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Exercise influences fatty acids in the longissimus dorsi muscle of Sunit lambs and improves

dressing percentage by affecting digestion, absorption, and lipid metabolism
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Abstract

The transition from grazing to captive rearing resulted in a significant decline in meat quality. To enhance the
quality of meat from captive sheep, we examined the impact of exercise on Sunit lambs. The lambs, with sim-
ilar body weight and aged 3 months underwent a 90-day period of thought-driven exercise. At the end of the
exercise period, we collected colonic contents, epithelial tissues, and the longissimus dorsi muscle, and recorded
slaughter performance. Exercise was found to have a significant impact on the content of short-chain fatty acids
in the colon. Additionally, it generally reduced the mRNA expression of fatty acid absorption transporter genes
in the colonic epithelium and lipid metabolism-related genes in the longissimus dorsi muscle. Furthermore, exer-
cise significantly affected the content of fatty acids in the longissimus dorsi muscle of Sunit lambs, and increased
its dressing percentage. Exercise influences the composition of fatty acids of the longissimus dorsi muscle and
improves dressing percentage by affecting the digestion, absorption, and metabolism of lipids in Sunit lambs. This
could be profitable for the livestock industry, and could alter the nutrition and flavor of lamb meat.
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Introduction

Sheep have become a preferred option for livestock
farming because of expensiveness of their meat, low
feeding costs, and adaptability. Among them, Sunit
lambs raised in the Xilin Gol grassland of Inner Mongolia
Autonomous Region in China are highly valued due to
their high nutritional, protein, and low fat contents, mak-
ing them popular with both herders and consumers (Yao
et al., 2022). Captive breeding of sheep has become the
mainstream approach to implementing sustainable devel-
opment practices, resulting in significant improvement

to the ecological environment of pastoral areas. Captive
breeding is keeping sheep in a pen, as opposed to grazing
in the open. Captive sheep spend their time in pens from
birth to slaughter. However, captive breeding can result
in decreased immunological capacity and nutritional
quality of sheep meat because of factors, such as a lack of
exercise (Joo et al., 2013).

Exercise is one of the critical factors affecting meat qual-
ity that demands attention. Research has shown that
exercise has an effect on meat quality, particularly meat
colour, with cattle raised in rough conditions having dark
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coloured muscles (Dunne et al., 2011). Increase in exer-
cise affects the metabolism of beef, resulting in decreased
tenderness of meat. Hence, appropriate increase in live-
stock and poultry exercise has an important impact
on meat quality, such as tenderness and meat colour
(Gangnat et al., 2017). Two methods to improve the qual-
ity of meat are supplemental feeding (adding feed addi-
tives to captive sheep feeds) and exercise (expansion of
feeding grounds to force the movement of captive sheep)
to improve the intestinal system that affects the meat
quality. However, the effects of exercise on the intestinal
system have been focused on humans and small animals,
and fewer studies have been reported in the ruminants.

Exercise and gastrointestinal flora can interact with each
other (Hughes and Holscher, 2021), while some studies
have reported that exercise can influence lipid metabo-
lism in the body by affecting intestinal flora (Quiroga
et al., 2020). Wang et al. (2021) found a significant cor-
relation between rumen flora and muscle fatty acid (FA)
composition in Sunit sheep, and a study found that the
slaughter rate of sheep could be changed after changing
their feed while changing their rumen flora (Wang et al.,
2023). The mammalian gut harbours a vast and complex
community of microorganisms, primarily comprising
anaerobic bacteria with a small fraction of aerobic and
facultative bacteria (Wen et al., 2021; Zimmermann and
Curtis, 2019). The digestion and absorption of nutrients
from feed occur in the intestinal tract, fueling various
metabolic processes in the animal’s body. Consequently,
there was a significant correlation between gastrointesti-
nal flora and metabolites of the flora and quality of lamb
meat (Du et al., 2022; Ma et al., 2023). Exercise is known
to influence a variety of intestinal microbiota in animals
(Rebec et al., 2022), and several studies have reported
that insufficient animal exercise leads to reduced appe-
tite and weight loss in livestock and poultry, predisposing
them to diseases (Jang et al., 2017). The intestinal mono-
layer epithelium’s tolerance to the microbiota is critical,
as it provides a physical barrier against intestinal patho-
gens, while the intestinal crypt is an invagination of intes-
tinal epithelial cells (IECs) (Spence et al., 2011). Acetic
acid has been shown to promote cupped cell mucin
secretion (Wrzosek et al., 2013), while butyric acid enters
colonic cells via transporter proteins, such as MCT1 and
SCT1, and undergoes -oxidation and tricarboxylic acid
cycle metabolism. Furthermore, butyric acid promotes
-oxidation through signaling of intestinal epithelial cells
by the peroxisome proliferator-activated receptor fam-
ily (PPAR) (Dias et al., 2022) and induces Interleukin-10
receptor (IL-10RA) while inhibiting Claudin-2 to
enhance epithelial barrier function and improve health of
an organism (Zheng et al., 2017).

Short-chain fatty acids (SCFAs), such as acetic acid, pro-
pionic acid, and butyric acid, are a group of saturated
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fatty acids (SFAs) produced by anaerobic bacteria or
yeasts that play a critical role in maintaining the normal
function of the large intestine and the morphology and
function of colonic epithelial cells. SCFAs are highly
absorbable, with approximately 95% absorption (Carey
and Montag, 2021). When activated as ligands for
G protein-coupled receptors FFAR2 and FFAR3, acetate
acid and propionate acid result in the release of pep-
tide YY (PYY) by enteroendocrine cells, thereby slowing
down intestinal transit time and enhancing the efficiency
of energy extraction (Tazoe et al., 2008). Propionic acid,
the most potent agonist of FFAR2 with an EC, value of
approximately 12—274 uM, has been linked to microbi-
ally induced obesity (Koh et al., 2016). Mice deficient in
FFARS3 (Ffar3-/-) exhibited a 30% increase in body weight
and a 25% decrease in body fat at the same amount of
food intake (Samuel et al., 2008). SCFAs may act as sig-
naling molecules that influence animals’ nutritional
absorption.

Inducing exercise in mice has been shown to influence
the abundance of butyrate-producing bacteria in the
colon, leading to alterations in butyrate concentration
and a decrease in body fat content (Yang et al., 2020).
The microbiome of mice that exercised was more diverse
and had more metabolic capacity than that of the control
group (Hou et al., 2020). Exercise has the potential to
modulate the composition of SCFAs, which in turn may
influence lipid and energy metabolism. However, research
on the effects of exercise on gut microbiota metabolites,
intestinal absorption capacity, and fatty acid content in
the longissimus dorsi muscle of ruminants is limited. We,
therefore, suggest that exercise may affect lamb quality
by affecting the digestion and absorption ability of the
gut. The study measured SCFAs content in the colon,
crypt depth, mucosal thickness of the colonic epithe-
lium, mRNA expression of the genes related to fatty acid
absorption, and fatty acid content of the longissimus dorsi
muscle in captive Sunit sheep after 3 months of interven-
tion. The aim of this study was to provide a scientific basis
for the future optimization of sheep feeding practices to
obtain lambs with higher nutritional value.

Materials and Methods
Animal care

Animal experiments were conducted according to the
National Institute of Animal Health of Chinese Standards
for Animal Experimentation (GB 14925-2010) and
with the approval of the Inner Mongolia Agricultural
University’s Ethics Committee (NND2021072). This
study was carried out following the recommenda-
tions of the Instructive Notions concerning Caring for
Experimental Animals, Ministry of Technology of China.
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Animals and experimental design

Sunit lambs from Wulate Middle Banner, Inner
Mongolia, with an average body weight of 20.27+1.90
kg were selected for the experiment. In all, 12 healthy
3-month-old lambs were randomly assigned into two
groups: captive group (CG, basal diet) and captive
with exercise group (EG, baseline diet with artificially
increased exercise), each consisting of six lambs, with
equal gender distribution. Each group was fed with free
eating and drinking twice a day (d), once in the morning
and again in the evening. As the age of lambs increased,
the weight of fed concentrate also increased: 200 g of
concentrate per day for 0-30 d, 400 g of concentrate
per day for 30-60 d, and 600 g of concentrate per day
for 60-90 d. The composition of the two groups’ diet is
shown in Table 1. According to conducted pre-tests, the
EG lambs were exercised on a field of 18.5x10.5 m? at
an average speed of 75 m/min. They were driven by the
herders twice a day (10:30-11:10 am and 7:00-7:40 pm)
for a total of 80 min (pedometer daily steps of 10,000+
and distance of 6 km+ prevailed). During the experimen-
tal period, the lambs were moved around the feed trough
and permitted to drink freely. Pre-feed for 3 days, ani-
mals were slaughtered and sampled for analysis after 90
days of formal feeding.

Animal sample collection

Both groups of lambs were transported on the same day
to a slaughter house, 50 km from the farm (Grassland

Table 1. Basic diet and nutrient level (%).

Classification ~ Composition Content (%)
Composition Corn 60.0
of raw Sunflower meal 18.0
Bean cake 13.5
Cottonseed meal 4.0
Stone Powder 1.0
Sodium chloride 0.8
Calcium hydrogen phosphate 0.5
Vitamin and Mineral premix 1.5
Nutrient level Crude protein 18.0
Crude fiber 11.6
Coarse ash 7.8
Calcium 12
Phosphorus 0.6
Lysine 0.5

Note: Mineral vitamin premix provides per kilogram of diet: vitamin A,
4,000 IU; vitamin K3, 3,500 [U; vitamin B12, 2,500 IU; vitamin D3,
1,500 1U; vitamin E, 35 mg; zinc, 35 mg; iron, 35 mg; manganese,

20 mg; copper, 12 mg; iodine, 1.4 mg; and cobalt, 0.2 mg.

Hengtong Foods Co. Ltd., Bayannur, Inner Mongolia)
and slaughtered by regular commercial salal methods.
Before slaughtering Sunit lambs, the animals fasted for 24
h, their live weights were recorded, blood samples were
collected and stored in etheylenediaminetetraacetic acid
(EDTA) tubes, and immediately sent to the laboratory for
centrifugation at low temperature (-4°C) at 3000xg for
10 min; the plasma was stored at -80°C for determining
blood parameters.

After slaughtering the animals, the abdominal cavity was
immediately opened and colonic contents were collected
(0.5 g) and preserved at -80°C in 15-mL enzyme-free
sterile centrifuge tubes for SCFAs analysis. The colonic
epithelial tissues were trimmed into 2 x 1 cm? (L x W),
and one part was stored in 4% neutral formaldehyde
solution for observation of colonic morphology while the
other part was stored in 15 mL centrifuge tubes at -80°C
for expression of fatty acid transport genes in the intesti-
nal epithelium. The 1 x 0.5 x 0.5 cm?® (L x W x H) longis-
simus dorsi muscle blocks were clipped and collected in
three tubes per lamb, and two blocks in each tube were
frozen in 2-mL gene-freezing tubes at -80°C to deter-
mine muscle fatty acid metabolism gene expression. In
addition, the longissimus dorsi (50 g) muscle on the 12th
and 13th intercostal spine of each lamb was collected for
analysis of fatty acid content and stored in self-sealing
bags at -20°C.

Chemical analysis

Intestinal short-chain fatty acids

Weigh 0.5 g of colon contents into 15-mL centrifuge
tubes, add 2 mL of ice-cold saline and 1 mL of 50%
H,SO, solution, and then vortex to mix. After centrifu-
gation for 5 min (4°C, 10,000 r/min) while adding 2 mL
of ether to mix, centrifuge for 5 min (4°C, 10,000 r/min).
The supernatant was filtered through a 0.22-pm organic
filter into a sample vial for gas chromatographic analy-
sis following stratification. Following were the condi-
tions for gas chromatography (Wang et al., 2021): DB-5
column (30 m x 0.25 mm, 0.25 pm), helium carrier gas
flow rate of 1.2 mL/min, 250°C injection port tempera-
ture, 1-uL injection volume, 10:1 split ratio, and the
flame ionization detector (FID). The following tempera-
ture programs was adopted: (1) the initial temperature
was 100°C, which was maintained for 0.5 min; (2) the
rate of 8°C/min was increased to 180°C and held for 1
min; (3) the rate of 20°C/min was increased to 200°C
and maintained for 5 min. Conditions for mass spec-
trometry: ion source temperature of 250°C, transmission
line temperature of 250°C, and mass scanning range of
40-450 m/z. Seven standard SCFAs were purchased
from Aladdin Biochemical Technology Co (Shanhai,
China), with >99.5% purity.
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Intestinal mucosal morphology

The colon tissues were dried and fixed in paraffin to cre-
ate 6-pm-thick paraffin slices. After staining with hema-
toxylin and eosin (H&E), the tissues were observed under
light microscopy. The Leica Qwin V3 image analysis and
processing system was used to measure the depth of
crypt and mucosal thickness of the colon within the field
of view. At least five fields of view in each section were
selected for measurement, and the mean value was calcu-
lated as the measurement data.

Relative gene expression

Real-time quantitative polymerase chain reaction
(RT-PCR) was used to determine the genes that regulate
fatty acids in the colon and longissimus dorsi muscles:
(1) stearovl-coenzyme a desaturase (SCD), fatty acid
desaturases (FADSI and FADS?2), and fatty acid-binding
protein 4 (FABP4); (2) intestinal regulation of fatty acid
absorption and transport-related genes: fatty acid-
binding protein 2 (FABP2), fatty acid transport protein 4
(FATP4), peroxisome proliferators activate receptors o
(PPARa), monocarboxylate transporter 1 (MCT1I), and
the relative expression of sodium-coupled monocarbox-
ylate transporter 1 (SMCTI) mRNA. Table 2 shows the
sequences of gene primers whereas B-actin is the inter-
nal reference gene. The design and synthesis of gene
primer sequences were completed by Shanghai Sangon
Bioengineering Co. Ltd (Shanghai, China).

The samples kept at -80°C were put in a clean, pre-chilled
mortar and pounded into powder. RNA extraction was
conducted by the Hou method. The obtained RNA sam-
ples were extracted using 1% agarose gel electrophoresis
to determine extraction quality, and OD values at A230,
A260, and A280 nm were simultaneously measured to
guarantee RNA’s purity. The ultimate concentration
of RNA in each sample was 500 ng/pL. The extracted
RNA was reverse-transcribed into complementary
DNA (cDNA) using PrimeScript™ RT reagent kit with
genomic deoxyribonucleic acid (gDNA) eraser. Finally,
the obtained cDNA was stored at -20°C for use. RT-PCR
was performed using a fluorescence quantitative kit (TB
GreenTM Premix Ex TaqTM II). PCR reaction conditions
for genes in the longissimus dorsi muscle were as follows:
pre-denaturation (95°C, 30 s); denaturation (95°C, 5 s);
annealing (58°C, 30 s); and extension (72°C, 30 s), for
45 cycles. PCR reaction conditions for intestinal genes
were as follows: pre-denaturation (95°C, 30 s); denatur-
ation (95°C, 5 s); annealing (58°C, 30 s); extension (72°C,
30 s), for 50 cycles. Reverse-transcription was performed
using a Biometra instrument, followed by RT-PCR using
a LightCycler 96 (Roche, Basel, Switzerland).

Relative gene expression
Spectrophotometry was used to measure total cholesterol
(TC), triglyceride (TG), low-density lipoprotein (LDL),

Exercise affects fatty acids in longissimus dorsi muscle of Sunit lamb

and high-density lipoprotein (HDL) in the blood accord-
ing to the instruction manual of the assay kit provided by
the Nanjing Jiancheng Bioengineering Institute (Nanjing,
Jiangsu, China).

Muscle long-chain fatty acids

A total of 5.0 g of homogenized longissimus dorsi mus-
cle were weighed; a 2:1 combination of chloroform and
methanol was added, stirred magnetically for 2 h, soaked
for 10 h, and filtered using a G3 funnel. After adding a
5-mL mass fraction of 20% NaCl solution to the filtrate,
the bottom chloroform layer (containing the fat extract)
was preserved after standing. Anhydrous Na,SO, was
added for dehydration and rotational evaporation at 40°C
to obtain fat concentration. Then, 5 mL of 20-g/L sodium
hydroxide—methanol solution was added, refluxed at 70°C
for 5 min for saponification, and 5 mL of boron trifluoride
ether solution was added, and refluxed at 70°C for 2 min
for methyl esterification. Finally, 2 mL of chromatograph-
ically pure hexane was added, the mixture was refluxed
at 70°C for 1 min, 5 mL of saturated NaCl solution was
added, and the mixture was allowed to stand for 10 min.
The top layer of n-hexane was withdrawn by using a 1-mL
syringe, filtered it using a 0.22-pm organic filter into the
injection bottle to conduct gas chromatography analysis.

Improvements were made based on Wang et al. (2021).
Gas chromatography was done using the SP-2560 gas

Table 2. Primers of RT-PCR.

Genes  Primer sequence 5°-3’ Fragment
size (bp)

p-actin -~ F: 5-CTCACGGAGCGTGGCTACA-3’ 107
R: 5-GCCATCTCCTGCTCGAAGTC-3'

FABP2  F:5-CCTCACAGACGGAACTGAACTC-3 123
R: 5-TCGCCACCTATAATTTCTCGGACAG-3

FATP4  F:5-CATGGAGAACCGCAATGAGTTTGTG-3 122
R: 5-GAGAGGAGGTCAGGCAGTGGAG-3’

MCT1 F: 5-TCCCACTGAAGACACAGGCT-3' 139
R: 5-ACAGCACTGCAACACGAGAG-3’

SMCT1  F: 5-TCTCGTGGGACTCTGGGTGA-3' 114
R: 5-TGGTCCGGTGCAGACACTTT-3

PPARa  F:5-CACAGCAGCCGTGTCGATTC-3' 98
R: 5-ACCCTCCCTGGACACCTCTT-3'

SCD F: 5-GAGTACCGCTGGCACATCAA-3’ 103
R: 5-CTAAGACGGCAGCCTTGGAT-3'

FADS1  F:5-CTGCTGTACCTGCTGCACAT-3' 161
R: 5-ACGGACAGGTGTCCAAAGTC-3'

FADS2  F:5-TGCCAACTGGTGGAACCATCGC-3' 188
R: 5-GCGGCCCGATCAGGAAGAAGTAC-3'

FABP4  F:5-AAGAAGTGGGTGTGGGCTTT-3' 91

R: 5-ATGTTGACCACATCCCCATT-3'
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chromatography column (100 m x 250 pm, 0.2 pm). The
carrier gas was nitrogen, the injection port temperature
was 250°C, and a volume of 1 L was injected at a split
ratio of 25:1. The temperature program consisted of the
following three steps: (1) the initial temperature was
100°C, after holding for 13 min, the temperature was
increased to 180°C at 10°C/min and held for 6 min; (2)
after the temperature was increased to 200°C at a rate
of 1°C/min, it was stabilized for 20 min; and (3)heating
was continued to 230°C at a rate of 4°C/min, and the tem-
perature rise ended after holding for 20.5 min.

Slaughter performance
Live weight: after fasting for 24 h, the lambs were weighed
before slaughter.

Carcass weight: fully exsanguinated after slaughter. The
fur, head and hoof, lymph, and internal organs were
removed and weighed after standing period of 30 min:

carcass weight

Dressing percentage (%) = x100%.

live weight

Net meat weight: remove carcass bones and the remain-
ing net meat was weighed.

Carcass depth: measuring tape was used to measure ver-
tical distance from end of the rib to the spine.

Back fat thickness: back fat thickness was measured
immediately after slaughtering using a calliper.

Statistical analysis of data

Analysis of variance (ANOVA) test and Pearson’s correla-
tion analysis were performed using the SPSS 23.0 soft-
ware. Values were expressed as mean + standard error
(S.E.). The 224 method was used to calculate the rel-
ative expression of gene mRNA. Histograms were plot-
ted using the R (v4.1.1) and OriginPro (v9.8.0.200), and
beautified using Adobe Illustrator. This resulted in six
sample points for each group for the following parame-
ters: slaughtering performance, SCFAs content, mRNA
expression of colonic transporter genes, haematological
parameters, lipid metabolism genes, and fatty acid con-
tent of the longest dorsal muscle. For the observation of
the colonic epithelium, we selected five fields of view for
each section and five positions for each field of view to
record the depth of crypts and mucosal thickness. The
average of the five positions was used to express the
depth of crypts and mucosal thickness in that field of
view. Therefore, there were 30 data points in each group
of colonic epithelium data.

Results

Effects of exercise on intestinal metabolites and structure
in Sunit lamb

The levels of SCFAs in the colons of Sunit lamb under
two feeding regimes were assessed, and the results are
presented in Figure 1A. No significant differences in
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Effects of exercise on the content of SCFAs in the colon of Sunit lamb (mg/100 g). CG: control group (basal feed),

EF: exercise group (basal feed + exercise). *Significant difference between the two groups (P < 0.05); **significant difference
between the two groups (P < 0.01); ***significant difference between the two groups (P < 0.001). (A) The content of SCFAs
(mg/100 g) between both CG and EG groups; (B) difference in pH value between both CG and EG groups. SCFAs: short-chain

fatty acids.

32

Quality Assurance and Safety of Crops & Foods 16 (2)



isovaleric acid and caproic acid were observed between
the two groups (P > 0.05). However, the EG exhibited
significantly lower concentrations of acetic acid, butyric
acid, isobutyric acid, and valeric acid, compared to CG
(P < 0.05), while the CG had significantly higher level of
propionic acid (P < 0.05). Additionally, Sunit lambs in
the EG had a significantly lower colonic pH (P < 0.05)
(Figure 1B). The exercise regime also impacted the struc-
ture of the colonic mucosa as shown in Figures 2A—2C.
Specifically, the EG exhibited a reduction in the depth of
the intestinal crypt and a significant increase in mucosal
thickness (P < 0.05).

Effect of exercise on the expression of fatty acid
absorption and transport genes in the colon
of Sunit lamb

The exercise was found to have a significant impact on
the expression of genes related to fatty acid absorption
and transport in the colonic epithelium of Sunit lamb
(Figure 3). The mRNA expression of FATP4 and PPAR«
genes was significantly higher in the CG, compared to the
EG (P < 0.05). However, no significant differences were
observed in the mRNA expression of colonic FABP2,
SMCT1I, and MCT1 between the two groups (P > 0.05).
Exercise may affect the regulation of fatty acid absorption

Exercise affects fatty acids in longissimus dorsi muscle of Sunit lamb

and transport in Sunit lamb, potentially impacting their
nutritional value.

Effect of exercise on blood parameters in Sunit lamb

Table 3 illustrates the observed differences between the
EG and the CG concerning various lipid parameters.
Notably, the EG displayed significantly higher levels of
HDL, compared to the CG (P < 0.05). Moreover, plasma
levels of TG, TC, and LDL were significantly lower in the
EG by 23.50%, 9.52%, and 5.97%, respectively, compared
to the CG (P < 0.05). Exercise can improve lipid metab-
olism and potentially reduce the risk of cardiovascular
disease in Sunit lamb.

Effect of gene expression of fatty acid metabolism in the
longissimus dorsi muscle

The present study aimed to investigate the effects of
exercise on gene expression of fatty acid metabolism in
the longissimus dorsi muscle of Sunit lamb, as shown in
Figure 4. There had significant differences in the mRNA
expression of FABP4, FADSI1, FADS2, and SCD between
both EG and CG. In the longissimus dorsi muscle
of the EG, the mRNA expression of these genes was
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Figure 2. Effects of exercise on the colon structure of Sunit lamb. CG: control group (basal feed), EG: exercise group (basal
feed + exercise). ***Significant difference between the two groups (P < 0.001). (A) Colonic structure of lamb in the captive group;
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Effects of exercise on the expression of a fatty acid absorption transporter gene in the colon of Sunit lamb. CG:

control group (basal feed), EF: exercise group (basal feed + exercise). *Significant difference between the two groups (P < 0.05);

**significant difference between the two groups (P < 0.01).

Table 3. Effect of exercise on blood parameters (mmol/L).

Parameter CG EG

TG 3.83+0.512 2.93+0.54°
TC 7.88+0.422 7.13+0.38°
HDL 1.16+0.15° 1.59£0.222
LDL 0.67+0.06 0.630.03

abSignificant differences between feeding probiotics (P < 0.05).
LDL: low-density lipoprotein; HDL: high-density lipoprotein; TG:
triglycerides; TC: total cholesterol.

significantly lower than that of the CG (P < 0.05). Exercise
may influence the regulation of fatty acid metabolism in
Sunit lamb.

Fatty acid composition of longissimus dorsi muscle

The present study aimed to investigate the effect of exer-
cise on fatty acid content in the longissimus dorsi muscle
of Sunit lamb as presented in Table 4. In both EG and CG,
stearic acid (C18:0) and palmitic acid (C16:0) accounted
for 85-89% of SFA in the longissimus dorsi muscle. The
main source of mutony taste was C18:0, which showed
no significant difference in its content between the two

groups (P > 0.05). However, the total SFA content of the
longissimus dorsi muscle was significantly higher in the
EG than in the CG (P < 0.05). Notably, lauric acid (C12:0),
myristic acid (C14:0), pentadecanoic acid (C15:0), and
palmitic acid (C16:0) were significantly increased, while
arachidic acid (C20:0) was significantly decreased in the
EG (P < 0.05).

Regarding monounsaturated fatty acids (MUFA), pal-
mitoleic acid (C16:1) and elaidic acid (C18:1n9t) were
significantly higher in the EG than in the CG (P < 0.05),
while myristic acid (C14:1) and oleic acid (C18:1n9c)
were significantly lower in the EG (P < 0.01). However,
there was no significant difference in the total MUFA
content of the longissimus dorsi muscle between the two
groups (P > 0.05).

Polyunsaturated fatty acids (PUFA) were classified into
n-3 and n-6 series based on the position of unsaturated
bond. N-6 series mainly includes y-linolenic acid (C18:3
n-6), cis-8,11,14-eicosatrienoic acid (C20:3 n-6), and ara-
chidonic acid (AA). The total PUFA content of the lon-
gissimus dorsi muscle of Sunit lamb had no significant
difference between the two groups (P > 0.05). The per-
centage of n-3 PUFA was significantly higher in the CG
than in the EG (P < 0.05), but there was no significant
change in the percentage of n-6 PUFA between the two
groups (P > 0.05). Additionally, the n-6:n-3 ratio in the
unsaturated fatty acids (UFA) was significantly higher
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Figure 4. Effects of exercise on gene expression of fatty acid metabolism in the longissimus dorsi muscle of Sunit lamb. CG:
control group (basal feed), EG: exercise group (basal feed + exercise). *Significant difference between the two groups (P < 0.05);
**significant difference between the two groups (P < 0.01); and **significant difference between the two groups (P < 0.001).

in the EG, compared to the CG (P < 0.05). Exercise may
influence the fatty acid composition of the longissimus
dorsi muscle in Sunit lamb.

Correlation analysis of fatty acid metabolism-related
genes and fatty acids

Figure 5 shows a network diagram of the correlation
analysis between colonic SCFAs, intestinal epithelial
fatty acid absorption and transport genes, blood param-
eters, longissimus dorsi muscle lipid metabolism genes,
and longissimus dorsi muscle fatty acids. Only results
of correlation analysis with |Spearman’s 7| > 0.6 and
P < 0.05 were retained. A total of seven SCFAs, four lipid
metabolism genes, 19 fatty acids, three blood parame-
ters, and three fatty acid uptake and transport genes were
included. Six metrics were found correlated with more
than 10 other metrics. These metrics are hexanoic acid,
isobutyric acid, SCD, FABP4, FADS1, and butyric acid.
Additionally, 15 other metrics were found correlated with
both hexanoic acid and isobutyric acid. Of all the fatty
acids, C12:0 was found to be the most susceptible, show-
ing significant correlations with nine different metrics.
These included four medium- and short-chain fatty acids
(acetic acid, propionic acid, hexanoic acid, and isobutyric
acid), two lipid metabolism genes (FABP4 and SCD), two
blood parameters (HDL and TC), and PPARa.

Effect of exercise on slaughter performance of
Sunit lamb

Table 5 presents the impact of exercise on the slaughter
performance of Sunit lamb. There was no significant dif-
ference in carcass weight, carcass height, and net meat
weight between the two groups of Sunit lamb (P > 0.05).
However, the EG demonstrated significantly higher val-
ues for carcass depth and dressing percentage (P < 0.05),
while back fat thickness was significantly lower, com-
pared to the captive group (P < 0.05). These results may
have important implications for the husbandry practices
and management of Sunit lamb.

Discussion

The colon plays a crucial role in degrading undigested
nutrients from the rumen and small intestine, resulting
in higher concentrations of SCFA. The concentration of
SCFAs in the colon reflects the extent of fermentation
occurring in the animal’s hindgut (Carey and Montag,
2021). Exercise is one factor that influences the metabo-
lites of intestinal flora, such as intestinal endocrine cells,
which in turn affect intestinal digestion, barrier function,
and host metabolism (Wrzosek et al., 2013). Previous
studies have shown that exercise increases intesti-
nal butyrate content in mice (Matsumoto et al., 2008),
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Table 4. Effect of exercise on fatty acids of the longissimus dorsi muscle of Sunit lamb (%).

Name Structure CG EG
SFA Decanoic acid C10:0 0.14+0.01° 0.1610.012
(saturated fatty acids) Lauric acid C12:0 0.1120.01° 0.15£0.012
Myristic acid C14:0 2.19+0.22° 2.49+0.182
Pentadecanoic acid C15:0 0.32+0.02° 0.56+0.082
Palmitic acid C16:0 23.79£0.38° 25.11+0.86°
Stearic acid C18:0 13.30£0.48 13.7611.21
Arachidic acid C20:0 0.12+0.012 0.100.01°
Henicosanoic acid C21:0 0.21£0.012 0.04+0.01°
Behenic acid C22:0 2.690.11 2.5510.45
total - 42.86+0.32° 44,93£2.112
MUFA Myristoleic acid C14:1 0.35£0.02? 0.210.02°
(monounsaturated fatty Palmitoleic acid C16:1 2.19:0.34° 2.69£0.05°
acids) Nervonic C24:1 0.48:0.03° 0.26£0.04°
Elaidic acid C18:1n9t 1.36+0.09° 1.95+0.182
Oleic acid C18:1n9¢c 42.44+0.50° 41.49£0.49°
total - 46.83+0.33 46.5910.42
PUFA Linolelaidic acid C18:2n6t 0.32+0.042 0.18£0.05°
(polyunsaturated fatty Linoleic acid C18:2n6¢ 6.89£0.48 6.79¢1.12
acids) sinolenic acid C18:3n6 0.36+0.01 0.3440.03
a-linolenic acid C18:3n3 0.730.072 0.42+0.08°
cis-11,14-Eicosadienoic acid C20:2 0.25+0.03 0.23+0.04
cis-8,11,14-Eicosatrienoic acid C20:3n6 0.41£0.042 0.21£0.02°
cis-11,14,17-Eicosatrienoic acid C20:3n3 0.24£0.03 0.19£0.06
Arachidonic acid (AA) C20:4n6 0.33£0.042 0.170.01°
Eicosapentaenoic acid (EPA) C20:5n3 0.36+0.022 0.28+0.01°
Docosahexaenoic acid (DHA) C22:6n3 0.170.01 0.150.02
total - 10.06£0.51 8.9811.16
n-3 PUFA - 1.490.082 1.05£0.09°
n-6 PUFA - 8.31£0.51 7.6911.15
n-6/ n-3 - 5.57£0.41° 7.35¢1.042

abSignificant differences between feeding probiotics (P < 0.05).

CG: control group (basal feed); EF: exercise group (basal feed + exercise).

which is consistent with the findings of our investi-
gation (P < 0.05). Butyrate has been shown to reduce
intestinal inflammation and improve intestinal muco-
sal function (Hu et al., 2020). Our study demonstrated
that exercise increased the thickness of colonic epithe-
lial mucosa (P < 0.001) and SCFA concentration in the
intestine while reducing the depth of colonic epithelial
crypts (P < 0.001). This suggests that appropriate exer-
cise promotes hindgut fermentation in Sunit lamb. The
shallower the intestinal epithelial crypt, the better the
maturation and secretory function of intestinal epithelial
cells, while increased mucosal thickness improves intes-
tinal immune function and promotes animal growth. An
increase in the concentration of intestinal flora metabo-
lites (SCFAs) may promote the synthesis and secretion

of glucagon-like peptide 1 by colorectal epithelial cells,
which in turn affects insulin secretion done by pancre-
atic B cells to regulate muscle cell glycogen metabolism
(Tolhurst et al., 2012). Ultimately, this influences the
muscular growth and development of Sunit lamb in EG.
A decrease in intestinal pH in the EG (P < 0.05) may
also inhibit the growth and reproduction of pathogenic
Aspergillus bacteria. In conclusion, our study shows that
exercise improves the absorption capacity of colon bac-
teria in Sunit lamb, which has a positive impact on both
intestinal and the overall health of the organism.

The expression of lipid metabolism-related genes in
Sunit lamb intestinal epithelial cells was found to regu-
late fatty acid metabolism and absorption. Among these
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Figure 5. Correlation analysis of SCFAs, fatty acid absorption and transport genes, lipid metabolism genes, blood parame-
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Table 5. Effects of exercise on slaughter performance and carcass
quality of Sunit lamb.

Index CG EG

Live weight (kg) 36.78+2.37 35.40+3.18
Carcass weight (kg) 15.73£1.81 17.10£1.91
Net meat weight (kg) 12.22+2.48 13.8621.40
Carcass height (cm) 73.50£2.17 72.67+1.86
Carcass depth (cm) 17.83£0.41° 19.17£0.75°
Back fat thickness (mm) 5.70£0.70? 4.42+0.93
Dressing percentage (%) 44.48+4.28° 50.38+2.24°

abSignificant differences between feeding probiotics (P < 0.05).
CG: control group (basal feed); EF: exercise group (basal feed +
exercise).

genes, PPARa (P < 0.05), a key player in lipid metabo-
lism, is involved in various biological processes, such
as fatty acid transport and oxidation (Dias et al., 2022).
Knockdown of intestinal PPAR« in mice fed with a high-
fat diet has been shown to limit body fat accumulation

(Stojanovi¢ et al., 2021). FATP4 is a family of intestinal
fatty acid transporters that regulates the absorption and
transport of long-chain fatty acids (more than 18 car-
bons) by intestinal epithelial cells (Larqué et al., 2006).
The mRNA expression of colonic FATP4 was found to be
decreased in the EG (P < 0.01), inhibiting the absorption
and transport of PUFA. SMCT1 (P > 0.05) and MCT1I
(P > 0.05), on the other hand, are involved in the trans-
port and absorption of nutrients, such as intestinal SCFA
and amino acids (Izuddin et al., 2019). Therefore, the
present study suggests that exercise regulates the expres-
sion of genes related to fatty acid metabolism in the colon
of Sunit lamb, affecting the absorption and transport of
long-chain fatty acids.

Blood parameters, such as TC, TG, HDL, and LDL are
essential indicators of lipid metabolism in livestock.
Abnormal lipid metabolism is often associated with
increased levels of plasma TC and TG. Moderate exer-
cise intervention has been shown to improve inflam-
matory cytokines and regulate lipid levels in mice fed
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with a high-fat diet (Semeraro et al., 2022). The current
investigation found that exercise reduced plasma TC
(P < 0.05) and TG (P < 0.05) levels in Sunit lamb, indi-
cating that exercise improves lipid metabolism in animals
and potentially benefit human nutritional health.

Significant correlations (P < 0.05) were observed between
the seven SCFAs and other indicators throughout the
correlation network. Each Hexanoic acid (15 indicators),
isobutyric acid (15), and butyric acid (11) was correlated
with more than 10 indicators. Acetic acid was found to be
significantly different between the two groups (P < 0.01).
Correlation analysis showed a significant positive cor-
relation between acetic acid and TC, which was also sig-
nificantly reduced in EG. Elevated levels of acetic acid are
considered an indicator of obesity (Li et al., 2023), which
leads to increased blood TC. Exercise has been shown to
have a positive effect on lowering TC (Mann et al., 2014),
which is consistent with the results of the present study.
Therefore, it is suggested that exercise helps to improve
the health status of Sunit lamb. A significant positive
correlation (P < 0.05) was found between acetic acid and
SCD, a key enzyme in the desaturation of fatty acids (Fu
et al., 2021). The gene expression of SCD was significantly
reduced in the dorsal longest muscle of the EG (P < 0.01),
resulting in a reduced conversion of saturated to UFAs in
the muscle of Sunit lambs. As a result, the proportion of
SFAs increased in the EG. The correlation between acetic
acid and fatty acids was also verified. Acetic acid exhib-
ited a significant negative correlation with C18:0, C12:0,
and C15:0, and a significant positive correlation with
UFAs, such as C18:1n9c and C20:4n6.

In this study, it was found that levels of propionic acid
were significantly higher in the colon of EG (P < 0.05) and
were positively correlated with levels of HDL (P < 0.05).
Additionally, levels of HDL were significantly higher
in the EG group (P < 0.05), which is consistent with the
findings of Zha et al. (2023) and Wang et al. (2023). It
has been found that HDL can play a protective role in
the body (von Eckardstein et al., 2023). HDL is able to
transport excess cholesterol from peripheral tissues or
cells to the liver for breakdown (Teng et al., 2020), which
improves the health of Sunit lamb. Research has shown
that propionic acid inhibits the expression of Npclll, a
crucial cholesterol transporter in the intestine. This is
achieved by affecting the number of T cells and the level
of IL10 in the intestinal microenvironment (Haghikia
et al., 2022). This pathway shows how propionic acid
affects cholesterol metabolism in the body. Propionic
acid was negatively correlated with the genes involved in
lipid metabolism in the muscle (FABP4 and FADSI) and
a lipid transporter gene in the gut (FATP4) (P < 0.05).
FABP4 is associated with fat deposition (Michal et al.,
2006), while the FADS family regulates PUFA synthesis
(Hayashi et al., 2021), and FATP4 is responsible for the

transport and uptake of long-chain fatty acids in the
intestine (more than 18 carbons) (Stahl, 2004). In this
study, it was found that the expression of all three genes
was significantly down-regulated. The fatty acids that
were correlated with these genes were mostly correlated
positively. Additionally, both of these fatty acids were
significantly reduced in the longest dorsal muscle. Based
on these findings, we hypothesize that propionic acid
can influence the meat quality of Sunit lamb by affecting
absorption of intestinal cholesterol and composition of
muscle fatty acid.

The study found a significant reduction in butyric acid
in the EG (P < 0.05). Additionally, a positive correlation
was observed between the transporter gene PPARa and
lipid metabolism genes in the intestine (P < 0.05). PPAR«
is involved in various biological processes, including lipid
metabolism, fatty acid transportation, and oxidation. It
has been discovered that knocking down of intestinal
PPARa in mice on a high-fat diet can inhibit dilation of
the intestinal crypts and shortening of the villi, which in
turn limits increase of body fat (Stojanovi¢ et al., 2021).
This finding suggests a potential role for PPARx in reg-
ulating body fat. Similarly, a decrease in colonic PPAR«x
expression in EG Sunit lamb has been found to limit
body fat deposition and restrict cecal crypt expansion.

Isobutyric acid showed significant correlation with 15
indicators and was significantly reduced in the EG (P <
0.05). Additionally, it was significantly positively cor-
related with PPARa, FABP4, and SCD (P < 0.05). In our
study, we found that isobutyric acid was significantly
correlated with 11 fatty acids, including six SFAs and five
UFAs. Among the six SFAs, isobutyric acid was signifi-
cantly negatively correlated with four of them (P < 0).
Among UFAs, isobutyric acid showed significant positive
correlation with four of them (P < 0.05). Additionally, one
study found a significant positive correlation between
isobutyric acid and UFA/SFA. It is important to note
that all evaluations presented are objective and based on
empirical evidence (Ye et al., 2020).

The intervention of exercise in this study was found to
reduce dorsal fat deposition as measured by a decrease in
back fat thickness in the EG. Lambs with higher carcass
weights are known to be more productive and competi-
tive in the market (Volpi-Lagreca et al., 2021).

This study examines the impact of exercise on the meat
quality of Sunit lamb, specifically investigating the effects
on SCFAs, fatty acids, and slaughter performance. While
SCFAs were analysed in the colon of Sunit lamb in this
experiment, the factors influencing their content remain
unclear. Therefore, in next experiments, we plan to per-
form metagenome sequencing of the colonic flora of
Sunit lamb to investigate changes in colonic flora and
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function. We also plan to monitor the intake of Sunit
lamb to observe the effect of exercise on intake in order
to clarify the reasons for the effect of SCFAs content.
Additionally, we want to investigate the effects of exercise
on meat quality and nutritional indexes as well as slaugh-
tering performance and muscle fatty acids.

Conclusions

Exercise had a significant effect on the content of SCFAs
in the colon of Sunit lamb. It also lowered the pH of the
colon and increased the thickness of the mucosa while
lowering the depth of colonic crypts. These changes had
a positive effect on the digestion and absorption of Sunit
lamb. Furthermore, exercise significantly impacted the
lipid metabolism of Sunit lamb. Specifically, the fatty
acid absorption and transfer genes in the intestines,
lipid metabolism genes in the longissimus dorsi mus-
cle of Sunit lamb, and blood parameters were generally
reduced. This is also reflected in changes in fatty acid
content of the longissimus dorsi muscle of Sunit lamb.
Exercise significantly increases the dressing percentage
of Sunit lamb, with a positive impact on growth of the
livestock industry and income. Additionally, exercise
improves dressing percentage and health of Sunit lamb.
However, the effect of exercise on fatty acids can further
impact the nutritional value and flavour of mutton.
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