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The objective of the study is to evaluate and compare the effects of betaine or glycine on carcass trait,
meat quality and lipid metabolism of finishing Huan Jiang mini-pigs. Betaine called trimethylglycine is a
methyl derivative of glycine, but few researches were conducted to compare the impact of dietary
betaine and glycine on pigs. One hundred and forty-four Huan Jiang mini-pigs (body
weight ¼ 10.55 ± 0.15 kg; 70 d) were randomly divided to 3 treatment groups (basal diet, glycine or
betaine). Results indicated that dietary betaine increased the average daily gain (ADG) and final weight
(P < 0.05). Dietary glycine or betaine markedly reduced average backfat thickness (P < 0.05) and
heightened lean percentage (P < 0.01) compared to the control group. Moreover, in comparison with the
control group, betaine significantly improved the redness (a*) and tenderness (shear force) of the
longissimus dorsi (LD) muscle (P < 0.05), whereas glycine only raised the value of a* of the LD muscle
(P < 0.05). These results showed that diet supplemented with 0.25% betaine and equimolar amounts of
glycine could regulate cascass trait and meat quality of finishing Huan Jiang mini-pigs, and the effect of
betaine was superior to that of glycine.

© 2021 Chinese Association of Animal Science and Veterinary Medicine. Publishing services by
Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This is an open access article under the CC

BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Betaine, i.e., N,N,N-trimethylglycine, is a methyl derivative of
glycine and a coproduct of extracting molasses from sugar beet
iation of Animal Science and
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nce and Veterinary Medicine. Publ
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(Cholewa et al., 2014). It is generally found in animals and plants
and is a secondary metabolite of choline oxidative decomposition
(Eklund et al., 2005). Betaine has many functions, mainly as a
methyl donor involved in methionine-homocysteine cycle and as a
penetrant to maintain body osmotic pressure balance (Martins
et al., 2012; Albuquerque et al., 2017). Several researchers report
that 0.25% betaine is moderate to increase lean percentage and
reduce average backfat thickness and fat percentage in finishing
pigs (Matthews et al., 2001; Siljander-Rasi et al., 2016; Li et al.,
2017a). A previous study suggests that diet supplemented with
betaine increases final weight and average daily gain (ADG) (Huang
et al., 2006), although no difference is observed in other studies
(Matthews et al., 2001; Martins et al., 2012). Another research
shows that the average backfat thickness is lower in finishing pigs
ishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This is an
s/by-nc-nd/4.0/).
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Table 1
Ingredients and nutrient levels of experimental diets (as-fed basis).1

Item Control Glycine Betaine

Ingredients, %
Corn 65.00 65.20 64.71
Soybean meal 19.40 19.00 19.50
Wheat bran 12.46 12.50 12.30
Lysine 0.14 0.14 0.14
CaHPO4 0.75 0.75 0.75
Limestone 0.95 0.95 0.95
Salt 0.30 0.30 0.30
Premix2 1.00 1.00 1.00
Betaine NaCl 0.00 0.00 0.35
Glycine 0.00 0.16 0.00

Nutrient, %
Digestible energy, MJ/kg 13.62 13.59 13.58
Crude protein3 15.07 15.08 15.06
Lys 0.75 0.74 0.75
Met þ Cys 0.50 0.50 0.50
Thr 0.47 0.47 0.47
Ca 0.63 0.63 0.63
Total P 0.53 0.53 0.53
Available P 0.24 0.24 0.24

1 Basal diet formulated according to the Chinese National Feeding Standard for
Swine.

2 Provided per kilogram of diet: Fe, 400 mg as FeSO4$7H2O; Cu, 19.8 mg as
CuSO4$5H2O; I, 0.20 mg as KI; Se, 0.56 mg as NaSeO3; Zn, 359 mg as ZnSO4$7H2O;
Mn, 10.2 mg as MnSO4$H2O; 5 mg vitamin K; 2 mg vitamin B1; 15 mg vitamin B2;
30 mg vitamin B12; 5,400 IU vitamin A; 110 IU vitamin D3; 18 IU vitamin E; 20 mg
antioxidants.

3 Measured nutrient levels (DM basis).
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fed with betaine than that in the control group (Yu et al., 2004), but
others indicate no effect noticed (Fern�andez-Fígares et al., 2008;
Martins et al., 2012). In addition, some reports show that betaine
increases lean percentage (Matthews et al., 2001; Huang et al.,
2007), whereas others indicates that betaine has no effect on lean
percentage (Rojas-Cano et al., 2011). It is also reported that intra-
muscular fat (IMF) increases in finishing pigs fed with betaine
(Martins et al., 2012), but no significant difference is observed in the
study of Rojas-Cano et al. (2011). These inconsistent results sug-
gested that impact of betaine on growth performance and meat
quality in finishing pigs is still ambiguous and needs further
research.

Betaine is a methyl derivative of glycine. Glycine can improve
muscle cell growth by enhancing protein synthesis and inhibiting
protein degradation in C2C12 myoblasts (Sun et al., 2016). Some
researches indicate that glycine enhances muscle protein mass as a
functional amino acid in piglets (Wang et al., 2014; Liu et al., 2016b).
However, there are few studies on the influence of glycine in fin-
ishing pigs. We consider whether glycine possesses a similar
function to betaine in affecting carcass trait, meat quality and lipid
metabolism in finishing pigs. Therefore, equimolar glycine and
betaine are supplemented in the present experimental diets and
compare the difference.

The Huan Jiang mini-pig is an indigenous pig breed in South
China, with soft black skin and delicious meat, which is very pop-
ular in the local area. Due to its typical obese genotype, more and
more attention is being paid to lipid metabolism research. More-
over, its physiological and anatomical structure is similar to human
beings (Liu et al., 2015). Thus, Huan Jiang mini-pig was selected as
an animal model in the present experiment.

2. Materials and methods

2.1. Animals and experiments

All of the experimental protocols were carried out in compliance
with procedures approved by the Animal Ethics Committee of
South China Agricultural University. A total of 144 Huan Jiang mini-
pigs (neutered boars) with an average initial body weight of
10.55 ± 0.15 kg (mean ± SEM) were assigned to 3 treatment groups
with a completely randomized design, with 8 replications of 6 pigs
per replicate (pen). The treatment diets included a corn-soybean
meal basal diet, which was supplemented with 0.25% betaine,
and an equimolar amount of glycine (0.16%; Table 1). In addition,
betaine was added in the form of betaine hydrochloride (0.35%,
Shandong Xiangweisi Biotechnology Co., Ltd.). The basal diet was
formulated to meet the nutritional requirement of finishing pigs
according to Chinese National Feeding Standard for Swine (2004).
All of the pigs were housed in pens of 2.0 m� 3.0 mwith a concrete
slotted floor with an area of 1.0 m � 3.0 m and had free access to
water and diets throughout the whole experiment. The experi-
mental period lasted for 60 d following a 3-d preliminary feeding
period supplemented with the same basic diet.

2.2. Samples collection

At the end of the trial, all the pigs were fasted overnight (12 h),
and one pig of each replicate with the average final body weight
was selected (8 pigs of each group) to slaughter by electrical
stunning and bleeding in a commercial abattoir. Before slaughter,
blood samples were collected into 10-mL anticoagulant centrifuge
tubes and placed at room temperature for 2 h, then centrifuged at
3,000 � g for 10 min at 4 �C. Serum was collected and stored
at �80 �C until further analysis. The longissimus dorsi (LD) muscle
between the 6th and 7th ribs was immediately excised and stored
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at �20 �C for determination of the chemical composition, or placed
in liquid N2 and then stored at �80 �C for the analysis of quanti-
tative real-time PCR.

2.3. Carcass trait analysis

The left side of the carcass was weighed and then split up into
skeletal muscle and fat as previously described (Martins et al.,
2012). Loin-eye area and average backfat thickness (3rd to 4th
lumbar vertebra, 10th to 11th, and the last rib) were measured.

2.4. Meat quality assessment

The pH value, color, shear force, water-holding capacity, cooking
loss and IMF content of the LD muscle were measured to evaluate
pork quality. A hand-held pH meter (pH-STAR, SFK-Technology,
Denmark) was used to determine the pH values at 45 min and
24 h postmortem. The LD muscle was given 10 to 15 min for the
color to develop after cutting. Subsequently, meat color including
lightness (L*), redness (a*) and yellowness (b*) was measured us-
ing a hand-held colorimeter (CR-410, Minolta Camera, Co., Osaka,
Japan). Water-holding capacity, cooking loss and shear force were
determined as described in our previous study (Li et al., 2018).
Shear forcewas measured using a texture analyzer (TA-tx2i Texture
Analyzer, Stable Micro Systems, Godalming, UK) equipped with a
WarnereBratzler shear force device using cooked and cooled
samples.

2.5. Serum biochemical indexes measurements

Alanine aminotransferase, aspartate aminotransferase), total
protein, albumin, urea nitrogen, creatinine, blood ammonia in
serum were measured with automatic biochemical analyzer
(Beckman CX4; Beckman Coulter, Germany) and commercial kits
(Leadman Biotech Limited, Beijing, China) as specified by the
manufacturer.



Table 2
Primers used for quantitative real-time PCR.

Genes Primers Sequences (50 to 30) Product size, bp

ACC Forward TTCCAGGCACAGTCCTTAGG 161
Reverse TCATCCAACACGAGCTCAGT

FAS Forward CTACCTTGTGGATCACTGCATAGA 114
Reverse GGCGTCTCCTCCAAGTTCTG

CPT1B Forward ATGGTGGGCGACTAACT 321
Reverse TGCCTGCTGTCTGTGAG

HSL Forward GCAGCATCTTCTTCCGCACA 195
Reverse AGCCCTTGCGTAGAGTGACA

FAT/CD36 Forward CTGGTGCTGTCATTGGAGCAGT 160
Reverse CTGTCTGTAAACTTCCGTGCCTGTT

FATP1 Forward GGAGTAGAGGGCAAAGCAGG 208
Reverse AGGTCTGGCGTGGGTCAAAG

PPARg Forward AGGGCCAAGGATTCATGACA 248
Reverse GTGGTTCAACTTGAGCTGCA

SREBP1c Forward GCGACGGTGCCTCTGGTAGT 218
Reverse CGCAAGACGGCGGATTTA

MyHC I Forward GGCCCCTTCCAGCTTGA 63
Reverse TGGCTGCGCCTTGGTTT

MyHC IIa Forward TTAAAAAGCTCCAAGAACTGTTTCA 100
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2.6. Measurement of free amino acids in serum and LD muscle

The free amino acid profile in serum was measured as previ-
ously described (Hu et al., 2019). Firstly, 1 mL of 8% 5-sulfosalicylic
acid was added to tube including 1 mL of serum, mixed, stood for
15 min, and then centrifuged at 9,390 � g at room temperature for
10 min. Subsequently, 0.22 mm membrane was used to filter the
supernatant before measurement. The free amino acid concentra-
tions in LD muscle were determined as our previous studies out-
lined (Duan et al., 2016b; Liu et al., 2016a). Approximately 0.5 g of
freeze-dried muscle sample was homogenized in 10 mL of
0.01 mol/L hydrochloric acid and shaken for 30 min. Then the so-
lution added up to 25 mL with 0.01 mol/L hydrochloric acid. After
centrifuging at 13,520 � g at room temperature for 10 min, 1 mL of
the supernatant was mixed with 1 mL of 8% 5-sulfosalicylic acid
and centrifuged again. One milliliter of the supernatant was chosen
to filter with 0.22 mm membrane before analysis. All samples were
determined by an ion-exchange AA analyzer (L8800, Hitachi, Tokyo,
Japan).
Reverse CCATTTCCTGGTCGGAACTC
MyHC IIx Forward AGCTTCAAGTTCTGCCCCACT 76

Reverse GGCTGCGGGTTATTGATGG
MyHC IIb Forward CACTTTAAGTAGTTGTCTGCCTTGAG 80

Reverse GGCAGCAGGGCACTAGATGT
GAPDH Forward AAGGAGTAAGAGCCCCTGGA 140

Reverse TCTGGGATGGAAACTGGAA

ACC ¼ acetyl-CoA carboxylase a; FAS ¼ fatty acid synthase; CPT1B ¼ carnitine pal-
mitoyl transferase 1B; HSL ¼ hormone-sensitive lipase; FAT/CD36 ¼ fatty acid
translocase; FATP1 ¼ fatty acid transport protein 1; PPARg ¼ peroxisome
proliferator-activated receptor g; SREBP1c ¼ sterol regulatory element binding
protein-1c; MyHC ¼ myosin heavy chain; GAPDH ¼ Glyceraldehyde-3-phosphate
dehydrogenase.
2.7. Measurement of fatty acid composition and IMF in LD muscle

The IMF content was measured using the Soxhlet extraction
method as previously outlined (Duan et al., 2016a). The free fatty
acid concentrations were measured as described in detail (Li et al.,
2017a). The fatty acid composition of LD muscle was measured as
previously described (Li et al., 2015). Lipids were extracted from the
LD muscle samples by the benzene-petroleum ether (1:1, vol/vol)
procedure. Fatty acid methyl esters were prepared using 0.4 mol/L
KOH/methanol solution, then determined by an Agilent 6890N gas
chromatographer equipped with a flame ionization detector (Agi-
lent Technologies) and A CP-Sil 88 fused silica open tubular capil-
lary column (100 m � 0.25 nm; Chrompack). The method of gas
chromatography analysis was as follows: original temperature was
set at 45 �C for 4 min, raised to 175 �C at 13 �C/min, held at 175 �C
for 27min, warmed from 175 to 215 �C at 4 �C/min, and then held at
215 �C for 35 min. The injector and detector temperatures were
stabilized at 250 �C. The carrier gas was hydrogen and the flow rate
was set at 30 mL/min. The concentration of individual fatty acids
was quantified by the precise standard and expressed as a per-
centage of the total fatty acids.
2.8. Quantitative real-time PCR analysis

The quantitative real-time PCR was conducted as described in
our previous study (Zhong et al., 2019). The TRIzol reagent (Invi-
trogen, Carlsbad, CA, USA) was used to isolate RNA from LD muscle
tissues (Invitrogen, Carlsbad, CA, US) following the manufacturer's
protocol. Quantitative real-time PCR was performed with an ABI
7900HT Real-time PCR system (Applied Biosystems, Branchburg,
NJ) to determine relative mRNA expression levels of the selected
genes.

Primers of the target genes were designed using Primer 5.0
software (Table 2). To normalize the mRNA expression levels of
target genes, the housekeeping gene glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) was selected as an internal control. The
procedures of quantitative real-time PCR were set as follows:
incubated at 95 �C for 10 min, denatured at 95 �C for 15 s with 40
cycles, annealed at 60 �C for 60 s, and extended at 72 �C for 30 s. The
mRNA expression levels of target genes in arbitrary unit were ac-
quired from the value of the threshold cycle (Ct) of the real-time
PCR as related to that of internal control using the comparative
2�DDCt method (Duan et al., 2019).
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2.9. Statistical analysis

To assess influence of treatments, all data in the current study
was analyzed by one-way analysis of variance (ANOVA) using the
SAS 8.2 software (Cary, NC, USA) followed by Duncan's multiple
comparison test. Means and standard error of mean (SEM) were
adopted to express results. P < 0.05 was considered statistically
significant and 0.05 < P < 0.10 was considered a trend toward
significance.

3. Results

3.1. Growth performance

As shown in Table 3, final weight (P ¼ 0.08) and ADG (P ¼ 0.06)
of the pigs fed with 0.25% betainewere higher than those of control
group, but no difference was observed between the glycine and the
control groups. In addition, no significant difference was noticed in
the average daily feed intake (ADFI) and the ratio of feed intake to
body weight gain (Feed:Gain) among the 3 treatment groups
(P > 0.05).

3.2. Carcass trait and meat quality

Betaine and glycine both decreased the average backfat thick-
ness (P < 0.05) and increased lean percentage (P < 0.01) when
compared to the control group. The 45 min pH value, 24 h pH value,
L* value, b* value, water-holding capacity, and cooking loss had no
significant difference among the 3 treatment groups (P > 0.05).
Nevertheless, a* value was higher in the betaine and the glycine
groups than the control group (P ¼ 0.04). Moreover, the shear force
showed a notable decrease in the betaine group compared to the
other 2 groups (P ¼ 0.01; Table 4).



Table 3
Impact of diet supplemented with betaine or glycine on growth performance of
finishing Huan Jiang mini-pigs.

Item Control Glycine Betaine SEM P-value

Initial weight, kg 10.59 10.55 10.53 0.15 0.97
Final weight, kg 30.21b 31.39ab 32.29a 0.32 0.08
ADG, g/d 326.90b 347.02ab 360.49a 1.24 0.06
ADFI, g/d 972.35 999.74 979.35 3.12 0.74
Feed:Gain ratio1 2.98 2.89 2.80 0.17 0.26

ADG ¼ average daily gain; ADFI ¼ average daily feed intake.
a, b Within a row, values with different superscripts differ significantly at P < 0.05
and a trend toward significance at P < 0.10. Data are expressed as means ± SEM,
n ¼ 8.

1 Feed:Gain ratio ¼ the ratio of feed intake to body weight gain.

Table 5
Impact of diet supplemented with betaine or glycine on serum metabolites of fin-
ishing Huan Jiang mini-pigs.

Item Control Glycine Betaine SEM P-value

ALT, U/L 62.67 63.69 68.61 0.89 0.22
AST, U/L 62.10 65.00 65.00 1.08 0.81
TP, g/L 74.55 74.66 74.97 0.50 0.93
ALB, g/L 49.21 48.34 47.64 0.44 0.21
NH3, mmol/L 206.72 207.08 210.52 1.24 0.84
BUN, mmol/L 4.43 4.77 4.98 0.24 0.13
CREA, mmol/L 69.00 70.60 73.00 0.70 0.21

ALT ¼ alanine aminotransferase; AST ¼ aspartate aminotransferase; TP ¼ total
protein; ALB ¼ albumin; NH3 ¼ ammonia; BUN ¼ urea nitrogen; CREA ¼ creatinine.
Data are expressed as means ± SEM, n ¼ 8.

Table 6
Impact of dietary betaine on serum free amino acids of finishing Huan Jiang mini-
pigs (mg/mL).

Item Control Glycine Betaine SEM P-value

EAA
Lysine 22.37 22.84 22.83 0.34 0.59
Methionine 4.14 4.21 4.27 0.18 0.69
Valine 33.55 33.95 33.62 0.59 0.96
Isoleucine 15.63 15.95 15.02 0.38 0.37
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3.3. Serum biochemical indexes

The concentrations of serum metabolites with different dietary
treatments are presented in Table 5. Diet supplemented with
betaine or glycine did not affect the concentrations of alanine
aminotransferase, aspartate aminotransferase, total protein, albu-
min, urea nitrogen, creatinine, and blood ammonia in serum of the
pigs (P > 0.05).

3.4. Free amino acid profiles in serum and skeletal muscle

As can be seen from Table 6, the concentration of essential
amino acids in serum did not change significantly (P > 0.05). An
obvious increase was observed in glycine concentration in the
glycine group compared to the other 2 groups (P < 0.05). Moreover,
the cysteine concentration in the pigs fed with glycine or betaine
was lower than the control group (P < 0.01).

The free amino acid profiles in LD muscle are presented in
Table 7. A significant increase was noticed in methionine and
threonine concentrations in the glycine group and the betaine
group (P < 0.01). Serine concentration showed an increasing trend
in the glycine and the betaine group compared to the control group
(P < 0.10). In addition, the cysteine concentration in the control
group was higher than the other 2 groups (P < 0.01). The essential
amino acids (EAA), non-essential amino acids (NEAA) and total
amino acids (TAA) did not change among the 3 treatment groups
(P > 0.05).

3.5. Fatty acid profile in skeletal muscle

The free fatty acid (FFA) and IMF content in the glycine and the
betaine groups were lower than that of the control group (P < 0.01).
Diet supplemented with betaine and glycine greatly altered the
Table 4
Impact of diet supplemented with betaine or glycine on carcass trait and meat
quality of finishing Huan Jiang mini-pigs.

Item Control Glycine Betaine SEM P-value

Average backfat thickness, mm 19.64a 18.00b 18.09b 0.40 0.05
Loin eye area, mm2 893.60 931.81 897.70 3.65 0.78
Lean percentage, % 38.11b 40.69a 40.87a 0.41 <0.01
pH45 min 6.29 6.31 6.39 0.17 0.73
pH24 h 5.46 5.48 5.34 0.12 0.13
L* (lightness) 45.16 44.57 45.14 0.44 0.76
a* (redness) 15.77b 16.71a 16.78a 0.30 0.04
b* (yellowness) 4.71 4.35 4.42 0.20 0.12
Water-holding capacity, % 20.24 19.68 18.41 0.68 0.67
Cooking loss, % 58.34 56.93 56.73 0.43 0.12
Shear force, N 46.77a 45.08a 39.37b 0.74 0.01

a,b Within a row, values with different superscripts differ significantly at P < 0.05 and
a trend toward significance at P < 0.10. Data are expressed as means ± SEM, n ¼ 8.
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fatty acid composition of LD muscle (Table 8). Betaine and glycine
decreased the concentration of saturated fatty acid (SFA, P < 0.05),
whereas the concentration of polyunsaturated fatty acid (PUFA)
and PUFA-to-SFA ratio markedly increased relative to the control
group (P < 0.01). The concentrations of C18:3n3 and C20:4n6 were
higher in the glycine and betaine groups when compared to the
control group (P < 0.01). Furthermore, diet supplemented with
glycine and betaine did not affect the value of monounsaturated
fatty acid (MUFA, P > 0.05).
3.6. The relative mRNA expression levels of myosin heavy chain
(MyHC) and the genes related to lipid metabolism

The gene expression level ofMyHC Iwas markedly up-regulated
in LDmuscle in the betaine group (P < 0.05, Fig. 1A). However, there
was no pronounced difference in the mRNA expression levels of
MyHC IIa, MyHC IIb, and MyHC IIx among the 3 dietary groups
(P > 0.05).

The mRNA expression levels of the genes involved in muscle
lipid metabolism: Lipid intake includes fatty acid translocase (FAT/
CD36) and fatty acid transport protein 1 (FATP1), lipogenesis in-
cludes acetyl-CoA carboxylase a (ACC) and fatty acid synthase (FAS),
Leucine 25.03 24.93 25.08 0.49 0.99
Phenylalanine 12.90 12.35 13.00 0.27 0.12
Histidine 13.25 13.40 13.48 0.44 0.96
Threonine 17.92 17.92 17.97 0.46 1.00

NEAA
Alanine 26.05 26.24 24.87 0.54 0.53
Aspartic acid 3.04 3.23 3.15 0.18 0.42
Glutamic acid 34.44 34.35 35.14 0.71 0.93
Arginine 33.35 33.48 33.07 0.53 0.95
Glycine 40.11b 46.49a 41.37b 0.64 <0.01
Serine 8.32 8.63 8.90 0.30 0.39
Tyrosine 11.51 11.27 11.72 0.34 0.68
Cysteine 5.72a 4.37b 4.18b 0.30 <0.01
Proline 17.27 17.63 17.58 0.35 0.78

Total EAA 144.78 145.56 145.27 0.80 0.96
Total NEAA 179.82 185.69 179.98 0.83 0.11
Total AA 324.60 331.25 325.25 0.92 0.18

EAA ¼ essential amino acids; NEAA ¼ non-essential amino acids.
a,bWithin a row, values with different superscripts differ significantly at P < 0.05 and
a trend toward significance at P < 0.10. Data are expressed as means ± SEM, n ¼ 8.



Table 7
Impact of diet supplemented with betaine on free amino acids of longissimus dorsi
muscle in finishing Huan Jiang mini-pigs (mg/g).

Item Control Glycine Betaine SEM P-value

EAA
Lysine 81.64 86.17 82.82 1.01 0.59
Methionine 59.05b 63.03a 63.88a 0.58 <0.01
Valine 111.79 104.28 98.02 1.23 0.14
Isoleucine 90.14 87.93 87.25 0.94 0.75
Leucine 129.57 124.85 119.14 1.25 0.34
Phenylalanine 93.57 92.81 94.65 0.70 0.70
Histidine 62.01 64.35 62.10 0.84 0.70
Threonine 71.09b 84.28a 81.46a 0.96 <0.01

NEAA
Alanine 437.75 494.87 488.10 2.63 0.15
Aspartic acid 250.48 261.96 274.28 2.04 0.45
Glutamic acid 201.78 196.43 198.52 1.56 0.89
Arginine 58.51 59.20 57.03 0.70 0.61
Glycine 281.43 317.01 292.62 2.65 0.52
Serine 62.38 70.59 70.39 0.97 0.10
Tyrosine 83.91 74.98 79.93 0.96 0.12
Cysteine 21.63a 18.55b 18.17b 0.48 <0.01
Proline 113.85 116.51 113.53 0.92 0.69

Total EAA 698.86 707.73 689.33 2.10 0.65
Total NEAA 1,511.72 1,610.10 1,592.55 3.83 0.29
Total AA 2,210.58 2,317.83 2,281.88 4.08 0.35

EAA ¼ essential amino acids; NEAA ¼ non-essential amino acids.
a,b Within a row, values with different superscripts differ significantly at P < 0.05 and
a trend toward significance at P < 0.10. Data are expressed as means ± SEM, n ¼ 8.
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lipolysis includes hormone-sensitive lipase (HSL) and fatty acid
oxidation includes carnitine palmitoyl transferase 1B (CPT1B), and
transcription factors includes sterol regulatory element binding
Table 8
Impact of diet supplemented with betaine on fatty acid composition and intra-
muscular fat content of longissimus dorsi muscle in finishing Huan Jiang mini-pigs
(% of total fatty acids).

Item Control Glycine Betaine SEM P-value

FFA, mmol/g protein 0.43a 0.23b 0.23b 0.10 <0.01
IMF, % 4.45a 3.91b 3.99b 0.19 <0.01
C14:0 1.19a 0.87b 0.93b 0.12 <0.01
C14:1 0.05b 0.05a 0.05b 0.03 0.04
C15:0 0.09 0.09 0.10 0.04 0.55
C16:0 24.44 22.94 23.17 0.35 0.02
C16:1 3.26 2.90 2.86 0.22 0.16
C17:0 0.84 0.74 0.82 0.12 0.27
C18:0 12.85 12.95 13.13 0.27 0.68
C18:1n9t 0.13a 0.12b 0.12b 0.03 <0.01
C18:1n9c 32.21 31.53 32.00 0.41 0.66
C18:2n6c 15.98b 17.02a 16.58ab 0.32 0.10
C20:0 0.22a 0.18b 0.19ab 0.06 0.02
C18:3n6 0.15 0.16 0.16 0.05 0.38
C20:1 0.75 0.70 0.75 0.08 0.16
C18:3n3 0.30b 0.33a 0.33a 0.05 0.05
C20:2 0.40 0.44 0.43 0.08 0.43
C20:3n6 0.63 0.65 0.65 0.07 0.59
C20:4n6 6.00b 7.43a 7.14a 0.27 <0.05
C20:5n3 0.23 0.20 0.21 0.07 0.27
C22:6n3 0.23 0.25 0.23 0.08 0.75
SFA1 39.63a 37.77b 38.33b 0.37 0.01
MUFA2 36.41 35.31 35.77 0.43 0.43
PUFA3 23.93b 26.48a 25.73a 0.39 <0.01
PUFA:SFA ratio 0.61b 0.70a 0.67a 0.07 <0.01

FFA ¼ free fatty acid; IMF ¼ intramuscular fat; SFA ¼ saturated fatty acid;
MUFA ¼ monounsaturated fatty acid; PUFA ¼ polyunsaturated fatty acid.
a,b Within a row, values with different superscripts differ significantly at P < 0.05 and
a trend toward significance at P < 0.10. Data are expressed as means ± SEM, n ¼ 8.

1 SFA ¼ C14:0 þ C15:0 þ C16:0 þ C17:0 þ C18:0 þ C20:0.
2 MUFA ¼ C14:1 þ C16:1 þ C18:1n9t þ C18:1n9c þ C20:1.
3 PUFA ¼ C18:2n6c þ C18:3n6 þ C18:3n3 þ C20:2 þ C20:3n6 þ C20:4n6 þ

C20:5n3 þ C22:6n3.
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protein-1c (SREBP1c) and peroxisome proliferator-activated re-
ceptor g (PPARg). As shown in Fig. 1B, in comparison with the
control group, betaine lowered the relative mRNA expression levels
of FATP1 and SREBP1c, whereas no significant differences were
observed in the value of FAT/CD36 in the present study (P > 0.05).
Additionally, betaine and glycine both down-regulated the mRNA
expression levels of ACC, FAS, and PPARg (P < 0.05), and the value of
HSL and CPT1B were up-regulated (P < 0.05).

4. Discussion

The present study was designed to investigate and compare the
effects of betaine or glycine on carcass trait, meat quality and lipid
metabolism in finishing Huang Jiang mini-pigs. Our results indi-
cated that betaine increased final weight and ADG, but had no
impact on ADFI and Feed:Gain ratio. The addition of glycine did not
improve the growth performance parameters of the pigs. Addi-
tionally, betaine or glycine both decreased average backfat thick-
ness and betaine also increased lean percentage. It was consistent
with previous studies (Matthews et al., 2001; Huang et al., 2007).
The reason might be that betaine increased the synthesis of pro-
teins and the rate of cell proliferation by regulating the response of
various cells to hypertonicity (Petronini et al., 1992), or increased
sarcoplasmic osmolality to increase muscle mass (Courtenay et al.,
2000). Glycine also increased lean percentage, probably because it
enhanced the amino acid metabolism cycle, which promoted pro-
tein synthesis of skeletal muscle (Wang et al., 2014; Liu et al.,
2016b; Sun et al., 2016).

As mentioned earlier, people are keen on high-quality meat,
especially excellent tenderness and juiciness (Mehta et al., 2013).
Some experiments were conducted to evaluate effect of betaine on
pork quality (Overland et al., 1999; Matthews et al., 2001; Martins
et al., 2012), whereas the results were not consistent. It is re-
ported that betaine does not influence L*, a* and b* values of pork
(Martins et al., 2012;Matthews et al., 2001). In our study, a* value of
the betaine groupwasmarkedly increased in LDmuscle. The reason
for the discrepancy might be that the amount of dietary betaine
additionwas different. Furthermore, glycine also increased a* value
of the LD muscle in the present experiment. Another finding of our
study was that the dietary betaine supplementation decreased
shear force, and thus improved pork tenderness. The reduction in
shear force valuemight be related to the increase in protein content
(Hwang et al., 2010). However, no changes were observed in serum
metabolites of the pigs fed with betaine or glycine. The latest study
indicates that specific amino acids could enhance protein synthesis
and promote skeletal muscle growth through activating the key
signaling pathway (Cholewa et al., 2014; Hu et al., 2019). In the
present experiment, betaine or glycine partly changed the free
amino acid profiles in serum and LD muscle. The content of free
cysteine in serum and LD muscle was observed a reduction in the
betaine and glycine groups, and free methionine in LD muscle was
increased in the betaine group compared to the control group.
Homocysteine is an intermediate in the synthesis of methionine
and cysteine (Ganguly and Alam, 2015). Betaine participates in the
methionine-homocysteine cycle, and as a methyl donor to promote
homocysteine re-methylation to methionine (Schwab et al., 2006;
Cholewa et al., 2014). This explained the increase of free methio-
nine and the decrease of free cysteine. Additionally, betaine and
glycine both boosted the concentration of threonine in LDmuscle. A
previous study indicates that threonine is converted to glycine by
threonine aldolase (Joshi et al., 2010).When there is enough glycine
in the body, threonine aldolase activity is inhibited, and the thre-
onine concentration is increased. Interestingly, dietary glycine
supplementation increased the content of serum glycine, but
betaine had no effect. It is suggested that their physiological



Fig. 1. Betaine promoted the synthesis of type I muscle fibers in longissimus dorsi muscle; betaine (Bet) and glycine (Gly) inhibited fat synthesis and promoted fat catabolism in
longissimus dorsi muscle. (A) The relative mRNA expression levels of the key genes related to skeletal muscle fiber type including myosin heavy chain (MyHC) I, MyHC IIa, MyHC IIb,
andMyHC IIx (n ¼ 8). (B) The relative mRNA expression levels of the key genes related to lipid metabolism including fatty acid transport protein 1 (FATP1), fatty acid translocase (FAT/
CD36), acetyl-CoA carboxylase a (ACC), fatty acid synthase (FAS), hormone-sensitive lipase (HSL), carnitine palmitoyl transferase 1B (CPT1B), sterol regulatory element binding
protein-1c (SREBP1c), and peroxisome proliferator-activated receptor g (PPARg) (n ¼ 8). a, b Bars with different letters differ significantly at P < 0.05 and a trend toward significance
at P < 0.10. Data are expressed as means ± SEM.
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functions are different. Betaine is mainly involved in methyl
metabolism, and glycine is primarily participated in protein syn-
thesis in the body (Martins et al., 2012; Wang et al., 2014; Liu et al.,
2016b; Sun et al., 2016).

Meat quality, especially tenderness, is extremely associatedwith
muscle fiber type composition (Ryu and Kim, 2005; Maltin et al.,
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2007). According to the major subtype of MyHC in adult mamma-
lian skeletal muscles, muscle fibers are divided into 4 types, namely
type I, type IIa, type IIx, and type IIb, which influence many aspects
of meat quality (Ali et al., 2008; Choi and Kim, 2009; Joo et al.,
2013). In the present study, the relative mRNA expression level of
MyHC I in LDmuscle was higher in the betaine group than the other



Y. Zhong, Z. Yan, B. Song et al. Animal Nutrition 7 (2021) 376e383
2 groups. The results suggested that betaine could induce the
conversion of type II fibers into type I fibers, thus improve muscle
type composition. It has been pointed out that type I fiber is related
to meat tenderness (Maltin et al., 2010; Lee et al., 2010), and this
could explain that betaine reduced shear forces of the finishing
mini-pigs in our study. Additionally, MyHC I fiber contains more
myoglobin and thus improves meat color (Joo et al., 2013), which
also could explain the increase in a* value of the pork in the present
experiment.

It is indicated that IMF content is directly correlative with meat
quality, particularly juiciness and flavor (Jeremiah et al., 2003;
Wood et al., 2008; Hocquette et al., 2009; Li et al., 2017b). Previous
studies reported that betaine could increase IMF content (Martins
et al., 2012; Madeira et al., 2016; Albuquerque et al., 2017), but
others pointed out no effect was obtained (Rojas-Cano et al., 2011).
In the current trial, IMF content of the betaine and the glycine
groups was reduced but remained at a fairly high level (Wood et al.,
2008). This result might be associatedwith fatty acidmetabolism in
skeletal muscle. The available evidence indicates that FFA compo-
sition plays a quite momentous role in flavor generation and
nutritional value (Wood et al., 2003). Fatty acid saturation could
affect fat hardness, which in turn affects meat quality (Perry et al.,
1998). An earlier research reported that the intake of a lower level
of SFA with an increased ratio of PUFA to SFA could reduce the risk
of coronary heart disease (Hu et al., 1999). It can be seen from the
current study that betaine and glycine decreased the percentage of
SFA, and at the same time increased the content of PUFA and the
ratio of PUFA to SFA.

As mentioned above, the IMF content was decreased in the
betaine and glycine groups. Whether the decrease related to the
expression levels of the genes involved in lipid metabolism remains
to be learned. Lipid uptake is mainly regulated by fatty acid
transporters, such as FAT/CD36 and FATP1 (Koonen et al., 2005;
Nickerson et al., 2009), and overexpression of which could promote
intracellular fatty acid uptake (Ibrahimi et al., 1999; Sebasti�an et al.,
2009). In the present study, betaine significantly down-regulated
the mRNA expression level of FATP1, indicating that betaine might
reduce the uptake of fatty acid. It is well known that ACC and FAS
are the rate-limiting enzymes for fatty acid de novo synthesis (Liu
et al., 1994; Smith et al., 2003). The nuclear transcription factors
including SREBP1c and PPARg are extremely associated with lipo-
genic genes (Farmer, 2005; Li et al., 2017b). SREBP1c can up-
regulate the expression level of ACC (Stoeckman and Towle,
2002), whereas PPARg suppresses HSL gene expression level
(Grindflek et al., 2000). In the present study, the mRNA expression
levels of ACC, FAS, SREBP1c, and PPARg were all decreased signifi-
cantly in the finishing mini-pigs fed betaine or glycine (Du et al.,
2018). However, these results were inconsistent with previous
research which dietary supplementation with betaine increased
the mRNA levels of ACC and PPARg in LD muscle (Li et al., 2017a).
The conflict can be explained due to different breed, gender,
feeding cycles and experiment stages, etc. Meanwhile, HSL and
CPT1B were the rate-limiting enzymes of lipid catabolism
(Mersmann, 1998; Peffer et al., 2005). Between them, the role of
HSL is to hydrolyze triglycerides, and CPT1B is responsible for
transporting fatty acids into mitochondria for oxidation. Previous
experiments showed that betaine could enhance the mRNA
expression levels of HSL and CPT1B (Li et al., 2017a; Albuquerque
et al., 2017), which were also observed in our study. The results
indicated that betaine heightened the catabolism of fatty acids in
skeletal muscle tissue. In viewof the foregoing, the reduction of IMF
content and FFA in finishing pigs fed with betaine and glycine
might be that dietary betaine and glycine both inhibited the uptake
and synthesis of fatty acids and enhanced the catabolism of fatty
acids in LD muscle tissue.
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5. Conclusion

In summary, diets supplemented with 0.25% betaine could
improve growth performance, carcass trait, pork quality and lipid
metabolism of Huan Jiang finishing mini-pigs, and equimolar
amounts of glycine could also improve meat quality and lipid
metabolism of the finishing pigs to some extent, but was inferior to
betaine. Therefore, we consider that betaine could partially replace
glycine in finishing pig feeding. Besides, this study will also provide
reference value for the further application of betaine in animal
husbandry and human nutrition.
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