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Serine and glycine are 2 of the first-affected nonessential amino acids in low crude protein (CP) diets for
pigs. Therefore, we explored the effects of different dietary serine-to-glycine ratios on growth perfor-
mance and lipid metabolism in growing-finishing pigs. A total of 160 crossbred healthy barrows, with a
similar body weight of around 59.50 kg, were randomly allotted into 1 of 5 treatments (8 pens per
treatment and 4 pigs per pen). The serine-to-glycine ratios of the 5 dietary treatments were as follows:
diet A (NORMAL group), 1.18:1 (16% CP); diet B (LOWgroup), 1.2:1 (12% CP); diet C (S2G1 group), 2:1 (12%
CP); diet D (S1G2 group), 1:2 (12% CP); and diet E (S1G1 group), 1:1 (12% CP).We found that the pigs fed a
low CP diet (12% CP), when maintaining serine-to-glycine ratio at 1:2 and a total amount of 1.44%, had
the same average daily gain as the pigs fed a normal CP diet (16% CP) (P > 0.05), but they had increased
intramuscular fat (P < 0.05). Furthermore, they exhibited higher expression of genes involved in lipid
oxidation (P < 0.05), which was regulated by modulating methylation levels in the promoters of acyl-CoA
oxidase 1 (ACOX1) and acyl-CoA dehydrogenase medium chain (ACADM). When compared with the pigs
fed a normal CP diet, these pigs had more oxidative myofibers (P < 0.05), which were regulated by AMPK-
PGC-1a and Calcineurin-MEF2/NFAT pathways in a coordinated manner. Our findings suggested that a
dietary serine-to-glycine ratio of 1:2 is beneficial for improving meat quality in pigs fed a low CP diet.

© 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

Decreasing the crude protein (CP) level in pig diet has many
beneficial effects, including reducing nitrogen excretion, feed cost,
and the risk of gut disorders. However, low CP diets often result in
impaired muscle protein synthesis and growth, because organisms
adapt to chronic protein deficiency metabolically by reducing the
iation of Animal Science and
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protein synthesis rate (Duan et al., 2016). Nutritionally nonessential
amino acids can become growth-limiting factors in low-CP diets. It
has been reported that glycine and serine, as precursors of arginine
and cysteine, respectively, would be 2 of the first-affected nones-
sential amino acids in protein deficiency, because their concentra-
tions are reduced and endogenous metabolization processes (such
as de novo synthesis) are slower without sufficient metabolic
precursors when pigs are fed low-CP diets (Powell et al., 2011). The
levels of these amino acids could be the limiting factor deciding the
utilization efficiency of low-CP diets supplemented with amino
acids.

Numerous studies have investigated the effects of dietary
glycine and serine supplementation on growth performance of
broiler chickens. For decades, most studies have established the
performance-enhancing effects of glycine (Greene et al., 1960;
Waterhouse and Scott 1961), and others suggested an equivalent
ishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This is an
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effect of serine in fulfilling the function of glycine (Baker et al., 1968;
Sugahara and Kandatsu 1976). For this reason, they claimed that
dietary levels of both glycine and serine should be evaluated to
determine the physiological value of a diet (Siegert et al., 2015).
Recently, some studies have further shown performance-
enhancing effects of glycine on broilers with reduced CP diets
(Corzo et al., 2004; Dean et al., 2006). Surprisingly, a recent study
indicated that the existing recommendations for glycine and serine
levels for broilers, which have been used for almost 20 years, may
be too low (Ospina-Rojas et al., 2013). However, studies on the in-
fluence of dietary glycine and serine on pigs are scarce, although
these 2 amino acids are metabolically important. For instance,
serine provides a one-carbon group for the methionine cycle and is
a substrate for cysteine synthesis. Additionally, both glycine and
serine are important substrates for the synthesis of glutathione,
creatine, and protein.

Glycine can convert directly to serine and vice versa via serine
hydroxy methyltransferase (SHMT). Glycine and serine play pri-
mary roles in protein synthesis and supporting proliferation.
Additionally, they are important for the synthesis of glutathione,
phospholipids, nucleotides, and other metabolites (Labuschagne
et al., 2014). Although glycine and serine are metabolically related
and share many functional roles, they cannot replace each other in
diets. When serine is converted to glycine, one-carbon units are
produced for methylation and building nucleotides, and the reac-
tion inwhich glycine is converted to serine depletes the one-carbon
pool (Labuschagne et al., 2014). Consequently, an imbalanced
serine-to-glycine ratio in diets would cause imbalances in
methylation reactions.

Previous studies have shown that either glycine or serine could
be beneficial for intestinal health and improve growth performance
in piglets (Li et al., 2016; Zhou et al., 2018b; Fan et al., 2019).
However, no studies have examined the effects of glycine and/or
serine on growth performance in growing-finishing pigs. Conse-
quently, the aim of the current study was to explore the effects of
dietary serine-to-glycine ratios on growth performance and other
potential effects in the skeletal muscle, as well as the underlying
mechanisms in growing-finishing pigs.

2. Materials and methods

The experimental protocol was approved by the Protocol Man-
agement and Review Committee of Institute of Subtropical Agri-
culture, Chinese Academy of Science (No. 20190045). All pigs were
cared for and slaughtered according to the guidelines of Institute of
Subtropical Agriculture on Animal Care (Changsha, China).

2.1. Animals and experiment diets

A total of 160 crossbred healthy barrows (Duroc � Landrace �
Yorkshire), with a similar body weight (around 59.50 kg) were
selected for the experiments. The pigs were randomly allotted into
1 of 5 treatments (8 pens per treatment and 4 pigs per pen). Diets
were isoenergetic and met the nutritional needs for growing-
finishing pigs according to the National Research Council except
for protein content (Appendix Table 1). The serine-to-glycine ratios
of the 5 dietary treatments were as follows: diet A (NORMAL
group), 1.18:1 (16% CP, basal diet); diet B (LOWgroup), 1.2:1 (12% CP,
low CP diet generated mostly by decreasing the content of soybean
meal); diet C (S2G1 group), 2:1 (12% CP, low CP diet generated by
decreasing the content of soybean meal and adding 0.49% serine
and 0.08% glycine); diet D (S1G2 group), 1:2 (12% CP, low CP diet
generated by decreasing the content of soybean meal and adding
0.57% glycine); and diet E (S1G1 group), 1:1 (12% CP, low CP diet
generated by decreasing the content of soybean meal and adding
385
0.24% serine and 0.33% glycine). Pigs had ad libitum access to feed
and water. The experimental period lasted for 43 days. Serine and
glycine (purity � 99.0%) were purchased from Aladdin Technology
Co., LTD (Shanghai, China).
2.2. Sample collection

Feed intake was recorded every week and body weights were
recorded at the start and the end of the experiment to calculate the
feed to gain ratio. At the end of the experiment, 8 pigs were
randomly chosen from each treatment and then slaughtered by
electrical stunning (250 V, 0.5 A, for 5 to 6 s) and exsanguination.
Immediately, samples of the longissimus muscle adjacent to the
last rib from the left-half body, which is a predominantly fast-
twitch muscle, were collected for the analysis of gene and protein
expression, as well as transcriptomic study and pyrosequencing.
2.3. Body fat and intramuscular fat content

Fat ratio was calculated as the ratio of fat weight to total body
weight. Back fat was measured at the first, tenth, and last ribs, as
well as the last lumbar vertebrae, and backfat thickness was
defined as the average of the four sites. Crude fat on the longissimus
dorsi muscle obtained between the thirteenth and fourteenth ribs
from the left-half carcasses were extracted by Soxhlet extraction
and intramuscular fat content was defined as the ratio of crude fat
content to the weight of muscle sample.
2.4. Transcriptomic study

Samples of the longissimus dorsi musclewere used for total RNA
isolation. After qualification, samples were submitted for differen-
tial gene expression (DGE) experiments by Novogene Bioinfor-
matics Technology Co. Ltd (Beijing, China) on an Illumina HiSeq
platform, and 125/150 bp paired-end reads were generated. Total
reads were mapped to the Sus scrofa genome in Ensembl (http://
www.ensembl.org/sus_scrofa/Info/Index) using Bowtie v2.2.3 and
TopHat v2.0.12 software. HTSeq v0.6.1 was used to count the read
numbers mapped to each gene. DESeq R package (1.18.0) was used
for DGE analysis. To control the false discovery rate, the resulting P-
values were adjusted using Benjamini and Hochberg's approach.
DGE were confirmed when log2 fold change >1 and adjusted P-
value < 0.05 were found by DESeq.
2.5. Pyrosequencing

Pyrosequencing was performed as previously reported (Cao
et al., 2018). Briefly, genomic DNA was extracted from samples of
longissimus dorsi muscle and then modified by sodium bisulfate
using the EZ DNA Methylation-Gold Kit D5005 (ZYMO Research,
Beijing, China). Specific regions in the promoters of fatty acid syn-
thase (FAS), acyl-CoA oxidase 1 (ACOX1), acyl-CoA dehydrogenase
medium chain (ACADM), and myocyte enhancer factor 2D (MEF2D)
were amplified, respectively, using a PCR kit (Sangon Biotech,
Shanghai, China). The PCR was performed under the following
cycling conditions: 3 min at 95 �C; then 35 cycles of 25 s at 94 �C,
25 s at 58 �C, 25 s at 72 �C; and 5 min at 72 �C. Then, the single-
stranded (ss) DNA isolated from the PCR products was used as a
template in the pyrosequencing PCR to analyze CpG sites. Target
sequences for detecting DNAmethylation and primer sequences for
pyrosequencing PCR are presented in Appendix Table 2, and the
target sequences in promoters of FAS, ACOX1, ACADM, and MEF2D
are presented in Appendix Table 3.

http://www.ensembl.org/sus_scrofa/Info/Index
http://www.ensembl.org/sus_scrofa/Info/Index
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2.6. RT-qPCR analysis

RT-qPCR analysis was performed to validate the results of
transcriptome sequencing and determine myosin heavy chain gene
expression. Total RNA was isolated from longissimus dorsi muscle
samples using an RNA Extraction Kit (Takara, Beijing, China). An RT
reagent Kit with gDNA Eraser (Takara) was used for reverse tran-
scription. Target gene transcript levels were normalized to levels of
GAPDH and b-actin. RT-qPCRwas performed as reported previously
(He et al., 2018a, 2018b). Briefly, the reaction mixture had a total
volume of 10 mL containing 1 mL DNA, 5 mL SYBRGreenmix (Takara),
3 mL deionized H2O, 0.2 mL ROX, and 0.4 mL each of forward and
reverse primers. Fold differences in mRNA levels were calculated
using the 2�DDCt method. All primers used in the reaction are
shown in Appendix Table 4.

2.7. Protein quantification by the Wes Simple Western System

Protein quantification was performed with the Wes Simple
Western System (Proteinsimple, San Jose, CA, USA). Proteins
extracted from longissimus dorsi muscle samples were mixed
with fluorescent standards, Master Mix, dithiothreitol, and Simple
Western Sample Buffer (Proteinsimple) and thenwere loaded into
Wes 25-well plates. Primary antibodies against AMP-activated
protein kinase (AMPK) and myocyte enhancer factor 2D
(MEF2D) were purchased from Bioss, Beijing, China; antibodies
against b-actin, phopho-AMPK, forkhead transcription factor 1
(FOXO1), slow skeletal myosin heavy chain (SSMHC), fast skeletal
myosin heavy chain (FSMHC), Calcineurin A, Calcineurin B,
peroxisome-proliferator-activated receptor coactivator (PGC-1a),
and nuclear factor of activated T cells-1 (NFAT1) were purchased
from Abcam, Cambridge, MA, USA. The appropriate secondary
antibodies, stacking and separation gel matrix were added
Table 1
Growth performance of the growing-finishing pigs.1

Index NORMAL LOW

IBW, kg 59.2 ± 1.2 59.6 ± 1.4
FBW, kg 96.0 ± 2.6 93.2 ± 2.9
ADG, g 855 ± 17a 777 ± 15b

ADFI, kg 2.22 ± 0.09 2.25 ± 0.08
F:G 2.59 ± 0.08b 2.89 ± 0.08a

IBW ¼ initial body weight; FBW ¼ final body weight; ADG ¼ average daily weight gain;
a, bMean values within a row with unlike superscript letters were significantly different

1 NORMAL, pigs fed a normal crude protein (16%) diet; LOW, pigs fed a low crude prote
low crude protein (12%) diet with serine-to-glycine ratio 2:1, generated by decreasing the
low crude protein (12%) diet with serine-to-glycine ratio 1:2, generated by decreasing
protein (12%) diet with serine-to-glycine ratio 1:1, generated by decreasing the content

Table 2
Body fat content of the growing-finishing pigs.1

Index NORMAL1 LOW2

Body fat ratio, % 2.18 ± 0.15b 2.48 ± 0.29ab

Backfat thickness, mm 20.96 ± 0.97 22.51 ± 0.77
Intramuscular fat, % 1.83 ± 0.23bc 2.64 ± 0.27ab

a,b,cMean values within a row with unlike superscript letters were significantly different
1 NORMAL, pigs fed a normal crude protein (16%) diet.
2 LOW, pigs fed a low crude protein (12%) diet generated by decreasing the content o
3 S2G1, pigs fed a low crude protein (12%) diet with serine-to-glycine ratio 2:1, gener

glycine.
4 S1G2, pigs fed a low crude protein (12%) diet with serine-to-glycine ratio 1:2, gener
5 S1G1, pigs fed a low crude protein (12%) diet with serine-to-glycine ratio 1:1, gener

glycine.
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according to the manufacturer's instructions. Protein bands were
obtained using the “gel view” function of the Protein Simple
software (Proteinsimple).
2.8. Statistical analysis

Data were analyzed by one-way ANOVA using the SAS 8.2
software package, followed by a Duncan's multiple-range test. The
results were considered to be statistically significant at P < 0.05.
3. Results

3.1. Growth performance

As presented in Table 1, pigs in the NORMAL and S1G2 diet
groups had a significantly higher average daily weight gain (ADG)
than pigs in the LOW diet group, but no significant difference in
ADG was observed among pigs in the LOW, S2G1, and S1G1 diet
groups. No difference was observed in average daily feed intake
among the 5 diet treatment groups. However, when compared with
pigs in the NORMAL diet group, pigs in the LOW, S2G1, and S1G2
diet groups exhibited higher feed to gain ratios.
3.2. Body fat and intramuscular fat content

As presented in Table 2, pigs in the S1G2 and S2G1 diet groups
had significantly higher intramuscular fat content when compared
with pigs in the NORMAL diet group. Pigs in the S1G2 diet group
had significantly higher fat rate when compared with pigs in the
NORMAL diet group. However, no significant difference in backfat
thickness was observed among pigs in the 5 diet groups.
S2G1 S1G2 S1G1

59.7 ± 1.3 59.7 ± 0.9 59.4 ± 1.2
93.7 ± 2.4 95.7 ± 3.0 95.1 ± 3.3
791 ± 21ab 839 ± 31a 831 ± 29ab

2.32 ± 0.09 2.42 ± 0.06 2.34 ± 0.07
2.94 ± 0.11a 2.90 ± 0.14a 2.82 ± 0.06ab

ADFI ¼ average daily feed intake; F:G ¼ the ratio of feed to gain.
(P < 0.05). n ¼ 8.
in (12%) diet generated by decreasing the content of soybean meal; S2G1, pigs fed a
content of soybeanmeal and adding 0.49% serine and 0.08% glycine; S1G2, pigs fed a
the content of soybean meal and adding 0.57% glycine; S1G1, pigs fed a low crude
of soybean meal and adding 0.24% serine and 0.33% glycine.

S2G13 S1G24 S1G15

2.16 ± 0.26b 2.97 ± 0.25a 2.10 ± 0.14b

22.84 ± 1.04 23.53 ± 1.40 20.80 ± 0.89
3.22 ± 0.25a 2.92 ± 0.38a 2.50 ± 0.34ab

(P < 0.05). n ¼ 8.

f soybean meal.
ated by decreasing the content of soybean meal and adding 0.49% serine and 0.08%

ated by decreasing the content of soybean meal and adding 0.57% glycine.
ated by decreasing the content of soybean meal and adding 0.24% serine and 0.33%
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3.3. Transcriptome analysis

To explore why pigs in the S1G2 diet group had more intra-
muscular fat, we performed transcriptome analysis in longissimus
dorsi muscle samples from pigs in different diet treatment groups.
The temporally differentially expressed genes (DEG) with a log2
ratio > 0.5 (P > 0.009, false discovery rate < 0.02) between libraries
are presented in Appendix Figure Figs1 and Figs2. The data for the
LOW diet group versus the NORMAL diet group produced 2,299
DEG, including 1,054 upregulated DEG and 1,245 downregulated
DEG. The data for the S1G2 diet group versus the NORMAL diet
group produced 1,303 DEG, including 634 upregulated DEG and
669 downregulated DEG.

We next performed a gene ontology (GO) enrichment analysis to
identify overrepresented biological processes, molecular functions,
and cellular components corresponding to the list of DEG (Fig. 1).
The upregulated DEG (LOW diet group versus NORMAL diet group)
were significantly enriched in 11 GO terms principally including
biosynthesis and metabolism of lipids and peptides, and the
downregulated DEG were significantly enriched in 4 GO terms
including molecular function regulator, peptidase regulator, and
inhibitor activity, as well as extracellular region. The upregulated
DEG (S1G2 diet group versus NORMAL diet group) were signifi-
cantly enriched in 9 GO terms principally including lipid biosyn-
thesis and metabolism and mitochondrial function, and the
downregulated DEG were significantly enriched in 6 GO terms
including cellular response to hormone stimulus, response to hor-
mone, hormone-mediated signaling pathway, response to lipid,
molecular function regulator, and extracellular region.

Kyoto Encyclopedia of Genes and Genomes (KEGG) metabolic
pathway analysis provided additional information on possible
functional pathways that the DEG are involved in (Fig. 2). The re-
sults showed that the largest upregulated functional pathway was
Fig. 1. The GO analysis for differentially expressed genes. (A) Up-regulated GO terms betwee
groups. (C) Up-regulated GO terms between S1G2 and NORMAL groups. (D) Down-regulate
diet; LOW, pigs fed a low CP (12%) diet generated by decreasing the content of soybean m
decreasing the content of soybean meal and adding 0.57% glycine. GO ¼ gene ontology; CP
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glycolysis/gluconeogenesis, followed by biosynthesis of amino
acids in the DEG (LOW diet group versus NORMAL diet group).
Nitrogen metabolism, protein export, as well as cysteine and
methionine metabolism pathways were important downregulated
pathways detected in the DEG (LOW diet group versus NORMAL
diet group). When comparing the S1G2 diet group with the
NORMAL diet group, the upregulated DEG were principally related
to glycolysis/gluconeogenesis, biosynthesis of amino acids, one
carbon pool by folate, AMPK, FOXO and calcium signaling pathway,
as well as fatty acid biosynthesis and metabolism, and the down-
regulated DEG were mostly related to cysteine and methionine
metabolism, glycine, serine and threonine metabolism, pyruvate
metabolism, purine metabolism, and fatty acid degradation.

3.4. Verification of changes of gene expression in transcriptomic
analysis

To verify the results of RNA-sequencing, 9 DEG closely involved
in regulating lipid metabolism, namely FAS, carnitine palmitoyl-
transferase 1b (CPT1B), acetyl-CoA carboxylase beta (ACACB),
acetyl-CoA carboxylase alpha (ACACA), lipase E, hormone sensitive
type (HSL), ACOX1, ACADM, CD36molecule (CD36), andMEF2Dwere
selected for RT-PCR analysis. As shown in Fig. 3A and B, the results
of gene expression by RT-PCR agreed with the transcriptomics
results.

3.5. Promoter DNA methylation of key genes

To further verify whether the significantly upregulated genes
were regulated by DNA methylation, we further analyzed promoter
DNAmethylation of genes including FAS, ACOX1, ACADM, andMEF2D.
As shown in Fig. 3C and D, the methylation levels of the promoter
sequences of 2 genes (ACOX1 and ACADM) were highly different
n LOW and NORMAL groups. (B) Down-regulated GO terms between LOW and NORMAL
d GO terms between S1G2 and NORMAL groups. NORMAL, pigs fed a normal CP (16%)
eal; S1G2, pigs fed a low CP (12%) diet with serine-to-glycine ratio 1:2, generated by
¼ crude protein.



Fig. 2. The KEGG pathway analysis for differentially expressed genes. (A) Up-regulated pathways between LOW and NORMAL group. (B) Down-regulated pathways between LOW
and NORMAL group. (C) Up-regulated pathways between S1G2 and NORMAL group. (D) Down-regulated pathways between S1G2 and NORMAL group. NORMAL, pigs fed a normal
CP (16%) diet; LOW, pigs fed a low CP (12%) diet generated by decreasing the content of soybean meal; S1G2, pigs fed a low CP (12%) diet with serine-to-glycine ratio 1:2, generated
by decreasing the content of soybean meal and adding 0.57% glycine. KEGG ¼ Kyoto Encyclopedia of Genes and Genomes. CP ¼ crude protein; AMPK ¼ adenosine monophosphate-
activated protein kinase; FOXO ¼ forkhead transcription factor O.
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depending on diet. For the promoter sequence of the ACOX1 gene,
CpG sites 3, 4, and 5 were significantly less methylated in S1G2 diet
groups than in the NORMAL and LOW groups. For the promoter
sequence of the ACADM gene, CpG sites 2 and 4 were significantly
less methylated in S1G2 diet groups than in NORMAL and LOW
groups. No significant difference in the methylation levels of the
promoter sequences of FAS andMEF2Dwere observed (Fig. 3E and F).
Fig. 3. Differentially expressed genes involved in lipid metabolism and status of promoter D
RNA-seq sequencing (n ¼ 3). (B) Verification of transcriptomics quantification by qRT-PCR (n
ACOX1, (D) ACADM, (E) FAS and (F) MEF2D genes, respectively (n ¼ 3). NORMAL, pigs fed a
content of soybean meal; S1G2, pigs fed a low CP (12%) diet with serine-to-glycine ratio
CP ¼ crude protein. FAS ¼ Fatty acid synthase; CPT1B ¼ Carnitine palmityl transferase 1B; ACA
E, hormone sensitive type; ACOX1 ¼ acyl-CoA oxidase 1; ACADM ¼ acyl-CoA dehydrogenase
standard deviations. Mean values were significantly different among groups (*P < 0.05, **P
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3.6. Changes of fiber type of the longissimus dorsi muscle

To further explore whether the increased intramuscular fat was
accompanied bymuscle fiber type transition, we analyzed gene and
protein expression of myosin heavy chain. The results showed that
gene expression of myosin heavy chain 1 (MYHC1) was significantly
decreased whereas MYHC7 expression was significantly increased
NA methylation. (A) Relative expression of differentially expressed genes according to
¼ 8). The methylation status of representative CpG sites from promoter sequence of (C)
normal CP (16%) diet; LOW, pigs fed a low CP (12%) diet generated by decreasing the
1:2, generated by decreasing the content of soybean meal and adding 0.57% glycine.
CB ¼ acetyl-CoA carboxylase beta; ACACA ¼ acetyl-CoA carboxylase alpha; HSL ¼ lipase
medium chain; MEF2D ¼ myocyte enhancer factor 2D. Values are expressed as means ±
< 0.01).



Fig. 4. Expression of myosin heavy chain. (A) Relative mRNA expression of myosin heavy chain (n ¼ 8). (B) Protein expression of myosin heavy chain. Relative protein expression of
(C) FSMHC and (D) SSMHC calculated according to the results of (B) (n ¼ 3). NORMAL, pigs fed a normal CP (16%) diet; LOW, pigs fed a low CP (12%) diet generated by decreasing the
content of soybean meal; S1G2, pigs fed a low CP (12%) diet with serine-to-glycine ratio 1:2, generated by decreasing the content of soybean meal and adding 0.57% glycine.
CP ¼ crude protein.MYHC ¼ myosin heavy chain; FSMHC ¼ fast myosin skeletal heavy chain; SSMHC ¼ slow myosin skeletal heavy chain. Values are expressed as means ± standard
deviations. Mean values were significantly different among groups (*P < 0.05, **P < 0.01).
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in the longissimus dorsi muscle of pigs in the S1G2 diet groupwhen
compared with pigs in NORMAL and LOW diet groups (Fig. 4A).
Additionally, no changes in gene expression of MYHC2 and MYHC4
were observed among the three diet treatment groups. Moreover,
protein expression of FSMHC was significantly decreased whereas
SSMHC expression significantly increased in the longissimus dorsi
muscles of pigs in the S1G2 diet groupwhen compared with pigs in
the NORMAL and LOW diet groups (Fig. 4BeD).

3.7. Expression of proteins involved in the regulation of muscle fiber
transition

To further explore changes of proteins involved in regulating the
muscle fiber transition based on the KEGG metabolic pathway
analysis, we measured the protein expression of AMPK, FOXO1, and
Calcineurins, as well as their downstream targets. The results
showed that expression of AMPK, phospho-AMPK, Calcineurin A
and B, PGC-1a, MEF2D, and nuclear NAFT1 were significantly
increased in longissimus dorsi muscles of pigs in the S1G2 diet
group when compared with pigs in NORMAL and LOW diet groups
(Fig. 5). However, the increase of FOXO1 protein expression did not
reach statistical significance.

4. Discussion

There is increasing attention on the potential beneficial effects
of glycine and serine because these amino acids lie at a key pivot
point in intermediary metabolism, although they have long been
considered as nutritionally non-essential amino acids. The current
study showed that pigs fed a low-CP diet with 0.48% serine and 0.4%
glycine had lower ADG and higher feed to gain ratio when
compared with pigs fed the normal-CP diet. Surprisingly, when fed
the low-CP diet with 0.48% serine and 0.96% glycine, pigs had the
same ADG as pigs fed the normal CP diet, although with a higher
feed to gain ratio. However, when feeding the low CP diet with the
same total amount of serine and glycine (serine plus
glycine ¼ 1.44%) but different serine-to-glycine ratios (2:1 or 1:1),
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pigs had lower ADG and higher feed to gain ratio. These results
suggested that maintaining the dietary serine-to-glycine ratio at
1:2 with a total amount of 1.44% in low-CP diets would benefit
growth performance in growing-finishing pigs.

Fortunately, we unexpectedly found that the lipid contents of
pigs in the S1G2 group were significantly changed, with a higher
body fat rate and increased backfat thickness. Most importantly, the
intramuscular fat was also increased. This result indicated that
feeding pigs with the low-CP diet with 0.48% serine and 0.96%
glycine may exert beneficial effects on meat quality, as intramus-
cular fat is one of the major characteristics of meat quality. Lipid
metabolism including fatty acid biosynthesis, fatty acid oxidation,
and lipid transportation regulate fat content in the skeletal muscle.
We used a transcriptional analysis of gene expression and found
that most DEG between pigs in the NORMAL group and pigs in the
S1G2 group were enriched in lipid biosynthetic and metabolic
processes as found by GO enrichment analysis. These results indi-
cated that lipid metabolism was changed in the skeletal muscle of
pigs in the S1G2 group. We further identified 8 DEG involved in
lipid metabolism. Levels of 5 genes (CPT1B, ACACB, ACACA, ACOX1,
and ACADM) involved in fatty acid oxidation, one gene (FAS)
involved in fatty acid synthesis, and one gene (CD36) involved in
fatty acid transportation were increased, whereas one gene (HSL)
involved in lipolysis was decreased according to the transcriptomic
analysis results and verified by RT-qPCR analysis. These changes
suggested that a dietary serine-to-glycine ratio at 1:2 with a total
amount of 1.44% in low-CP diets not only increased fatty acid
deposition, but also increased fatty acid utilization in the skeletal
muscle. Nevertheless, these changes ultimately resulted in net lipid
accumulation in the skeletal muscle.

Epigenetic modifications including DNA methylation using
methyl groups supplied by dietary nutrients, play an important
role in regulating the transcription of genes involved in lipid
metabolism (Zhao et al., 2018). Serine is critically important for
maintaining whole-body methylation potential by supporting
homeostasis of the methionine cycle, not only by providing one-
carbon units, but also by increasing de novo ATP synthesis



Fig. 5. Expression of proteins involved in AMPK, calcineurin and FOXO signaling pathway. (A) Protein qualification by the Wes Simple Western System. (B) Relative protein
expression of AMPK and pAMPK. (C) FOXO1, calcineurin A and calcineurin B. (D) PGC-1a, MEF2D, nuclear NFAT1 and total NFAT1, calculated according to the results of (A) (n ¼ 3).
Values are expressed as means ± standard deviations. Mean values were significantly different among groups (*P < 0.05, **P < 0.01). NORMAL, pigs fed a normal CP (16%) diet; LOW,
pigs fed a low CP (12%) diet generated by decreasing the content of soybean meal; S1G2, pigs fed a low CP (12%) diet with serine-to-glycine ratio 1:2, generated by decreasing the
content of soybean meal and adding 0.57% glycine. CP ¼ crude protein.

X. Zhou, Y. Liu, L. Zhang et al. Animal Nutrition 7 (2021) 384e392
(Zhou et al., 2017a, 2017b). Our previous studies showed that di-
etary serine not only affected the ratio of S-adenosylmethionine to
S-adenosylhomocysteine, which reflects methylation capacity,
but also influenced the DNA methylation level of the genome
(Zhou et al., 2017a). Importantly, dietary serine affects methyl-
ation status of CpG sites in the promoters of certain genes (Cao
et al., 2018; Zhou et al., 2018a). Glycine is also closely involved
in methylation reactions. Glycine can provide one-carbon units
through the glycine cleavage system and promote the formation
of methylene tetrahydrofolate from tetrahydrofolate (Newman
and Maddocks 2017). In addition, the conversion of glycine to
serine by SHMT1/2 can deplete the one-carbon pool (Labuschagne
et al., 2014).

The balance of serine and glycine may determine the mainte-
nance of whole-body methylation potential. Consequently, dietary
serine and glycine concentrations and their ratio may regulate the
expression of genes involved in fatty acid metabolism by affecting
methylation in the promoters of certain genes. This speculationwas
confirmed by our finding of hypomethylation at certain CpG sites in
the promoter of ACOX1 and ACADM genes. However, it has been
suggested that dietary supply of methyl donors generally results in
global DNA methylation, yet does not necessarily result in changes
of methylation on the promoters of all functional genes (Cai et al.,
2014; Zhou et al., 2015). In the present study, we did not observe
changes in the methylation status of CpG sites in the promoter of
FAS and MEF2D, although their mRNA levels were significantly
increased. Presumably, the expression of FAS andMEF2D,which are
downstream of the AMPK signaling pathway, may be regulated by
the activation of AMPK. However, the mechanism underlying the
effects of dietary glycine and serine balance on DNA methylation of
certain gene promoters is difficult to define. Previous studies
observed both hypomethylation and hypermethylation effects of
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dietary methyl donors on different gene promoters in the same
experiments (Cai et al., 2014).

Myofiber type is one of the primary factors that determine meat
quality, as it is closely associated with intramuscular fat content
(Guo et al., 2011). The increased intramuscular fat content in pigs
fed a low-CP diet maintaining the serine-to-glycine ratio at 1:2 and
a total amount of 1.44% may be accompanied with changes in the
skeletal muscle fiber type. MYHC is modulated at the transcrip-
tional level in the pig skeletal muscle (Choi and Kim 2009). In the
present study, we found increased gene expression of MYHC7 but
decreased expression of MYHC1 in pigs in the S1G2 group. These
results suggested that these pigs had more oxidative fibers and
fewer glycolytic fibers. Previous studies showed that the molecular
identification of myofiber types based on the results of MYHC
expression was more credible and precise than the results of
immunohistochemical staining (Park et al., 2009). Nevertheless,
our protein expression results further confirmed that slow skeletal
myosin heavy chain levels were increased and fast myosin skeletal
heavy chain levels were decreased in pigs fed a low-CP diet
maintaining the serine-to-glycine ratio at 1:2 and a total amount of
1.44%. These results suggested that the increased intramuscular fat
observed in this studymay also be a result of the formation of slow-
twitch muscle fibers, as previous studies showed that slow-twitch
muscle fibers contain more lipids than fast-twitch muscle fibers
(Karlsson et al., 1999; Guo et al., 2011).

The factors involved in regulating adaptive changes of muscle
fibers include (a) signals such as calcium signaling, (b) energy state
(such as AMPK, Sirt1, and FOXO), and (c) transcriptional regulation
(such as PGC-1a, myostatin, and NFkB) (Blaauw et al., 2013). Ac-
cording to the results of KEGG metabolic pathway analysis, we
focused on AMPK, FOXO, and calcium signaling pathways. The
AMPK pathway is the most important signal that senses actual
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energy levels and energy stores. There is a strong interaction be-
tween AMPK and PGC-1a. AMPK activation by phosphorylation
upregulates PGC-1a, promoting transcriptional regulation of its
target genes, and subsequently results in slow muscle properties
(Jager et al., 2007). Our results showed increased expression of
phosphorylated AMPK and PGC-1a, confirming that the AMPK-
PGC-1a signaling pathway plays a role in forming slow-twitch
muscle fibers in the longissimus muscle of pigs fed a low-CP diet
maintaining the serine-to-glycine ratio at 1:2 and a total amount of
1.44%. It is not surprising that dietary serine and glycine activated
the AMPK signaling pathway because previous studies showed that
either serine or glycine could affect AMPK activity (Sun et al., 2016;
Zhou et al. 2017b, 2018a). However, our results in pigs were
opposite to those of a previous study which showed an inhibitory
effect of glycine on AMPK activity in the C2C12 cell line (Sun et al.,
2016). We presumed that the effects of these 2 amino acids on
AMPK activity may differ in vivo and in vitro. Most importantly, the
serine-to-glycine ratio and the total amount of these 2 amino acids
may be critical factors that determine their effects on AMPK
activity.

Calcineurin plays a fundamental role in regulating the formation
of slow-twitch muscle fibers. The transcription factors NFAT and
MEF2, which are both downstream targets of Calcineurin, are also
pivotal in regulating fiber-type specification (Crabtree and
Schreiber 2009). Activation of MEF2 and translocation of NFAT
from the cytoplasm to the nucleus promote the transition of fiber
type from slow to fast (Wu et al., 2000; Tothova et al., 2006). In the
present study, we observed increased expression of Calcineurin A
and B, MEF2D, and nuclear NFAT1 in the longissimus muscles of
pigs fed a low-CP diet maintaining a serine-to-glycine ratio at 1:2
and a total amount of 1.44%, which was in line with the results of
KEGG metabolic pathway analysis. Because MEF2 is also known to
interact with PGC-1a (Akimoto et al., 2004), we presumably sug-
gested that the AMPK-PGC-1a and Calcineurin-MEF2/NFAT path-
ways may regulate changes in skeletal muscle fiber type in a
coordinated manner. The expression of FOXO1 did not change, so
likely excludes the involvement of this pathway in regulating
myofiber transition.

In conclusion, we explored the effects of various dietary serine-
to-glycine ratios on growth performance of growing-finishing pigs
and found that the pigs fed a low-CP diet, when maintaining the
serine-to-glycine ratio at 1:2 and a total amount of 1.44%, had the
same ADG as the pigs fed a normal-CP diet. Importantly, we found
that the pigs in the S1G2 treatment group had increased intra-
muscular fat in the longissimusmuscle. Transcriptome analysis and
pyrosequencing showed that these pigs had higher expression of
genes (ACOX1 and ACADM) involved in fatty acid oxidation, which
was regulated by epigenetically modulating the methylation level
in the promoters of these 2 genes. Furthermore, we found that
these pigs had more slow-twitch muscle fibers, which were regu-
lated by the AMPK-PGC-1a and Calcineurin-MEF2/NFAT pathways
in a coordinated manner. Our findings are beneficial for under-
standing the molecular mechanisms underlying how the serine-to-
glycine ratio and content affect meat quality in growing-finishing
pigs, and may shed new light on the application of low-CP diets
as a nutrition strategy for pig production when dietary protein is
restricted.
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