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Abstract

Background Intrauterine growth retardation (IUGR) affects intestinal growth, morphology, and function, which leads
to poor growth performance and high mortality. The present study explored whether maternal dietary methyl donor
(MET) supplementation alleviates IUGR and enhances offspring’s growth performance by improving intestinal growth,
function, and DNA methylation of the ileum in a porcine IUGR model.

Methods Forty multiparous sows were allocated to the control or MET diet groups from mating until delivery. After
farrowing, 8 pairs of IUGR and normal birth weight piglets from 8 litters were selected for sampling before suckling
colostrum.

Results The results showed that maternal MET supplementation tended to decrease the IUGR incidence

and increased the average weaning weight of piglets. Moreover, maternal MET supplementation significantly

reduced the plasma concentrations of isoleucine, cysteine, urea, and total amino acids in sows and newborn pig-

lets. It also increased lactase and sucrase activity in the jejunum of newborn piglets. MET addition resulted in lower
ileal methionine synthase activity and increased betaine homocysteine S-methyltransferase activity in the ileum

of newborn piglets. DNA methylation analysis of the ileum showed that MET supplementation increased the methyla-
tion level of DNA CpG sites in the ileum of newborn piglets. Down-regulated differentially methylated genes were
enriched in folic acid binding, insulin receptor signaling pathway, and endothelial cell proliferation. In contrast, up-
regulated methylated genes were enriched in growth hormone receptor signaling pathway and nitric oxide biosyn-
thetic process.

Conclusions Maternal MET supplementation can reduce the incidence of IUGR and increase the weaning litter
weight of piglets, which may be associated with better intestinal function and methylation status.
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Background

Intrauterine growth restriction (IUGR) with a lower birth
weight has been associated with a higher incidence of
perinatal morbidity and mortality in humans and domes-
tic animals. IUGR has been shown to affect 5%—8% of
human neonates [1] and 10%-20% of neonates in the pig
industry [2]. The occurrence of IUGR is likely due to the
impaired utero-placental function or insufficient nutri-
tion, in which nutrients in the fetus are directed to the
vital tissues, such as the brain and heart, while limiting
nutrient distribution to other tissues, such as the lungs
[3], intestine [4, 5], and skeletal muscle [6]. Further-
more, [IUGR-afflicted neonates have a lower small intes-
tinal weight and mucosa weight [7], as well as impaired
intestinal morphology, digestion and absorption of nutri-
ents, and barrier function [8—10], and lower diversity of
intestinal microbiota [11]. Our recent study showed that
IUGR leads to disparate DNA methylation in the intes-
tine [12], which may play a crucial role in the impairment
of IUGR intestine.

Previous studies have shown that maternal nutrition
can lead to permanent phenotypic changes in the off-
spring via epigenetic modifications, such as DNA meth-
ylation and histone acetylation. Maternal high-fat diet
induced sex-specific epigenetic and metabolic changes
in the rat offspring [13], while maternal methyl donor
(MET) supplementation increased [-cell numerical
density and improved insulin sensitivity in twin lambs
affected by IUGR [14]. Our previous study also found
that dietary MET supplementation during gestation
enhanced the birthweight and postnatal growth rate of
the offspring, which was associated with an increased
expression of the /GF-1 gene and altered DNA methyla-
tion of the IGF-1 gene promoter in the liver [15]. Further-
more, research conducted on humans has revealed that
women with higher methyl group intake showed higher
DNA methylation in the third trimester and not in the
earlier phases of pregnancy [16]. Similarly, restricting
the supply of specific B vitamins (i.e., B;, and folate) and
methionine as part of the periconceptional diet in mature
female sheep led to adult offspring that were heavier
and displayed widespread epigenetic alterations in DNA
methylation [17]. In addition, maternal choline supple-
mentation as a MET source modulated placental inflam-
mation and angiogenesis in mice [18]. In contrast, MET
deficiency during pregnancy impaired fetal gastric ghre-
lin cell organization and decreased plasma ghrelin levels
in rats [19]. Research has shown that dietary supplemen-
tation with MET altered the methylation of fibroblast
growth factor 21 [20] and insulin-like growth factor-1 in
fetal liver in an IUGR rat model [21]. A significant differ-
ential methylation was observed in the promoter region
of H19 in the liver among the IUGR group participants,
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whereas the MET diet was associated with hypermethyl-
ation in the IUGR group rats [22]. However, to the best of
our knowledge, the effects of maternal MET supplemen-
tation on gastrointestinal development and the under-
lying mechanism remain unclear in porcine models of
IUGR.

Therefore, we hypothesized that maternal MET sup-
plementation affects the intestinal morphology and func-
tion via epigenetic modification. Using a sow receiving
MET supplements throughout gestation, global and site-
specific DNA methylation of the newborn intestine was
established and the parameters related to intestinal func-
tion and one-carbon metabolism were determined.

Materials and methods

Animals and experimental design

All animal experimental procedures were approved
by the Animal Care and Use Committee of the Animal
Nutrition Institute, Sichuan Agricultural University and
were in accordance with the current animal protection
laws (Ethics Approval Code: SCAUAC202216-7). A
total of 40 Landrace X Yorkshire sows (parity 3—-6) with
backfat thickness of 18 + 0.32 mm were artificially insemi-
nated and randomly allocated into two groups: one
receiving the control diet (CON) and one receiving the
MET-supplemented diet throughout gestation. The MET
supplement consisted of 3g/kg betaine (96% betaine
hydrochloride, Skystone Feed Co., Ltd., Jiangsu, China),
400mg/kg choline (50% choline chloride; Enbei Group,
Shangdong, China), 15mg/kg folic acid (80%, Shengda
Bio-Pharm Co., Ltd., Zhejiang, China), and 150 pg/kg
vitamin B, (CSPC Pharmaceutical Group Co., Ltd.,
Hebei, China). As shown in Table 1, the CON diet for
gestating and lactating sows was formulated based on the
nutrient requirements for swine provided by the National
Research Council (2012) [23].

Feeding management

All sows were fed 2.1kg/d of feed starting on d 1 until
d 90 of gestation and 2.8kg of feed/d starting on d 91
until farrowing, followed by providing free access to the
lactation diet thereafter. The ambient temperature for
sows was maintained at 19-21°C and the humidity was
60%—-70%. The sows were transferred to the lactating
sow house 1 week before delivery. The temperature of
the delivery room was controlled at approximately 25°C.
After farrowing, litters were adjusted to be of similar
size by cross-fostering within treatment. Sows were fed
the same lactation diet three times per day (08:00, 16:00,
and 20:00h) for a 25-d period. Standard husbandry prac-
tices were used during the experimental period, which
included iron supplementation (injection of 200mg of
Fe as dextran iron), castration (on d 5 postpartum), and
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Table 1 Dietary formulation and nutrient levels for pregnant

SOWS
Ingredients, % CON MET
Corn 19.85 19.85
Barley 35.00 35.00
Wheat bran 25.00 25.00
Sorghum 5.00 5.00
Sunflower seed meal 10.05 10.05
L-Lysine-HCI (98%) 034 034
DL-Methionine (98.5%) 0.04 0.04
L-Threonine (98%) 0.06 0.06
Choline chloride (50%) 0.29 0.29
Limestone 1.84 1.84
Monocalcium phosphate 0.51 0.51
NaCl 0.50 0.50
Vitamin and mineral premix? 032 0.32
Carriers® 1.20 070
Methyl donors 0.50
Total 100.00 100.00
Nutrient levels©
Net energy, Mcal/kg 2.05 2.05
Crude protein, % 13.00 13.00
Crude fiber, % 6.40 6.40
Calcium, % 0.87 0.87
Total phosphorus, % 0.51 0.51
Total lysine, % 0.71 0.71
Total methionine, % 0.25 0.25
Total threonine, % 0.59 0.59
Total tryptophan, % 0.17 0.17
Folic acid, mg/kg 1.23 16.23
Vitamin B, ug/kg 14.20 164.20
Choline, mg/kg 1,073 1,473
Betaine, mg/kg 0.00 3,000

Vitamin mixture supplied the following amounts of vitamins/kg of complete
diet: 3,786 IU vitamin A; 757 1U vitamin D; 42 IU vitamin E; 1.0 mg vitamin B;;
3.5mg vitamin B,; 1.0mg vitamin Bg; 15.0 ug vitamin B,,; 10 mg niacin; 1.2 mg
folate; 1,073 mg choline. Mineral mixture per kilogram of diet contained 76 mg
Fe; 9.5mg Cu; 95mg Zn; 24mg Mn; 0.15mg |; 0.15mg Se

b The carriers were complex of rice bran and corn starch
¢ Calculated according to China Feed Database (2014) [24]

vaccinations. Sows had free access to drinking water and
the pens were cleaned daily and disinfected twice a week.

Sample collection and analysis

On the farrowing day, 10mL of blood was collected
from the ear vein of sows using heparin as an antico-
agulant and then centrifuged at 3,500r/min at 4°C for
15min. The supernatant plasma was stored at —20°C.
After farrowing, 8 pairs of IUGR and normal birth weight
(NBW) piglets from 8 litters were selected for slaugh-
tering and sampling before suckling colostrum. Piglets
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with birth weight near the mean litter birth weight (SD:
0.5) were deemed as NBW, whereas those with lower
birth weight (at least 1.5 SD) were considered as IUGR
according to our previous study [25]. The body weight
(BW) of the NBW and IUGR piglets was 1.32+0.15kg
and 0.86 £ 0.12kg, respectively. Intestinal tissue was then
removed, the jejunum and ileum were separated, and
approximately 2cm of the middle section of each intes-
tine was cut and fixed in a 4% paraformaldehyde solution
for intestinal morphology analysis. In addition, the mid-
dle segments of the jejunum and ileum were collected,
snap-frozen in liquid nitrogen, and stored at —80°C for
parameter measurements.

Reproductive performance

The total number of piglets born (alive, stillborn, and
mummy) was recorded and the individual BW of piglets
born alive was noted after farrowing and before suckling
colostrum. The IUGR rate was also calculated. The num-
ber of weaned piglets and their litter weight were docu-
mented. Additionally, the weaning survival rate, daily
weight gain, and litter weight gain were calculated. The
daily feed intake of the sows was recorded every week,
and the average feed intake during the lactation period
was calculated.

Jejunum histology

Morphological samples of the jejunum were processed
for paraffin preparation for hematoxylin and eosin
staining as described in our previous study [25]. A light
microscope (Olympus Bx51, Olympus, Tokyo, Japan)
connected to Image Pro Plus 6.0 (Media Cybernetics,
Inc., Rockville, MD, USA) software was used to measure
10 villous height (VH) as well as the corresponding crypt
depth (CD). The V/C ratio was equal to the VH value
divided by the CD value. Goblet cells within 10 randomly
selected villi were counted at 400X magnification.

Amino acid profile assay in plasma

Amino acid samples from the plasma of sows and piglets
were mixed with 10% sulfosalicylic acid at a ratio of 1:2,
vortexed, incubated at 4°C for 30 min, and centrifuged at
10,000 r/min for 10 min. The supernatant was filtered into
a bottle and then evaluated using an amino acid analyzer
(L-8900, Hitachi High Tech, Tokyo, Japan).

Digestive enzyme activities

The activities of disaccharidases, including maltase,
sucrose, and lactase, were measured according to the
method previously described by Che et al. [26]. Briefly,
jejunal samples (0.2-0.5g) were weighed, homogenized,
and centrifuged at 3,000 X g for 10min. The supernatant
was then collected for the enzyme assay. Total protein



Lin et al. Journal of Animal Science and Biotechnology (2024) 15:19

samples were extracted and their concentration was
determined based on the bicinchoninic acid assay pro-
cedure (Solarbio, Inc., Beijing, China). Disaccharidase
activity was measured using commercial kits according
to the manufacturer’s instructions (Nanjing Jiancheng
Bioengineering Institute, Nanjing, China) and expressed
as U/mg protein.

Enzyme activity in one-carbon metabolism

The activities of methionine synthase, DNA methyltrans-
ferase (DNMT), and betaine homocysteine S-methyl-
transferase (BHMT) were measured using commercial
ELISA Kkits according to the manufacturer’s instructions
(Jiangsu Enzyme Immune Industrial Co., Ltd., Jiangsu,
China). Briefly, jejunal samples (0.2-0.5g) were weighed,
homogenized at 4°C, and centrifuged at 3,000 x g for
10min. The supernatants were collected and analyzed
using 3,3/,5,5/-tetramethylbenzidine as the chromogen
substrate. The absorbance value was measured with an
enzyme marker (SpectraMax 190, Molecular Devices,
CA, USA) at a wavelength of 450 nm to calculate sample
activity.

Global DNA methylation analysis and reduced
representation bisulfite sequencing (RRBS) library
construction and sequencing

Sixteen ileum samples from the IUGR/NBW pairs (1-8
from each group) were selected for RRBS analysis. About
1ug of genomic DNA mixed with unmethylated lambda
DNA was digested by Mspl enzyme for 16h at 37°C.
After digestion, the libraries were constructed using the
[lumina Pair-End protocol with some modifications.
Briefly, purified digested DNA was subsequently treated
with a mix of T4 DNA polymerase, Klenow Fragment,
and T4 polynucleotide kinase to repair, blunt, and phos-
phorylate ends. Next, blunt DNA was 3’-adenylated
using Klenow Fragment (3'-5" exo-), followed by liga-
tion to adaptors synthesized with 5 -methylcytosine
instead of cytosine using T4 DNA ligase. After each step,
DNA was purified using the MinElute PCR Purification
Kit (Qiagen, Hilden, Germany). The EZ DNA Methyla-
tion-Gold Kit (Cat. No. D5006, Zymo Research, Irvine,
CA, USA) was used to convert unmethylated cytosine
into uracil according to the manufacturer’s instructions.
Finally, PCR was carried out in a final reaction volume
of 50 uL consisting of 20 uL of adapter ligated DNA, 4 pL
of 2.5mmol/L dNTPs, 5uL of 10x buffer, 0.5 uL of Jump-
Start" Taq DNA Polymerase, 2 uL of PCR primers, and
18.5 uL of water. The thermal cycling program was as fol-
lows: denaturation at 94°C (1 min), 12 cycles of annealing
at 94°C (10s), 62°C (30s), 72°C (30s), and elongation at
72°C (5min). PCR products were maintained at 12°C.
Before analysis with the Illumina sequencing platform,

Page 4 of 17

the size-selected library was analyzed using the Bioana-
lyzer analysis system (Agilent, Santa Clara, CA, USA)
and quantified using real-time PCR.

Raw data filtration and data processing

Raw sequencing data were processed using the Illumina
basecalling pipeline. Adapter sequences were trimmed
using Cutadapt. The parameter settings were “-a AGA
TCGGAAGAGC -m 35 -n 27 The cleaned reads were
mapped back to the genome using BSMAP software ver-
sion 2.90 [27]. The parameter settings were “-n 0 -v 0.08
-g 1”7 Methylation ratios were extracted from the BSMAP
output (SAM) using a Python script (methratio.py),
which was distributed with the BSMAP package. Only
unique mapped reads were used to calculate the meth-
ylation ratios. Only cytosines in a CpG context with suf-
ficient sequencing depth (> 5X coverage) were retained
for further analysis. Differentially methylated regions
(DMRs) were detected using metilene [28] in de novo
mode among the CpG sites with at least 5X coverage. The
parameter settings were “--mincpgs 5 --minMethDiff 0.1
--mtc 1 -X1-Y 1-v0.7” The detected DMRs were filtered
according to the following standards: (1) Q-value <0.05;
(2) methylation level difference>0.1; (3) CpG number
contained in the DMR > 5; and (4) DMR length >50bp.

Statistical analysis

Split-plot experimental design was used in the present
study. There were two experimental factors: maternal diet
effect was the main factor and birth weight effect in pig-
lets was the secondary factor. The significance of the data
was analyzed using SAS 9.4 software. The normality test
was carried out before the statistical data analysis. The
data on reproductive performance, colostrum composi-
tion, and plasma amino acid concentration of sows were
analyzed using the independent samples ¢-test. The inci-
dence of IUGR was determined using the Chi-squared
(x*) test. Other statistical parameters were evaluated
using a mixed model procedure. When the main effect
was significant, multiple comparisons were carried out
using the LSD method. The results were expressed as the
average value and combined standard error. The differ-
ence was significant when P<0.05, while 0.05<P<0.10
was considered to indicate a tendency.

Results

Reproductive performance

Dietary supplementation with MET in gestating sows
did not markedly affect the litter size and number born
alive, or birth weight. However, dietary supplemen-
tation with MET tended to decrease the IUGR inci-
dence (—4.50%, P=0.08, Table 2) and increased the
feed intake of sows during lactation (+4.31%, P=0.01).
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Table 2 Effect of maternal MET supplementation on reproductive
performance of sows
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Table 3 Effect of maternal MET supplementation on plasma
amino acid composition of sows

Item CON MET SEM  P-value Item CON MET SEM P-value
Farrowing duration, min 34650 32070 2129 056 Essential amino acids, nmol/mL
Farrowing interval, min 21.61 16.71 133 0.07 Lys 2916 203.9 28.70 0.13
ADFI during lactation, kg/d 6.96 7.26 0.06 0.01 Met 62.54 60.89 412 0.85
Total born, n 18.70 1874 053 097 Thr 139.10 79.50 15.66 0.054
Born alive, n 17.70 17.80 047 0.84 Val 292.10 194.20 18.68 0.005
NBW, n 15.65 16.63 045 0.29 lle 133.10 99.57 7.12 0.01
IUGR, n 2.05 1.26 0.26 0.13 Leu 252.60 176.60 1791 0.03
Stillborn, n 0.85 0.63 0.14 045 Phe 204.00 145.00 12.10 0.01
Born mummy, n 0.15 0.21 0.06 0.63 Trp 23.98 28.65 223 0.31
Weaned piglets, n 12.60 13.26 0.26 0.128 His 83.40 71.55 3.66 0.11
IUGR incidence, % 10.76 6.26 1.67 0.08 Arg 294.00 222.00 27.49 0.20
Average birth weight, kg 1.16 1.23 0.03 0.21 Non-essential amino acids, nmol/mL
Average litter weight at birth, kg 21.55 22.74 0.57 0.31 Glu 85.91 99.30 6.23 0.29
Average weaning weight, kg 6.39 7.02 0.16 0.05 Gly 710.10 817.30 44.50 0.24
Average weaning litter weight, kg~ 72.40 8586 263 0.01 Ala 447.20 524.10 27.28 0.16
ADG during lactation, g/d 250.00 280.00 10 0.11 Cit 119.60 139.40 9.05 0.29
CON Control group, MET Methyl donors’ group, ADFI Average daily feed intake, Ser 13.80 838/ 218 027
ADG Average daily gain Cys 3749 13.79 4.55 0.005
n=20in CON group and n=20 in MET group Tyr 134.60 130.30 8.52 0.81
Oomn 96.06 77.94 7.36 0.23
Pro 407.00 41540 2945 0.90
Accordingly, the litter weight (+18.59%, P=0.01) and Tau 122,60 129.70 562 0.54
BW of piglets on d 25 of lactation (+9.86%, P=0.05) Asp 579 446 062 030
were increased. Urea 4472 3,238 254.94 001
Total 9,047 7,169 396.19 0.01

Plasma amino acid concentration

Dietary supplementation with MET in gestating sows
decreased the plasma levels of Val (P<0.01), Ile (P=0.01),
Leu (P=0.03), Phe (P=0.01), Cys (P<0.01), urea
(P=0.01), and total amino acids (P=0.01) on farrowing
day (Table 3). In addition, plasma concentrations of Thr
(P=0.01), Ser (P=0.02), Lys (P=0.09), Glu (P=0.07),
Tyr (P=0.07), Asp (P=0.05), and urea (P=0.07) in the
IUGR piglets were higher than those in the NBW pig-
lets (Table 4). On the other hand, Cys level was lower
(P=0.02) than that in the NBW piglets. Compared to
the CON group, MET supplementation during preg-
nancy increased the level of plasma His level (P=0.01)
and decreased the levels of plasma Ile (P=0.02), Ala
(P<0.01), Ser (P=0.04), Cys (P<0.01), urea (P<0.01),
and total amino acid (P<0.01) levels in newborn piglets.

Jejunal disaccharidase activity

MET supplementation significantly increased the lactase
and sucrose activity (P<0.01, Table 5) and decreased the
total protein level (P<0.01) in the jejunum of newborn
piglets compared to those in the CON group.

CON Control group, MET Methyl donors’ group

¢ P<0.05 between different superscripts within the same line, n=10 in each
group

lleum morphology

Piglets in the CON_IUGR group had numerically
lower VH (by 24%) and CD (by 19%) values compared
to those in the CON_NBW group (Table 6). Maternal
MET intake had no significant effect on VH, CD, and
goblet cell density of the ileal tissue (P>0.05), whereas
birth weight and MET supplementation had an interac-
tive effect on CD (P<0.1) compared to the CON group.

One-carbon metabolism-related enzyme activity

in the ileum

Interestingly, methionine synthase activity in the ileum
of NBW piglets was lower than that in the IUGR piglets
(—18.52%, P=0.09, Table 7). MET supplementation in
the gestation period significantly decreased the activity
of methionine synthase in the ileum of newborn piglets
(—25.41%, P=0.03) and increased the activity of BHMT
(+10.40%, P=0.02) compared to the CON group.
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Table 4 Effect of maternal MET supplementation on plasma amino acid composition of neonatal piglets

Item Treatments SEM P-value

CON_IUGR CON_NBW MET_IUGR MET_NBW BW MET BW x MET

Essential amino acids, nmol/mL
Lys 390.21° 205.11° 30591% 363.69° 27.55 0.02 018 <001
Met 36.38 26.00 20.96 2695 6.27 0.66 0.23 0.23
Thr 316.97° 155.33¢ 185.78°¢ 226.73° 20.11 0.02 0.24 <007
Val 265.95 282.08 246.00 273.10 1245 0.11 0.28 0.68
lle 54.28° 36.21° 2863° 31.09° 594 0.22 0.02 0.11
Leu 122.00 66.90 108.75 115.05 1035 0.22 037 0.12
Phe 98.93° 69.75° 72.09° 84.30°° 9.82 038 052 0.04
Trp 124 0.73 0.98 063 031 0.28 0.22 0.56
His 58.50° 2063¢ 54.32° 81.13° 463 048 <001 <001
Arg 1873 4295 19.88 2661 975 0.13 045 0.39

Non essential amino acids, nmol/mL
Glu 264.83 150.13 190.99 22598 2457 0.96 0.82 0.09
Gly 1,662.69° 1,289.57> 1,192.03¢ 1,544.49% 160.35 093 034 <001
Ala 1,062.73° 786.88 682.09° 860.06° 28.16 038 <001 <001
Cit 13883 123.04 103.31 128.10 2107 083 048 0.34
Ser 317.18° 215.60° 22335° 23863° 2534 0.02 0.04 <001
Cys 12.18% 4245° 15.71° 456° 2.96 0.02 <001 <001
Tyr 9272 47.08 68.27 6135 1550 0.07 0.71 0.17
orn 155.89° 78.90° 98.64° 16845 13.06 0.80 027 <001
Pro 27675 185.08° 185.21° 265.75° 2067 083 0.84 <001
Tau 288557 178.99° 167.63° 236.45%° 31.64 0.52 032 <001
Asp 5333°° 32.35° 56.55° 46.97% 152 0.05 0.24 045
Urea 5,103° 3,673° 2,864° 3,394%¢ 31046 0.07 <001 <001

Total 12,175 9,792 8,535¢ 10,108° 341.19 048 <001 <001

CON_IUGR CON group with IUGR piglets, CON_NBW CON group with NBW piglets, MET_IUGR MET group with IUGR piglets, MET_NBW MET group with NBW piglets

¢ P<0.05 between different superscripts within the same line, n=10 in each group

Table 5 Effect of maternal MET supplementation on the activities of jejunal disaccharidase in newborn piglets

Item Treatments SEM P-value

CON_IUGR CON_NBW MET_IUGR MET_NBW BW MET BW x MET
Total protein, g/L 468 457 297° 3.08° 033 0.99 <001 073
Lactase, U/mg protein 38.24° 56.73b¢ 86.63° 66.50%° 3.34 0.92 <0.01 0.02
Sucrase, U/mg protein 54.78° 52.13° 85.44° 75.71° 197 0.15 <0.01 040
Maltase, U/mg protein 1533 12.65 1437 12.19 2.66 0.39 0.80 0.93

CON_IUGR CON group with IUGR piglets, CON_NBW CON group with NBW piglets, MET_IUGR MET group with IUGR piglets, MET_NBW MET group with NBW piglets

¢ P<0.05 between different superscripts within the same line, n=10 in each group

Genome-wide CpG methylation in relation to genomic
features

Approximately 449.1 million reads of 150-bp paired-
end RRBS DNA methylome data were generated, cor-
responding to an average of 25.0 million sequence reads
per RRBS sample. A significant increase in DNA meth-
ylation was found in the MET_NBW group compared

to that in the CON_IUGR and CON_NBW groups.
Although DNA methylation of MET/NBW increased by
2.4% compared to that of MET/IUGR, there was no sig-
nificant methylation alteration in piglets of different birth
weight (Table 8).

Profiling CpG methylation patterns (Fig. 1A) revealed
that the piglets’ ileum in the CON_IUGR group was
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Table 6 Effect of maternal MET supplementation on the ileum morphology of newborn piglets
Item Treatments SEM P-value

CON_IUGR CON_NBW MET_IUGR MET_NBW BW MET BW x MET
Villus height, pm 531.74 657.64 561.61 57248 43.03 0.16 0.56 0.24
Crypt depth, um 59.99 7143 7440 68.65 440 0.54 0.21 0.07
Villus height/Crypt depth 8.79 9.57 8.24 9.95 0.78 0.13 0.92 0.57
Goblet cell density, number/mm? 574.25 54135 54843 563.84 35.75 0.83 097 0.54

CON_IUGR CON group with IUGR piglets, CON_NBW CON group with NBW piglets, MET_IUGR MET group with IUGR piglets, MET_NBW MET group with NBW piglets

n=10in each group

Table 7 Effect of maternal MET supplementation on the activity of one -carbon metabolism enzyme in the ileum of newborn piglets

Item Treatments SEM P-value

CON_IUGR CON_NBW MET_IUGR MET_NBW BW MET BW x MET
MetS, U/L 222.94° 199,212 188.59%° 148.02° 22.15 0.09 003 0.65
DNMTs, U/L 2371 24.82 25.69 2722 134 037 0.14 0.88
BHMT, U/L 265.91° 263.75° 299.18° 285.543° 13.08 047 002 0.60

CON_IUGR CON group with IUGR piglets, CON_NBW CON group with NBW piglets, MET_IUGR MET group with IUGR piglets, MET_NBW MET group with NBW piglets,
MetS Methionine synthase, DNMTs DNA methyltransferases, BHMT Betaine homocysteine methyltransferase

b p 0,05 between different superscripts within the same line, =10 in each group

Table 8 Effect of maternal MET supplementation on the DNA methylation level of ileum in newborn piglet

Item Treatments SEM P-value

CON_IUGR CON_NBW MET_IUGR MET_NBW BW MET  BW x MET
5% Merged CG_MeanRate, % 65.00 64.47 65.32 65.23 0.94 062 0.39 0.73
5% CG_MeanRate, % 63.08° 62.95° 64.32% 65.87° 1.11 0.03 043 0.36
Promoter, % 3145 30.69 31.24 3090 0.64 022 1.00 063

CON_IUGR CON group with IUGR piglets, CON_NBW CON group with NBW piglets, MET_IUGR MET group with IUGR piglets, MET_NBW MET group with NBW piglets

CG_MeanRate means the average methylation rate of CG type cytosine

b p 20,05 between different superscripts within the same line, n=4 in each group

hypomethylated compared to that in the CON_NBW
group. However, a significant increase in CpG methyla-
tion level was observed in the ileum after MET supple-
mentation in the MET_IUGR and CON_IUGR groups
(Fig. 1B). Consistently, lower CpG methylation levels
were observed within CpG islands than within CpG
island shores in all groups (Fig. 1C). Additionally, all
samples displayed a similar dip in methylation centered
at promoter sites (Fig. 1D), which gradually increased
toward the gene bodies (Fig. 1D).

Genomic distribution of cytosine methylation

Genomic methylation distribution was determined for
the ileum. In the present study, genes that overlapped
with the methylation peaks in the upstream 2-kb,
downstream 2-kb, or gene body regions were termed

methylated genes. Of these, 1,659 methylated genes were
identified as differentially expressed genes in the CON_
IUGR and CON_NBW groups (Table 9). They included
1,044 hypermethylated and 1,245 hypomethylated genes
in the CON_IUGR group. A total of 1,887 methylated
genes were identified as differentially expressed genes in
the MET_IUGR and MET_NBW groups. These included
1,233 hypermethylated and 1,406 hypomethylated genes
in the CON_IUGR group. Differential methylation sites
were located in gene bodies and to a lesser extent in
exons and promoters.

BW and MET-induced DMR methylation profiling change

Next, differentially methylated CpG (DMCs) were iden-
tified between the CON_IUGR vs. CON_NBW and the
MET_IUGR vs. MET_NBW groups, respectively. The
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Fig. 1 Genome-wide CpG sites methylation in relation to genomic features and IUGR and MET-induced DMCs. A and B Average CpG methylation
levels for various genomic features. Data are expressed as mean + SEM. C and D CpG methylation levels in relation to genic regions and element

pattern

DMCs were based on a Q value of <0.05 and methyla-
tion differences between the two groups of >10%. A total
of 80,265 DMCs were identified when evaluating the
CON_IUGR and CON_NBW piglets’ ileum, including
33,000 hypermethylated and 47,265 hypomethylated
DMCs. Next, 100,249 DMCs were identified when ana-
lyzing the MET_IUGR vs. MET_NBW piglets’ ileum,
including 45,221 hypermethylated and 55,028 hypo-
methylated DMCs. Finally, 87,919 DMCs were found
in a comparison of MET_IUGR vs. CON_IUGR pig-
lets, including 47,883 hypermethylated and 40,036
hypomethylated DMCs. A heat map of the top 1,000

differentially methylated loci showed that this loci subset
readily distinguished between BW and MET supplemen-
tation (Fig. 2).

BW and MET-induced ileum DNA methylation changes

The study results showed that there was a significant dif-
ference in DNA methylation in the ileum of newborn pig-
lets from the IUGR and NBW groups (Fig. 3A). Principal
component analysis demonstrated a significant difference
in DNA methylation in the ileum of IUGR piglets com-
pared to the two groups of sows that were fed the con-
trol and methyl donor diets (Fig. 3B). There was a smaller
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Table 9 Numbers of differentially methylated genes of different group in different gene regions

Element CON_IUGR vs. CON_NBW- CON_IUGR vs. CON_NBW- MET_IUGR vs. MET_NBW- MET_IUGR vs.

Hyper Hypo Hyper MET_NBW-

Hypo

3UTR 31 59 44 65

SUTR 18 36 38 44

CcDs 278 385 311 457

CGl 502 544 510 558

Down2k 192 241 211 289

Downshelf 311 365 328 369

Downshore 305 340 328 344

Exon 318 461 381 546

Genebody 1,044 1,245 1,233 1,406

Promoter 261 427 333 507

Upshelf 320 359 331 371

Upshore 307 329 332 356

CON_IUGR CON group with IUGR piglets, CON_NBW CON group with NBW piglets, MET_IUGR MET group with IUGR piglets, MET_NBW MET group with NBW piglets

difference in DNA methylation levels in the ileal tissue
between the IUGR piglets from the methyl donor group
and the NBW piglets from the CON group.

BW and MET-induced differential methylation

in chromosomes

Differential methylation in different groups was repre-
sented in a Circos plot covering all of the chromosomes.
Circos plot represents differentially methylated regions
between the groups (Fig. 4A and B). The outermost cir-
cle (shown in various colors) represents different chro-
mosomes. Specific chromosome names are marked on
the map. The second circle (black and white colored
circles) represents gene density. Circle 3 (blue circle)
represents the methylation level of the treatment group.
Circle 4 represents the level of differential methylation,
and the innermost circle represents the methylation
level of the CON group. DMCs were located on chromo-
somes 1-3, 6, and 12 when comparing the CON_IUGR
and CON_NBW groups (Fig. 4A and C). Chromosome
6 had the highest dimethylation level, including 3,177
hypermethylated and 5,097 hypomethylated DMCs. The
DMCs were located on chromosomes X when compar-
ing the MET_IUGR and MET_NBW groups. There were
5,864 hypermethylated and 3,434 hypomethylated DMCs
(Fig. 4B and D), which showed that methylation level was
increased in the ileum after MET supplementation.

Gene ontology term analysis of DNA methylation

Comparison of gene methylation status showed that
there was a greatly different methylation pattern
between the CON_IUGR and CON_NBW groups.
Most of these DMRs were observed on the upstream
and downstream 2-kb genes. Many genes were enriched

for hypomethylation in IUGR, such as transcription
regulation, development process, and cell surface genes
(Fig. 5). Some genes were significantly down-regulated
in IUGR. Methylated genes tended to be enriched in
transcription factor activity and folic acid binding.
With respect to the biological processes, the genes were
enriched in functions associated with response to hor-
mone, cell adhesion, insulin receptor signaling pathway,
endothelial cell proliferation, and fat cell differentiation
(Fig. 5A). Further research on these genes may eluci-
date the functions of hypomethylation in the ileum of
the IUGR piglets. Compared to the MET_NBW group,
gene methylation status in the MET_IUGR group was
decreased, and hypomethylated genes tended to be
enriched in calcium iron binding in the molecular func-
tion category and extracellular space in the cellular
component category (Fig. 5B). Gene methylation status
comparison showed that there was a different methyla-
tion pattern between the MET_IUGR and CON_IUGR
groups. The up-regulated methylated genes tended to
be enriched in the growth hormone receptor signaling
pathway via the JAK-STAT signaling pathway, ER-asso-
ciated misfolded protein, transforming growth factor
beta-activated receptor activity, and nitric oxide (NO)
biosynthetic process. Significantly enriched down-reg-
ulated genes included insulin-like growth factor I bind-
ing, fatty acid beta-oxidation, calmodulin-dependent
protein kinase activity, calcium ion-binding, and DNA-
binding transcription factor activity (Fig. 5C).

Discussion

Genetic improvement in sow husbandry over the
course of 10years has resulted in 1.8 extra piglets
per litter and a reduction in birth weight by 180g [2].
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These results showed that maternal MET supplemen-
tation during gestation reduced the incidence of LBW
piglets and increased the piglets’ weaning weight.
Maternal diet enriched with MET was associated with
increased fetal weight in late gestation [29], as well as
higher BW at birth, weaning, and finishing stages [15,
30]. Although folic acid supplementation during preg-
nancy had no significant effect on the reproductive
performance of sows [31], folic acid and vitamin B,

significantly reduced the incidence of early pregnancy
failure in sows [32]. Interestingly, a study conducted
in fathers found that there was a negative association
between birth weight and betaine/methionine intake
[33]. Consistently, higher maternal betaine status in
women during gestation was associated with reduced
birth weight [34]. However, protein restriction and
methyl donor excess impaired postnatal growth and
long-term weight gain in the offspring [35]. Therefore,
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appropriate MET levels might promote fetal devel-
opment and improve postnatal growth performance.
However, MET deficiency or excess and unbalanced
nutritional environment may have adverse effects on
the growth and development of the offspring. The MET
complex components that have leading roles should be
explored in the future.

Intestinal morphology, such as VH and CD, can reflect
the intestinal development and function. In the present
study, the IUGR piglets exhibited a decrease in VH and
VCR and an increase in CD in the ileum, whereas MET
supplementation and BW had an interactive effect on
CD, which was consistent with previous study results
[7]. Santos et al. [5] found that histomorphometrical
parameters were not markedly affected during the pre-
weaning period, and that the most detrimental effects
on the small intestine histomorphometry of the duode-
num epithelium were noticed at 70days of age. Further-
more, the results showed that the birth weight had no
significant effect on the activities of maltase and sucrase
in the jejunum of newborn piglets, but the birth weight
and MET supplementation had an interactive effect on
the activity of lactase in the jejunum, which is consist-
ent with the outcomes of a previous study [26, 36]. It was
reported that differential intestinal disaccharidase activ-
ity between NBW and IUGR rabbit fetuses was observed,
and both lactase and maltase activities were decreased
in the IUGR fetuses that continued into the neonatal
period [37]. Even the IUGR pigs demonstrated the lowest

chymotrypsin and amylase activities at 70 and 150days
of age, respectively [5]. Finally, the addition of methyl
donors to sow diets significantly increased the activities
of lactase and sucrase in the jejunum of newborn piglets
and improved the intestinal digestive function of new-
born IUGR piglets. Our previous study also found that
maternal MET supplementation significantly increased
jejunum lactase activity and up-regulated the mRNA
expression of jejunum Peptl and lactase in the offspring
[38]. Studies have also found that maternal folic acid sup-
plementation during gestation increased the expression
of IGF-I and sodium-glucose cotransporters in newborn
lambs and improved the development of the offspring’s
small intestine [39]. Additionally, betaine supplementa-
tion increased the trypsin activity of the jejunum in heat
stressed broilers [40]. Therefore, the increases in lactase
and sucrase activities contributed to improving the
growth performance during lactation of offspring with
maternal MET supplementation.

The present study results indicate that maternal MET
supplementation during gestation reduces the total
plasma amino acid and urea concentrations, suggest-
ing that the utilization efficiency of amino acids in sows
can be improved. A prior study reported that aspara-
gine, cystathionine, and threonine in porcine milk were
affected by maternal dietary choline intake [41]. Further-
more, choline supplementation did not alter methionine-
homocysteine metabolism, but resulted in increased
glycine and decreased threonine, histidine, valine, and
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total branch chained amino acid levels in children [42].
Betaine is involved in the synthesis of methionine from
homocysteine in the liver. Betaine intake in male mice
increased the methionine, S-adenosylmethionine, and
S-adenosylhomocysteine levels and decreased the homo-
cysteine and cystathionine levels [43]. Rumen-protected
betaine supplementation increased the content of total
free amino acids and flavor amino acids in the longis-
simus dorsi of lambs [44]. Folate plays a critical role in
DNA replication and methylation and is involved in
amino acid metabolism. Liu et al. [45] reported that
folic acid supplementation during pregnancy influences
maternal proline and y-aminobutyric acid levels and

leucine, isoleucine, serine, and proline levels in rat pups.
In addition, metabolic changes in the offspring in terms
of maternal folic acid supplementation is character-
ized by changes in the levels of tryptophan, glycine, and
y-aminobutyric acid [46]. In addition, plasma cysteine
concentration was markedly increased by the activity of
methionine synthase, which also increased by 14%—-27%
in the ileum of IUGR piglets in the present study. Methio-
nine synthase is involved in re-methylation of homocyst-
eine to methionine. Increased methionine synthase level
may explain the lower homocysteine level reported in the
IUGR groups, which is closely linked to IUGR [47]. Based
on these results, amino acid alterations in mothers and
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Fig. 5 Representative enriched GO terms of DNA methylation driven genes in piglet’s ileum. A CON_IUGR vs. CON_NBW; B MET_IUGR vs. MET_
NBW; € MET IUGR vs. CON IUGR

their offspring are associated with maternal MET sup- Differences in both gene expression and DNA meth-
plementation and may be involved in intestinal develop-  vylation patterns in the intestine may indicate changes
ment, which warrants future research. in intestinal development and function. Research has
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shown that IUGR can cause DNA methylation abnormal-
ities [12], lower expression of genes involved in nutrient
digestion and barrier function, and delayed development
of intestinal villi and crypts [48], which lead to gastro-
intestinal dysfunction. Although there were no global-
scale differences in DNA methylation between the IUGR
and NBW piglets, divergently methylated regions were
observed. Relative to their NBW littermates, the IUGR
piglets had much more DMC hypomethylation in the
ileum, suggesting that the global ileum epigenome dys-
function might be linked to the degree of IUGR impair-
ment. The changes in methylation observed in the key
regulators of intestinal development in the LBW pig-
lets suggested long-term effects of BW on intestinal
gene expression, development, and function [48]. Simi-
larly, IUGR changes were noted in cytosine methyla-
tion at ~1,400 loci in pancreatic islets of male rats at 7
weeks of age [49]. However, little research has been con-
ducted on the effect of MET supplementation on meth-
ylation in the ileum and intestinal tract. Liu et al. [50]
reported that IUGR impaired intestinal development,
while maternal folic acid supplementation dramatically
increased DNMT-1 and Bcl-2 expression and decreased
apoptosis-related gene expression in the jejunum sec-
tion of the IUGR piglets. Consistently, there were high
hypomethylation levels in folic acid binding between the
CON_IUGR and CON_ NBW groups, which implies that
folic acid metabolism is one possible reason for lower
methylation in the IUGR piglets. Furthermore, it was
reported that early life (in utero) folate depletion affects
epigenetic marking, while post-weaning folate sup-
ply does not significantly affect small intestine genomic
DNA methylation [51]. However, dietary betaine hydro-
chloride addition to sow diets increased the VH and VH
to CD ratio in the jejunum and ileum of suckling piglets
[52]. Choline functions as a methyl group donor in a
pathway that produces S-adenosylmethionine. Research
has shown that gestational choline addition in mice
modulates the expression of DNA (Dnmtl and Dnmt3a)
and histone (G9a/Ehmt2/Kmtlc and Suv39hl/Kmtla)
methyltransferases [53]. After 10weeks, colonic DNA in
B,, rats demonstrated a 35% decrease in genomic meth-
ylation and a 105% increase in uracil incorporation in the
colonic epithelium [54]. Children with lower concentra-
tions of By, By, and B, may have methylation deficiency
[55]. Moreover, B,, addition in ileal epithelial cells sus-
tained cellular methylation programs, leading to differen-
tial CpG methylation of genes associated with intestinal
barrier function and cell proliferation [56]. Interestingly,
B,, deficiency in combination with folate deficiency led to
an increase in mRNA levels of DNMT1 in all fetal tissues,
whereas no effect was observed in combination with nor-
mal folate levels. Additionally, B;, over-supplementation

Page 14 of 17

combined with either state of folate level did not affect
fetal DNMT1 expression [57].

There was a significant change in methylation in the
IUGR group after MET supplementation. Increased
hypermethylated genes were enriched in the hormone
receptor pathway via JAK-STAT, nitric-oxide biosynthetic
process, and dopamine receptor signaling pathway. It has
been reported that NO exerts a wide range of protective
and anti-inflammatory effects on the intestine [58]. Pre-
treatment of mice with NO significantly alleviated small
intestinal damage induced by indomethacin, as dem-
onstrated by the down-regulation of pro-inflammatory
cytokine and chemokine CXCL1/KC levels [59]. Intesti-
nal NO metabolism and synthesis was altered in the small
intestine of aging mice. L-Arginine is the biological pre-
cursor of NO and treatment with an arginase inhibitor
prevents aging-associated intestinal barrier dysfunction
and low-grade endotoxemia [60]. A similar result showed
that D, dopamine receptor binding-related protein levels
were reduced in the IUGR piglets [61]. Fecal dopamine
level in F344 rats was elevated in association with acute
stress, which implies that dopamine level may be relevant
in intestinal pathophysiology [62]. Furthermore, it was
reported that maternal MET supplementation during ges-
tation alleviated the adverse effects induced by bisphenol
A. This includes the suppression of intestinal digestion
and absorption function in the offspring, which might be
associated with up-regulated mRNA expression of jeju-
num DNMTI1 and DNMT3a, as well their DNA meth-
ylation level [38]. Supplementation with resveratrol and
curcumin in weaning piglets has been shown to increase
growth performance and enhance intestinal function,
which may be associated with changes in m®A methyla-
tion and gene expression [63]. Maternal hydroxytyrosol
supplementation starting on d 35 of pregnancy and lasting
until d 100 of pregnancy in sows increased DNA methyla-
tion in the fetuses [64].

Conclusion

In conclusion, IUGR can lead to abnormal intestinal
DNA methylation in a pig model. This alteration in DNA
methylation can be alleviated by maternal MET supple-
mentation by regulating the related gene expression and
their function in various biological processes, such as
NO biosynthetic process, hormone receptor pathway via
JAK-STAT, and dopamine receptor signaling pathway.
These findings may provide clues for the improvement of
IUGR in the swine industry and in human patients.
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BHMT  Betaine homocysteine methyltransferase
BW Body weight

CcD Crypt depth
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DMRs  Differentially methylated regions
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IUGR Intrauterine growth restriction

MET Methyl donors

MetS Methionine synthase

NBW Normal birth weight

NO Nitric oxide

RRBS Reduced representation bisulfite sequencing
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