Statistical analysis of taxonomic and functional profiles (STAMP) plots
of predictive metagenomic analysis using phylogenetic investigation
of communities by reconstruction of unobserved states (PICRUSt) to
infer function of the distal intestine microbiome (N = 8) of gilts after
feeding 3 months of choline supplemented diet. Figures include all
the significant different pathways generated from Kyoto Encyclopedia
of Genes and Genomes (KEGG) Level 1–3. Pathways which are
associated with reproductive health and ovarian development were
highlighted in red boxes. p-values were generated by Welch’s t-test
and then corrected with the false discovery rate (FDR). And q < 0.05
was considered significant.

and TMAO in the serum of Control and Choline groups, suggesting
that the supplemented concentration of choline is a safe dosage for
gilt consumption (Figure 1).

3.3. Choline supplement altered gilts gut
microbiome composition

We next characterized the dynamics of the swine gut microbiome
in both Control and Choline supplemented group by analyzing the
16S rRNA V3–V4 region. In general, alpha-diversity increased when
the gilts were fed with choline supplemented diet (Figure 2 and
Supplementary Figure 1). A higher microbial richness, including the

number of observed bacterial features and the Chao-1 index, were
observed in the Choline group (Observed: Control 780.3 ± 127.4 vs.
Choline 942.5 ± 127.6, P < 0.05; Chao-1: Control 820.5 ± 93.5 vs.
Choline 987.8 ± 85.07, P < 0.05). Furthermore, the Shannon index,
which has been widely used to assess the evenness of the community
(25), was also significantly higher in the Choline group than in
Control group (Control 5.9 ± 0.4 vs. Choline 6.4 ± 0.2, P < 0.05).
These results suggest that choline supplementation enriched the
diversity of gut microbiome in gilts. Moreover, the alpha-diversity
of the gut microbiome was also found to be positively related to
reproductive tract length and the number of antral follicle (P < 0.05)
as shown in Supplementary Figure 2.

To study if choline supplementation in the diet affects gut
microbiome relative abundance, beta-diversity of each group was
analyzed and plotted by phylum (Figure 3A), class level (Figure 3B),
and 50 of the most abundant bacteria in genus level (Figure 3C).
Mean relative abundance at the phylum level in both the Control
and Choline group were all dominated by Firmicutes (45.7% in
Control group, 47.4% in Choline group), followed by Bacteroidetes
(39% in Control group, 32.5% in Choline group). However,
the subsequent abundant microbiota in the Control group were
Spirochaetes (5.8%), Euryarchaeota (3.3%) and Proteobacteria (3.2%),
while in the Choline group, the abundant microbiota groups
were Proteobacteria (7.1%), Actinobacteria (3.1%), followed by
Euryarchaeota (2.7%) (Figure 3A). At the class level, gut bacteria
were dominated by Clostridia, Bacteroidia, Bacilli, Methanobacteria,
Spirochaetia, Gammaproteobacteria, and Alphaproteobacteria in
both groups. Among which, Clostridia, Gammaproteobacteria, and
Alphaproteobacteria were more abundant in the Choline diet
group than that of the Control group, while Bacteroidia, Bacilli,
Spirochaetia, and Methanobacteria were found more enriched in
the Control group than that in the Choline group (Figure 3B). At
the genus level, Prevotellaceae NK3B31 group (9.3%), Treponema
2 (5.7%), Rikenellaceae RC9 gut group (5.6%), Ruminococcus
1 (5.5%), Lactobacillus (3.4%), and Methanobrevibacter (3.2%)
dominated in the Control group, while Prevotellaceae NK3B31
group (6.4%), Ruminococcus 1 (5.9%), Rikenellaceae RC9 gut group
(5.2%), Treponema 2 (3.4%), Ruminococcaceae UCG-014 (2.9%), and
Prevotella 7 (2.9%) dominated the Choline diet group (Figure 3C).
Furthermore, a correlation analysis between gut microbiota and the
reproductive development indexes was conducted and 29 genera were
observed to be significantly correlated with reproductive tract length,
number of antral follicles, number of corpus luteum or the oviduct
length (Supplementary Figure 3).

3.4. Metagenomic KEGG pathway
prediction

Meta-genomic KEGG pathway prediction analysis showed that
gut bacteria in the Choline diet group were mainly involved
in bisphenol degradation, followed by toluene, chloroalkane and
chloroalkene degradation. Among all the significant changed
KEGG pathways, bisphenol degradation, xylene degradation, steroid
hormone biosynthesis, dioxin degradation, fatty acid metabolism,
atrazine degradation and biosynthesis of unsaturated fatty acids are
related to reproductive health, which were significantly increased by
the choline supplement diet (these pathways have been highlighted
by red boxes in Figure 4).
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FIGURE 5

Relative mRNA expression of immune response-related genes including Bcl2, IL-8, IL-22, and TLR4 in jejunum tissues (Normalized to GAPDH). Values are
means ± standard error of n = 8 (Choline group) or 9 (Control group) 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 < 0.01).

3.5. Choline supplement changes jejunal
gene expression in gilts

To further study if choline supplementation alters the immune
response related gene profile of the intestine, qPCR was performed
to detect expression levels of some immune-responsive genes. There
was no significant difference in the expression level of IL-22 and
TLR-4 between the two groups (Figure 5). Bcl2, an anti-apoptotic
gene, expression was significantly higher in Choline group compared
to the Control group (P < 0.05), while the expression of IL-8 was
significantly lower in the Choline group compared to the Control
group (P < 0.05). These results suggest that choline supplementation
may also modulate intestine immune response.

3.6. Choline supplement affects IPEC-J2
proliferation and apoptosis in vitro

Cell proliferative activity was tested using a CCK-8 kit after
being treated with various concentrations of choline chloride for
24 h. The results showed that choline chloride significantly increased
intestine cell proliferative activity in a concentration dependent
manner starting at 1.6 µM (P < 0.05). No proliferation promoting
effect was observed at choline concentrations greater than 5 mM
(Figure 6A).

We further examined the influence of choline on intestine
cell apoptosis using a Caspase-3 kit. The results showed that

choline chloride significantly decreased the Caspase-3 activity at
concentration of 8 and 40 µM (P < 0.05), while there was no
inhibitory effect at 200 µM (Figure 6B). To test if choline chloride
affects immune and apoptosis related gene expression in vitro, IPEC-
J2 cells were treated with 8 and 40 µM of choline chloride for 24 h.
As shown in Figure 7, choline chloride increased IL-22 and Bcl2
expression at the concentration of 8 µM (P < 0.05), but not 40 µM,
while having no effect on Caspase-3, IL-8 and Bax expression in vitro.

4. Discussion

As a main methyl donor, excessive choline supplementation
is closely related to the development of altered DNA methylation
related diseases, such as cancer and neurological disorders (26). This
is mainly a result of the conversion of choline to TMA by the gut
microbiota, which can further be catalyzed to TMAO in the liver (27,
28). In our study, after feeding the pigs with additional choline for
3 months, circulating TMA and TMAO levels showed no significant
changes, suggesting that the supplemented dosage of choline in our
study is within a safe range. Yoo et al. reported that plasma TMAO
levels were only increased when choline was supplemented in a high-
fat diet in mice, while it remained unchanged when a low-fat diet was
supplemented with choline (13). In our trial, choline was mixed into
the commercial standard diet that provides a fatty acid level meeting
the minimum nutrient requirements. This was an important strategy
to prevent the side effects caused by choline supplementation.
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A clinical study showed that choline supplemented in cat food
at fourfold greater than the basal diet significantly reduced cat
bodyweight gain and body fat mass by reducing the food intake (29).
Another study reported the same effect on bodyweight changes when
supplementing a choline content 15-fold greater in comparison to the
basal diet content in rats (30). Contrastingly, a choline deficient diet
slowed the bodyweight gain of genetically modified obese mice (31).
Taken together, this evidence suggests that choline intake is closely
related to maintenance of body weight, possibly attributed to choline’s
role in regulation of circulating glucose levels and fatty acid levels
(31). In our study, overall feed intake was slightly decreased in the
Choline group compared to the Control group which is consistent
with previous findings (29). However, the overall bodyweight gain
of gilts in our study was numerically increased when supplemented
with choline, contrasting the results of previous studies outlined
above. This difference could be attributed to the fact that the choline
dosage supplemented in our study was only twofold greater than the
basal concentration or attributed to the species differences between
studies, especially cats which have the different metabolic priorities
compared to pigs (32). However, our results highlight possible
economic benefits for the pig industry as choline supplementation
appeared to lower the overall feed conversion ratio.

We have previously reported that the corpus luteum number
in each ovary in the Choline group (16.25 ± 2.88/ovary)
was significantly higher in comparison to the Control group
(5.56 ± 1.72/ovary), and choline also significantly increased the
vagina-cervix-length of the gilts. Details can be found in our previous
publication (14). Similar to our study, choline has also been shown to
improve bovine oocyte quality and increased the ratio of embryo that
developed to blastocyst after in vitro fertilization (33), which suggests
that choline plays a role in reproductive tract development and female
gamete production.

With the widespread use of antibiotics, an increasing number
of human diseases have been associated with a decrease in gut
microbiome diversity or microbiota dysbiosis (34). It was reported
that lower microbiome diversity is closely associated with higher
level of HOMA-IR, C-reactive protein in Twins UK cohorts (35)
and higher risk of Colorectal Cancer (36), Crohn’s disease (37)
and irritable bowel syndrome (IBS) (38). Moreover, a few female
infertility-related diseases were also reported to be associated with a
decrease in alpha diversity of the gut microbiome, such as PCOS (39)
and endometriosis (40), suggesting the potential reproductive health
benefits of gut microbiome diversity. Our data demonstrated that
choline supplementation significantly increased the alpha-diversity
of gut microbiome at the end of the trial, which were represented
by higher Chao-1, Shannon, and Simpson indexes (Figure 2). This
suggests that choline may help to shape a more stable, capable and
resilient gut microbiome composition. However, a study conducted
on weaned piglets found that supplementation of choline decreased
the alpha-diversity index, including the ACE index and Shannon
index (41). This difference may be explained by the fact that weaning
is a unique period in a pig’s life that results in changes to the structure
and function of the intestine due to the abrupt shift from a milk to
plant-based solid feed diet (42). This could factor in to their different
reactions to the choline supplemented diet.

It is reported that the gut microbiome influences estrogen
activity in the host through the production of β-glucuronidase, an
enzyme that reactivates estrogen by deconjugating estrogen with
sex hormone binding globulin (SHBG) (43). Unbound estrogen is
then able to bind to estrogen receptors and regulate its subsequent

FIGURE 6

Choline chloride promotes proliferation (A) while inhibits apoptosis
(B) of IPEC-J2 cells in vitro. Values are means ± standard error of
three independent replicates. Significance was measured using a
one-way ANOVA. Asterisks signify that the gene expression is
significantly different in comparison to the control group (**P < 0.01).

physiological downstream effects (43). Estrogen is critical for ovarian
development and maintaining the normal menstrual cycle. However,
excess active estrogen levels can lead to hormonal disorders and
conditions including breast cancer, ovarian cancer, endometriosis
and polycystic ovarian syndrome (44, 45). In our study, choline
supplementation increased the abundance of a group of β-
glucuronidase-producing bacteria including Eubacterium, Alistipes,
Ruminococcus, and Roseburia, while decreasing the abundance
of another group of β-glucuronidase producing bacteria such
as Bacteroides, Lactobacillus, Parabacteroides, and Prevotella. This
suggests that choline might influence ovarian development through
maintaining the homeostasis of β-glucuronidase production via
bacterial communities which in turn affects estrogen activity.
This reasoning could also explain how choline supplementation
affects ovarian follicular development, which has been demonstrated
in our previous publication (14). This points to a complicated
regulation axis among the gut microbiome, estrogen levels,
and female reproductive development that exists to coordinate
homeostasis in the body.

Using KEGG pathway prediction we found that the choline
supplemented diet increased the abundance of bacteria that are
mainly involved in the sex hormone biosynthesis and degradation
of infertility-related environmental pollutants. Bisphenol A is an
endocrine disruptor that exhibits high estrogenic activity and can
bind to estrogen receptors, altering the downstream processes
resulting in hormonal disorders (46). Xylene is an aromatic
hydrocarbon that has been widely used in industry and medical
technology as a solvent, but is reported to have a toxic effect
on both the female reproductive system and fetuses in laboratory
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FIGURE 7

Relative mRNA expression of immune response-related genes in IPEC-J2 cell treated with 8 and 40 µM choline chloride for 24 h in vitro. Values are
means ± standard error of three independent replicates. Significance was measured using a one-way ANOVA. Astricts signify that the gene expression is
significantly different in comparison to the control group (*P < 0.05).

animals (47). Another environmental contaminant, Dioxin, has
a long environmental half-life and readily accumulates in the
food chain and body. Dioxin exposure has been reported to
suppress rodent ovulation in vivo (48). Atrazine is a common
herbicide with a long half-life in water and soil. It is an endocrine
disruptor that can interrupt regular hormone secretion, leading
to birth defects, ovarian tumors, and breast cancer (49, 50). By
enriching gut bacteria that can degrade these kinds of dangerous
environmental pollutants, such as Pseudomonas and Sphingomonas,
choline supplementation may help to reduce the development of
infertility or sub-fertility upon exposure.

The interaction among intestinal epithelial cells, immune system
and gut microbiome is important for the immune response to
pathogens and maintenance of overall health status. Increasing
apoptosis of intestinal epithelial cells is associated with cell shedding
and barrier loss (51), while proliferation of epithelial cells is
required for the renewal of the intestinal epithelial layer and
maintenance of absorptive and secretory functions (52). Data from
our in vitro study showed that choline promotes intestinal epithelial
cell proliferation, while inhibiting apoptosis by decreasing caspase-3
activity. Interestingly, Yan et al. also demonstrated that choline has
the ability to attenuate olive oil lipid emulsion-induced enterocyte
apoptosis, mainly through inhibition of the CELF1/AIF pathway
in vivo and in vitro (53). However, in the present study, the specific
pathway that choline activates in intestinal epithelial cells resulting in
apoptosis, remains unclear and warrants future investigation.

Choline uptake is associated with the immune responsiveness
of macrophages (54, 55) and hepatocytes (56). Diet supplemented
with 1% choline influences bioenergetics of mitochondria in intestine

epithelium which in turn alters the gut microbiome abundance and
bacterial metabolomic functions (13). When we further examined the
effect of choline supplementation on the immune response, we found
that the expression of Bcl2, a protein that inhibits the action of pro-
apoptotic protein such bax and bak, was decreased after both choline
treatment in vitro and a choline supplemented diet in vivo. This
also agrees with our result that choline decreases apoptotic activity
in vitro. Additionally, a key mediator of inflammation, IL-8, was
significantly lower in the intestinal tissue of the choline diet group
compared to the control group. Several studies revealed that mice
tend to develop gut inflammation when they have elevated apoptosis
in the intestinal epithelium (57, 58). This may be mediated by the
release of extracellular vesicles and various chemokines stimulated by
the apoptotic signaling, which eventually activate and recruit immune
cells (59). Detopoulou et al. found that higher intake of choline
or betaine significantly decreased the circulating concentration of
pro-inflammatory markers such as C-reactive protein and tumor
necrosis-alpha (60), which further supports our finding.

IL-22 is a member of the IL-10 super family of cytokines in which
it plays an important role in cell survival, wound healing and fighting
pathogen invasion (61). Qi et al. demonstrated that serum IL-22
concentration was significantly decreased in patients with polycystic
ovarian syndrome (PCOS), while administration of IL-22 improved
PCOS phenotypes (16). In our study, IL-22 expression increased in
intestine epithelial cells in a choline concentration dependent manner
in vitro, while it did not show significantly different expression in
the intestine with a choline supplemented diet in vivo. Interestingly,
choline influences the gut’s bile acid metabolism by changing the
diversity and composition of the gut microbiome (62). Bile acid
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is known to stimulate intestinal epithelial cells or immune cells to
secrete IL-22 (16), which could circulate to the ovaries and in turn
regulate ovarian development and function.

In conclusion, the findings from the current study reveal the
beneficial effects of choline supplementation on gut microbiome
composition and intestinal epithelial activity. It also offers insight into
the potential mechanisms of how these changes may contribute to the
“ovarian development promoting” effect of choline supplementation
we have previously reported. We propose that there may be
sophisticated cross-linkages among choline intake level, gut
microbiome, epithelial function and the innate immune response,
that in turn enhances a pathway for ovarian follicular development.
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