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ABSTRACT Maternal betaine was reported to regu-
late offspring hepatic cholesterolmetabolism inmammals.
However, it is unclear whether and how feeding betaine to
laying hens affects hepatic cholesterol metabolism in
offspring chickens. Rugao yellow-feathered laying hens
(n 5 120) were fed basal or 0.5% betaine-supplemented
diet for 28 D before the eggs were collected for incuba-
tion. Maternal betaine significantly decreased the hepatic
cholesterol content (P , 0.05) in offspring chickens.
Accordingly, the cholesterol biosynthetic enzymes,
sterol regulator element-binding protein 2 (SREBP2) and
3-hydroxy-3-methylglutaryl coenzyme A reductase,
were decreased, while cholesterol-7alpha-hydroxylase
(CYP7A1), which converts cholesterol to bile acids, was
increased at both mRNA and protein levels in betaine-
treated offspring chickens. Hepatic mRNA and protein
expression of low-density lipoprotein receptor was
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significantly (P , 0.05) increased, while the mRNA
abundance of cholesterol acyltransferase 1 (ACAT1) that
mediates cholesterol esterification was significantly
(P , 0.05) decreased in the betaine group. Meanwhile,
hepatic protein contents of DNA methyltransferases 1
and betaine homocysteine methyltransferase were
increased (P , 0.05), which was associated with modifi-
cations of CpG methylation on affected cholesterol
metabolic genes. Furthermore, the level of CpG methyl-
ation on gene promoters was increased (P , 0.05) for
sterol regulator element-binding protein 2 and abundance
of cholesterol acyltransferase 1 yet decreased (P , 0.05)
for cholesterol-7alpha-hydroxylase. These results indicate
that maternal betaine supplementation significantly de-
creases hepatic cholesterol deposition through epigenetic
regulation of cholesterol metabolic genes in offspring
juvenile chickens.
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INTRODUCTION

Cholesterol is essential to cell viability and functions.
Cholesterol not only constitutes cell membranes but
also serves as a precursor for the biosynthesis of steroid
hormones, oxysterols, and bile acids, all of which play
critical roles in health and disease (Sozen and Ozer,
2017; Benito-Vicente et al., 2018; Gluba-Brzozka
et al., 2019). The liver is the main site for cholesterol
metabolism and thus serves as a control center for the
maintenance of cholesterol homeostasis in the body.
Cholesterol and its metabolites are implicated in the
pathogenesis of various human diseases, including
atherosclerosis, cancer, neurodegenerative diseases, and
non-alcoholic fatty liver disease (Wu et al., 2013;
Coisne et al., 2016; Van den Berg et al., 2018; Ou
et al., 2019). In the chicken, cholesterol metabolism in
the brain and muscle was associated with aggressive
behavior and meat quality, respectively (Attia et al.,
2017; Idriss et al., 2017). Importantly, cholesterol level
in the liver is an indicator of chicken fatty liver
syndrome. Fatty liver syndrome is a common
metabolic disease, which seriously affects the health
and production efficiency of laying hens and causes
great economic losses to the poultry industry (Polin
and Wolford, 1977). Therefore, controlling hepatic
cholesterol metabolism will be a prophylactic strategy
to benefit the chicken health and related industry.
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The homeostasis of cholesterol metabolism in the liver
depends on the dynamic balance of cholesterol biosyn-
thesis and transformation (Trapani et al., 2012; Faust
and Kovacs, 2014). Sterol regulatory element binding
protein 2 (SREBP2) is the key transcription factor for
the activation of cholesterol biosynthesis genes such as
3-hydroxy-3-methyl-glutaryl-CoA reductase (HMGCR)
(Khesht and Hassanabadi, 2012; Sharpe and Brown,
2013). Cholesterol can be catabolized through its
transformation into excretable bile acids by
cholesterol-7alpha-hydroxylase (CYP7A1) (Monte
et al., 2009). A number of studies have demonstrated
that SREBP2 and CYP7A1 are the key factors to regu-
late cholesterol metabolism in the offspring in response
to maternal nutrition intervention (Goharkhay et al.,
2008; Sohi et al., 2011). For instance, maternal intake
of grape procyanidins during the perinatal period
elevated cholesterol in offspring rats was associated
with upregulation of SREBP2 (Del Bas et al., 2015). Pre-
natal low-protein diet exposure decreased hepatic
cholesterol content in weaning piglets due to persistent
elevation of CYP7A1 (Cong et al., 2012). In the chicken,
it is interesting to explore whether SREBP2 and
CYP7A1 expressions in the progeny of laying hens are
vulnerable to maternal nutrition status.

Betaine is the trimethyl derivative of glycine that can
be obtained directly from diet or indirectly from dietary
choline via oxidation (Lever and Slow, 2010). Betaine
can activate DNA methylation through one carbon
metabolism and thus regulates the transcription of
cholesterol metabolic genes (Yang et al., 2017; Hu
et al., 2018). Recent study provided the evidence that
maternal betaine exposure enhances hepatic cholesterol
accumulation along with hypermethylation of CYP7A1
gene promoter (Zhao et al., 2019). Notably, dietary
betaine supplementation in hens triggers the hypome-
thylation of SREBP2 and HMGCR genes promoter in
offspring chickens, contributing to elevated hypothalam-
ic cholesterol content (Idriss et al., 2018). We previously
reported that in ovo injection of betaine alleviates
corticosterone-induced hepatic cholesterol deposition
through epigenetic genes regulation in juvenile chickens
(Hu et al., 2017). However, it remains unknown whether
epigenetic modifications were enrolled in the regulation
of hepatic cholesterol metabolic gene transcripts in the
offspring chickens when the hens were fed with betaine.

Therefore, the objectives of the present study were to
investigate whether maternal dietary betaine supple-
mentation can modulate hepatic cholesterol metabolism
in juvenile chickens, and how such effects, if any, are
related to DNA methylation on the promoter of
SREBP2 and CYP7A1 genes.
MATERIALS AND METHODS

Ethics Statement

The experimental protocol was approved by the Ani-
mal Ethics Committee of Nanjing Agricultural Univer-
sity, with the project number 31672512. The sampling
procedures complied with the “Guidelines on Ethical
Treatment of Experimental Animals’’ (2006) No. 398
set by the Ministry of Science and Technology, China.

Animals and Treatment

One hundred twenty Rugao yellow-feathered laying
hens obtained from the Poultry Institute of Yangzhou,
Jiangsu, China, were randomly divided into control
and betaine groups at 38 wk of age. Each group contains
60 hens in 20 cages (3 hens per cage). Hens were fed
either basal (control) or betaine-supplemented (betaine)
diet for 4 wk (Table 1). Betaine hydrochloride (98%
purity; SKYSTONE FEED CO., LTD, Jiangsu, China)
was added to the basal diet at the level of 0.5%. The dose
was chosen based on previous studies (Matthews et al.,
1997; Dar et al., 2019). Initial body weight and the
laying performance were recorded. Chickens were
artificially inseminated at the 18th and 24th day after
dietary treatments. Two hundred fertilized eggs laid on
the last 4 D (25th–28th) of the dietary treatment from
each group were collected. Chicks were hatched inside
the incubator and were left to dry completely (up to
12 h) before transferred to brood cages. One-day-old
chicks were individually weighed, wing labeled, and
raised according to the standard recommended by the
breeder. Chicks were subjected to continuous illumina-
tion and the temperature was controlled in the range
of 35�Cw37�C during the first week and reduced
approximately 3�C per week until 21�C. The relative
humidity was maintained at 40w60%, and the lighting,
ventilation, as well as the feeding and management
procedures complied with the Feeding Management
Regulations of Rugao Chickens. All the chicks were fed
with the same diet (Table 1). Growth performance was
recorded weekly from hatching to 56 D of age. At 57 D
of age, 30 male chickens were selected from each group
(15 in each group), weighed, and killed by rapid decapi-
tation which is considered to be acceptable for eutha-
nasia of birds according to American Veterinary
Medical Association (AVMA) Guidelines for the Eutha-
nasia of Animals: 2013 Edition. Blood samples were
taken and plasma was separated and stored at 220�C.
Liver (without the gall bladder) samples were rapidly
frozen in liquid nitrogen and kept at 280�C for further
analysis.

Determination of Cholesterol Content in the
Liver and Plasma

Cholesterol in the plasma and liver was measured
by using respective commercial cholesterol assay kit
(E1005 and E1015) purchased from Applygen Tech-
nologies Inc., China, following the manufacturer’s
instructions.

Total RNA Isolation and Real-Time PCR

Total RNA was isolated from 30 mg liver sample using
1 mL of TRIzol reagent (Invitrogen) and then treated



Table 1. Ingredients and nutrient composition of the diets for hens and offspring
chickens.

Hens Starter (1–21 D) Grower (22–57 D)

Ingredients, g/kg
Corn 580.0 566.0 546.0
Soybean meal 256.0 303.3 315.3
Soybean oil 30.0 20.0 30.0
Corn protein meal 0.0 50.0 50.0
Dicalcium phosphate 30.3 13.0 11.5
Shell powder 67.0 0.0 0.0
Premix1 10.0 10.0 10.0
Salt 3.0 3.3 3.3
DL-methionine 1.8 12.0 12.0
Choline chloride 1.6 3.0 3.0
Limestone 20.3 13.4 13.4
Antioxidants 0.0 1.0 1.0

Metabolizable energy, MJ/kg 12.62 13.46 13.58
Nutrient composition (%)

Crude protein 16.96 21.22 19.71
Calcium 3.20 0.99 0.91
Phosphorous 0.59 0.67 0.61
Lysine 1.65 1.43 1.30
Methionine 0.62 0.50 0.47

1Premix provided per kilogram of diet: trans-retinyl acetate, 10,000 IU; cholecalciferol,
5000 IU; all-rac-a-tocopherol acetate, 20 mg; menadione, 1.5 mg; thiamin, 1 mg; ribo-
flavin, 6 mg; nicotinamide, 40 mg; choline chloride, 350 mg; calcium pantothenate, 10 mg;
pyridoxine HCl, 2 mg; biotin, 0.04 mg; folic acid, 1 mg; cobalamin, 0.012 mg; Fe (ferrous
sulfate), 60 mg; Cu (copper sulfate), 5 mg; Mn (manganese sulfate), 100 mg; Zn (zinc
oxide), 65 mg; I (calcium iodate), 0.8 mg; Se (sodium selenite), 0.3 mg; zinc bacitracin,
30 mg; dl-methionine, 1 g.
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with RNase-free DNase and reverse-transcribed to
cDNA using reverse transcription kit (Vazyme Biotech
Co., Ltd). Two microliters of diluted cDNA (1:10, vol/
vol) was used for real-time PCR which was performed
with a CFX RT-PCR detection system (Bio-Rad). All
primers were listed in Table 2. Relative mRNA content
was normalized to 18S rRNA. Data were analyzed using
the method of 22OOCT.
Table 2. Nucleotide sequences of specific primers.

Target genes GenBank accession P

SREBP1 AY029224 F: CTAC
R: CTGC

SREBP2 XM_416222 F: CCCA
R: GCGA

HMGCR NM_204485.1 F: TTGG
R: CCAT

CYP7A1 AB109636.1 F: CATT
R: GCTC

CYP27A1 XM422056.4 F: AGGA
R: CTCC

ABCA1 NM_204145.2 F: TCCT
R: CTCG

APOA1 NM_205525.4 F: GTGA
R: CACT

ACAT1 NM_001277779.1 F: TAAT
R: GCTT

LDLR NM_204452.1 F: CCAC
R: ACCG

RN18S DQ018752 F: ATAA
R: CGGA

MeDIP
SREBP2 promoter F: GCTC

R: AGGT
CYP7A1 promoter F: GAAA

R: ACTA
ACAT1 promoter F: TGTC

R: CCTG
Total Protein Extraction and Western
Blotting

Total protein was extracted from 50 mg ground liver
sample as previously described (Hu et al., 2018). The
protein concentration was determined according to the
manufacturer’s instructions of Pierce BCA Protein
Assay kit (Rockford, IL). Forty or 60 mg of protein was
rimer sequences (50 to 30) PCR products (bp)

CGCTCATCCATCAACG
TTCAGCTTCTGGTTGC

145

GAACAGCAAGCAAGG
GGACAGGAAAGAGAGTG

108

ATAGAGGGAAGAGGGAAG
AGCAGAACCCACCAGA

137

CTGTTGCCAGGTGATGTT
TCTCTGTTTCCCGCTTT

106

CTTTCGTCTGGCTCT
GCATCGGGTATTT

185

CTGGCTTAGACTTGA
TAGTTGTATTCGGTAA

130

CCCTCGCTGTGCTCTT
CAGCGTGTCCAGGTTGT

217

GGTTGCTGGTGG
TGCTCTTGGTGT

232

CATTTGGCAGAGGAA
CAGTCAGACCAGAAGAG

86

CGAACGAGACTCTGGCA
CATCTAAGGGCATCACA

136

TTGGGAGTTGTC
TGTTCCAGTTGG

224

GATGTCAGAGCAG
TGGCAGAAGAGG

160

AGTCCCCGCTCT
GTAGGCATTTCTT

190
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used for electrophoresis on a 7.5 or 10% SDS-PAGE gel.
Western blot analysis for HMGCR (BS6625, Bioworld
Technology, diluted 1:1000), SREBP2 (14508-1-AP,
Proteintech, diluted 1:1000), CYP7A1 (AB79847,
Abcam, UK, diluted 1:1000), CYP27A1 (BS2192, Bio-
world Technology, diluted 1:500), BHMT (15965-1-
AP, Proteintech, diluted 1:1000), MAT2B (15952-1-
AP, Proteintech, diluted 1:1000), GNMT (18790-1-AP,
Proteintech, diluted 1:1000), AHCYL1 (10658-3-AP,
Proteintech, diluted 1:1000), DNMT1 (24206-1-AP,
Proteintech, diluted 1:1000) was carried out according
to the recommended protocols provided by the manufac-
turers. The Tublin a (BS1699, Bioworld, diluted
1:10,000) was used as loading control in the Western
blot analysis. Images were captured by VersaDoc
4000 MP system (Bio-Rad) and the band density was
analyzed with Quantity One software (Bio-Rad).
Methylated DNA Immunoprecipitation
(MeDIP) Analysis

MeDIP analysis was performed according to previous
publication (Hu et al., 2018). Briefly, high-quality
genomic DNA was isolated from liver tissues and soni-
cated to produce small fragments ranging from 300 to
1,000 bp. Two micrograms of fragmented DNA was
heat-denatured to produce single-stranded DNA, and a
portion of the denatured DNA was stored as input
DNA. The immunoprecipitation was performed over-
night at 4�C with 2 mg antibody against 5-methyl cyto-
sine (ab10805, Abcam, UK). Pretreated protein A/G
agarose beads (40 mL, 50% slurry, sc-2003, Santa Cruz)
were used to capture the antibody/DNA complexes.
The beads bound to immune complexes were washed
to eliminate nonspecific binding and resuspended in
250 mL digestion buffer containing proteinase K. Finally,
the MeDIP DNAwas purified. A small aliquot of MeDIP
DNA and control input DNA was used to amplify the
proximal promoter sequence of chicken cholesterol meta-
bolism genes by real-time PCR with specific primers
listed in Table 1. Data were normalized to the input
and presented as the fold change relative to the average
value of control group.
Bisulfite Sequencing Analysis of Promoter
CpG Methylation

Bisulfite sequencing analysis was performed according
to previous publication (Abobaker et al., 2017). Briefly,
high-quality genomic DNA was isolated from chicken
liver tissues. Bisulfite conversion of 1 mg genomic DNA
was performed with the EZ DNA Methylation-GOLD
Kit (ZYMO RESEARCH, CA) according to the manu-
facturer’s protocol. CpG islands within the promoter
regions of SREBP2, CYP7A1, and ACAT1 genes were
respectively identified with Methyl Primer Express
Software v1.0 according to the following criteria:
1) 300 bp minimum length; 2) . 50% CG content;
3). 0.60 observed/expected ratio of CpG dinucleotides.
Two regions of CpG islands of SREBP2 and one region
of CpG islands of CYP7A1 and ACAT1 genes were
amplified. Genesky Biotechnologies Inc., Shanghai,
China, was contracted to design the primers (Table 2)
and conduct the bisulfite sequencing analysis including
PCR amplification, library construction, sequencing,
and data analysis. After PCR amplification (HotStar
Taq polymerase kit, TAKARA, Tokyo, Japan) of target
CpG regions, library construction was conducted by us-
ing Nextera XT library preparation technology accord-
ing to manufacturer’s protocol (Illumina, San Diego,
CA) and the products were sequenced on IlluminaMiSeq
Benchtop Sequencer (CA). FASTQ files were generated
per sample, per read. The Phred quality score was higher
than Q30. FASTQ sequences were aligned to in silico–
converted reference sequences of the chicken genome,
by the method of bisulfite amplicon sequencing
(Masser et al., 2013). All samples achieved a mean
coverage of .600 !. Each tested CpG site was
numbered according to its relative distance (in bp)
from translation start codon (ATG). Methylation level
at each CpG site was calculated as the percentage of
the methylated cytosines over the total tested cytosines.
The average methylation level was calculated using
methylation levels of all measured CpG sites within the
gene fragment.
Statistics

The results were presented as means6 SEM. Compar-
isons were performed using independent-samples t-test
with SPSS 20.0 for windows. For bisulfite sequencing
analysis, chi-square test was used to examine differences
in haplotype and methylation status. The differences
were considered statistically significant when P , 0.05.
RESULTS

Body Weight, Liver Weight, Serum
Cholesterol and HDL-C Concentration,
Hepatic Cholesterol Content

Maternal betaine did not significantly affect the
offspring chicken body weight (Figure 1A) or the liver
weight (Figure 1B). However, the offspring of betaine-
supplemented chickens had significantly lower
(P , 0.05) cholesterol concentration in the plasma
(Figure 1C) and liver (Figure 1F). Also, maternal
betaine supplementation significantly decreased
(P , 0.05) the HDL-C content in the plasma, as
compared with the control group (Figure 1D). No signif-
icant alteration (P. 0.05) was detected for LDL-C con-
centration in the plasma (Figure 1E).
Hepatic Expression of Genes Involved in
Cholesterol Metabolism

Maternal betaine significantly increased (P , 0.05)
hepatic expression of cholesterol biosynthesis genes,



Figure 1. Effect of maternal betaine supplementation on body weight, liver weight, plasma cholesterol concentration, and hepatic total cholesterol
content in offspring juvenile chickens. (A) Chicken body weight; (B) liver weight; (C) plasma concentration of total cholesterol; (D) plasma concen-
tration of HDL-C; (E) plasma concentration of LDL-C; (F) hepatic content of total cholesterol. Values are means6 SEM, *P, 0.05, compared with
control (n 5 8).
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such as SREBP2 and HMGCR, at the level of both
mRNA (Figure 2A) and protein (Figure 2B). The choles-
terol catabolic gene CYP7A1 was significantly increased
at both mRNA and protein level in the offspring of
betaine-treated chickens (Figure 2A, 2B). Hepatic
Figure 2. Effect of maternal betaine supplementation on hepatic express
patic mRNA abundance of genes involved in cholesterol metabolism; (B) pro
*P , 0.05, compared with control (n 5 8).
mRNA and protein expression of acetyl-CoA acetyl-
transferase 1 (ACAT1) (Figure 2A, 2B) that esterifies
cholesterol for storage was significantly decreased
(P , 0.05) in the offspring of betaine-treated chickens.
Hepatic mRNA and protein expression of low-density
ion of cholesterol metabolic genes in offspring juvenile chickens. (A) He-
tein expression of cholesterol metabolic genes. Values are means6 SEM,



Figure 3. Effect of maternal betaine supplementation on hepatic protein content of enzymes involved in carbon metabolism methyl transfer. (A)
Protein expression of BHMT,MAT2B, GNMT, andAHCYL1; (B) protein expression of DNMT1 andDNMT3a. Values are means6 SEM, *P, 0.05,
**P , 0.01, compared with control (n 5 8).
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lipoprotein receptor (LDLR), which mediates the endo-
cytosis of cholesterol-rich LDL, was also significantly
decreased (P , 0.05) in the offspring of betaine-treated
chickens (Figure 2A, 2B). No significant alterations
(P . 0.05) were detected for other cholesterol metabolic
genes, including SREBP1, cholesterol-27 alpha-hydrox-
ylase (CYP27A1), ATP-binding cassette sub-family A
member 1 (ABCA1), and apolipoprotein A1 (APOA1)
at the mRNA level in the liver.

Hepatic Protein Content of Methionine
Cycle and Methyl Transfer Genes

Among the 4 enzymes involved in methionine cycle,
maternal betaine supplementation significantly
increased (P , 0.05) the hepatic protein content of
betaine homocysteine methyltransferase (BHMT) and
adenosylhomocysteinase-like 1 (AHCYL1) (Figure 3A).
Moreover, the protein content of DNA methyltransfer-
ase 1 (DNMT1) (P , 0.05) was significantly increased
in the liver of betaine-treated offspring chickens
(Figure 3B). No significant alterations (P . 0.05) were
detected for hepatic protein content of methionine
adenosyltransferase 2B (MAT2B), glycine N-methyl-
transferase (GNMT), and DNA methyltransferase 3a
(DNMT3a) in the offspring of betaine-treated chickens.

CpG Methylation of SREBP2, CYP7A1, and
ACAT1 Gene Promoters in the Liver

Bisulfite sequencing PCR analysis for the genomic
DNA isolated from the liver revealed that the CpG
methylation status of the promoter regions for SREBP2,
CYP7A1, and ACAT1 genes is modulated in response to
maternal betaine feeding.
For SREBP2 gene promoter, 2 regions of CpG islands

were analyzed (Figure 4A). Fragment 1 spans from
22030 to21612 upstream of the translation start codon
ATG, containing 13 CpG sites, whereas fragment 2
spans from 23384 to 22987, which contains 12 CpG
sites. 7 CpG sites on fragment 1 were significantly
(P , 0.05) hypermethylated and 9 CpG sites on frag-
ment 2 were significantly (P , 0.05) hypermethylated
in the betaine group compared to the control group,
whereas 2 CpG sites on fragment 2 were hypomethylated
(Figure 4B, 4C). Concurrently, MeDIP results confirmed
that SREBP2 promoter was significantly hypermethy-
lated (P , 0.05) in the offspring of betaine-treated
chickens (Figure 4D).
For CYP7A1 gene promoter, 1 fragment was analyzed

(Figure 5A). This fragment spans from2282 to253 up-
stream of the translation start codon ATG, containing 7
CpG sites. Six of 7 CpG sites detected on CYP7A1 gene
promoter were hypomethylated (P , 0.05) in the
betaine group (Figure 5B). MeDIP results showed that
CYP7A1 promoter was significantly hypomethylated
(P , 0.05) in the offspring of betaine-treated chickens
(Figure 5C).
For ACAT1 gene promoter, 1 fragment was analyzed

(Figure 6A). This fragment spans from 2483 to 2269
upstream of the translation start codon ATG, contain-
ing 19 CpG sites. 7 of 19 CpG sites detected on
ACAT1 gene promoter were hypermethylated
(P , 0.05) and 1 of 19 CpG sites was hypomethylated



Figure 4. Methylation status of SREBP2 gene promoter in the liver. (A) Schematic diagram showing the promoter sequences of chicken SREBP2
gene. CpG sites, determined in this study, on 50-flanking promoter regions of SREBP2 localized between 23384w22987 and 22030w21612 about
the translation start codon (ATG) are underlined; (B) methylation rate on SREBP2 promoter from 22030 to 21612 bp for the chicken liver; (C)
methylation rate on SREBP2 promoter from 23384 to 22987 bp for the chicken liver; (D) methylation status on the promoter of SREBP2. *P ,
0.05, **P , 0.01, compared with control.
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in the betaine group (Figure 6B). MeDIP results showed
that ACAT1 gene promoter was significantly hyperme-
thylated (P , 0.05) in the betaine group (Figure 4C).
In general, the average methylation rate in all

detected fragments respectively for SREBP2,
CYP7A1, and ACAT1 genes promoters was inversely
related to their mRNA abundances.
DISCUSSION

It has been reported that gestational dietary betaine
supplementation increased plasma betaine content in
neonatal pig offspring (Jia et al., 2015). It is noted that
mammals differ from birds in mother–fetus interaction.
Maternal factors influence the fetal development via
placenta in mammals, while hens deposit nutrients and
regulatory signals in the egg. However, unfortunately,
our attempts to detect the betaine content in eggs and
offspring liver and plasma samples with HPLC failed,
as it was hard to separate betaine from choline that is
highly abundant in chicken eggs, as well as the liver
and plasma samples. There is no doubt that the observed
effects are induced by maternal betaine supplementa-
tion, but we cannot differentiate whether these are the
direct effects of betaine enriched in the eggs or the indi-
rect consequences of other nutritional or bioactive com-
ponents that may be changed by betaine
supplementation. We could only say that maternal
betaine supplementation induced the observed effects,
but whether these effects attribute to betaine enriched
in the eggs remains a speculation.

Previously, it was reported that betaine supplementa-
tion can affect hepatic cholesterol metabolism in mam-
mals (Matthews et al., 2001; Albuquerque et al., 2017;



Figure 5. Methylation status of CYP7A1 gene promoter in the liver. (A) Schematic diagram showing the promoter sequences of chicken CYP7A1
gene. CpG sites, determined in this study, on 50-flanking promoter regions of CYP7A1 localized between2282w253 about the translation start codon
(ATG) are underlined; (B) methylation rate on CYP7A1 promoter from2282w253 bp for the chicken liver; (C) methylation status on the promoter
of CYP7A1. *P , 0.05, **P , 0.01, compared with control.
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Zhao et al., 2019). In the chicken, the information on the
hepatic metabolic responses of cholesterol to betaine is
scarce. Previous study reported that prenatal betaine
increased hepatic cholesterol content in newly hatched
chicks (Hu et al., 2015). In ovo injection of betaine did
not affect hepatic cholesterol content but prevented
corticosterone-induced increase in hepatic cholesterol
content (Hu et al., 2017). In the present study, we found
that plasma and hepatic total cholesterol concentrations
were significantly decreased in offspring of betaine-
treated chickens, which was consistent with previous
publication that dietary betaine supplementation
reduced hepatic cholesterol content via improvement
of bile acid metabolism in blunt-snout bream (Wang
et al., 2019). It appears that the effects of betaine on he-
patic cholesterol profiles are dependent on the dietary
formulations, species, and the dose of supplementation.

Previous study reported betaine administration can
attenuate chronic alcohol-induced hepatic cholesterol
accumulation (Yang et al., 2017), which was associated
with downregulated mRNA expression of SREBP2
and HMGCR. Consistent with these results, hepatic
SREBP2 and HMGCR mRNA and protein expression
were markedly reduced in the betaine group compared
with the controls. A previous study reported that
maternal betaine enhanced hepatic cholesterol accu-
mulation through suppressing CYP7A1 expression
(Zhao et al., 2019). However, in this study, maternal
betaine supplementation decreased hepatic cholesterol
accumulation, in association with upregulated mRNA
expression of CYP7A1. The inverse results between
mammals and birds may be attributed to different nutri-
ents delivery via mother–fetus circle, the placenta in
mammals while the eggs in hens. Taken together, the
downregulation of SREBP2 and HMGCR indicates
suppressed cholesterol biosynthesis in the liver, whereas
the upregulation of CYP7A1 implicates enhanced
cholesterol conversion or transformation to bile acids.
The combined effects of suppressed cholesterol bio-
synthesis and enhanced cholesterol catabolism may
contribute to lower cholesterol content in the liver of
betaine-treated offspring chickens.
We previously reported that supplementation of

betaine could affect cholesterol metabolism in offspring
by affecting carbon metabolism and DNA methylation
(Hu et al., 2015; Idriss et al., 2017; Zhao et al., 2019).
In this study, maternal betaine supplementation
significantly enhanced methionine metabolism and
methyl transfer genes expression of BHMT, AHCYL,
and DNMT1 at protein levels in the offspring chicken
liver, which agrees with a previous finding that
maternal betaine supplementation causes BHMT and
DNMT1 upregulation in the hypothalamus of offspring
cockerels (Idriss et al., 2017). It is worth noting that,
one carbon metabolism is essential for providing methyl
group to the methylation of DNA, RNA, and histone
methylation, thus playing a critical role in the epigenetic
gene regulation. DNA methylation has been regarded as
a major mechanism accounting for epigenetic gene regu-
lation of betaine (Day and Kempson, 2016; Figueroa-
Soto and Valenzuela-Soto, 2018). Previously, we
reported that prenatal betaine programs offspring



Figure 6. Methylation status of ACAT1 gene promoter in the liver. (A) Schematic diagram showing the promoter sequences of chicken ACAT1
gene. CpG sites, determined in this study, on 50-flanking promoter regions of ACAT1 localized between2483w2269 about the translation start codon
(ATG) are underlined; (B) methylation rate on ACAT1 promoter from2483w2269 bp for the chicken liver; (C) methylation status on the promoter
of ACAT1. *P , 0.05, **P , 0.01, compared with control.
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hepatic mRNA expression of SREBF2 and CYP7A1
through DNA methylation in neonatal piglets (Cai
et al., 2014). However, in the present study, the methyl-
ation status of the promoters in response to methyl
donor is complex and gene specific. Here, the promoter
of SREBP2 gene was found to be hypermethylated,
whereas that of CYP7A1 gene was hypomethylated, be-
ing reversely linked to the transcriptional repression of
SREBP2 gene and transcriptional activation of
CYP7A1 gene, respectively, in the liver of betaine-
treated chicks. Nevertheless, in the present study, tran-
scriptional regulation of gene expression is complex
and mismatches between the methylation level of the
promoter and the mRNA abundance of the gene were
also observed. For instance, HMGCR and LDLR
mRNA was significantly downregulated yet no alter-
ation was detected in the methylation status of its pro-
moter which contains very few CpG sites. Future
in-depth studies are needed to unravel the mechanisms
of betaine’s effect on HMGCR and LDLR gene
expression.

CONCLUSION

In conclusion, we demonstrate that maternal betaine
supplementation decreased cholesterol content in the
liver of offspring juvenile chickens through epigenetic
regulation of cholesterol metabolic genes. Obviously,
more in-depth investigations are needed to address
whether other regulatory mechanisms are involved in
betaine-induced cholesterol metabolic genes expression
in the offspring juvenile chicken.
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