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a b s t r a c t

This study aimed to explore the effects of glutamate (Glu) supplementation on the growth performance,
carcass traits, meat quality, composition of amino acids and fatty acids in the longissimus dorsi muscle,
and the colonic microbial community of Shaziling pigs. A total of 48 healthy male Shaziling pigs (150 d,
31.56 ± 0.95 kg) were randomly assigned to two groups, and fed a basal diet with no supplement (control
group) or supplemented with 1% Glu (Glu group) for 51 d, and 6 pigs per group were finally slaughtered.
Glu significantly increased the average daily gain (P ¼ 0.039), lean percentage (P ¼ 0.023), and intra-
muscular fat (IMF) content (P ¼ 0.015), and decreased the fat percentage (P ¼ 0.021) of Shaziling pigs. In
the muscle, Glu increased the concentrations of inosine-50-monophosphate (P ¼ 0.094), Fe (P ¼ 0.002),
Cu (P ¼ 0.052), and monounsaturated fatty acids (MUFAs) (P ¼ 0.024), and decreased the content of
C18:2n6 (P ¼ 0.011), n-6 polyunsaturated fatty acids (n-6 PUFAs) (P ¼ 0.014), and PUFAs (P ¼ 0.014).
Moreover, Glu significantly upregulated the mRNA expression of adipogenesis-related genes (FAS, SREBP-
1C) (P ¼ 0.032, P ¼ 0.026) and muscle growth-related genes (MyHCIIb, MyHCIIx) (P ¼ 0.038, P ¼ 0.019) in
the muscle, and increased the relative abundance of Spirochaetota (P < 0.001) and the acetic acid content
in the colon (P ¼ 0.039). Correlation analysis indicated that the acetic acid content was positively
correlated with the relative Spirochaetota abundance and the IMF content, and a negative trend with the
fat percentage of Shaziling pigs. In conclusion, these results indicated that Glu could simultaneously
increase the lean percentage and IMF content and decrease the fat percentage of Shaziling pigs, and these
beneficial effects may be related to increased colonic Spirochaetota abundance and acetic acid
concentrations.
© 2025 The Authors. 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

Pork possesses high nutritional value and is one of the most
consumedmeats worldwide (Matarneh et al., 2021). However, pork

quality is declining due to the excessive pursuit of growth rate and
lean percentage of pigs. Therefore, the current trend is to produce
safe and high-quality pork as the consumer demands. Compared to
the Western commercial pig breeds, the Chinese indigenous pig
breeds are favored by consumers due to their premium meat
quality and attractive flavor (Li et al., 2021). Among them, the
Shaziling pig is such an indigenous breed known for superior meat
quality and sensory attributes as manifested by high contents of
intramuscular fat (IMF), amino acids and fatty acids (Duan et al.,
2023; Song et al., 2022). However, what cannot be ignored is that
these pigs grow slowly and have a lower lean percentage and a high
fat content (Song et al., 2022), necessitating a simultaneous
improvement in carcass traits and meat quality.
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One promising strategy that may help achieve this objective is
addition of certain amino acids to diets. Evidence for this is pro-
vided by observations that dietary inclusion of branched chain
amino acids (Zhang et al., 2022), glycine (Zhong et al., 2021), argi-
nine (Hu et al., 2017b; Madeira et al., 2015), or serine (Zhou et al.,
2021) improves meat quality. Apart from these amino acids,
glutamate (Glu) has gained our attention since Glu is the top ranked
metabolite enriched in metabolic pathways for the Shaziling pig
meat flavor. Moreover, the muscular Glu concentration is positively
correlated with total essential amino acids, flavor amino acids, and
sweet amino acids of Shaziling pigs (Duan et al., 2023). Based on
these findings, it is hypothesized that Glu may play a key role in the
muscle development and hence meat quality in Shaziling pigs.

Traditionally, Glu has been classified as a nutritionally “nones-
sential” amino acid (Wu, 2013). However, fresh insights into the
effects of Glu on energy metabolism in the intestines of weaned
piglets indicate that Glu is a nutritionally essential amino acid for
maintaining intestinal and whole-body homeostasis in neonates
(Hou et al., 2018; Qin et al., 2018; Sheng, 2015; Zhu et al., 2020).
Although early research on Glu focused on the intestine (Duan
et al., 2014; Rezaei et al., 2013), more recent studies have high-
lighted its impact on muscle and adipose tissues. Since the Glu
requirement by muscle cannot be fully met through intramuscular
synthesis of Glu (Ytrebø et al., 2006), it is necessary to add a large
amount of Glu to the diet to support muscle growth. Indeed, recent
research using a lipopolysaccharide-challenged piglet model
(Duroc � Large White � Landrace) has provided direct evidence of
the muscle growth-promoting effects of dietary Glu supplemen-
tation (1%) (Kang et al., 2017). Apart from its functions in muscle
growth of pigs, Glu supplementation (1%) also reduces backfat
thickness and increases IMF content in growing-finishing pigs
(Duroc� Landrace � Yorkshire) (Hu et al., 2017a; Kong et al., 2015).
These findings open up the possibility of adding appropriate Glu
(1%) to diets of pigs to increase the lean percentage and improve
meat quality. However, there is a paucity of data on the role of di-
etary Glu supplementation in Shaziling pigs.

Since 150 to 210 d of age seem to be the critical window formeat
quality in Shaziling pigs (Song et al., 2022), we conducted a study
using 150-d-old Shaziling pigs with a hypothesis that dietary Glu
supplementation during the window period could improve growth
performance, carcass traits, meat quality, amino acid and fatty acid
composition of the longissimus dorsi muscle, and alter the colonic
microbial community of Shaziling pigs.

2. Materials and methods

2.1. Animal ethics statement

All animal procedures of this studywere performed according to
the Animal Care Committee of the Institute of Subtropical Agri-
culture, Chinese Academy of Sciences, and adhered to the Chinese
guidelines on experimental protocols and animal welfare (ISA-
2020-023).

2.2. Experimental protocols

A total of 48 healthy male Shaziling pigs with a similar weight
(150 d, 31.56 ± 0.95 kg) were randomly allocated to two groups.
Each group had six replicates of four pigs per replicate. Pigs were
fed either a basal diet with no supplement (control [Con] group), or
that supplemented with 1% Glu. The composition and nutrient
levels of diets are shown in Table 1. The nutritional level of the diets
meets the nutritional needs of Shaziling pig (China National Stan-
dard, NY/T 2826-2015 in Chinese, Supplementary file). All Shaziling

pigs are raised under the same environmental conditions with the
diets and water available all the time for 51 d.

2.3. Chemical analysis

Crude protein (N � 6.25) of the diet was measured according to
the China National Standard (GB/T 6432-2018) using continuous
flow analyzer (Auto Analyzer 3-AA3, Seal Analytic, American). Ether
extract was measured according to the China National Standard
(GB/T 6433-2006) by using automatic fat analyzer (SOX416, Ger-
hardt, Germany). Crude fibre was measured according to the China
National Standard (GB/T 6434-2022) using automatic fiber analyzer
(FT12, Gerhardt, Germany). The total phosphorus and calciumwere
measured according to the British National Standard (NF V18-213-
2007) using Agilent 5100 ICP-OES (5100, Agilent, American). The
Glu content was measured according to the China National
Standard (GB/T 18246-2019) using an Amino Acid Analyzer L-
8900 (L8900, Hitachi, Japan). Digestible energy and available
phosphorus were calculated according to the China Feed Database
(2021).

2.4. Growth performance

Pigs were weighed on the 1st and 51st day on an empty stom-
ach, and recorded as the initial body weight (initial BW) and final
body weight (final BW), respectively. During the trial, feed intake
was recorded daily in each pen to calculate the average feed intake
per pig. The initial BW, final BW and feed intake per pig were used
to calculate the average daily gain (ADG), average daily feed intake
(ADFI), and feed conversion ratio (FCR) (Zheng et al., 2022a).

2.5. Sample collection

At the end of the trial, one pig close to the average BWof pigs in
each replicate was chosen, fasted overnight (12 h), and then

Table 1
Composition and nutrient levels of the diets for Shaziling pigs (air-dried basis, %).

Item Diets1

Con Glu

Ingredients
Corn 69.45 71.40
Soybean meal 14.50 12.10
Wheat bran 13.00 12.45
Glu 0.00 1.00
CaHPO4 0.73 0.73
Stone powder 1.02 1.02
Salt 0.30 0.30
Premix2 1.00 1.00
Total 100.00 100.00
Nutrient levels3

Digestible energy, MJ/kg 13.31 13.20
Crude protein 13.27 13.14
Ether extract 1.96 1.87
Crude fibre 3.20 3.09
Calcium 0.63 0.61
Total phosphorus 0.51 0.49
Available phosphorus 0.25 0.25
Glu 2.42 3.25

Glu ¼ glutamate.
1 Con group: basal diet, Glu group: basal diet supplemented with 1% Glu.
2 Premix supplied per kilogram of feed: 2200 IU, vitamin A, 220 IU, vitamin D3,

0.5 mg vitamin K3, 17.5 mg vitamin B12, 3.5 mg riboflavin, 30 mg niacin, 10 mg d-
pantothenic acid, 0.05 mg biotin, 0.3 mg folic acid, 1.0 mg thiamine, 7 mg pyri-
doxine, and 4.0 mg ethoxyquin, 150 mg Fe, 100 mg Zn, 30 mg Mn, 25 mg Cu, 0.5 mg
I, 0.3 mg Co, and 0.3 mg Se.

3 Digestible energy and available phosphorus were calculated, and other nutrient
levels were actually measured.
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slaughtered according to standard commercial procedures. Then,
the blood was collected to obtain serum, and the longissimus dorsi
muscles were rapidly sampled and quickly frozen by liquid nitro-
gen. The colonic chyme was quickly collected from the middle of
colon by sterile tubes. Finally, all the samples were stored in
the �80 �C refrigerator for later experiments.

2.6. Carcass traits

The left side of the carcass was weighed and then dissected into
skeletal muscle and fat. The fat mass and muscle mass were
weighed, and recorded to calculate the lean percentage and fat
percentage; the loin-eye area was the cross-sectional area of the
longissimus dorsi muscle between the 6th and 7th ribs of the
carcass (Li et al., 2018).

2.7. Meat quality

The pH values were determinedwith a pHmeter (pH-STAR, SFK-
Technology, Denmark) at 45min and 24 h post-mortem. Meat color
was measured using a chromameter (CR-410, Kinica Minolta
Sensing Inc., Osakam, Japan) at two different locations to obtain the
L* (Lightness), a* (redness), and b* (yellowness) values. The IMF
content was measured using petroleum ether and the Soxhlet
Extractor method. Cooking loss, drip loss, and shear force of mus-
cles were determined as previously described (Li et al., 2018).

2.8. Measurements of muscle composition

In the longissimus dorsi muscle, the inosine-50-monophosphate
(IMP) content was measured using the high-performance liquid
chromatography as previously described (Xie et al., 2023); the
moisture content was measured using a vacuum freeze dryer; the
contents of trace elements were determined using an inductively
coupled plasma emission spectrometer (Agilent 5110 ICP-OES, USA)
as previously described (Han et al., 2022).

2.9. Serum and muscular free amino acid profiles

Serum samples (750 mL) weremixed with an equal volume of 8%
sulfosalicylic acid, followed by standing for 30 min at 4 �C. The
mixtures were then centrifuged at 3381� g at 4 �C for 5 min. Then,
the supernatant was filtered by a 0.22-mm filter. The filtrate was
used to analyze serum amino acid concentrations as previously
described (Duan et al., 2023). As for muscular free amino acid
concentrations, 0.5 g of freeze-dried longissimus dorsi muscle
samples were homogenized with 25 mL of 0.01 mol/L hydrochloric
overnight at 4 �C, and centrifuged at 10,000� g for 15min to obtain
the supernatant. Then, the subsequent procedures were the same
as the serum samples.

2.10. Muscular fatty acid composition

Lyophilized muscle samples (150 mg) were used to analyze the
fatty acid composition via gaseliquid chromatography of methyl
esters using an Agilent 7890A as previously described (Zhang et al.,
2022).

2.11. Quantitative real-time PCR

The quantitative real-time PCR analysis was performed in
longissimus dorsi muscle samples as previously described (Zheng
et al., 2021a). Briefly, the total RNA was extracted by using the
Trizol reagent (Invitrogen, Carlsbad, CA, USA) according to the in-
structions. Then, using a cDNA Synthesis Kit (Fermentas Inc.,

Hanover, MD, USA), the extracted RNA was reversely transcribed
into cDNA, which was subsequently used to quantify the relative
mRNA expression of targeted genes using the RT-PCR system. The
primers' sequences are shown in Table 2. The GAPDH genewas used
to normalize the relative mRNA expression of target genes, which
were calculated based on formula 2�DDCt method.

2.12. Gut microbiota analysis

Gut microbiota in the colon of Shaziling pigs were analyzed as
previously described (Zheng et al., 2022b). Based on the output
data, the gut microbial a-diversity indices (including Ace, Chao1,
Shannon and Simpson) and the microbiological relative abundance
were determined to evaluate the richness and constituents of gut
microbiota.

2.13. Short-chain fatty acids (SCFAs)

The concentration of SCFAs in the colonic digesta, including
acetate, propionate, isobutyrate, butyrate, isovalerate and valerate,
were measured as previously described by using an Agilent 6890A
gas chromatography (Agilent Technologies, Santa Clara, CA, United
States) (Duan et al., 2019).

2.14. Statistical analysis

The experiment data were preliminarily processed with
Microsoft Excel, then the unpaired t-tests were performed using
Prism7.04 (GraphPad, LaJolla, CA, USA) and used to compare the
differences between groups. The test data were expressed as
mean ± SEM. Significant differences from the t-test weremarked as
* for P < 0.05.

3. Results

3.1. Growth performance

As shown in Table 3, compared to the Con group, dietary Glu
supplementation significantly increased the final BW (P ¼ 0.013)
and ADG (P ¼ 0.039). No significant differences in FCR were
observed between the two groups (P ¼ 0.346).

3.2. Carcass traits

The carcass traits are shown in Table 4. Compared to the Con
group, dietary Glu supplementation increased the loin-eye area
(P ¼ 0.002) and lean percentage (P ¼ 0.023), and decreased the fat
percentage (P ¼ 0.021). No significant differences in the carcass
yield and average backfat thickness were observed between the
two groups.

3.3. Meat quality

As presented in Table 5, compared to the Con group, dietary Glu
supplementation significantly increased the IMF content
(P ¼ 0.015). However, no differences were observed in the meat
color, pH value, drip loss, shear force, and cooking loss between the
two groups.

3.4. Muscular trace element content

As shown in Table 6, compared to the Con group, dietary Glu
supplementation increased iron content in the longissimus dorsi
muscle (P ¼ 0.002) and tended to increase the copper (P ¼ 0.052)
and IMP contents (P ¼ 0.094).
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3.5. Serum and muscular amino acid profiles

As illustrated in Tables 7 and 8, compared to the Con group, Glu
supplementation increased the concentration of Glu (P ¼ 0.046),
threonine (P ¼ 0.035), tyrosine (P ¼ 0.031) in the longissimus dorsi
muscle. In addition, Glu treatment decreased the aspartate (Asp)
content in the serum and longissimus dorsi muscle (P ¼ 0.050,
P ¼ 0.035).

3.6. Muscular fatty acid composition

As shown in Table 9, dietary Glu supplementation increased the
concentration of oleic acid (C18:1n9c) (P ¼ 0.038), C20:1
(P ¼ 0.043), and monounsaturated fatty acids (MUFAs) (P ¼ 0.024),
and decreased the content of linoleic acid (C18:2n6c) (P ¼ 0.011),
polyunsaturated fatty acids (PUFAs) (P ¼ 0.014), and n-6 PUFAs
(P ¼ 0.014) as well as the ratio of PUFA to SFA in the longissimus
dorsi muscle (P ¼ 0.040).

3.7. mRNA expression of genes related to lipid metabolism and
muscle growth in the longissimus dorsi muscle

As depicted in Fig. 1, dietary Glu supplementation upregulated
the mRNA expression levels of fatty acid synthetase (FAS)
(P ¼ 0.032), sterol regulatory element-binding proteins-1C (SREBP-
1C) (P ¼ 0.026), myosin heavy chain IIb (MyHC IIb) (P ¼ 0.038), and
MyHC IIx (P ¼ 0.019) in the longissimus dorsi muscle.

Table 2
Primers used for quantitative real-time PCR.

Genes Forward (50-30) Reverse (50-30) Size, bp

ACC GCTGGGTTGAGCGACTAATG GGGAAACTGGCAAAGGACTG 169
FAS CTACCTTGTGGATCACTGCATAGA GGCGTCTCCTCCAAGTTCTG 114
LPL CTCGTGCTCAGATGCCCTAC GGCAGGGTGAAAGGGATGTT 148
HSL CTCCCAACTGGAGCAGGTTT GGCCCCAGGTGTCACTATTC 167
FATP1 GGAGTAGAGGGCAAAGCAGG AGGTCTGGCGTGGGTCAAAG 78
FABP4 CAGGAAAGTCAAGAGCACCA TCGGGACAATACATCCAACA 227
ATGL CAACGCCAAGCACATCTACG CCAGTATCACCCAGGCAGAC 80
CPT-1 ACTGTCTGGGCAAACCAAAC CTTCTTGATGAGGCCTTTGC 170
SREBP-1C GCGACGGTGCCTCTGGTAGT CGCAAGACGGCGGATTTA 218
AMPKa GCATAGTTGGGTGAGCCACA CCTGCTTGATGCACACATGA-3 105
Sirt1 GGTTTGAAGAATGTTGCCTG CCGTTTACTAATCTGCTCCT 114
PGC-1a TGTGCAACCAGGACTCTGTA CCACTTGAGTCCACCCAGAAA 152
UCP3 TGCTGGGCACCATTCTCACC CGATCCCTTGGGCGTGTAAAG 152
MyHC I GGCCCCTTCCAGCTTGA TGGCTGCGCCTTGGTTT 63
MyHC IIa TTAAAAAGCTCCAAGAACTGTTTCA CCATTTCCTGGTCGGAACTC 109
MyHC IIb CACTTTAAGTAGTTGTCTGCCTTGAG GGCAGCAGGGCACTAGATGT 83
MyHC IIx AGCTTCAAGTTCTGCCCCACT GGCTGCGGGTTATTGATGG 79
GAPDH CAAAGTGGACATTGTCGCCATCA AGCTTCCCATTCTCAGCCTTGACT 123

ACC¼ acetyl-CoA carboxylase; FAS¼ fatty acid synthase; HSL¼ hormone-sensitive lipase; LPL¼lipoprotein lipase; FATP1 ¼ fatty acid transport protein 1; FABP4 ¼ fatty acid
binding protein 4; ATGL¼ adipose triglyceride lipase; CPT-1 ¼ carnitine palmitoyl transferase-1; SREBP-1C ¼ Sterol regulatory element binding proteins-1c; AMPKa ¼ AMP-
activated protein kinase a; Sirt1 ¼ Silent information regulator 1; PGC-1a ¼ peroxisome proliferator-activated receptor-gamma co-activator-1alpha; UCP3 ¼ uncoupling
protein 3; MyHC ¼ myosin heavy chain; GAPDH ¼ glyceraldehyde-3-phosphate dehydrogenase.

Table 3
The effects of dietary glutamate (Glu) supplementation on the growth performance
of Shaziling pigs.

Item Con Glu P-value

Initial BW, kg 31.63 ± 1.027 32.56 ± 1.720 0.651
Final BW, kg 69.60 ± 1.041 73.80 ± 0.928* 0.013
ADFI, kg/d 2.57 ± 0.061 2.64 ± 0.027 0.316
ADG, kg/d 0.75 ± 0.016 0.81 ± 0.021* 0.039
FCR 3.48 ± 0.182 3.28 ± 0.096 0.346

BW ¼ body weight; ADFI ¼ average daily feed intake; ADG ¼ average daily gain;
FCR ¼ feed conversion ratio.
Dates were presented as mean ± SEM (n ¼ 6).
*Values with asterisk mean significant difference compared with Con (P < 0.05).

Table 4
The effects of dietary glutamate (Glu) supplementation on the carcass traits of
Shaziling pigs.

Item Con Glu P-value

Carcass yield, % 64.41 ± 1.106 65.50 ± 0.890 0.466
Average backfat, mm 42.00 ± 1.262 40.80 ± 1.698 0.584
Loin eye area, cm2 11.30 ± 0.480 13.92 ± 0.430* 0.002
Lean percentage, % 35.52 ± 0.768 38.24 ± 0.663* 0.023
Fat percentage, % 30.94 ± 0.675 28.37 ± 0.654* 0.021

Dates were presented as mean ± SEM (n ¼ 6).
*Values with asterisk mean significant difference compared with Con (P < 0.05).

Table 5
The effects of dietary glutamate (Glu) supplementation on the meat quality of
Shaziling pigs.

Item Con Glu P-value

L* 49.74 ± 0.987 48.41 ± 0.301 0.227
a* 17.61 ± 0.372 18.12 ± 0.244 0.275
b* 8.52 ± 0.277 8.15 ± 0.267 0.355
pH45 min 6.65 ± 0.092 6.58 ± 0.125 0.673
ph24 h 5.43 ± 0.037 5.43 ± 0.019 0.954
Drip loss, % 3.16 ± 0.239 2.69 ± 0.304 0.246
Cooking loss, % 23.68 ± 1.406 26.38 ± 1.616 0.237
Shear force 57.19 ± 6.410 56.04 ± 4.682 0.894
IMF, % 3.03 ± 0.233 4.25 ± 0.346* 0.015

L* ¼ lightness; a* ¼ redness; b* ¼ yellowness; IMF ¼ intramuscular fat.
Dates were presented as mean ± SEM (n ¼ 6).
*Values with asterisk mean significant difference compared with Con (P < 0.05).

Table 6
The effects of dietary glutamate (Glu) supplementation on longissimus dorsi muscle
chemical composition of Shaziling pigs.

Item Con Glu P-value

Moisture, % 74.33 ± 0.458 73.35 ± 0.788 0.312
Copper, mg/g 0.34 ± 0.014 0.38 ± 0.013 0.052
Iron, mg/g 4.01 ± 0.062 4.88 ± 0.206* 0.002
Zinc, mg/g 12.53 ± 0.567 13.57 ± 0.363 0.155
Manganese, ng/g 20.55 ± 1.918 24.60 ± 2.361 0.213
IMP, mg/g 3.07 ± 0.079 3.31 ± 0.104 0.094

IMP¼ inosine-50-monophosphate.
Dates were presented as mean ± SEM (n ¼ 6).
*Values with asterisk mean significant difference compared with Con (P < 0.05).
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3.8. Colonic gut microbiota composition

As shown in Fig. 2A, there was no difference in the a-diversity,
including ACE, Chao1, Shannon, and Simpon indexes. As presented

in Fig. 2B, compared to the Con group, Glu supplementation
increased the Spirochaetota relative abundance (P ¼ 0.041) and
decreased the relative abundance of Firmicutes (P ¼ 0.047).

3.9. Short-chain fatty acids (SCFAs) content and their correlation
analysis with the bacterial community composition, IMF content,
and fat percentage

As presented in Fig. 3A, dietary Glu supplementation increased
the concentration of acetic acid (P ¼ 0.039). However, there was no
difference in propionic acid, isobutyric acid, butyric acid, isovaleric
acid, valeric acid between groups. In addition, correlation analysis
showed that the acetic acid concentrations were positively corre-
lated with the relative abundance of Spirochaetota (P ¼ 0.001) and
the IMF content (P ¼ 0.014), and tended to be negatively correlated
with the fat percentage (P ¼ 0.081) (Fig. 3B).

4. Discussion

Dietary Glu is extensively catabolized in various stages of pig
growth (Hou et al., 2016). Increasing evidence suggests that dietary
Glu supplementation at the levels of 1% to 4% is safe and can pro-
mote the growth of weaner and finisher pigs (Rezaei et al., 2013).
The current study showed that Glu supplementation increased the
ADG and final BWof Shaziling pigs without adverse effects on their
health. Glu improves the intestinal morphology and maintains in-
testinal barrier integrity in pigs, thus promoting the absorption of
nutrients (Qin et al., 2018). This suggests that the growth-
promoting effects of Glu on Shaziling pigs may be due to its
beneficial roles in intestinal functions.

Carcass traits, such as carcass yield, backfat thickness, loin-eye
area, lean percentage and fat percentage, reflect the body compo-
sition and the production performance of animals. The loin-eye
area is often considered as an indicator of meat yield, and the
backfat thickness reflects the fat mass (Buck et al., 1962; Ferrucci

Table 7
The effects of dietary glutamate (Glu) supplementation on serum amino acid profiles
of Shaziling pigs (mg/mL).

Item Con Glu P-value

EAAs
Histidine 11.76 ± 0.656 11.43 ± 0.673 0.734
Isoleucine 20.31 ± 1.278 19.13 ± 0.901 0.467
Leucine 33.82 ± 1.872 32.30 ± 1.756 0.567
Lysine 36.44 ± 3.710 28.61 ± 1.708 0.084
Methionine 5.74 ± 0.289 5.77 ± 0.347 0.956
Phenylalanine 14.66 ± 0.448 15.04 ± 0.836 0.693
Threonine 20.57 ± 1.725 20.69 ± 1.389 0.956
Valine 49.08 ± 2.380 47.33 ± 0.886 0.505
Total EAAs 192.38 ± 8.041 181.30 ± 6.813 0.278
NEAAs
Alanine 31.13 ± 2.507 28.87 ± 1.651 0.468
Arginine 35.25 ± 2.960 35.58 ± 2.335 0.933
Cysteine 3.20 ± 0.510 3.56 ± 0.181 0.520
Aspartate 6.02 ± 0.237 5.21 ± 0.276* 0.050
Glutamate 39.14 ± 1.550 39.40 ± 2.422 0.929
Glycine 55.19 ± 3.429 52.41 ± 2.033 0.502
Proline 17.28 ± 0.849 17.61 ± 0.945 0.800
Serine 11.69 ± 0.792 11.86 ± 0.677 0.875
Tyrosine 14.09 ± 1.241 12.83 ± 0.395 0.355
Total NEAAs 212.99 ± 11.072 207.33 ± 5.486 0.657
Others
Phosphatidylserine 1.39 ± 0.087 1.33 ± 0.094 0.623
Carnosine 4.28 ± 0.286 5.24 ± 0.279* 0.038
Taurine 40.12 ± 1.670 36.64 ± 1.860 0.193

Asp ¼ aspartate; EAAs ¼ essential amino acids; NEAAs ¼ non-essential amino acids.
Dates were presented as mean ± SEM (n ¼ 6).
*Values with asterisk mean significant difference compared with Con (P < 0.05).

Table 8
The effects of dietary Glu supplementation on amino acid profiles in the longissimus
dorsi muscle of Shaziling pigs (mg/g).

Item Con Glu P-value

EAAs
Histidine 35.24 ± 4.251 40.60 ± 7.997 0.549
Isoleucine 131.74 ± 12.100 139.57 ± 8.171 0.603
Leucine 198.66 ± 14.864 206.03 ± 18.583 0.763
Lysine 120.65 ± 11.311 110.64 ± 10.911 0.538
Methionine 54.41 ± 7.432 58.81 ± 5.690 0.649
Phenylalanine 70.19 ± 5.972 68.77 ± 7.464 0.885
Threonine 78.30 ± 4.816 100.85 ± 7.882* 0.035
Valine 139.92 ± 13.890 148.77 ± 7.416 0.586
Total EAAs 829.11 ± 61.635 874.04 ± 66.443 0.631
NEAAs
Alanine 585.76 ± 61.865 559.19 ± 27.771 0.724
Arginine 53.46 ± 7.903 56.68 ± 4.096 0.725
Cysteine 17.77 ± 3.313 19.21 ± 5.004 0.810
Aspartate 52.62 ± 5.218 35.23 ± 4.833* 0.035
Glutamate 97.80 ± 7.147 131.89 ± 13.182* 0.046
Glycine 301.39 ± 18.902 365.66 ± 50.237 0.259
Proline 54.04 ± 1.748 61.80 ± 12.686 0.558
Serine 63.35 ± 5.593 68.76 ± 4.166 0.456
Tyrosine 75.27 ± 3.045 89.49 ± 4.784* 0.031
Total NEAAs 1301.46 ± 98.882 1291.49 ± 83.420 0.940
Others
Phosphatidylserine 33.27 ± 3.654 40.57 ± 8.682 0.456
Anserine 352.51 ± 39.761 738.95 ± 88.851* 0.003
Carnosine 17800.71 ± 1734.052 18434.41 ± 1246.157 0.773
Taurine 718.30 ± 87.560 711.04 ± 23.914 0.938

Asp ¼ aspartate; Glu ¼ glutamate; EAAs¼ essential amino acids; NEAAs¼ non-
essential amino acids.
Dates were presented as mean ± SEM (n ¼ 6).
*Values with asterisk mean significant difference compared with Con (P < 0.05).

Table 9
The effects of dietary Glu supplementation on the fatty acid composition in the
longissimus dorsi muscle of Shaziling pigs (%).

Item Con Glu P-value

C14:0 1.27 ± 0.053 1.35 ± 0.048 0.293
C16:0 26.78 ± 0.457 27.15 ± 0.515 0.601
C16:1 3.08 ± 0.164 3.17 ± 0.052 0.618
C18:0 15.24 ± 0.240 14.79 ± 0.312 0.276
C18:1n9t 0.11 ± 0.005 0.12 ± 0.005 0.490
C18:1n9c 37.66 ± 0.386 39.77 ± 0.794* 0.038
C18:2n6 10.96 ± 0.231 9.03 ± 0.579* 0.011
C20:0 0.25 ± 0.011 0.25 ± 0.015 0.961
C20:1 0.73 ± 0.064 0.92 ± 0.053* 0.043
C18:3n3 0.21 ± 0.013 0.19 ± 0.016 0.303
C20:2 0.31 ± 0.016 0.30 ± 0.023 0.844
C20:3n6 0.29 ± 0.027 0.26 ± 0.050 0.638
C20:4n6 2.76 ± 0.351 2.36 ± 0.476 0.522
SFAs1 43.54 ± 0.614 43.53 ± 0.830 0.995
MUFAs2 41.58 ± 0.360 43.97 ± 0.828 0.024
PUFAs3 14.24 ± 0.524 11.88 ± 0.587* 0.014
n-3 PUFA4 0.21 ± 0.013 0.19 ± 0.017 0.303
n-6 PUFAs5 14.07 ± 0.527 11.71 ± 0.578* 0.014
PUFA:SFA ratio 0.33 ± 0.016 0.27 ± 0.016* 0.040

SFAs ¼ saturated fatty acid; MUFAs ¼ monounsaturated fatty acids; PUFAs ¼
polyunsaturated fatty acids.
Data are presented as mean ± SEM (n ¼ 6).
*Values with asterisk mean significant difference compared with Con (P < 0.05).

1 SFAs]C14:0 þ C16:0 þ C17:0 þ C18:0 þ C20:0.
2 MUFAs ¼ C16:1 þ C18:1n9 þ C20:1 þ C22:1n9.
3 PUFAs]C18:2n6c þ C18:3n3 þ C20:2þ C20:3n6 þ C20:4n6.
4 n-3 PUFA ¼ C18:3n3.
5 n-6 PUFAs]C18:2n6 þ C20:3n6 þ C20:4n6.
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et al., 2006). In this study, dietary Glu supplementation increased
the loin-eye area and lean percentage and reduced the fat per-
centage of Shaziling pigs. Consistent with our results, a reduction in
the average backfat thickness was also observed in
Duroc � Landrace � Yorkshire pigs, although there were no sig-
nificant impacts on the lean percentage (Hu et al., 2017a). These
findings indicate that Glu supplementation has the potential to
reduce the fat mass of both indigenous pigs and commercial lean
pigs. However, the beneficial effects of Glu supplementation on the

lean percentage were only observed in Shaziling pigs (indigenous
pigs) but not in Duroc � Landrace � Yorkshire pigs (commercial
lean pigs). Given the fact that lean percentages of indigenous pigs
are lower than those of commercial lean pigs (Song et al., 2022), it is
speculated that the different observations may be due to the
inherent differences in the lean percentage between the two pig
breeds. Another reason for the different observations may be
attributable to the differences in the period of adding Glu to pigs'
diets. In this study, Glu was added to the diets of Shaziling pigs

Fig. 1. The effects of dietary glutamate (Glu) supplementation on the mRNA expression levels of genes related to lipid metabolism and muscle growth in the longissimus dorsi of
Shaziling pigs. Con: control group, Glu: glutamate group. Data are presented as mean ± SEM. * Values with asterisk mean significant difference compared with Con (P < 0.05).
ACC ¼ acetyl-CoA carboxylase; FAS ¼ fatty acid synthase, HSL ¼ hormone-sensitive lipase; LPL ¼ lipoprotein lipase; FATP1 ¼ fatty acid transport protein 1; FABP4 ¼ fatty acid binding
protein 4; ATGL ¼ adipose triglyceride lipase; CPT-1 ¼ carnitine palmitoyl transferase-1; SREBP-1C ¼ Sterol regulatory element binding proteins-1c; AMPKa ¼ AMP-activated protein
kinase a; Sirt1 ¼ Silent information regulator 1; PGC-1a ¼ peroxisome proliferator-activated receptor-gamma co-activator-1alpha; UCP3 ¼ uncoupling protein 3; MyHC ¼ myosin
heavy chain.

Fig. 2. The effect of dietary glutamate (Glu) supplementation on alpha-diversity and colonic gut microbiota composition. (A) ACE, Chao1, Shannon and Simpson indexes. (B) The
relative abundance at the phylum level. Data are presented as mean ± SEM. Con: control group, Glu: glutamate group. * Values with asterisk mean significant difference compared
with Con (P < 0.05).
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during the critical period of pork quality development (150 d,
31.56 ± 0.95 kg), whereas the initial weight of pigs used in previous
studies was 77.1 ± 1.3 kg. At this stage, pigs
(Duroc� Landrace � Yorkshire) mainly deposit fat rather than lean
meat. Therefore, Glu supplementation mainly plays a role in
regulating lipid deposition.

In the current study, we first determined the amino acid profiles
in the longissimus dorsi muscle to explore the mechanisms by
which Glu enhances lean tissue deposition. Evidence from a pig
model showed that Glu supplementation increased the amino acid
content and downregulated the mRNA levels of genes involved in
protein degradation such as muscle-specific RING finger-1 and
muscle atrophy F-box in the longissimus dorsi muscle (Hu et al.,
2019b). Furthermore, evidence for a relationship between Glu
supplementation and protein synthesis comes from the finding that
dietary Glu supplementation alleviates muscle protein loss by
modulating mTOR signaling pathways in LPS-challenged piglets
and increases the protein content of the longissimus dorsi muscle
(Kang et al., 2017). These results are consistent with the current
results since dietary Glu supplementation decreased the Asp con-
tent in the serum and longissimus dorsi muscle, and increased the
Glu content in the longissimus dorsi muscle. Since Glu can be
synthesized from the Ala, Asp, and branched-chain amino acids in
animals (Li et al., 2009), it is assumed that in response to Glu
supplementation, the Asp was converted to Glu to meet the need
for muscle growth, thus increasing the lean percentage of Shaziling
pigs. Considering that high concentrations of serum Glu are
neurotoxic (Mark et al., 2001) and the skeletal muscle has a large
requirement for Glu, the different results of Glu content between

serum and muscle are reasonable. Another important reason for
the increased lean percentage of Shaziling pigs fed a Glu-
supplemented diet may be due to the upregulated mRNA expres-
sion ofMyHC IIb andMyHC IIx. Generally speaking, the rapid growth
of skeletal muscle is accompanied by a higher ratio of muscle fiber
types II, especiallyMyHC IIb andMyHC IIx (Ruusunen et al., 2004). In
this study, dietary Glu supplementation led to a higher mRNA
expression of MyHC IIb and MyHC IIx. These results are in agree-
ment with the literature where 30 g/kg monosodium L-Glu (MSG,
an additive form of Glu) increased the relative mRNA expression of
MyHC IIb and MyHC IIx in finishing pigs (Kong et al., 2015). In
summary, Glu supplementation decreased the Asp content,
increased the Glu content, and upregulated themRNA expression of
MyHC IIb and MyHC IIx in the longissimus dorsi muscle, leading to
enhanced lean percentage of Shaziling pigs.

Appropriate increases in IMF concentrations can enhance the
acceptability, eating quality, and nutritional value of pork. When
the IMF content reaches more than 3%, the meat has a good flavor,
taste, and tenderness (Daszkiewicz et al., 2005; Hou et al., 2023). In
this study, Glu supplementation significantly increased the IMF
content of Shaziling pigs to the level of 4.25%. Similar results were
obtained in finishing pigs fed high-fat diets (Duroc � Large
White � Landrace), in which dietary supplementation of 30 g/kg
sodium Glu increased the IMF content to the level of 4.76% (Kong
et al., 2015). However, the opposite was true when finishing pigs
fed a control diet (Duroc � Large White � Landrace), where Glu
supplementation had no significant influence on the IMF content
(Hu et al., 2017b). The percentage of fat in the diet as well as the pig
breeds used may offer an explanation for the inconsistency.

Fig. 3. The effect of dietary glutamate (Glu) supplementation on short-chain fatty acids content, and Pearson correlation analysis. (A) Concentrations of SCFAs in the colon. (B)
Correlation analysis between relative Spirochaetota abundance, IMF content, fat percentage, and acetic acid. Con: control group, Glu: glutamate group. Data are presented as
mean ± SEM. * Values with asterisk mean significant difference compared with Con (P < 0.05).
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Shaziling pigs, however, the increased fat deposition in response to
Glu supplementation may be due to differences in Glu regulating
lipid deposition in the adipose tissue and skeletal muscle.

In the present study, we also determined the fatty acid
composition in the longissimus dorsi muscle of Shaziling pigs in
response to Glu supplementation. Fatty acids not only affect the
flavor and nutritional values of meat products, but also play a
critical role in human health (Ma et al., 2015; Rhee et al., 2000). The
n-3 PUFAs are important components of cell membranes and
possess numerous physiological and health effects, such as este-
rizing cholesterol, decreasing the triglyceride (TG) content, and
exerting anti-inflammatory roles; whereas the n-6 PUFAs (as the
precursor of prostaglandin and leukotrienes) possess pro-
inflammatory properties (Ferrucci et al., 2006). A diet with a
lower n-6/n-3 PUFA ratio is thought to protect against cardiovas-
cular diseases (Simopoulos, 2008). Moreover, PUFAs were nega-
tively correlated with meat flavor, while MUFAs are positively
correlated with meat flavor and exert a wide range of health-
protective effects, such as lowering blood sugar content (Cameron
et al., 2000). In this study, Glu supplementation increased the
content of MUFAs and decreased the contents of n-6 PUFAs and
PUFAs in the longissimus dorsi muscle. C18:1n9c and C20:1 belong
to MUFAs, both of which in the longissimus dorsi muscle were
significantly increased in response to Glu supplementation. We
previously found that C18:1n9c was the most dominant MUFAs in
the longissimus dorsi muscle of Shazilng pigs, and its content was
positively correlated with IMF (Duan et al., 2023). Moreover,
C18:1n9c can decrease the concentrations of low density lipopro-
tein, cholesterol, and lipid in blood (Su et al., 2022). C18:2n6c was
the major PUFA in the longissimus dorsi muscle of Shaziling pigs
and was inversely proportional to IMF (Duan et al., 2023). There-
fore, the Glu supplementation-induced elevation in the IMF con-
tent may be associated with the increased C18:1n9c and decreased
C18:2n6c levels in the longissimus dorsi muscle of Shaziling pigs.
From the above studies, it can be inferred that Glu could improve
the fatty acid composition in the longissimus dorsi muscle of
Shaziling pigs, thus positively affecting the nutritional value, flavor,
and eating quality of pork.

In animals, fat deposition is related to TG storage, fatty acid
synthesis, lipid mobilization and the b-oxidation of fatty acids.
SREBP-1C is a key nuclear transcription factor of lipid metabolism
and can upregulate the mRNA expression of acetyl-CoA carboxylase
(ACC) and FAS to promote fatty acid synthesis (Sakakibara et al.,
2006). HSL is the key rate-limiting enzyme that initiates the hy-
drolysis of TG stored in adipose tissue (Enevoldsen et al., 2001).
CPT1 is a key enzyme responsible for transporting long-and me-
dium-chain fatty acids to enhance the b-oxidation of fatty acids
(Zhao et al., 2017). AMPK, as a cellular energy sensor, is an impor-
tant regulator of energy homeostasis in the body and cells (Kim
et al., 2016). Numerous studies have shown that the AMPK/SIRT1
signaling pathway can activate the PGC-1a, which subsequently
promotes mitochondrial biogenesis and enhances fatty acid b-
oxidation (Cant�o et al., 2009). In the current study, dietary Glu
supplementation increased themRNA expression of FAS and SREBP-
1C in the longissimus dorsi muscle. These results indicated that Glu
could increase the lipogenesis in the longissimus dorsi muscle.
These findings are consistent with the result of increased IMF
content in the longissimus dorsi muscle.

The literature suggests a possible role of the gutmicrobiota in the
regulation of fat deposition in indigenous pigs (Zheng et al., 2021b).
The normal gut microbiota exerts a wide range of health-promoting
effects, ie., resisting enterobacter infection, producing vitamins,
improving intestinal function, promoting digestion and absorption,
regulating intestinal immune function, and maintaining energy
metabolism homeostasis (Cho et al., 2012; Kau et al., 2011). We

found that Glu supplementation increased the relative Spi-
rochaetota abundance and the acetic acid content in the colon.
Interestingly, the acetic acid content was positively associated with
the relative Spirochaetota abundance and IMF content and tended to
be negatively correlated with the fat percentage. However, different
results were reported when looking at Duroc � Landrace � York-
shire pigs, with Glu supplementation increasing the relative Acti-
nobacteria abundance and the contents of butyrate and propionate
(Hu et al., 2019a). An important reason for the different observations
may be because of the different diets used in each experiment. The
diets used in the above mentioned study had a higher crude fiber
level (3.09% vs. 2.42%) and a lower protein content (13.14% vs.
14.88%) and fat (1.87% vs. 5.94%) compared with ours. In addition,
acetic acid is the main SCFA, accounting for approximately 60% of
the total SCFAs, and can be absorbed and utilized by many tissues
(Frampton et al., 2020). Studies have shown that acetic acid is
partially (approximately 40%) metabolized by the liver, and a large
proportion is transported to the skeletal muscle and adipose tissue
(Giron et al., 2022). Indeed, acetic acids are a possible regulator of
lipid metabolism. For instance, studies in rats have shown that ac-
etate could upregulate the mRNA expression of lipogenesis-related
genes, such as ACC and FAS (Sun et al., 2023). Similarly, studies in
ruminants and mice show that acetate supplementation promotes
milk fat accumulation and upregulates the mRNA expression of
lipogenesis-related genes of mammary epithelial cells (Qi et al.,
2023; Wang, 2023). Apart from these in vivo studies, in vitro
studies with 3T3-L1 preadipocytes have also shown that the
peroxisome proliferator activated receptor g (PPARg)expression and
lipid drops were significantly increased in response to acetate
treatments (Hong et al., 2005). Studies in porcine adipocytes have
shown that acetate treatment increased the expression of PPARg
and CCAAT/enhancer-binding protein alpha (C/EBPa), thus pro-
moting adipogenic differentiation (Xu et al., 2014). Therefore,
considering the described effects of Glu on the gut microbiota
composition and the acetic acid content, it may be speculated that
Glu supplementation reduces fat percentage and increases the IMF
content of Shaziling pigs via the Spirochaetota-acetic acid axis.

5. Conclusion

Our results showed that dietary Glu supplementation increased
the lean percentage and the IMF content, decreased fat percentage,
and upregulated the mRNA expression of MyHC IIb and MyHC IIx in
the longissimus dorsi muscle of Shaziling pigs; moreover, it
increased the Spirochaetota relative abundance and acetic acid
content in the colon, which was associated with increased IMF
content and decreased fat percentage. These findings will facilitate
better understanding of the effects of Glu on the growth and
development of Shaziling pigs, and contribute to the application of
Glu as a safe and efficient functional additive in Shaziling pigs.
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