',\' frontiers
in Nutrition

ORIGINAL RESEARCH
published: 23 December 2021
doi: 10.3389/fnut.2021.779171

OPEN ACCESS

Edited by:
Yan Huang,
University of Arkansas, United States

Reviewed by:

Feng Wang,

Emory University, United States
Xiaojing Yang,

Nanjing Agricultural University, China

*Correspondence:
Xiangfeng Kong
nnkxf@isa.ac.cn

Specialty section:

This article was submitted to
Nutrition and Metabolism,

a section of the journal
Frontiers in Nutrition

Received: 18 September 2021
Accepted: 15 November 2021
Published: 23 December 2021

Citation:

Cheng Y, Song M, Zhu Q, Azad MAK,
Gao Q and Kong X (2021) Impacts of
Betaine Addition in Sow and Piglet’s
Diets on Growth Performance, Plasma
Hormone, and Lipid Metabolism of
Bama Mini-Pigs.

Front. Nutr. 8:779171.

doi: 10.3389/fnut.2021.779171

Check for
updates

Impacts of Betaine Addition in Sow
and Piglet’s Diets on Growth
Performance, Plasma Hormone, and
Lipid Metabolism of Bama Mini-Pigs

Yating Cheng 2, Mingtong Song’, Qian Zhu'2, Md. Abul Kalam Azad "2, Qiankun Gao' and
Xiangfeng Kong "%%*

"Hunan Provincial Key Laboratory of Animal Nutritional Physiology and Metabolic Process, Institute of Subtropical
Agriculture, Chinese Academy of Sciences, Changsha, China, ? University of Chinese Academy of Sciences, Beijjing, China,
9 Research Center of Mini-Pig, Huanjiang Observation and Research Station for Karst Ecosystems, Chinese Academy of
Sciences, Huanjiang, China

The present study evaluated the effects of betaine addition in sow and piglet’s diets
on growth performance, plasma hormone, and lipid metabolism of Bama mini-pigs. A
total of 26 pregnant Bama mini-pigs and 104 weaned piglets were selected and divided
into different dietary treatment groups (details in “Materials and Methods”). Blood and
muscle samples were collected at 65-, 95-, and 125-day-old, respectively. The results
showed that betaine addition in sow-offspring diets increased (P < 0.05) the body
weight at 125-day-old, average daily gain from 35- to 65-day-old, and average daily
feed intake at 35-65 and 35-95 days old of pigs compared with the control group.
Betaine addition in sow-offspring diets increased (P < 0.05) the plasma gastrin level
at 95-day-old, while betaine addition in sow diets decreased (P < 0.05) the plasma
peptide YY and leptin levels at 65-day-old pigs. In the longissimus dorsi muscle of pigs,
betaine addition in sow and sow-offspring diets increased (P < 0.05) the C12:0 content at
65-day-old while decreased at 95-day-old. Moreover, betaine addition in sow-offspring
diets increased the C24:0 content and decreased the C18:1n9t content at 125-day-
old (P < 0.05). In the biceps femoris muscle, the contents of C12:0 at 65-day-old and
C20:4n6 at 125-day-old were decreased (P < 0.05) after the betaine addition in both
sow and piglet’s diets. In addition, betaine addition in sow diets decreased (P < 0.05)
the C20:0 content at 125-day-old, while betaine addition in sow-offspring diets increased
the C18:3n6 and decreased C24:0 contents at 65-day-old pigs (P < 0.05). In the psoas
major muscle, betaine addition in sow and sow-offspring diets decreased (P < 0.05) the
contents of C18:1n9t at 65-day-old and C20:1 at 95-day-old, while betaine addition in
sow diets decreased (P < 0.05) the intramuscular fat content at 125-day-old. Moreover,
betaine addition in sow-offspring diets was also associated with muscle lipid deposition
and metabolisms by regulating the gene expressions related to fatty acid metabolism.
These findings suggested that betaine addition in sow-offspring diets could improve the
growth performance, whereas betaine addition in both sow and sow-offspring diets could
enhance lipid quality by altering plasma hormone level and fatty acid composition and
regulating the gene expressions related to fatty acid metabolism.
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INTRODUCTION

Intramuscular fat (IMF) plays an important role in various
aspects of meat quality, and it is also critical for the nutritional
value of meat (1). Higher content of IMF can increase the
meat quality as it contributes to pork tenderness, flavor, and
juiciness (2). Furthermore, muscle fatty acid profiles also play
a key role in meat quality because of their high value for
human health. Polyunsaturated fatty acids (PUFA), especially n-
3 fatty acids, are considered as functional ingredients to prevent
cardiovascular disease in humans (3). The n-3 PUFA deficiency
and excessive content of n-6 PUFA are associated with the
development of insulin resistance and metabolic disorders (4).
Therefore, abnormal lipid metabolism could inhibit the growth
and decrease the meat quality of animals. In addition, a recent
study has reported that changes in fatty acid composition due to
different feeding strategies are associated with the changes in the
mRNA expression of genes related to fatty acid metabolism (5).
For example, fatty acid synthase (FAS) and stearoyl coenzyme
A desaturase (SCD) genes are associated with the regulation of
fatty acid biosynthesis, while lipoprotein lipase (LPL) can regulate
the fatty acid transportation from blood to fat cell (6, 7). Thus,
the regulation of IMF content and fatty acid composition in
muscles has been of great interest in recent years. Furthermore,
antibiotics are commonly used in the feed industry to promote
the growth of animals. Owing to the ban on in-feed antibiotics in
the livestock industry, a number of alternative feed additives with
similar effects to in-feed antibiotics in livestock production have
attracted increased attention.

Betaine is a common term for trimethylglycine, a substrate
for betaine-homocysteine methyltransferase (HMT) in liver and
kidney (8). As a promising antioxidant agent, betaine can prevent
lipid peroxidation and regulate lipid metabolism to improve
growth performance and meat quality. Gheisari et al. (9) reported
that the betaine addition (1 g/kg) to the methionine-deficient diet
could significantly improve antioxidant defense and meat quality
by decreasing lipid peroxidation in breast muscles of broilers.
In addition, dietary betaine could improve the meat quality of
lambs, and rumen-protected betaine exhibited better effects than
that of the unprotected-betaine (10). However, there are limited
studies about maternal betaine addition on offsprings growth
performance and lipid metabolism.

Bama mini-pig is a high-quality local pig breed in China
because of its characteristics of delicious meat, high roughage
tolerance, and good adaptability. However, the lower dietary
nutrient level and extensive management methods have resulted
in lower growth, feed conversion, and lean meat rate of this
mini-pig. Our previous studies showed that 3.50 kg/t betaine
addition to sow and sow-offspring diets could increase the
carcass weight, carcass yield, lean meat rate, meat color, shear
force, and crude protein content of muscles at different stages
by altering the plasma biochemical parameters and amino
acid composition, and regulating the expression level of genes
related to myosin heavy-chain (MyHC) isoform and myogenic
regulatory factors (MRFs) in skeletal muscle (11). Moreover,
dietary betaine hydrochloride addition (3.50 kg/t) to sows from
gestation to lactation could improve suckling piglet’s health by

enhancing intestinal morphology and immunity and altering
intestinal microbiota (12). Therefore, we hypothesized that
dietary betaine might influence the growth performance and
meat quality of pigs by regulating the lipid content, IMF
content, and mRNA expression of genes related to fatty acid
metabolism in skeletal muscle. Thus, the current study was
conducted to test our hypothesis that the addition of dietary
betaine to sow and sow-oftspring would improve the offspring’s
growth performance and thereby influence the lipid metabolism.
Furthermore, to explain the mechanism of dietary betaine
addition on growth performance and lipid metabolism of Bama
mini-pigs by evaluating plasma hormones and the fatty acid
metabolism-related genes.

MATERIALS AND METHODS

Animals, Diets, and Experimental Design
Twenty-six pregnant Bama mini-pigs with similar body weight
(BW) were selected and randomly divided into control group
(sows fed a basal diet; n = 12) and betaine group (sows fed a
basal diet supplemented with 3.50 kg/t betaine hydrochloride;
n = 14). The sows were housed individually in gestation crates
(2.2 x 0.6 m) from mating to day 104 of gestation. On day 105
of gestation, the sows were transferred to individual farrowing
crates (2.2 x 1.8m) with a heated floor pad for offspring
piglets with freely accessible water. After weaning, at 35-day-
old, a total of 104 piglets with an average BW of litters were
selected from the two groups (48 piglets from the control group
and 56 piglets from the betaine group) and divided into three
dietary treatments as follows: a) control group, piglets from
the control group fed a basal diet (n = 48); b) sow betaine
group, piglets from the betaine group fed a basal diet (n = 28);
and c¢) sow-offspring betaine group, piglets from the betaine
group fed a basal diet with 2.50 kg/t betaine hydrochloride (n
= 28). Four piglets were housed in one pen, and the rearing
compartments were temperature-controlled (23-26°C) and had
forced ventilation. Betaine hydrochloride (purity > 95%) was
purchased from Sunwin Biotech Shandong Co., Ltd (Shandong,
China). The betaine was mixed with the basal diets before feeding
the sows and piglets. The supplementing dose of betaine was
determined considering the tolerance of sows and piglets and
based on previous studies (13, 14).

During the trial, the sows were fed pregnant diets from
day 3 after mating to day 104 of pregnancy and fed lactating
diets from day 105 of pregnancy to weaning. The piglets were
fed pre-nursery diets from 35- to 95-day-old and fed late-
nursery diets from 96- to 125-day-old. The nutrient levels of
basal diets for sows and piglets met the Chinese local swine
nutrient requirements (NY/T 65-2004), and the premixes met
the National Research Council (NRC, 2012) diet requirements
(15, 16). The composition and nutrient levels of basal diets for
sows and piglets are presented in Supplementary Tables 1, 2,
respectively. The sows were fed twice daily (at 08:00 and 17:00)
and changed with their body condition. The piglets were fed four
times daily (at 08:00, 12:00, 15:00, and 19:00), and the dietary
stage was based on the physiological stage of piglets. All animals
had ad libitum access to drinking water throughout the trial.
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Sample Collection

The animals were weighed at 65-, 95-, and 125-day-old after
a 12h fasting, respectively. A total of 26 pigs (including 12,
7, and 7 pigs from the control group, sow betaine group,
and sow-offspring betaine group, respectively) were selected
at each stage (65-, 95-, and 125-day-old) and sacrificed under
commercial conditions via electrical stunning (120 V, 200 Hz)
and exsanguination (17). Blood samples (5mL) were collected
from the anterior vena cava, anticoagulated with heparin, and
centrifuged at 2 000 x g for 10min to obtain plasma. After
slaughter, longissimus dorsi (LD), biceps femoris (BF), and psoas
major (PM) muscles were sampled. One part of the muscle
samples was stored at —20°C for measuring IMF content and
fatty acid composition, and another part was stored at —80°C
for analyzing the expression level of genes related to fatty
acid metabolism.

Growth Performance

During the trial, the feed intake of each pen was recorded daily,
and the BW (12 h fasting) was taken at 65-, 95-, and 125-day-old.
The average daily gain (ADG), average daily feed intake (ADFI),
and feed/gain ratio (F:G) were calculated.

Plasma Hormone Analysis

The levels of plasma hormones, including cholecystokinin
(CCK), gastrin (Gas), growth hormone (GH), insulin-like
growth factor (IGF), leptin (LEP), pancreatic polypeptide (PP),
peptide YY (PYY), and somatostatin (SS) were measured using
commercially available enzyme-linked immunosorbent assay
kits (Jiangsu Yutong Biotechnology Co., Ltd., Jiangsu, China)
on a Multiscan Spectrum Spectrophotometer (Infinite M200
Pro; Tecan, Minnedorf, Switzerland) in accordance with the
manufacturers’ instructions.

Intramuscular Fat and Fatty Acid Analysis
The muscle samples were cut into thin slices, dried in a vacuum
freeze dryer at (10 = 5) Pa and —(45 % 5)°C for 48 h, and then
ground into powder. The IMF was measured according to GB/T
9695.7-2008 (technical manual for testing the total ether extract
contents in the meat). The composition of medium-chain fatty
acids (MCFA) and long-chain fatty acids (LCFA) in muscles were
measured by using gas chromatography as previously described
by Li et al. (18).

Analysis of the Expression Levels of Genes
Related to Fatty Acid Metabolism in

Muscles

Total RNA was isolated from LD, BE, and PM muscles using
TRIzol (Invitrogen, Shanghai, China). S-actin and target genes
based on related cDNA sequences of pigs in the GeenBank
database in NCBI are presented in Supplementary Table 3,
and the gene-specific primers were synthesized by Invitrogen
Biotech Co., Ltd. (Shanghai, China). The reverse transcription-
polymerase chain reaction (RT-PCR) assays were conducted
using the SYBR Premix Ex Taq™ Kit (TaKaRa Biotechnology
Co., Ltd., Dalian, China). The RNA quality detection, including
the RT-PCR and ¢cDNA synthesis, was used the same methods

as described in the previous study (19). The RT-PCR conditions
were as follows: initial denaturation at 95°C for 30 s, followed by
40 cycles of denaturation at 95°C for 5s and annealing at 60°C
for 30s, and finally extension at 72°C for 30s. The relative gene
expression was calculated using the 2~ AACT method (20).

Statistical Analysis

The data analyses were performed with SPSS 22.0 software
(IBM Corporation, Armonk, NY, USA) using a one-way analysis
of variance (ANOVA). The means of different groups were
compared by Duncan tests. All data are presented as means
=+ SE unless otherwise indicated. Differences were considered
statistically significant when P < 0.05.

RESULTS

Growth Performance

The growth performance of pigs is presented in Table 1. The BW
in the sow-offspring betaine group was increased (P < 0.05) at
125-day-old compared with the control group and at 95-day-old
compared with the sow betaine group. The ADG from 35- to
65-day-old and ADFI from 35- to 65- and from 35- to 95-day-
old were increased (P < 0.05) in the sow-offspring betaine group
compared with the other two groups. Moreover, the ADG was
increased (P < 0.05) in the sow-offspring betaine group from 35-
to 95-day-old compared with the sow betaine group. However,
dietary betaine addition in sow and sow-offspring diets did not
affect (P > 0.05) the F:G of piglets.

Plasma Hormone Level

The plasma hormone levels of pigs at different stages are
presented in Table 2. Betaine addition in sow-offspring diets
increased (P < 0.05) the plasma Gas level of 95-day-old pigs
compared with the other two groups. Compared with the control
group, betaine addition in sow diets decreased (P < 0.05) the
plasma PYY and LEP levels of 65-day-old pigs. There were no
significant differences (P > 0.05) in the plasma hormone levels
of CCK, GH, IGE PP, and SS at different stages among the
three groups.

Intramuscular Fat Content

The IMF content in the LD, BE and PM muscles is presented
in Tables 3-5, respectively. The sow betaine group had a lower
(P < 0.05) IMF content in the PM muscle of 125-day-old pigs
compared with the other two groups. There was no significant
difference in the IMF content in the LD and BF muscles among
the three groups (P > 0.05).

Medium- and Long-Chain Fatty Acid

Contents in Muscles

The MCFA and LCFA contents in the LD muscle are presented
in Table 3. Compared with the control group, betaine addition
in sow-offspring diets increased (P < 0.05) the content of C24:0
and decreased (P < 0.05) the content of C18:1n9t in the 125-day-
old pigs. Moreover, betaine addition in sow and sow-offspring
diets increased (P < 0.05) the content of C12:0 in the 65-day-
old pigs, while decreased (P < 0.05) the content of C12:0 in the
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TABLE 1 | Effect of dietary betaine addition on growth performance of Bama mini-pigs.

Items Day-old Control group Sow betaine group Sow-offspring betaine group
BW (kg) 35 494 £0.17 4.99 £+ 0.36 470 £0.17
65 9.11£0.25 9.77 £ 0.31 9.72 +£0.12
95 14.64 + 1.07% 12.24 4+ 0.80° 17.06 + 1.072
125 22.66 + 2.69° 27.00 + 1.79% 32.46 £+ 2.55°
ADG (kg) 35-65 0.15 +0.01° 0.16 £+ 0.01° 0.19 £ 0.012
35-95 0.16 + 0.01% 0.13 4+ 0.01° 0.20 + 0.022
35-125 0.21 +£0.03 0.22 + 0.02 0.29 +0.03
ADFI (kg) 35-65 0.41 +0.01° 0.39 + 0.02° 0.47 +0.022
35-95 0.51 + 0.02° 0.53 + 0.04° 0.66 + 0.022
35-125 0.66 + 0.05 0.69 + 0.05 0.82 +0.03
F:G 35-65 2.84 +£0.13 2.51+£0.12 2.53+0.16
35-95 3.66 + 0.34 4.28 +£0.25 3.49 4+ 0.31
35-125 3.67 + 0.61 3.10 + 0.09 2.89+0.25

Data are presented as means + SE. Values in the same row without a common superscript letter are different (P < 0.05). Control group, n = 12, 11, and 8; sow betaine group, n =

6, 7, and 6; sow-offspring betaine group, n = 7, 7, and 6; at 65-, 95-, and 125-day-old, respectively. ADG, average daily gain; ADFI, average daily feed intake; BW, body weight; F:G,
feed/gain ratio.

TABLE 2 | Effect of dietary betaine addition on plasma hormone levels of Bama mini-pigs.

Items Day-old Control group Sow betaine group Sow-offspring betaine group
CCK (pg/mL) 65 940.73 + 83.74 627.35 + 39.32 846.33 + 53.10
95 498.06 + 25.09 503.02 + 29.26 491.08 + 16.63
125 607.61 + 71.89 630.29 + 71.47 492.72 + 47.82
Gas (ng/mL) 65 0.81 £+ 0.08 0.60 £ 0.07 0.66 + 0.04
95 0.84 + 0.06° 0.89 + 0.08° 1.30 £ 0.152
125 1.04 £0.13 0.87 +0.03 0.82 + 0.05
GH (ng/mL) 65 45.77 + 3.21 33.60 + 6.45 32.43 + 3.86
95 29.91 +2.26 27.36 + 1.88 29.27 £ 2.24
125 29.85 + 2.69 33.49 £+ 3.91 25.26 +£0.87
IGF (ng/mL) 65 228.87 + 16.06 167.31 £ 31.57 162.16 £ 19.30
95 146.49 £ 10.90 151.52 £ 7.65 141.63 £ 6.59
125 190.08 + 21.78 189.96 + 19.03 179.96 £+ 12.59
LEP (ng/mL) 65 30.44 +2.082 22.26 +0.83° 25.99 + 2,22
95 19.29 + 1.06 20.68 + 1.52 22.58 £+ 2.05
125 22.41+2.16 19.45 £ 0.71 20.77 £ 1.56
PP (ng/mL) 65 4.14 +£0.38 3.01 +£0.55 2.96 +£0.22
95 2.99 +0.23 2.89+0.16 3.00 +0.14
125 2.94 +£0.27 2.45 £+ 0.1 2.44 £0.09
PYY (pmol/L) 65 20.37 +1.582 14.54 +0.71° 16.62 + 1.30%
95 156.74 +£1.03 17.98 + 1.54 18.14 £1.73
125 18.21 £2.37 16.61 + 0.90 17.07 £1.27
SS (pg/mL) 65 171.46 £ 14.73 136.07 £ 25.40 124.67 £9.12
95 160.66 + 15.48 154.64 +£12.12 167.31 £14.43
125 112.21 £ 6.60 163.88 + 21.68 168.48 + 32.71

Data are presented as means + SE. Values in the same row without a common superscript letter are different (P < 0.05). Control group, n = 11, 11, and 8; sow betaine group, n =
6, 7, and 6; sow-offspring betaine group, n = 7, 7, and 5; at 65-, 95-, and 125-day-old, respectively. CCK, cholecystokinin; Gas, gastrin, GH, growth hormone; IGF, insulin-like growth
factor; LER, leptin; PR, pancreatic polypeptide; PYY, peptide-YY; SS, somatostatin.
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TABLE 3 | Effect of dietary betaine addition on medium- and long-chain fatty acid
contents in longissimus dorsi muscle of Bama mini-pigs (fresh weight basis; %).

Items Control Sow betaine Sow-offspring
group group betaine group
65-day-old
Intramuscular fat 2.55+0.18 2.62 £ 0.26 2.67 £0.22
C12:0 0.04 +0.01P 0.05 £ 0.00? 0.05 £+ 0.012
C14:0 0.49 £+ 0.10 0.45 £+ 0.06 0.41 +£0.04
C15:0 0.03 £ 0.01 0.02 £ 0.01 0.02 +0.02
C16:0 8.20 £ 0.79 7.58 £0.42 7.53 £0.35
C16:1 1.16 £ 0.16 1.10+0.23 1.10 £ 0.26
C17:0 0.12 £ 0.07 0.12 £ 0.03 0.11 £ 0.02
C18:0 4.27 £0.36 4.04 +0.36 4154+ 0.39
C18:1n9¢ 8.87 £1.21 8.38 & 0.51 8.28 +0.88
C18:1n9t 0.04 +£ 0.01 0.04 £+ 0.01 0.04 + 0.01
C18:2n6¢ 417 £0.49 4.08 &+ 0.50 4.48 +0.68
C18:3n3 0.17 £ 0.02 0.17 £ 0.02 0.16 £+ 0.01
C18:3n6 0.02 + 0.01% 0.03 £ 0.022 0.01 + 0.02°
C20:0 0.06 £+ 0.02 0.06 + 0.01 0.05 £ 0.01
C20:1 0.24 +0.08 0.19 4+ 0.02 0.19 £ 0.03
C20:2 0.16 £+ 0.03 0.14 £+ 0.01 0.15 £ 0.03
C20:3n6 0.10 £ 0.03 0.09 £ 0.01 0.12 £ 0.01
C20:4n6 0.81 £0.39 0.71 £ 0.09 1.06 £ 0.24
C22:6n3 0.04 £0.02 0.04 £ 0.01 0.02 +0.03
C24:0 0.05 £+ 0.02 0.05 4+ 0.03 0.07 £ 0.05
95-day-old
Intramuscular fat 2.40 £ 0.31 2.83+0.38 3.07 £0.27
C12:0 0.04 £+ 0.012 0.03 + 0.01° 0.08 +0.01P
C14:0 0.49 £+ 0.08 0.41+0.19 0.47 £0.22
C156:0 0.02 £+ 0.01 0.03 £ 0.01 0.02 £+ 0.00
C16:0 8.26 £ 0.78 8.22 4+ 0.56 8.49 £ 0.57
C16:1 0.71 £0.07 0.81+£0.13 0.76 £ 0.14
C17:0 0.10 £ 0.04 0.11 4+ 0.03 0.09 + 0.02
C18:0 5.13 +£ 0.64 5.00 &+ 0.29 5.08 £+ 0.85
C18:1n9¢c 8.81 +£1.10 8.91+0.97 9.45 + 1.47
C18:1n9t 0.03 £ 0.01 0.08 £ 0.01 0.03 £ 0.01
C18:2n6¢ 3.29 + 0.86 3.29+0.72 2.98 + 0.45
C18:3n3 0.13 £+ 0.01 0.13 +£0.02 0.12 £ 0.02
C20:0 0.07 £ 0.02 0.07 £ 0.01 0.07 £ 0.01
C20:1 0.30 £+ 0.08 0.25 4+ 0.05 0.35 £+ 0.09
C20:2 0.15 £ 0.02 0.13 £ 0.02 0.15 £ 0.02
C20:3n6 0.09 + 0.04 0.09 £+ 0.03 0.07 £ 0.02
C20:4n6 0.66 + 0.53 0.60 + 0.19 0.46 £ 0.11
C24:0 0.02 £+ 0.03 0.03 £+ 0.02 0.03 £ 0.02
125-day-old
Intramuscular fat 2.48 £0.33 2.49 £ 0.49 2.57 £ 0.21
C12:0 0.03 £ 0.01 0.08 £ 0.01 0.02 £+ 0.01
C14:0 0.51 £0.12 0.47 +£0.10 0.44 +£0.10
C16:0 8.22 £+ 0.99 8.22+£1.25 7.54 £0.57
C16:1 0.82 +£0.14 0.80 +£0.15 0.76 +£0.10
C17:0 0.09 £+ 0.03 0.10 £ 0.05 0.07 £ 0.02
C18:0 4.73 £0.54 5.01+£1.23 4.44 £0.25
C18:1n9¢ 9.79 £ 1.00 10.01 £ 1.71 8.83 + 0.58
(Continued)

TABLE 3 | Continued

Items Control Sow betaine Sow-offspring
group group betaine group
C18:1n9t 0.043 + 0.01@ 0.039 + 0.012 0.029 + 0.00°
C18:2n6c 2.58 +0.43 2.69 +0.19 2.63 + 0.37
C20:0 0.07 + 0.01 0.06 + 0.02 0.06 + 0.01
C20:1 0.10 + 0.02 0.10 + 0.02 0.09 + 0.00
C20:2 0.11 £ 0.02 0.10 +£ 0.03 0.08 + 0.01
C20:3n6 0.08 + 0.03 0.09 + 0.02 0.10 + 0.02
C20:4n6 0.54 £0.25 0.67 £ 0.22 0.79 +0.22
C24:0 0.05 + 0.02° 0.08 + 0.03% 0.09 + 0.022

Data are presented as means + SE. Values in the same row without a common superscript
letter are different (P < 0.05). Control group, n = 12, 11, and 8; sow betaine group,
n = 6, 7, and 6; sow-offspring betaine group, n = 7, 7, and 6; at 65-, 95-, and
125-day-old, respectively.

95-day-old pigs compared with the pigs in the control group.
Compared with the sow betaine group, betaine addition in sow-
offspring diets decreased (P < 0.05) the content of C18:3n6 in the
65-day-old pigs.

The MCFA and LCFA contents in the BF muscle are presented
in Table 4. Compared with the control group, betaine addition in
sow-offspring diets increased (P < 0.05) the content of C18:3n6
and decreased (P < 0.05) the content of C24:0 in the 65-day-old
pigs, while betaine addition in sow diets decreased (P < 0.05) the
content of C20:0 in the 125-day-old pigs. In addition, betaine
addition in sow and sow-offspring diets decreased (P < 0.05)
the contents of C12:0 in the 65-day-old pigs and C20:4n6 in the
125-day-old pigs, when compared with the control group.

The MCFA and LCFA contents in the PM muscle are
presented in Table 5. Compared with the control group, betaine
addition in sow and sow-offspring diets decreased (P < 0.05)
the contents of C18:1n9t in the 65-day-old pigs and C20:1 in
the 95-day-old pigs, while betaine addition in sow-offspring diets
decreased (P < 0.05) the content of C18:2n6¢ in the 95-day-
old pigs.

The Expression Levels of Genes Related to
Fatty Acid Metabolism in Muscles

The expression levels of genes related to fatty acid metabolism
in the LD, BE, and PM muscles of pigs are shown in Figure 1.
In the LD muscle, dietary betaine addition in sow-offspring
diets down-regulated (P < 0.05) the mRNA expression levels of
FAS and sterol regulatory element-binding protein 1 (SREBPI)
in the 65-day-old pigs compared with the sow betaine group,
as well as the mRNA expression level of SREBPI in the 125-
day-old pigs compared with the pigs in the control and sow
betaine groups. However, dietary betaine addition in sow and
sow-offspring diets did not affect (P > 0.05) the gene expression
levels of the LD muscle at 95-day-old pigs. In the BF muscle,
dietary betaine addition in sow-offspring diets down-regulated
(P < 0.05) the mRNA expression level of FAS compared with the
pigs in the control and sow betaine groups, while up-regulated
(P < 0.05) the mRNA expression level of LPL compared with
the sow betaine group in the 95-day-old pigs. In addition, dietary
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TABLE 4 | Effect of dietary betaine addition on medium- and long-chain fatty acid
contents in biceps femoris muscle of Bama mini-pigs (fresh weight basis; %).

Items Control group Sow betaine group Sow-offspring
betaine group
65-day-old
Intramuscular fat 1.16 £ 0.07 1.24 £0.18 1.64 £ 0.26
C12:0 0.05 £+ 0.012 0.04 +0.01P 0.08 +0.01P
C14:0 0.36 + 0.06 0.33 + 0.04 0.32 £ 0.04
C15:0 0.02 + 0.02 0.03 + 0.02 0.02 £+ 0.01
C16:0 6.71+0.48 6.50 + 0.30 6.68 + 0.38
C16:1 1.08+0.14 0.96 £+ 0.10 1.07 £0.28
C17:0 0.11 £0.04 0.11 £0.03 0.10 £ 0.02
C18:0 3.69 + 0.28 3.66 + 0.23 3.64 + 0.41
C18:1n9¢c 7.76 + 0.66 749+ 112 8.06 + 0.91
C18:1n9t 0.04 £ 0.01 0.04 + 0.01 0.03 + 0.02
C18:2n6¢ 4.82 £+ 0.50 4.64 +£0.37 4.50 +0.70
C18:3n3 0.15 £ 0.01 0.14 £ 0.02 0.14 £ 0.01
C18:3n6 0.01 + 0.02° 0.02 4+ 0.02% 0.03 £+ 0.012
C20:0 0.04 £ 0.01 0.04 +0.02 0.04 £+ 0.01
C20:1 0.18 + 0.04 0.16 &+ 0.04 0.18 +£0.03
C20:2 0.15 4+ 0.02 0.13 £ 0.02 0.14 £ 0.02
C20:3n6 0.14 £ 0.02 0.13+0.03 0.12 £ 0.02
C20:4n6 1.41£0.38 1.32 £0.39 1.25 £0.36
C22:6n3 0.07 +0.02 0.06 + 0.03 0.05 + 0.01
C23:0 0.05 + 0.02 0.04 + 0.01 0.04 +0.02
C24:0 0.10 £ 0.042 0.08 4+ 0.02%° 0.06 £ 0.03°
95-day-old
Intramuscular fat 1.08 £0.20 1.02 +£0.17 1.28+0.18
C14:0 0.37 £ 0.05 0.33 + 0.04 0.39 + 0.06
C156:0 0.02 £ 0.01 0.03 £ 0.01 0.02 £+ 0.00
C16:0 6.75 + 0.40 6.57 +£0.37 6.97 £ 0.41
C16:1 0.76 +0.10 0.75+0.13 0.80 +£0.15
C17:0 0.08 + 0.02 0.09 + 0.02 0.07 + 0.01
C18:0 418 £0.45 410+ 0.15 4.08 £ 0.54
C18:1n9¢c 7.86 + 0.97 771117 8.41 +£0.73
C18:1n9t 0.08 £ 0.01 0.03 £ 0.01 0.03 £ 0.01
C18:2n6¢ 4.26 +£0.74 4.08 +£0.79 3.55 £+ 0.53
C18:3n3 0.11 £+ 0.01 0.11 £ 0.02 0.10 £+ 0.01
C20:0 0.04 £+ 0.02 0.04 £+ 0.00 0.05 £ 0.01
C20:1 0.22 4+ 0.06 0.19 + 0.04 0.25 £ 0.04
C20:2 0.14 +0.03 0.13 £ 0.02 0.13 £ 0.02
C20:3n6 0.16 £ 0.07 0.14 £0.04 0.12 £ 0.08
C20:4n6 1.69 £ 0.80 1.38 £ 0.36 1.10 £ 0.17
C22:6n3 0.02 + 0.03 0.04 +0.02 0.01 + 0.02
C24:0 0.09 + 0.03 0.08 + 0.02 0.07 + 0.02
125-day-old
Intramuscular fat 1.87 £0.17 1.88+0.10 1.92 +£0.23
C14:0 0.41 £+ 0.06 0.39 £+ 0.05 0.37 +£0.20
C16:0 7.50 £ 1.06 7.21 £0.42 5.17 £ 4.08
C16:1 0.85+0.12 0.82 +£0.14 0.84 £ 0.07
C17:0 0.09 £ 0.03 0.10 £ 0.05 0.08 £+ 0.03
C18:0 4.31 £0.67 417 £0.71 3.57 +1.81
C18:1n9¢c 9.656 £1.22 9.76 + 0.60 10.36 £ 1.04
(Continued)

TABLE 4 | Continued

Items Control group Sow betaine group Sow-offspring
betaine group
C18:1n9t 0.04 & 0.01 0.08 £ 0.01 0.08 £ 0.01
C18:2n6c 3.17 £ 0.63 2.86 + 0.24 3.11 +0.63
C20:0 0.05 + 0.012 0.05 4+ 0.01° 0.06 + 0.012
C20:1 0.10 +£0.02 0.09 £ 0.01 0.14 £+ 0.08
C20:2 0.10 +£ 0.02 0.10 £ 0.02 0.11 £ 0.02
C20:3n6 0.11 £0.03 0.10 £ 0.02 0.11 +£0.02
C20:4n6 0.99 + 0.342 0.15 + 0.36° 0.39 + 0.61°
C22:6n3 0.02 +0.02 0.02 + 0.02 0.03 + 0.08
C24:0 0.09 + 0.03 0.08 + 0.01 0.05 + 0.04

Data are presented as means + SE. Values in the same row without a common superscript
letter are different (P < 0.05). Control group, n = 12, 11, and 8; sow betaine group,
n = 6, 7, and 6; sow-offspring betaine group, n = 7, 7, and 6; at 65-, 95-, and
125-day-old, respectively.

betaine addition in sow diets up-regulated (P < 0.05) the mRNA
expression level of LPL in the 125-day-old pigs compared with
the control and sow-offspring betaine groups. Moreover, dietary
betaine addition had no impacts (P > 0.05) on the mRNA gene
expression levels of the BF muscle at 65-day-old pigs. In the
PM muscle, compared with the control group, dietary betaine
addition in sow and sow-offspring diets up-regulated (P < 0.05)
the mRNA expression levels of the FAS and SREBPI in the 65-
day-old pigs, whereas down-regulated (P < 0.05) the mRNA
expression level of SCD in the 125-day-old pigs. In addition,
dietary betaine addition in sow-offspring diets down-regulated (P
< 0.05) the mRNA expression level of SREBP]I in the 125-day-old
pigs compared with the pigs in the control group. Furthermore,
dietary betaine addition in sow-offspring diets down-regulated (P
< 0.05) the mRNA expression level of FAS in the 95-day-old pigs
compared with the control and sow betaine groups.

DISCUSSION

As an osmotic regulator, dietary betaine has been widely studied
as a methyl donor on protein synthesis and nitrogen metabolism.
Moreover, there are lots of creditability evidence showing that
dietary betaine can influence growth performance and meat
quality through its different functional properties. Previous
studies have found that dietary betaine addition during the
growing and finishing stages improved the growth performance
and meat quality of animals (21, 22). In addition, maternal
nutrition also influences the offspring’s growth later in life
(23). Therefore, the present study evaluated the effects of
betaine addition in sow and sow-offspring diets on the growth
performance and meat quality-associated parameters of pigs at
different stages. The results showed that the betaine addition in
sow and sow-offspring diets influenced the growth performance,
plasma hormone, and lipid metabolism of Bama mini-pigs.
Betaine is widely used in animal production because of its
positive effects on animal performance. In the present study,
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TABLE 5 | Effect of dietary betaine addition on medium- and long-chain fatty acid
contents in psoas major muscle of Bama mini-pigs (fresh weight basis; %).

Items Control group Sow betaine group Sow-offspring
betaine group
65-day-old
Intramuscular fat 1.40 £0.16 1.62 £0.10 1.13 £0.19
C12:0 0.04 £ 0.01 0.04 £ 0.01 0.04 £ 0.01
C14:0 0.40+0.12 0.40 +£0.12 0.30 + 0.06
C15:0 0.03 £+ 0.02 0.03 £+ 0.02 0.02 +0.02
C16:0 7.50 £0.75 7.23 +£0.89 6.63 £+ 0.54
C16:1 0.93+0.17 0.91 £0.18 0.77 £0.21
C17:0 0.13 £ 0.06 0.13 £ 0.04 0.11 £ 0.02
c18:0 4.39 £ 0.44 4.18 £ 0.42 4.09 £ 0.33
C18:1n9c 7.22+1.08 7.20+1.17 6.06 + 0.54
C18:1ngt 0.04 £0.012 0.02 £ 0.01° 0.02 £ 0.02°
C18:2n6c 5.24 +£1.11 4.80 +0.89 5.54 +0.64
C18:3n3 0.15 £ 0.01 0.16 £ 0.02 0.14 £ 0.01
C18:3n6 0.08 &+ 0.02 0.01 £+ 0.01 0.02 +0.02
C20:0 0.05 £+ 0.02 0.05 £ 0.01 0.04 +0.02
C20:1 0.18 + 0.05 0.17 £ 0.04 0.14 £ 0.03
C20:2 0.15 4+ 0.02 0.14 £ 0.01 0.13 +£0.03
C20:3n6 0.14 £0.05 0.12 £ 0.06 0.14 +£0.02
C20:4n6 1.38 +0.75 1.09 £ 0.80 1.62 £ 0.40
C22:6n3 0.05 + 0.03 0.04 +0.04 0.07 + 0.02
C23:0 0.07 + 0.04 0.04 +0.03 0.07 £ 0.02
C24:0 0.08 &+ 0.04 0.08 £+ 0.05 0.10 £ 0.02
95-day-old
Intramuscular fat 117 £0.12 115+ 0.13 1.32+£0.18
C14:0 0.32 + 0.05 0.31 £ 0.05 0.35 £+ 0.05
C156:0 0.027 + 0.01 0.032 £ 0.01 0.020 + 0.01
C16:0 6.58 + 0.32 6.81 +£0.48 6.76 = 0.48
C16:1 0.52 + 0.06 0.58 +0.12 0.56 + 0.09
C17:0 0.09 + 0.03 0.11 +0.02 0.08 & 0.01
C18:0 4.52 £0.62 4.53 +£0.30 4.42 £0.51
C18:1n9¢c 6.17 £ 0.39 6.47 £ 0.72 6.91 +1.05
C18:1n9t 0.08 £ 0.01 0.03 £ 0.01 0.03 £ 0.01
C18:2n6¢ 513 £0.772 5.00 + 0.692 411 +0.62°
C20:0 0.04 £+ 0.02 0.05 £ 0.01 0.05 £ 0.01
C20:1 0.18 £+ 0.06% 0.12 +0.01P 0.10 +0.01P
C20:2 0.15 4+ 0.04 0.13 +£0.02 0.13 £ 0.02
C20:3n6 0.17 +£0.07 0.16 &+ 0.04 0.13 £ 0.05
C20:4n6 1.77 £0.82 1.49 £0.20 1.17 £0.30
C22:6n3 0.03 + 0.03 0.03 + 0.02 0.01 + 0.02
C24:0 0.09 + 0.03 0.10 + 0.01 0.09 + 0.02
125-day-old
Intramuscular fat 1.64 +£0.132 1.23 4 0.04° 1.55 4+ 0.082
C14:0 0.38 +£0.17 0.39 +0.10 0.42 £ 0.11
C156:1 2.65 +0.20 2.53 +£0.22 2.70 £ 0.41
C16:1 0.67 £+ 0.11 0.61 £ 0.11 0.63 £+ 0.11
C17:0 0.12 4+ 0.05 0.13 +£0.07 0.11 £ 0.04
C18:0 5.05+ 0.35 5.05 £+ 0.65 4.09 + 2.06
C18:1n9c 8.73 + 0.69 8.54 + 0.64 8.87 +1.06
C18:1n9t 0.03 + 0.02 0.03 + 0.02 0.03 & 0.01
(Continued)

TABLE 5 | Continued

Items Control group Sow betaine group Sow-offspring
betaine group
C18:2n6c 4.93 +0.58 4.95+0.18 4.90 £+ 0.63
C18:3n3 0.13+0.02 0.12 £ 0.01 0.12 £ 0.01
C18:3n6 0.02 +0.02 0.03 £+ 0.03 0.038 £+ 0.02
C20:0 0.06 + 0.01 0.05 £ 0.01 0.06 + 0.01
C20:1 0.26 &+ 0.06 0.25 4+ 0.08 0.27 £ 0.10
C20:2 0.13 £ 0.02 0.12+0.02 0.12+0.02
C20:3n6 0.15 £+ 0.03 0.16 + 0.03 0.16 &+ 0.02
C20:4n6 1.383 £0.33 1.43+£0.19 1.28 £0.21
C24:0 0.11 £ 0.06 0.15 £ 0.04 0.14 £ 0.03

Data are presented as means + SE. Values in the same row without a common superscript
letter are different (P < 0.05). Control group, n = 12, 11, and 8; sow betaine group,
n = 6, 7, and 6; sow-offspring betaine group, n = 7, 7, and 6; at 65-, 95-, and
125-day-old, respectively.

betaine addition in sow-offspring diets increased the BW of 125-
day-old pigs, as well as the ADG and ADFI at 35-65 and 65—
95 day-old. Therefore, the results indicate that betaine addition
in sow-offspring diets can improve the growth of the piglets by
enhancing the feed intake at an earlier age. Huang et al. (24)
also found that dietary addition of 1.25 kg/t betaine for 42 days
could increase the ADG of finishing pigs by 5.50%, but not the
ADFI and F:G. In a sub-optimal methionine diet (15g Met/kg
CP), dietary betaine addition (0.80 kg/t) could improve the BW
gain of broilers at 21-day-old, as well as the breast yield and F:G
of broilers at 42-day-old (25). Furthermore, juvenile freshwater
prawn Macrobrachium rosenbergii fed with 5 g/kg glycine betaine
presented higher BW, food intake, and F:G (26). Therefore, these
findings suggested that dietary betaine addition might increase
the protein synthesis and decomposition through its methyl
donor properties, thus increasing the growth and development
of pigs.

Plasma hormone levels can reflect the physiological and health
status of pigs. Growth hormone can regulate the growth and
development of animals directly or indirectly by stimulating
IGF-1 (27). Huang et al. (28) reported that dietary betaine
addition could stimulate the release of GH and promote the
growth of finishing pigs. However, the present study showed that
betaine addition in sow and sow-offspring diets did not affect the
plasma GH level, which might be related to the measured time
of the plasma GH level. Kraetzl et al. (29) reported that the GH
secretion is pulsatile, and its level is related to the measured time
in pigs, that GH levels were higher during the night (20:00-08:00)
than during the day (08:00-20:00). Therefore, the inconsistencies
of these results might be related to the measuring time, as the
present study only measured the GH level during the daytime.
Gastrin and growth hormone-releasing factors could jointly
promote GH secretion, regulate protein and sugar metabolism,
and thus promote the growth of animals (30). As a type of
gastrointestinal-derived hormone, PYY can inhibit feed intake,
delay gastric emptying, increase the absorption of electrolytes
in the ileum, and reduce the secretion of starch (31). The LEP
is a protein hormone that can suppress the appetite and play a
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FIGURE 1 | Effect of dietary betaine addition on the expression levels of genes related to lipid metabolism in muscles of Bama mini-pigs. Results are presented as the
means + SE. Bars marked with different lowercase letters are significantly different at P < 0.05. Control group, n = 12, 11, and 8; sow betaine group, n = 6, 7, and 6;
sow-offspring betaine group, n = 7, 7, and 6; at 65-, 95-, and 125-day-old, respectively. FAS, fatty acid synthase; LPL, lipoprotein lipase; SCD, stearoyl coenzyme A

desaturase; SREBP1, sterol regulatory element binding protein 1. BF, biceps femoris muscle; LD, longissimus dorsi muscle; PM, psoas major muscle.

major role in regulating body fat, BW, and energy balance in
animals (32). In the present study, betaine addition in sow diets
decreased plasma PYY and LEP levels of 65-day-old pigs, while
betaine addition in sow-offspring diets increased the Gas level of
95-day-old pigs, which are beneficial to promote the feed intake
and growth of pigs.

The IMF mainly reflects muscle tenderness and flavor, and is
a key factor to the formation of muscle taste. Existing studies
showed that the IMF content between 2 and 3% is the best
(33). In the present study, the IMF content was significantly
decreased in the PM muscles of 125-day-old pigs but not in LD
and BF muscles. However, Martins et al. (34) reported that 1.00
kg/t betaine addition in sow diets for 20 weeks could increase
the IMF content in LD and BF muscles of Alentejano pigs.
Huang et al. (35) found that 1.20 kg/t betaine addition in corn-
soybean meal diets for 42 days increased the IMF content in
LD muscle of finishing pigs. Therefore, these inconsistencies of
IMF content might be related to the age of pigs. Moreover, the
results suggested that dietary betaine mainly increased the IMF
deposition in the earlier age of pigs, while could inhibit the IMF
deposition in the later age.

The composition of fatty acid in the muscle plays an
important role in the formation of pork flavor. High levels

of unsaturated lipids may contribute to desirable flavors, like
oxidized off-flavors (36). In the present study, dietary betaine
addition tends to decrease the contents of PUFA, such as
C18:1n9t, C18:3n6, C18:2n6¢, and C20:4n6. These findings are
in agreement with those of Madeira et al. (37), who reported
that dietary betaine addition mainly decreases the percentage of
monounsaturated fatty acid (including C16:1cis-9 and C18:1cis-
11) proportions in the muscles of pigs. These findings might
be resulted by the methyl donor properties of betaine. The
principal physiologic role of betaine is as a methyl donor, which
means transmethylation of betaine participates in the carnitine
and phosphatidylcholine synthesis and fatty acid oxidation.
Therefore, dietary betaine addition in sow diets may enhance the
oxidation of PUFA and then reduce fatty acid and IMF contents
(38, 39).

The SREBP] is a membrane-bound protein that can regulate
the most enzymes involved in fatty acid synthesis, including
acetyl-CoA carboxylase (ACC), FAS, and SCD (40, 41). The LPL
is an important lipid regulatory enzyme involved in hydrolyzing
triglycerides of plasma lipoproteins and supplying free fatty
acids for storage in adipocytes or oxidation in other tissues
(42). Moreover, FAS is a multifunctional protein, which main
functional role is to catalyze the synthesis of palmitate from the

Frontiers in Nutrition | www.frontiersin.org

December 2021 | Volume 8 | Article 779171


https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org
https://www.frontiersin.org/journals/nutrition#articles

Cheng et al.

Maternal/Offspring Diet and Lipid Metabolism

acetyl-CoA and malonyl-CoA, in the presence of nicotinamide
adenine dinucleotide phosphate (NADPH), into long-chain
saturated fatty acid (43). In the present study, betaine addition
in sow-offspring diets down-regulated the level of the FAS in
the LD muscle of 65-day-old pigs, as well as in the BF and
PM muscle of 95-day-old pigs, while dietary betaine addition
in sow and sow-offspring diets up-regulated the level of FAS in
the PM muscle of 65-day-old pigs. Moreover, betaine addition
in sow diets up-regulated the level of LPL in the BF muscle
of 125-day-old pigs while down-regulated in the BF muscle of
95-day-old pigs. Therefore, these findings suggest that dietary
betaine can regulate fatty acid synthesis and fat deposition by
enhancing lipogenesis and reducing lipolysis. Meanwhile, dietary
betaine addition in sow and sow-offspring diets up-regulated
the expression level of SREBPI in the PM muscle of 65-day-old
pigs, while dietary betaine addition in sow-offspring diets down-
regulated the SREBPI level in the LD and PM muscles of 125-
day-old pigs. Thus, the present study showed that dietary betaine
could improve the synthesis of fatty acids in the earlier age, while
inhibiting the process in the later age, which is also consistent
with the changes of the IMF content in the muscles of pigs.

CONCLUSION

In summary, betaine addition in sow-offspring diets could
improve the growth performance of piglets by increasing body
weight, average daily gain, and average daily feed intake,
decreasing the contents of several fatty acids, and inhibiting the
fat deposition in muscles. Betaine addition in both sow and
sow-offspring diets could influence the plasma hormones related
to ingestion. Moreover, betaine addition in sow-offspring diets
had more distinct effects than the addition in sow diets. These
findings provide a reference for regulating lipid metabolism and
promoting the growth of pigs in practical production by dietary
betaine addition.

DATA AVAILABILITY STATEMENT

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

REFERENCES

1. Wood JD, Enser M, Fisher AV, Nute GR, Sheard PR, Richardson RI, et al. Fat
deposition, fatty acid composition and meat quality: a review. Meat Sci. (2008)
78:343-58. doi: 10.1016/j.meatsci.2007.07.019

2. Wood JD, Lambe NR, Walling GA, Whitney H, Jagger S, Fullarton PJ, et al.
Effects of low protein diets on pigs with a lean genotype. 1 carcass composition
measured by dissection and muscle fatty acid composition. Meat Sci. (2013)
95:123-8. doi: 10.1016/j.meatsci.2013.03.001

3. Simopoulos AP. n—3 fatty acids and human health: defining strategies for
public policy. Lipids. (2001) 36:583-9. doi: 10.1007/s11745-001-0687-7

4. Simopoulos AP. The importance of the omega-6/omega-3 fatty acid ratio
in cardiovascular disease and other chronic diseases. Exp Biol Med. (2008)
233:674-88. doi: 10.3181/0711-MR-311

5. Wang B, Yang L, Luo Y, Su R, Su L, Zhao L, et al. Effects of feeding
regimens on meat quality, fatty acid composition and metabolism as related

ETHICS STATEMENT

The present study was conducted following Chinese
guidelines  for  animal  welfare and  experimental
protocols and approved by the Animal Care and
Use Committee of the Institute of  Subtropical
Agriculture, Chinese Academy of Sciences, Changsha,

China (ISA-2018-071).

AUTHOR CONTRIBUTIONS

YC, MS, QZ, and MA performed sampling and nutrient
measurements, analyzed data, interpreted the data, and drafted
the manuscript. MS and QG conducted animal feeding and
sampling. XK contributed to experimental concepts and design,
provided scientific direction, and together with MA finalized the
manuscript. All authors read and approved the final manuscript.

FUNDING

This work was supported by the National Natural Science
Foundation of China (No. 31772613), Special Funds for
Construction of Innovative Provinces in Hunan Province
(2019RS3022), and Production and Research Talent
Support Project of the CAS Wang Kuancheng Initiative
Talent Program.

ACKNOWLEDGMENTS

The authors thank the staff and postgraduate students
from the Hunan Provincial Key Laboratory of Animal
Nutritional Physiology and Metabolic Process for collecting
samples and technicians from the CAS Key Laboratory of
Agro-ecological Processes in Subtropical Region for providing
technical assistance.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fnut.2021.
779171/full#supplementary-material

to gene expression in Chinese Sunit sheep. Small Rumin Res. (2018) 169:127-
33. doi: 10.1016/j.smallrumres.2018.08.006

6. Xiong L, Pei ], Kalwar Q, Wu X, Yan P, Guo X. Fat deposition
in yak during different phenological Livest Sci. (2021)
251:104671. doi: 10.1016/j.]ivsci.2021.104671

7. Ma L, Mondal AK, Murea M, Sharma NK, Ténjes A, Langberg
KA, et al. The effect of ACACB cis-variants on gene expression and
metabolic traits. PLoS ONE. (2011) 6:€23860. doi: 10.1371/journal.pone.00
23860

8. Attia YA, Hassan RA, Qota EMA. Recovery from adverse effects of heat
stress on slow-growing chicks in the tropics 1: effect of ascorbic acid
and different levels of betaine. Trop Anim Health Prod. (2009) 41:807-
18. doi: 10.1007/s11250-008-9256-9

9. Gheisari HR, Alirezaei M, Ranjbar VR, Hajibemani A. Betaine: a promising
antioxidant agent for enhancement of broiler meat quality. Br Poult Sci. (2012)
53:699-707. doi: 10.1080/00071668.2012.728283

seasons.

Frontiers in Nutrition | www.frontiersin.org

December 2021 | Volume 8 | Article 779171


https://www.frontiersin.org/articles/10.3389/fnut.2021.779171/full#supplementary-material
https://doi.org/10.1016/j.meatsci.2007.07.019
https://doi.org/10.1016/j.meatsci.2013.03.001
https://doi.org/10.1007/s11745-001-0687-7
https://doi.org/10.3181/0711-MR-311
https://doi.org/10.1016/j.smallrumres.2018.08.006
https://doi.org/10.1016/j.livsci.2021.104671
https://doi.org/10.1371/journal.pone.0023860
https://doi.org/10.1007/s11250-008-9256-9
https://doi.org/10.1080/00071668.2012.728283
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org
https://www.frontiersin.org/journals/nutrition#articles

Cheng et al.

Maternal/Offspring Diet and Lipid Metabolism

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

Dong L, Zhong ZX, Cui HH, Wang SN, Luo Y, Yu LH, et al. Effects
of rumen-protected betaine supplementation on meat quality and the
composition of fatty and amino acids in growing lambs. Animal. (2020)
14:435-44. doi: 10.1017/S1751731119002258

Cheng Y, Song M, Zhu Q, Azad MAK, Gao Q, Kong X. Dietary betaine
addition alters carcass traits, meat quality, and nitrogen metabolism of Bama
mini-pigs. Front Nutr. (2021) 8:728477. doi: 10.3389/fnut.2021.728477

Azad MAK, Gao Q, Ma C, Wang K, Kong X. Betaine hydrochloride addition
in Bama mini-pig’s diets during gestation and lactation enhances immunity
and alters intestine microbiota of suckling piglets. J Sci Food Agric. (2022)
102:607-16. doi: 10.1002/jsfa.11389

Matthews J, Southern L, Bidner T, Persica M. Effects of betaine, pen
space, and slaughter handling method on growth performance, carcass
traits, and pork quality of finishing barrows. ] Anim Sci. (2001) 79:967-
74. doi: 10.2527/2001.794967x

Wettere W, Herde P, Hughes PE. Supplementing sow gestation
diets with betaine during summer increases litter size of sows
with greater numbers of parities. Anim Reprod Sci. (2012)
132:44-9. doi: 10.1016/j.anireprosci.2012.04.007

Ministry of Agriculture of the People’s Republic of China Feeding Standard of
Swine (GB, NY/T 65-2004). Beijing: China Agriculture Press (2004).

National Research Council (NRC). Nutrient Requirements of Swine: Eleventh
Revised Edition. Washington, DC: The National Academies Press (2012).

Hu CJ, Jiang QY, Zhang T, Yin YL, Li FN, SuJY, et al. Dietary supplementation
with arginine and glutamic acid enhances key lipogenic gene expression in
growing pigs. ] Anim Sci. (2017) 95:5507-15. doi: 10.2527/jas2017.1703

Li FN, Duan YH, Li YH, Tang YL, Yin YL. Effects of dietary n-6:n-3
PUFA ratio on fatty acid composition, free amino acid profile and gene
expression of transporters in finishing pigs. Br ] Nutr. (2015) 113:739-
48. doi: 10.1017/S0007114514004346

Dong L, Zhong X, Zhang LL, Kong LR, Kong Y, Kou T, et al
Impaired intestinal mucosal immunity is associated with the imbalance of
T lymphocyte sub-populations in intrauterine growth-restricted neonatal
piglets. Immunobiology. (2015) 220:775-81. doi: 10.1016/j.imbi0.2014.12.017
Kenneth JL, Thomas DS. Analysis of relative gene expression data using real-
time quantitative PCR and the 2AACT method. Methods. (2002) 25:402—
8. doi: 10.1006/meth.2001.1262

Li YE He J, Ao X, Bai YQ. Effects
reproductive  performance of sows and growth performance of
piglets under heat stress in summer. Anim Husb Feed Sci. (2019)
11:87-91. doi: 10.19578/j.cnki.ahfs.2019.03-04.001

Zhong YZ, Yan ZM, Song B, Zheng CB, Duan YH, Kong XE, et al. Dietary
supplementation with betaine or glycine improves the carcass trait, meat
quality and lipid metabolism of finishing mini-pigs. Anim Nutr. (2021) 7:376-
83. doi: 10.1016/j.aninu.2020.08.010

Wang K, Kong XF Azad MAK, Zhu Q, Xiong L, Zheng YZ, et al
Maternal probiotic or synbiotic supplementation modulates jejunal and
colonic antioxidant capacity, mitochondrial function, and microbial
abundance in bama mini-piglets. Oxid Med Cell Longev. (2021)
2021:6618874. doi: 10.1155/2021/6618874

Huang QC, Xu ZR, Han XY, Li WE. Effect of dietary betaine
supplementation on lipogenic enzyme activities and fatty acid synthase
mRNA expression in finishing pigs. Anim Feed Sci Technol. (2008)
140:365-75. doi: 10.1016/j.anifeedsci.2007.03.007

Rao SVR, Raju MVLN, Panda AK, Saharia P, Sunder GS. Effect of
supplementing betaine on performance, carcass traits and immune responses
in broiler chicken fed diets containing different concentrations of methionine.
Asian-Australas ] Anim Sci. (2011) 24:662-9. doi: 10.5713/ajas.2011.10286
Felix N, Sudharsan M. Effect of glycine betaine, a feed attractant
affecting growth and feed conversion of juvenile freshwater
prawn Macrobrachium  rosenbergii. Aquacult Nutr. (2015) 10:193-
7. doi: 10.1111/j.1365-2095.2004.00292.x

Li P, Yin YL, Li D, Kim SW, Wu G. Amino acids and immune function. Br J
Nutr. (2007) 98:237. doi: 10.1017/S000711450769936X

Huang QC, Xu ZR, Han XY, Li WF. Effect of betaine on growth hormone
pulsatile secretion and serum metabolites in finishing pigs. J Anim Physiol
Anim Nutr. (2010) 91:85-90. doi: 10.1111/.1439-0396.2006.00644.x

Kraetzl WD, Schams DD, Brem HG. Secretory patterns of porcine
growth hormone and insulin-like growth-factor-1 in growing pigs. J

of different additives on

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

Anim Physiol Anim Nutr. (2010) 71:1-14. doi: 10.1111/j.1439-0396.1994.tb0
0333.x

Wasinski F. Tyrosine hydroxylase neurons regulate growth hormone
secretion via short-loop negative feedback. J Neurosci. (2020) 40:4309-
22. doi: 10.1523/J]NEUROSCI.2531-19.2020

Persaud SJ, Bewick GA. Peptide YY: more than just an appetite regulator.
Diabetologia. (2014) 57:1762-9. doi: 10.1007/s00125-014-3292-y

Barb CR, Hausman GJ, Houseknecht KL. Biology of leptin in the pig. Domest
Anim Endocrinol. (2001) 21:297-317. doi: 10.1016/S0739-7240(01)00123-0
Hu CJ, Jiang QY, Zhang T, Yin YL, Li EN, Deng JP, et al. Dietary
supplementation with arginine and glutamic acid modifies growth
performance, carcass traits, and meat quality in growing-finishing pigs.
J Anim Sci. (2017) 95:2680-9. doi: 10.2527/jas.2017.1388
Martins ], Neves ], Freitas A, Tirapicos J. Effect
betaine supplementation on chemical and physical
of three muscles from the Alentejano pig. ] Sci Food Agric. (2012)
92:2122-7. doi: 10.1002/jsfa.5595

Huang QC, Han XY, Xu ZR, Yang XY, Chen T, Zheng XT. Betaine suppresses
carnitine palmitoyltransferase I in skeletal muscle but not in liver of finishing
pigs. Livest Sci. (2009) 126:130-5. doi: 10.1016/j.1ivsci.2009.06.015

Tikk K, Tikk M, Aaslyng M, Karlsson AH, Lindahl G, Andersen HJ.
Significance of fat supplemented diets on pork quality - connections between
specific fatty acids and sensory attributes of pork. Meat Sci. (2007) 77:275-
86. doi: 10.1016/j.meatsci.2007.03.019

Madeira M, Rolo E, Alfaia C, Pires V, Luxton R, Doran O, et al.
Influence of betaine and arginine supplementation of reduced protein
diets on fatty acid composition and gene expression in the muscle and
subcutaneous adipose tissue of cross-bred pigs. Br J Nutr. (2016) 115:937-
50. doi: 10.1017/S0007114515005218

Figueroa-Soto CG, Valenzuela-Soto EM. Glycine betaine rather than acting
only as an osmolyte also plays a role as regulator in cellular metabolism.
Biochimie. (2018) 147:89-97. doi: 10.1016/j.biochi.2018.01.002

Lever M, Slow S. The clinical significance of betaine, an osmolyte with
a key role in methyl group metabolism. Clin Biochem. (2010) 43:732-
44. doi: 10.1016/j.clinbiochem.2010.03.009

Li B, Wei L, Hussain A, Zhang L, Wang C, Tian W, et al. Effects of
choline on meat quality and intramuscular fat in intrauterine growth
retardation pigs. PLoS ONE. (2015) 10:0129109. doi: 10.1371/journal.pone.01
29109

Qiao Y, Sun J, Xia SE, Tang X, Shi YH, Le GW. Effects of resveratrol on gut
microbiota and fat storage in a mouse model with high-fat-induced obesity.
Food Funct. (2014) 5:1241-9. doi: 10.1039/c3f060630a

Zheng JL, Luo Z, Zhu QL, Tan XY, Chen QL, Sun LD, et al
Molecular cloning and expression pattern of 11 genes involved in lipid
metabolism in yellow catfish Pelteobagrus fulvidraco. Gene. (2013) 531:53-
63. doi: 10.1016/j.gene.2013.08.028

Dervishi E, Serrano C, Joy M, Serrano M, Rodellar C, Calvo JH. The
effect of feeding system in the expression of genes related with fat
metabolism in semitendinous muscle in sheep. Meat Sci. (2011) 89:91-
7. doi: 10.1016/j.meatsci.2011.04.003

of long-term
characteristics

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

Publisher’s Note: All claims expressed in this article are solely those of the authors

and do not necessarily represent those of their affiliated organizations, or those of

the publisher, the editors and the reviewers. Any product that may be evaluated in

this article, or claim that may be made by its manufacturer, is not guaranteed or

endorsed by the publisher.

Copyright © 2021 Cheng, Song, Zhu, Azad, Gao and Kong. This is an open-access
article distributed under the terms of the Creative Commons Attribution License (CC
BY). The use, distribution or reproduction in other forums is permitted, provided
the original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice.
No use, distribution or reproduction is permitted which does not comply with these
terms.

Frontiers in Nutrition | www.frontiersin.org

December 2021 | Volume 8 | Article 779171


https://doi.org/10.1017/S1751731119002258
https://doi.org/10.3389/fnut.2021.728477
https://doi.org/10.1002/jsfa.11389
https://doi.org/10.2527/2001.794967x
https://doi.org/10.1016/j.anireprosci.2012.04.007
https://doi.org/10.2527/jas2017.1703
https://doi.org/10.1017/S0007114514004346
https://doi.org/10.1016/j.imbio.2014.12.017
https://doi.org/10.1006/meth.2001.1262
https://doi.org/10.19578/j.cnki.ahfs.2019.03-04.001
https://doi.org/10.1016/j.aninu.2020.08.010
https://doi.org/10.1155/2021/6618874
https://doi.org/10.1016/j.anifeedsci.2007.03.007
https://doi.org/10.5713/ajas.2011.10286
https://doi.org/10.1111/j.1365-2095.2004.00292.x
https://doi.org/10.1017/S000711450769936X
https://doi.org/10.1111/j.1439-0396.2006.00644.x
https://doi.org/10.1111/j.1439-0396.1994.tb00333.x
https://doi.org/10.1523/JNEUROSCI.2531-19.2020
https://doi.org/10.1007/s00125-014-3292-y
https://doi.org/10.1016/S0739-7240(01)00123-0
https://doi.org/10.2527/jas.2017.1388
https://doi.org/10.1002/jsfa.5595
https://doi.org/10.1016/j.livsci.2009.06.015
https://doi.org/10.1016/j.meatsci.2007.03.019
https://doi.org/10.1017/S0007114515005218
https://doi.org/10.1016/j.biochi.2018.01.002
https://doi.org/10.1016/j.clinbiochem.2010.03.009
https://doi.org/10.1371/journal.pone.0129109
https://doi.org/10.1039/c3fo60630a
https://doi.org/10.1016/j.gene.2013.08.028
https://doi.org/10.1016/j.meatsci.2011.04.003
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org
https://www.frontiersin.org/journals/nutrition#articles

	Impacts of Betaine Addition in Sow and Piglet's Diets on Growth Performance, Plasma Hormone, and Lipid Metabolism of Bama Mini-Pigs
	Introduction
	Materials and Methods
	Animals, Diets, and Experimental Design
	Sample Collection
	Growth Performance
	Plasma Hormone Analysis
	Intramuscular Fat and Fatty Acid Analysis
	Analysis of the Expression Levels of Genes Related to Fatty Acid Metabolism in Muscles
	Statistical Analysis

	Results
	Growth Performance
	Plasma Hormone Level
	Intramuscular Fat Content
	Medium- and Long-Chain Fatty Acid Contents in Muscles
	The Expression Levels of Genes Related to Fatty Acid Metabolism in Muscles

	Discussion
	Conclusion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References


