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Conjugated linoleic acid
regulates adipocyte fatty acid
binding protein expression via
peroxisome
proliferator-activated receptor a
sighaling pathway and increases
Intramuscular fat content

Jing Chen, Ruiguo You, Yao Lv, Huimin Liu and
Guoqing Yang*

Laboratory of Animal Gene Engineering, College of Life Sciences, Henan Agricultural University,
Zhengzhou, China

Intramuscular fat (IMF) is correlated positively with meat tenderness, juiciness
and taste that affected sensory meat quality. Conjugated linoleic acid (CLA)
has been extensively researched to increase IMF content in animals, however,
the regulatory mechanism remains unclear. Adipocyte fatty acid binding
protein (A-FABP) gene has been proposed as candidates for IMF accretion.
The purpose of this study is to explore the molecular regulatory pathways of
CLA on intramuscular fat deposition. Here, our results by cell lines indicated
that CLA treatment promoted the expression of A-FABP through activated the
transcription factor of peroxisome proliferator-activated receptor o (PPAR).
Moreover, in an animal model, we discovered that dietary supplemental with
CLA significantly enhanced IMF deposition by up-regulating the mRNA and
protein expression of PPARa and A-FABP in the muscle tissues of mice. In
addition, our current study also demonstrated that dietary CLA increased
MRNA expression of genes and enzymes involved in fatty acid synthesis and
lipid metabolism the muscle tissues of mice. These findings suggest that CLA
mainly increases the expression of A-FABP through PPARa signaling pathway
and regulates the expression of genes and enzymes related to IMF deposition,
thus increasing IMF content. These results contribute to better understanding
the molecular mechanism of IMF accretion in animals for the improvement of
meat quality.

intramuscular fat, conjugated linoleic acid, adipocyte fatty acid binding protein,
peroxisome proliferator-activated receptor o, meat quality
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Introduction

Intramuscular fat (IMF), deposited within muscle tissue,
is an important characteristics of meat quality (1, 2).
IMF determines sensorial qualities of meat including flavor,
tenderness, and juiciness. However, in the past few decades, lean
meat yield and backfat thickness were considered as important
parameters in breeding, which result in decreasing IMF content.
Recently, improving IMF content of meat is a critical interest to
nutritionists, breeders and geneticists for health and economic
reasons. IMF deposition is the result of comprehensive effects
of animal growth, body fat distribution, fatty acid composition,
key genes of fat metabolism and transcription regulators (3-5).
Multiple factors greatly influence IMF content, such as breeds,
gender, age, genes and dietary (6-8). Conjugated linoleic acid
(CLA) is a group of positional and geometric isomers of linoleic,
which has a variety of biologically beneficial activities including
anti-cancer, anti-obesity, anti-inflammatory, anti-diabetic and
immune modulating properties (9-11). CLA has been reported
to modulate body fat composition through distinct actions on fat
deposition, lipolysis of adipose cells and overall lipid metabolism
(12). Previous studies have shown that CLA improved IMF
content and marbling scores in pigs, cattle, lamb and broiler
chicken (13-18). However, there are limited studies about the
mechanism of CLA on increasing IMF content.

Adipocyte fatty acid binding protein (A-FABP) is expressed
in adipose tissue, interacts with peroxisome proliferators
activated receptors (PPARs) and binds to hormone-sensitive
lipase and therefore, plays an important role in the lipid
deposition of muscles and homeostasis in adipocytes (8). The
polymorphism of the A-FABP gene mutation site is positively
correlated with IMF content (19, 20). Meanwhile, many studies
have shown that the high expression of A-FABP gene in
muscle tissue is conducive to improve the IMF content (21-
23). Therefore, A-FABP can be used as a candidate gene
for enhancing IMF content. A-FABP promoter contains a
peroxisome proliferator response element (PPRE) binding site,
and the promoter can be activated by PPARs (24-26). PPARs
belong to the nuclear receptor super-family of transcription
factor, which are divided into three isoforms: PPARa, PPARB/3
and PPARY, associated with adipogenesis, lipogenesis and IMF
accretion in animals (27-29). PPARs are activated by specific
natural ligands such as lipids, retinoids, steroids, and thyroid
hormones. PPARs heterodimerize with retinoid X receptors
(RXRs) and upon ligand activation bind to PPRE in the
regulatory regions of their target genes (30). PPARs regulate
genes coding for proteins participating in fatty acid uptake
and mitochondrial B-oxidation. CLA regulates the expression
of a variety of nuclear transcription factors and genes involved
in lipid metabolism and affected the uptake and oxidation of
fatty acids and lipid anabolism to increase IMF deposition and
improve meat quality (31-33). A recent study revealed that
dietary supplemental with CLA increased the expression of
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PPAR-y and A-FABP, enhanced IMF deposition by 14%, and
reduced subcutaneous fat deposition by 9.2% in Landrace and
Yorkshire hybrid pigs (14). However, the underlying mechanism
of genes expression related to IMF deposition by CLA regulated
is yet to be elucidated.

The present study aims to investigate molecular mechanism
of CLA promoting IMF deposition. In this study, in cellular
level, we observed that CLA treatment enhanced the activity
of PPARa and A-FABP promoter. Overexpression of PPARa in
cells dramatically facilitated the activity of A-FABP promoter,
while siRNA-mediated knockdown of PPARa expression
decreased the activity of A-FABP promoter, which indicated
PPARa maybe bind to the promoter region of A-FABP and
thus regulate its transcriptional expression. Hence, we inferred
that CLA activated the expression of transcription factor
PPARa, which in turn regulating the transcription expression
of A-FABP. Furthermore, in mouse model, our results showed
that dietary supplemental with CLA increased the abundance of
lipid droplets and improved the IMF content in the quadriceps
femoris of mice. Additionally, the mRNA and protein expression
of PPARa and A-FABP were remarkably increased in the
quadriceps femoris of mice fed CLA. We further found that
CLA increased IMF accumulation by regulating the expression
of genes and enzymes related to fatty acid synthesis and lipid
metabolism. These findings uncovered a molecular regulatory
pathway of CLA-enhanced IMF deposition.

Materials and methods

Animals, diets, and treatments

All experiments involving animals were conducted in
accordance with guidelines established by the Animal Care and
Use Committee of Henan Province, China. Kunming mice aged
35 days (n = 40) were housed under standard conditions with
12/12-h light/dark cycles at 22 & 2°C, 50% of humidity and had
free access to water and food. Mice were fed a standard diet for
1 week for adaptation and were randomized into two groups.
Twenty mice in control group were fed a basal diet (Con group)
and those in the experimental groups were fed the basal diet
supplemented with 1.5% CLA (CLA group). The experiment
lasted for 15 days. The composition of CLA diet was showed in
Supplementary Tables 1, 2.

Sample collection

At the end of the experiment, the mice were euthanized with
1% sodium pentobarbital anesthesia. Livers and the quadriceps
femoris muscles of mice were quickly sampled, weighed, and
partially fixed in 4% paraformaldehyde for future analysis.
Others were stored at —80°C for RNA and protein extraction.
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TABLE 1 Primers or oligonucleotides for PCR.

10.3389/fnut.2022.1029864

TABLE 2 siRNA interference sequence.

Gene (Pig) Primers EXP Gene Sequence EXP

PPAR«a Fwd:CCAGCCTCCAGCCCCTCGT PCR PPARa siRNA-1 Fwd:CCUAAACGUAGGACACAUUTT interfere
Rev:CATGACCTAGAAGATGCCGAGAC Rev:AAUGUGUCCUACGUUUAGGTT

PPARa promoter Fwd:GCACACGGGGAACAGATAAC PCR PPARa siRNA-2  Fwd:CCAACGGCAUCCAGAACAATT interfere
Rev:CTTCCAGAACTGTCCTCACCAATG Rev:UUGUUCUGGAUGCCGUUGGTT

A-FABP promoter Fwd:TGGGAAGATTTCAGGATACT PCR siRNA-Con Fwd:UUCUCCGAACGUGUCACGUTT  negative control

Rev:CATTTTGTGAGCACTCTAGG

Rev:ACGUGACACGUUCGGAGAATT

Plasmid constructs

DNA fragment of porcine PPARa promoter from —1069
to +143, and porcine A-FABP promoter from —1128 to +3
were amplified by PCR using porcine liver genomic DNA.
For the generation of the luciferase reporter construct, the
PCR products were purified and subsequently digested using
Kpnl and BglII restriction enzymes, then cloned into the
corresponding restriction sites of pGL3-basic vector using Clon
Express Ultra One Step Cloning Kit (Vazyme, USA). The
plasmids were named pGL3-ppara and pGL3-afabp. The PCR
conditions were as follows: 94°C for 3 min, then 35 cycles of
94°C for 30 s, 65°C for 40 s and 72°C for 90 s, followed by a
final extension at 72°C for 10 min. The porcine PPARa sequence
(GenBank accession number:AY364466) was amplified from
porcine liver by PCR. The PCR product was digested with
restriction enzymes kpnl and EcoRI, and cloned into expression
vector pCMV5-myc to generate pCMV5-myc-ppara. The PCR
conditions were as follows: 94°C for 3 min, then 35 cycles of
94°C for 30 s, 67°C for 40 s and 72°C for 30 s, followed by a
final extension at 72°C for 10 min. The primer sequences used
for cloning of promoter and plasmid construction are shown in
Table 1.

Cell lines and cell culture

The 293T (Human Renal Epithelial Cells), C2C12 (Mouse
Myoblasts), 3T3-L1 (Mouse Preadipocytes) and PK15 (Porcine
Renal Epithelial Cells) cell lines were preserved in our
laboratory, and maintained in DMEM (Invitrogen, Carlsbad,
CA, USA) plus 10% fetal bovine serum (Gibco, Waltham,
MA, USA), 2 mM of glutamine (Gibco, Waltham, MA, USA),
50 U/mL penicillin (Gibco, Waltham, MA, USA) and 50 pg/mL
of streptomycin (Gibco, Waltham, MA, USA). All cells were
cultured in a 37°C incubator with 5% CO,.

Peroxisome proliferator-activated
receptor a knockdown analysis

For knockdown of porcine PPARa, small interfering RNA
(siRNA) was purchased from GenePharma (Shanghai, China).
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The sequences to interfere porcine PPARa (siRNA-1 and
siRNA-2) expression, and control sequences (siRNA-Con) were
listed in Table 2. PK15 were transfected with siRNA-Con
or porcine PPARa siRNA by Lipofectamine® 3000 reagent
(Thermo Fisher Scientific, USA). At 48 h after transfection,
cells were used to detect mRNA and protein levels of
PPARa.

Luciferase assay

The cells were seeded at a density of 1.2 x 10° cells/well
in 24-well plate for 24 h, and then transfected with different
pGL3-afabp, and pCMV5-myc-
ppara) using Lipofectamine® 3000 reagent. All plasmids

plasmids (pGL3-ppara,
were used in equimolar amounts, and they were co-
transfected with 50 ng pRL-TK, a Renilla luciferase reporter
vector as internal control. After 4 h, the cells were treated
with 100 pnM CLA. At 48 h after transfection, cells were
harvested to measure the luciferase activity. Transfected
cells were lysed with Passive Lysis Buffer (Promega), and
assayed for Firefly and Renilla luciferase activities in a
luminometer by the Dual-Luciferase Reporter Assay System
according to the manufacturer’s instructions. The Firefly
luciferase activity was normalized against Renilla luciferase
activity. Results were normalized to the control vector
pGL3-Basic.

The configuration of 100 pM CLA is as follows: 3.57 mL
absolute ethanol was added to 100 mg CLA, from which 1 mL
was blown dry with nitrogen to obtain the storage solution of
CLA. 0.05 mL of the storage solution was added to 1.55 mL of
0.1M NaOH to get 100 mM solution, which was diluted 1% with
DMEM and filtered.

Real time quantitative PCR analysis

Total RNA from cells and muscle samples were extracted
using Trizol (Takara, Dalian, China). cDNA was synthesized
using the PrimeScript II 1 st Strand cDNA Synthesis Kit
(Takara, Dalian, China). RT-qPCR was performed with SYBR
Green PCR master mix (Takara, Dalian, China) on a 7500
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TABLE 3 Primers or oligonucleotides for real-time
PCR (mouse or pig).

Gene Primers EXP
CPT1 Fwd:TCAAGCCAGACGAAGAACA Real-time
Rev:GCACCTTCAGCGAGTAGCG PCR
AMPK Fwd:ACCATACCCATAGGATTGAC Real-time
Rev:CATAGGGATTTGTTGCTCTT PCR
ACOX1 Fwd:ATCACCATCCCAGGAGTA Real-time
Rev:TAGAAGGCTTAGGCAACA PCR
ACOX3 Fwd:CGCTGGCTTGTTTGCTACT Real-time
Rev:CTGGCTGTTGTTTCTTGCTTC PCR
LCAD Fwd:GGCCCTTGATAAATCCTTT Real-time
Rev:TGATCTCGTGATCGTCGTG PCR
CD36 Fwd:GAGGCGGGCATAGTATCA Real-time
Rev:GGCAGGAGTGCTGGATTA PCR
FAS Fwd:CCATCGCTTCCAGGACAAT Real-time
Rev:GGCTTCGCCAACTCTACCA PCR
LACS Fwd:CAGGTCGCAGATAGATGAAC Real-time
Rev:ATTGGTACGAGGAGGATTGT PCR
DGAT1 Fwd:TAGGCTTGTAGAAGTGTCTGATG Real-time
Rev:GAGATTGGTGGAATGCTGAG PCR
ACC Fwd:AAGGCAGTATCCATTCATCACA Real-time
Rev:ACACGGGCAGTCTACCACAG PCR
A-FABP Fwd:GATGAAATCACCGCAGACGACA Real-time
Rev:ATTGTGGTCGACTTTCCATCCC PCR
PPARa Fwd:AGTGCCTGTCTGTCGGGATG Real-time
Rev:CTCTTGCCCAGAGATTTGAGGTC PCR
B-actin Fwd:GCTCTGGCTCCTAGCACCAT Real-time
Rev:GCCACCGATCCACACAGAGT PCR
PPARa (pig) Fwd:TCAAGAGCCTGAGGAAACC Real-time
Rev:CAAATGATAGCAGCCACAAA PCR
GAPDH(pig) Fwd:CACAGTCAAGGCGGAGAACG Real-time
Rev:CCATTTGATGTTGGCGGGAT PCR

Real Time PCR System (Applied Biosystems, CA, USA). The
program was as follows: 95°C for 5 min, followed by 40
amplification cycles, each at 95°C for 10 s, then 60°C for
30ss. The glyceraldehyde-3-phosphate dehydrogenase (GAPDH)
gene was used as a reference gene for the standardization of
the results. The data was analyzed using the cycle threshold
(2722€T) method. Primer sequences for target genes were listed
in Table 3.

Intramuscular fat content analysis

The IMF was measured by the Soxhlet extractor method
according to GB5009.6-2016. The muscle samples were cut
into thin slices, and put into glassware, and dried at 105°C
for more than 13 h to absolute dry. After crushing, 5 g
was weighed and wrapped with quantitative filter paper,
which dried at 105°C for at least 2 h until its weight did
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not change, and the dried paper bag (x) was weighed. The
dried paper bag was put into a Soxhlet extraction bottle and
refluxed at 65°C by an ether reflux device. When the drip
was transparent, the paper bag was taken out, distributed
in a clean enamel plate, placed in a ventilating cabinet for
30 min, dried at 105°C for more than 2 h to fully volatilize
the ether until its weight did not change, and weighed (y).
Each sample was repeated for 3 times. The IMF content
was calculated according to formula: IMF content (%) = (x-
y)/a x 100.

Oil Red O staining analysis

The liver and quadriceps femoris muscles of mice were
fixed with 4% formaldehyde, thereafter made into frozen
slices. Slides were dried, fixed in stationary liquid for 15 min
and then washed in distilled water for 30 s. Afterward,
incubated with Oil-Red-O
working solution for 10 min. Then slides were washed

slides were dried and then

with in distilled water and 60% isopropanol, and then
incubated with hematoxylin solution for 5 min, washed
in running water for 5 min, mounted using glycerol
jelly mounting medium. Images were captured using an a
fluorescence microscope.

Western blotting analysis

The cells or quadriceps femoris muscles of mice were
lysed with RIPA lysis buffer supplemented with 1% protease
inhibitor cocktail. Equivalent amounts of supernatant samples
were run on 10% acrylamide SDS-PAGE gel. Then the protein
was transferred to nitrocellulose membrane (Millipore, Billerica,
MA, USA). Membranes were blocked with 5% milk for 1 h
and incubated with antibodies against PPARa (1:2000) (Cell
Signaling Technology, Boston, MA), A-FABP (1:2000) (Cell
Signaling Technology, Boston, MA) or p-actin (1:2000) (Cell
Signaling Technology, Boston, MA) at 4°C overnight. Next,
membranes were incubated with HRP-conjugated secondary
antibody (1:3000) (Cell Signaling Technology, Boston, MA)
for 1 h at room temperature. The protein bands were
visualized with ECL detection kit (Cell Signaling Technology,
Boston, MA). Densitometry analysis was performed using
Image J software.

Statistical analysis

GraphPad Prism 8.0 was used for data management. The
data were expressed as the means = SEM. Statistical differences
between experimental and control groups were evaluated by
Student’s t-test and statistical significances were indicated as
follows: ***p < 0.001; **p < 0.01; *p < 0.05.
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Results

Conjugated linoleic acid enhanced the
activity of peroxisome
proliferator-activated receptor a and
adipocyte fatty acid binding protein
promoters

A recent research has reported CLA can bind PPAR
subtypes to regulate a series of genes expression (29). To
investigate the regulation effect of CLA on porcine PPAR«a
and A-FABP genes, the promoter sequences of porcine
PPARa and A-FABP were cloned by PCR and verified by
DNA sequencing (Supplementary Figure 1). According to
CLA dose and time test (Supplementary Figures 2A,B),
100 uM CLA was chosen in the subsequent experiment.
The luciferase reporter plasmids containing the PPARa
promoter region (pGL3-ppara) or containing the A-FABP
promoter region (pGL3-afsbp) were transfected into 293T
cells, and then the cells were treated with 100 wM CLA.
We found that CLA significantly enhanced the activity of
the porcine PPARa (Figure 1A) and A-FABP promoter
(Figure 1B).

Peroxisome proliferator-activated
receptor a increased the activity of
adipocyte fatty acid binding protein
promoter

A-FABP contains PPRE sites in its promoter region and
can be regulated by PPARs (24, 26). To further verify the
potential effect of PPARa on the transcriptional regulation
of A-FABP gene, we constructed a PPARa eukaryotic
expression plasmid (pCMV5-myc-ppara). The plasmids
pCMV5-myc-ppara. and pGL3-afabp were co-transfected
into 293T cells (Figure 2A), C2Cl12 cells (Figure 2B)
and 3T3-L1 cells (Figure 2C). The results indicated that
PPARa significantly increased the activity of porcine A-FABP
promoter. In addition, the over-expression of PPARa in
293T, C2C12 and 3T3-L1 cell was detected by western
blotting. PPARa-specific siRNAs treatment efficiently reduced
the expression of PPARa, and the inhibition efficiency
of two candidate siRNAs (siRNA-land siRNA-2) was 60
and 50%, respectively (Figures 2D,E). The most effective
siRNA, siRNA-1, was used to silence the expression of
PPARa in SiRNA-mediated
knockdown of PPARa expression reduced the activity of
porcine A-FABP promoter in PK15 cells (Figure 2F). Taken
together, these data suggest that PPARa may be bind to the
promoter region of A-FABP, thus regulating its transcriptional

porcine subsequent trials.

expression.

Frontiers in Nutrition

05

10.3389/fnut.2022.1029864

Dietary conjugated linoleic acid
promoted intramuscular fat deposition
in the quadriceps femoris of mice

To explore the effect of CLA on regulating fat deposition
at animal level, 5-week-old Kunming mice were randomly
divided into a control group and an experimental group. The
experimental group was fed a diet containing CLA, and the
control group was fed a basal diet. CLA supplementation has
no effect on body weight changes of mice (Supplementary
Figure 3). As shown in Figure 3A, compared to the control
group, abundant large of red lipid droplets in the livers of mice
fed with CLA was significantly increased by Oil Red O staining.
According to fat droplets in liver, the mouse model of dietary
CLA addition in our study was successfully established. The IMF
content in the quadriceps femoris of mice was determined by the
Soxhlet extractor method. As shown in Figure 3C, dietary CLA
addition significantly increased IMF content in the quadriceps
femoris of mice compared with the control group. In addition,
we observed that a large number of red lipid drops in the
quadriceps femoris cells of mice compared with the control
group (Figure 3B). These results showed that CLA significantly
increased the abundance of lipid drops in the quadriceps femoris
cells of mice, thus promoting IMF deposition. Collectively, these
data indicate that dietary CLA has a general effect on the IMF
deposition in mice.

Dietary conjugated linoleic acid
upregulated the expression of
peroxisome proliferator-activated
receptor a and adipocyte fatty acid
binding protein in the quadriceps
femoris of mice

Conjugated linoleic acid promotes IMF deposition and
improves meat quality by increasing the expression of specific
genes in intramuscular adipose tissue (16). In cellular level,
our results showed that CLA enhanced PPARx and A-FABP
promoter activity. Therefore, we analyzed the expression level
of PPARa and A-FABP in the quadriceps femoris of mice. RT-
qPCR results showed that dietary CLA addition significantly
increased the mRNA levels of PPARa and A-FABP in the
quadriceps femoris of mice (Figure 4A). Western blotting
results showed that dietary CLA addition also increased the
protein levels of PPARa and A-FABP in the quadriceps femoris
of mice (Figure 4B). The band intensities were quantified using
Image]J 1.42q software (Figure 4C). These results demonstrated
that dietary supplementation with CLA increased the expression
of PPARa and A-FABP in the quadriceps femoris of mice. To
more fully explore CLA-induced A-FABP expression is regulated
by PPARa, siRNA-mediated knockdown of PPAR« expression
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transfected with pGL3-ppara, or pGL3-afabp, and pGL3-Basic, pRL-TK. After 4 h, the cells were treated with CLA at a 100 wM final concentration
Dual luciferase reporter gene system was used to measure the activity of PPARa and A-FABP promoter. Data were analyzed by t-test. **P < 0.01.
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FIGURE 2

PPARa increased the activity of A-FABP promoter. (A—C) The 293T (A), C2C12 (B) and 3T3-L1 (C) cell were co-transfected with pGL3-afabp,
pCMV5-myc-ppara, pGL3-Basic, pRL-TK or pCMV5-myc for 48 h. Dual luciferase reporter gene system was used to detect the activity of
A-FABP promoter (upper panel), and western blotting was performed to detect PPARa expression (lower panel). PK15 cells were transfected with
the indicated siRNAs targeting porcine PPARa at different concentrations (10, 25, 50, and 100 uM). RT-gPCR (D) and western blotting (E) were
performed to detect the expression level of PPARa, and GAPDH was used as an internal reference gene. (F) PK15 cells were transfected with
pGL3-afabp or pGL3-Basic for 24 h and then treated with siRNA-1 or siRNA-Con as indicated. Dual luciferase reporter gene system was used to
analysis the activity of the A-FABP promoter. Data were analyzed by t-test. **P < 0.01, ***P < 0.001.
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FIGURE 3

Conjugated linoleic acid promoted fat deposition in liver and the quadriceps femoris of mice. (A,B) The liver tissues and quadriceps femoris
muscles of mice were fixed with 4% formaldehyde. Frozen slides were made from these tissues and then stained with oil red O
(magnification:200X). (C) The IMF content in the quadriceps femoris of mice was determined by the Soxhlet extraction method. Data in panel

(C) were analyzed by t-test. *P < 0.05

(siRNA-1) or siRNA control (siRNA-Con) was transfected into
3T3-LI cells in the presence and absence of CLA. We found that
A-FABP expression was significantly increased upon treatment
with CLA, while A-FABP expression was greatly reduced in
response to si-PPARa (Figure 4D). These results indicated that
CLA-induced A-FABP expression was regulated by PPARa in
3T3-L1 cells. Combine the front results, we concluded that CLA
may be increase the expression of A-FABP by binding and
activating PPARa promoter, and then the high expression of
A-FABP increase fat deposition and IMF content.

Dietary conjugated linoleic acid
regulated the expression of genes and
enzymes involved in fatty acid
synthesis and lipid metabolism in the
quadriceps femoris of mice

The IMF content depends on the synthesis, transport and

deposition of fatty acids. Different studies have reported many
genes and enzymes related to fatty acid synthesis and lipid

Frontiers in Nutrition

metabolism showed to be the key drivers of the observable
increase in IMF content in animals (34, 35). The mRNA
levels of genes related to fatty acid synthesis were showed
in Figure 5A. The mRNA levels of acetyl- CoA carboxylase
(ACC) and fatty acid synthase (FAS) mRNAs were significantly
increased, while the mRNA levels of long-chain acyl-CoA
synthetase (LACS) and diacylglycerol acyltransferase (DGAT)
were no significant difference between the control and the
CLA group. The mRNA levels of genes related to lipid
metabolism were showed in Figure 5B. The mRNA levels
of carnitine palmitoyltransferase-1 (CPT-1), acyl-CoA oxidase-
1 (ACOXI1), long chain acyl-CoA dehydrogenase (LCAD)
and fatty acid translocase (FAT/CD36) mRNA levels were
significantly decreased, while the mRNA levels of acyl-CoA
oxidase-3 (ACOX3) and adenosine-monophosphate-activated
protein kinase (AMPK) were no significant difference between
the control and the CLA group. These results indicated that
dietary CLA may increase IMF deposition by modulating the
expression of fatty acid synthesis and lipid metabolism related

genes.
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reference gene. RT-qPCR was analyzed using the cycle threshold (2=

/‘C\)

method. Western blotting was performed to measure the protein

level of A-FABP and PPARa (B), and the relative level of A-FABP and PPARa was analyzed by Image J (C). (D) SiRNA control (siRNA-Con) or
siRNA-mediated knockdown of PPARa expression (siRNA-1) was transfected into 3T3-L1 cells for 4 h, and was then stimulated with CLA
(100 wM) for 48 h. The A-FABP mRNA levels were measured by RT-qPCR. Data in panels (A,C,D) were analyzed by t-test. *P < 0.05, **P < 0.01.

Intramuscular fat is an important economic trait for meat
quality. Much attention has been paid to the augmenting
of the IMF content to satisfy the eating experience of the
consumer. In this study, our results demonstrate that the
treatment of CLA in cells enhanced the activity of the PPARa
promoter, and PPARa played an important role in regulating
the transcriptional expression of A-FABP gene. The results
of animal experiments showed that dietary CLA addition
increased the abundance of lipid droplets and increased the
IMF content in the quadriceps femoris of mice. Additionally,
we found that both the PPARa and A-FABP mRNA and
protein expression were consistent with IMF content. In

this study, we confirmed that CLA affects the IMF content
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by regulating the expression of A-FABP through PPARa
signaling pathway.

Previous studies found that the dietary CLA
supplementation significantly improved IMF content, and
A-FABP mRNA expression was significantly and positively
correlated with IMF deposition (18). However, there is unclear
the mechanism by which CLA regulates A-FABP expression.
Studies have confirmed that the binding of PPARy to Long
Chain Fatty Acids (LCFAs) increased its concentration, which
). Additionally,

previous research showed PPARs agonists increased A-FABP

induced and regulated A-FABP expression (

expression in pTl1 tumors to prevent cancer progression
(37). A-FABP is known to contain PPRE sites in its upstream
promoter region. PPARs was believed to recognize the
PPRE elements located in the promoter region of target
genes. PPARa binds to the consensus sequence PPRE (5'-
AACTAGGACA (N) AGGTCA-3') in the promoter region
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of the rat acyl-CoA oxidase (AOX) gene by a series of
mutational analyses. Our results demonstrated that ectopic
expression PPARa significantly increased the activity of A-FABP
promoter, while knockdown of PPARa expression reduced the
activity of A-FABP promoter. These results indicated that
PPARa regulated the transcriptional expression of A-FABP.
Thus, we inferred that PPARa played an important role in
regulating A-FABP expression. However, it needs to be explored
the molecular mechanism of PPARa regulating A-FABP
expression in further.

Previous research has shown that CLA directly or indirectly
affected the PPARy ligand to regulate PPARy expression,
thereby regulating A-FABP the
adipogenic differentiation ability of cells, and accelerating
). CLA increased the
liver fatty acid oxidation capacity by activating PPARa
(40, 41). CLA induced the expression of fibroblast growth
factor 21 (FGF21) by activating PPARa in the liver, thus
regulating liver lipid metabolism (42). CLA activated PPARa,

expression, improving

the deposition of lipid drops (38,
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thereby increasing the expression and activity of CPT-
1 and promoting the decomposition of triglycerides in
subcutaneous fat and fatty acid oxidation, which reduces
subcutaneous fat deposition (18). In our research, we found
that CLA significantly enhanced the activity of PPARa
promoter and promoted PPARa expression. One study
demonstrated that CLA significantly increased PPARa gene
expression in skeletal muscle (43), which was consistent
with our studies. We conjectured that CLA promoted the
PPARa expression by enhancing the activity of PPARa
promoter, and PPARa enhanced the activity of A-FABP
promoter and increased A-FABP expression. There is a positive
feedback regulation mechanism. In any case, the important
mechanism of CLA-mediated the regulation of the A-FABP
expression through the PPARa signaling pathway is worthy of
further exploration.

Dietary intervention is one of the most common methods

to improve the IMF content of animals. Oregano essential
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oil (OEO) supplementation to a reduced-protein, amino acid-
supplemented diets improved the IMF content (44). Recent
studies have demonstrated that the higher energy level of
the diets increase IMF deposition (45). Several studies have
shown that supplementation of barley, Betaine, L-arginine to
diets of pigs increase marbling score and IMF content (46—
48). Supplementation of CLA to diets also has been reported
to enhance marbling score and IMF content in pigs (49, 50).
Our results are consistent with these findings that dietary CLA
improved IMF deposition in animal experiments. Conversely,
some researches have reported that there is a decrease in IMF
content of CLA fed pigs (51, 52). In consistencies of these results
might be contributed to the source of CLA, the abundance of
fat in dietary, sex, breed and percentage of lean and duration
of the feeding program (53). In addition, our current study also
demonstrates that dietary CLA supplementation upregulates the
expression of A-FABP gene in the quadriceps femoris of mice.
In agreement, several studies have identified that A-FABP is a
candidate gene of IMF content, due to its functional role in
fatty acid transport as well as fat deposition by regulating lipid
metabolism-related genes (54-56). PPARa is highly expressed
in the liver, heart, muscle tissue, etc., which has an important
function in fatty acid catabolism (57). Recent study has revealed
that the activation of PPARa induced the upregulation of fatty
acid transport and B-oxidation (58). Over-expressing PPAR« has
been found an increasing fatty acid up-take and oxidation in
muscle of mice (59). Currently, in our research, we discovered
that dietary CLA significantly increased PPAR«a expression in
the quadriceps femoris of mice. However, previous studies
reported that PPARa was involved in subcutaneous fat oxidation
(60). The possible reason is that PPARa not only has the
function of increasing fatty acid uptake and oxidation, but
also plays an important role in regulating the production
of fatty acids, such as affecting the expression and activity
of A-FABP.

CLA improved IMF accumulation by regulating the
expression of related genes in in fat metabolism and IMF
deposition. It is well known that FAS is identified as a
key multifunctional enzyme involved in lipogenesis (61-63).
Previous studies have reported that higher mRNA abundance
of FAS regulated fatty acid synthesis in skeletal muscle. ACC,
a crucial rate-limiting enzyme, catalyzes the first step in de
novo fatty acid synthesis, resulting in the biosynthesis of long-
chain fatty acids (64). Some studies have indicated that the
expression of FAS and ACC was positively correlated with
IMF content in mammals fed CLA (65, 66). We also observed
an increase mRNA levels of FAS and ACC in the quadriceps
femoris of mice fed CLA. This finding was consistent with
recent researches, which revealed that CLA accelerated the
capacity of fatty acid synthesis by up-regulating the expression
levels of fatty acid synthesis related genes, leading to increase
IMF accumulation. In addition, lipid metabolism participated
in IMF deposition. CPT-1 is an essential rate-limiting enzyme
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involved in fatty acid metabolism. CPT-1 has been identified
to transport esters of fatty acids to mitochondria for B-
oxidation, thus implying changes in mitochondrial fatty acid
oxidation (67). In this study, the mRNA levels of CPT-1 were
decreased in the quadriceps femoris of mice fed CLA, which
suggested that fatty acid oxidation in muscle was reduced.
ACOX1 is the rate-limiting enzyme in peroxisomal fatty acid
oxidation pathway (68). ACOXI has been identified to involve
in lipid metabolism and fat deposition in mice, pigs, and
fish (69-71). Our results were in agreement with previous
data showing ACOX1 down-regulated by dietary CLA in mice
(72). LCAD, a rate-limiting enzyme, catalyzes the first-step
reaction of mitochondrial fatty acid f oxidation, thus involving
in fatty acid oxidation (73, 74). CD36 has been identified
to facilitate and modulate the uptake of fatty acids. Notably,
CD36 acts a mitochondrial membrane protein that regulates
mitochondrial fatty acid uptake and oxidation (75-77). Our
results showed that CPT-1, ACOX1, LCAD and CD36 were
significantly decreased in the quadriceps femoris of mice fed
CLA, which suggested that CLA may reduce fatty acid oxidation,
thus leading to increase IMF accumulation. Based on these
data, we speculated that dietary CLA supplementation may
increase IMF deposition by regulating expression of gene
in fat metabolism and IMF deposition in the quadriceps
femoris of mice. However, it need to be further clarified
that the specific signaling pathways, transcription factors and
response elements of IMF deposition-related genes expression
by dietary CLA in animals.

Conclusion

In summary, in cellular level, our result demonstrates that
CLA treatments significantly enhanced the activity of porcine
PPAR« promoter, and PPARa induced the expression of porcine
A-FABP. Our results preliminarily revealed that CLA promotes
the transcriptional expression of A-FABP through PPARa
signaling pathway. In animal models, our study displays that
dietary supplementation with CLA promotes fat deposition and
increases IMF content by increasing the expression of PPARa
and A-FABP. In addition, our current study also demonstrates
that dietary CLA improves IMF content mainly by regulating
the expression of IMF deposition-related genes. These results
provide a theoretical basis for revealing the mechanism of CLA
regulating IMF deposition.

Data availability statement

The datasets presented in this study can be found in
online repositories. The names of the repository/repositories

and accession number(s) can be found in the

article/Supplementary material.

frontiersin.org


https://doi.org/10.3389/fnut.2022.1029864
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org/

Chen et al.

Ethics statement

The animal study was reviewed and approved by the Animal
Care and Use Committee of Henan Agricultural University
(HNND2020112613, approval date: 26/11/2020).

Author contributions

GY and JC designed the study. RY and YL performed the
experiments. JC conducted the statistical analysis and wrote the
final version of the manuscript. GY assisted in the interpretation
and revising of the article. HL checked the data. All authors have
read and approved the final manuscript.

Funding

This work was supported by the grant from the Key
Scientific Research Project of Henan Higher Education
Institutions (Grant No. 22B180003), the Key Research and
Development Foundation of Henan (Grant No. U160410820),
and the National Natural Science Foundation of China
(Grant No. 31802166).

References

1. Fernandez X, Monin G, Talmant A, Mourot ], Lebret B. Influence of
intramuscular fat content on the quality of pig meat — 2. Consumer acceptability of
m. longissimus lumborum. Meat Sci. (1999) 53:67-72. doi: 10.1016/s0309-1740(99)
00038-8

2. Font-i-Furnols M, Tous N, Esteve-Garcia E, Gispert M. Do all the consumers
accept marbling in the same way? The relationship between eating and visual
acceptability of pork with different intramuscular fat content. Meat Sci. (2012)
91:448-53. doi: 10.1016/j.meatsci.2012.02.030

3. Hocquette JF Gondret F Baeza E, Medale F Jurie C, Pethick DW.
Intramuscular fat content in meat-producing animals: development, genetic and
nutritional control, and identification of putative markers. Animal. (2010) 4:303-
19. doi: 10.1017/S1751731109991091

4. Cui H, Zheng M, Zhao G, Liu R, Wen J. Identification of differentially
expressed genes and pathways for intramuscular fat metabolism between breast
and thigh tissues of chickens. BMC Genomics. (2018) 19:55. doi: 10.1186/s12864-
017-4292-3

5. Wang L, Huang Y, Wang Y, Shan T. Effects of polyunsaturated fatty acids
supplementation on the meat quality of pigs: a meta-analysis. Front Nutr. (2021)
8:746765. doi: 10.3389/fnut.2021.746765

6. Wang Y, Zhou J, Wang G, Cai S, Zeng X, Qiao S. Advances in low-protein diets
for swine. ] Anim Sci Biotechnol. (2018) 9:60. doi: 10.1186/s40104-018-0276-7

7. Benitez R, Trakooljul N, Nunez Y, Isabel B, Murani E, De Mercado E, et al.
Breed, diet, and interaction effects on adipose tissue transcriptome in iberian
and duroc pigs fed different energy sources. Genes. (2019) 10:589. doi: 10.3390/
genes10080589

8. Malgwi IH, Halas V, Grunvald P, Schiavon S, Jocsak I. Genes Related to fat
metabolism in pigs and intramuscular fat content of pork: a focus on nutrigenetics
and nutrigenomics. Animals (Basel). (2022) 12:150. doi: 10.3390/ani120
20150

9. Koba K, Yanagita T. Health benefits of conjugated linoleic acid (CLA). Obes
Res Clin Pract. (2014) 8:¢525-32. doi: 10.1016/j.0rcp.2013.10.001

Frontiers in Nutrition

11

10.3389/fnut.2022.1029864

Conflict of interest

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

Publisher’s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed
or endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be
found online at: https://www.frontiersin.org/articles/10.3389/
fnut.2022.1029864/full#supplementary- material

10. Bhattacharya A, Banu J, Rahman M, Causey J, Fernandes G. Biological
effects of conjugated linoleic acids in health and disease. ] Nutr Biochem. (2006)
17:789-810. doi: 10.1016/j.jnutbio.2006.02.009

11. Franczyk-Zarow M, Kostogrys RB, Szymczyk B, Jawien ], Gajda M, Cichocki
T, et al. Functional effects of eggs, naturally enriched with conjugated linoleic
acid, on the blood lipid profile, development of atherosclerosis and composition
of atherosclerotic plaque in apolipoprotein E and low-density lipoprotein receptor
double-knockout mice (apoE/LDLR-/-). Br ] Nutr. (2008) 99:49-58. doi: 10.1017/
S0007114507793893

12. Baddini Feitoza A, Fernandes Pereira A, Ferreira da Costa N, Goncalves
Ribeiro B. Conjugated linoleic acid (CLA): effect modulation of body composition
and lipid profile. Nutr Hosp. (2009) 24:422-8.

13. Huang JX, Qi RL, Chen XL, You XY, Liu XQ, Yang FY, et al. Improvement
in the carcass traits and meat quality of growing-finishing Rongchang pigs by
conjugated linoleic acid through altered gene expression of muscle fiber types.
Genet Mol Res. (2014) 13:7061-9. doi: 10.4238/2014.March.24.25

14. Cordero G, Isabel B, Menoyo D, Daza A, Morales ], Pineiro C, et al. Dietary
CLA alters intramuscular fat and fatty acid composition of pig skeletal muscle
and subcutaneous adipose tissue. Meat Sci. (2010) 85:235-9. doi: 10.1016/j.meatsci.
2010.01.004

15. Jiang W, Nie S, Qu Z, Bi C, Shan A. The effects of conjugated linoleic acid
on growth performance, carcass traits, meat quality, antioxidant capacity, and fatty
acid composition of broilers fed corn dried distillers grains with solubles. Poult Sci.
(2014) 93:1202-10. doi: 10.3382/ps.2013-03683

16. Dervishi E, Joy M, Alvarez-Rodriguez ], Serrano M, Calvo JH. The forage type
(grazing versus hay pasture) fed to ewes and the lamb sex affect fatty acid profile and
lipogenic gene expression in the longissimus muscle of suckling lambs. J Anim Sci.
(2012) 90:54-66. doi: 10.2527/jas.2011-4057

17. Schiavon S, Bergamaschi M, Pellattiero E, Simonetto A, Tagliapietra F. Fatty
acid composition of lamb liver, muscle, and adipose tissues in response to rumen-
protected conjugated linoleic acid (CLA) supplementation is tissue dependent. J
Agric Food Chem. (2017) 65:10604-14. doi: 10.1021/acs.jafc.7b04597

frontiersin.org


https://doi.org/10.3389/fnut.2022.1029864
https://www.frontiersin.org/articles/10.3389/fnut.2022.1029864/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fnut.2022.1029864/full#supplementary-material
https://doi.org/10.1016/s0309-1740(99)00038-8
https://doi.org/10.1016/s0309-1740(99)00038-8
https://doi.org/10.1016/j.meatsci.2012.02.030
https://doi.org/10.1017/S1751731109991091
https://doi.org/10.1186/s12864-017-4292-3
https://doi.org/10.1186/s12864-017-4292-3
https://doi.org/10.3389/fnut.2021.746765
https://doi.org/10.1186/s40104-018-0276-7
https://doi.org/10.3390/genes10080589
https://doi.org/10.3390/genes10080589
https://doi.org/10.3390/ani12020150
https://doi.org/10.3390/ani12020150
https://doi.org/10.1016/j.orcp.2013.10.001
https://doi.org/10.1016/j.jnutbio.2006.02.009
https://doi.org/10.1017/S0007114507793893
https://doi.org/10.1017/S0007114507793893
https://doi.org/10.4238/2014.March.24.25
https://doi.org/10.1016/j.meatsci.2010.01.004
https://doi.org/10.1016/j.meatsci.2010.01.004
https://doi.org/10.3382/ps.2013-03683
https://doi.org/10.2527/jas.2011-4057
https://doi.org/10.1021/acs.jafc.7b04597
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org/

Chen et al.

18. Zhang H, Dong X, Wang Z, Zhou A, Peng Q, Zou H, et al. Dietary conjugated
linoleic acids increase intramuscular fat deposition and decrease subcutaneous
fat deposition in Yellow Breed x Simmental cattle. Anim Sci J. (2016) 87:517-24.
doi: 10.1111/asj.12447

19. Wang Q, Li H, Li N, Leng L, Wang Y, Tang Z. Identification of single
nucleotide polymorphism of adipocyte fatty acid-binding protein gene and its
association with fatness traits in the chicken. Poult Sci. (2006) 85:429-34. doi:
10.1093/ps/85.3.429

20. Cho S, Park TS, Yoon DH, Cheong HS, Namgoong S, Park BL, et al.
Identification of genetic polymorphisms in FABP3 and FABP4 and putative
association with back fat thickness in Korean native cattle. BMB Rep. (2008)
41:29-34. doi: 10.5483/bmbrep.2008.41.1.029

21. Chen QM, Wang H, Zeng YQ, Chen W. Developmental changes and effect
on intramuscular fat content of H-FABP and A-FABP mRNA expression in pigs. J
Appl Genet. (2013) 54:119-23. doi: 10.1007/s13353-012-0122-0

22. Gerbens E van Erp AJ, Harders FL, Verburg FJ, Meuwissen TH, Veerkamp
JH, et al. Effect of genetic variants of the heart fatty acid-binding protein gene on
intramuscular fat and performance traits in pigs. J Anim Sci. (1999) 77:846-52.
doi: 10.2527/1999.774846x

23. Gerbens E Verburg FJ, Van Moerkerk HT, Engel B, Buist W, Veerkamp
JH, et al. Associations of heart and adipocyte fatty acid-binding protein gene
expression with intramuscular fat content in pigs. J Anim Sci. (2001) 79:347-54.
doi: 10.2527/2001.792347x

24. Pelton PD, Zhou L, Demarest KT, Burris TP. PPARgamma activation
induces the expression of the adipocyte fatty acid binding protein gene in human
monocytes. Biochem Biophys Res Commun. (1999) 261:456-8. doi: 10.1006/bbrc.
1999.1071

25. Qu H, Cui L, Rickers-Haunerland ], Haunerland NH. Fatty acid-dependent
expression of the muscle FABP gene - comparative analysis of gene control in
functionally related, but evolutionary distant animal systems. Mol Cell Biochem.
(2007) 299:45-53. doi: 10.1007/s11010-005-9036-z

26. Tontonoz P, Graves RA, Budavari Al, Erdjument-Bromage H, Lui M, Hu E,
et al. Adipocyte-specific transcription factor ARF6 is a heterodimeric complex of
two nuclear hormone receptors, PPAR gamma and RXR alpha. Nucleic Acids Res.
(1994) 22:5628-34. doi: 10.1093/nar/22.25.5628

27. Kersten S, Desvergne B, Wahli W. Roles of PPARs in health and disease.
Nature. (2000) 405:421-4. doi: 10.1038/35013000

28. Manickam R, Wahli W. Roles of peroxisome proliferator-activated receptor
beta/delta in skeletal muscle physiology. Biochimie. (2017) 136:42-8. doi: 10.1016/
j.biochi.2016.11.010

29. Manickam R, Duszka K, Wahli W. PPARs and microbiota in skeletal muscle
health and wasting. Int ] Mol Sci. (2020) 21:8056. doi: 10.3390/ijms21218056

30. Schulman IG, Shao G, Heyman RA. Transactivation by retinoid X receptor-
peroxisome proliferator-activated receptor gamma (PPARgamma) heterodimers:
intermolecular synergy requires only the PPARgamma hormone-dependent
activation function. Mol Cell Biol. (1998) 18:3483-94. doi: 10.1128/MCB.18.6.3483

31. Meadus WJ. A semi-quantitative RT-PCR method to measure the in vivo
effect of dietary conjugated linoleic acid on porcine muscle PPAR gene expression.
Biol Proced Online. (2003) 5:20-8. doi: 10.1251/bpo43

32. Meadus WJ, Maclnnis R, Dugan ME. Prolonged dietary treatment with
conjugated linoleic acid stimulates porcine muscle peroxisome proliferator
activated receptor gamma and glutamine-fructose aminotransferase gene
expression in vivo. ] Mol Endocrinol. (2002) 28:79-86. doi: 10.1677/jme.0.0280079

33. Zhou X, Li D, Yin J, Ni J, Dong B, Zhang J, et al. CLA differently regulates
adipogenesis in stromal vascular cells from porcine subcutaneous adipose and
skeletal muscle. J Lipid Res. (2007) 48:1701-9. doi: 10.1194/jlr.M600525- JLR200

34. Pena RN, Ros-Freixedes R, Tor M, Estany J. Genetic marker discovery in
complex traits: a field example on fat content and composition in pigs. Int ] Mol
Sci. (2016) 17:2100. doi: 10.3390/ijms17122100

35. Munoz G, Alves E, Fernandez A, Ovilo C, Barragan C, Estelle ], et al. QTL
detection on porcine chromosome 12 for fatty-acid composition and association
analyses of the fatty acid synthase, gastric inhibitory polypeptide and acetyl-
coenzyme A carboxylase alpha genes. Anim Genet. (2007) 38:639-46. doi: 10.1111/
j.1365-2052.2007.01668.x

36. Bionaz M, Hausman GJ, Loor JJ, Mandard S. Physiological and nutritional
roles of PPAR across species. PPAR Res. (2013) 2013:807156. doi: 10.1155/2013/
807156

37. Boiteux G, Lascombe I, Roche E, Plissonnier ML, Clairotte A, Bittard H,
et al. A-FABP, a candidate progression marker of human transitional cell carcinoma
of the bladder, is differentially regulated by PPAR in urothelial cancer cells. Int J
Cancer. (2009) 124:1820-8. doi: 10.1002/ijc.24112

Frontiers in Nutrition

10.3389/fnut.2022.1029864

38. Barnes KM, Winslow NR, Shelton AG, Hlusko KC, Azain MJ. Effect of dietary
conjugated linoleic acid on marbling and intramuscular adipocytes in pork. J Anim
Sci. (2012) 90:1142-9. doi: 10.2527/jas.2011-4642

39. Platt ID, El-Sohemy A. Regulation of osteoblast and adipocyte differentiation
from human mesenchymal stem cells by conjugated linoleic acid. ] Nutr Biochem.
(2009) 20:956-64. doi: 10.1016/j.jnutbio.2008.08.008

40. Benjamin S, Flotho S, Borchers T, Spener F. Conjugated linoleic acid isomers
and their precursor fatty acids regulate peroxisome proliferator-activated receptor
subtypes and major peroxisome proliferator responsive element-bearing target
genes in HepG2 cell model. ] Zhejiang Univ Sci B. (2013) 14:115-23. doi: 10.1631/
jzus.B1200175

41. Koba K, Akahoshi A, Yamasaki M, Tanaka K, Yamada K, Iwata T, et al.
Dietary conjugated linolenic acid in relation to CLA differently modifies body
fat mass and serum and liver lipid levels in rats. Lipids. (2002) 37:343-50. doi:
10.1007/s11745-002-0901-7

42.Yu J, Yu B, Jiang H, Chen D. Conjugated linoleic acid induces hepatic
expression of fibroblast growth factor 21 through PPAR-alpha. Br J Nutr. (2012)
107:461-5. doi: 10.1017/S0007114511003205

43. Cai D, Li Y, Zhang K, Zhou B, Guo E, Holm L, et al. Co-option of PPARalpha
in the regulation of lipogenesis and fatty acid oxidation in CLA-induced hepatic
steatosis. J Cell Physiol. (2021) 236:4387-402. doi: 10.1002/jcp.30157

44. Cheng C, Liu Z, Zhou Y, Wei H, Zhang X, Xia M, et al. Effect of oregano
essential oil supplementation to a reduced-protein, amino acid-supplemented diet
on meat quality, fatty acid composition, and oxidative stability of Longissimus
thoracis muscle in growing-finishing pigs. Meat Sci. (2017) 133:103-9. doi: 10.1016/
j.meatsci.2017.06.011

45. Yang C, Liu J, Wu X, Bao P, Long R, Guo X, et al. The response of gene
expression associated with lipid metabolism, fat deposition and fatty acid profile
in the longissimus dorsi muscle of Gannan yaks to different energy levels of diets.
PLoS One. (2017) 12:¢0187604. doi: 10.1371/journal.pone.0187604

46. Daza A, Latorre MA, Lopez-Bote CJ. The effect of granulated barley as single
major ingredient in the growing or finishing diet on productive performance,
carcass, meat and fat quality of heavy pigs. Animal. (2012) 6:1543-53. doi: 10.1017/
$1751731112000110

47. Cheng Y, Song M, Zhu Q, Azad MAK, Gao Q, Kong X. Impacts of betaine
addition in sow and piglet’s diets on growth performance, plasma hormone, and
lipid metabolism of bama mini-pigs. Front Nutr. (2021) 8:779171. doi: 10.3389/
fnut.2021.779171

48. Ma X, Zheng C, Hu Y, Wang L, Yang X, Jiang Z. Dietary L-arginine
supplementation affects the skeletal longissimus muscle proteome in finishing pigs.
PLoS One. (2015) 10:¢0117294. doi: 10.1371/journal.pone.0117294

49. Jiang ZY, Zhong WJ, Zheng CT, Lin YC, Yang L, Jiang SQ. Conjugated linoleic
acid differentially regulates fat deposition in backfat and longissimus muscle of
finishing pigs. J Anim Sci. (2010) 88:1694-705. doi: 10.2527/jas.2008- 1551

50. Janz JA, Morel PC, Purchas RW, Corrigan VK, Cumarasamy S, Wilkinson
BH, et al. The influence of diets supplemented with conjugated linoleic acid,
selenium, and vitamin E, with or without animal protein, on the quality of pork
from female pigs. ] Anim Sci. (2008) 86:1402-9. doi: 10.2527/jas.2007-0437

51. Bee G, Jacot S, Guex G, Biolley C. Effects of two supplementation levels of
linseed combined with CLA or tallow on meat quality traits and fatty acid profile
of adipose and different muscle tissues in slaughter pigs. Animal. (2008) 2:800-11.
doi: 10.1017/S175173110800181X

52. Joo ST, Lee JI, Ha YL, Park GB. Effects of dietary conjugated linoleic acid on
fatty acid composition, lipid oxidation, color, and water-holding capacity of pork
loin. J Anim Sci. (2002) 80:108-12. doi: 10.2527/2002.801108x

53. Azain M]J. Conjugated linoleic acid and its effects on animal products and
health in single-stomached animals. Proc Nutr Soc. (2003) 62:319-28. doi: 10.1079/
pns2003240

54. Zhao X, Hu H, Lin H, Wang C, Wang Y, Wang J. Muscle transcriptome
analysis reveals potential candidate genes and pathways affecting intramuscular fat
content in pigs. Front Genet. (2020) 11:877. doi: 10.3389/fgene.2020.00877

55. Zhang X, Liu C, Kong Y, Li E, Yue X. Effects of intramuscular fat on meat
quality and its regulation mechanism in Tan sheep. Front Nutr. (2022) 9:908355.
doi: 10.3389/fnut.2022.908355

56. Yan W, Kan X, Wang Y, Zhang Y. Expression of key genes involved in lipid
deposition in intramuscular adipocytes of sheep under high glucose conditions. J
Anim Physiol Anim Nutr. (2022) 1-9. doi: 10.1111/jpn.13750

57. HuangJ, Jia Y, Fu T, Viswakarma N, Bai L, Rao MS, et al. Sustained activation
of PPARalpha by endogenous ligands increases hepatic fatty acid oxidation and
prevents obesity in ob/ob mice. FASEB J. (2012) 26:628-38. doi: 10.1096/fj.11-
194019

frontiersin.org


https://doi.org/10.3389/fnut.2022.1029864
https://doi.org/10.1111/asj.12447
https://doi.org/10.1093/ps/85.3.429
https://doi.org/10.1093/ps/85.3.429
https://doi.org/10.5483/bmbrep.2008.41.1.029
https://doi.org/10.1007/s13353-012-0122-0
https://doi.org/10.2527/1999.774846x
https://doi.org/10.2527/2001.792347x
https://doi.org/10.1006/bbrc.1999.1071
https://doi.org/10.1006/bbrc.1999.1071
https://doi.org/10.1007/s11010-005-9036-z
https://doi.org/10.1093/nar/22.25.5628
https://doi.org/10.1038/35013000
https://doi.org/10.1016/j.biochi.2016.11.010
https://doi.org/10.1016/j.biochi.2016.11.010
https://doi.org/10.3390/ijms21218056
https://doi.org/10.1128/MCB.18.6.3483
https://doi.org/10.1251/bpo43
https://doi.org/10.1677/jme.0.0280079
https://doi.org/10.1194/jlr.M600525-JLR200
https://doi.org/10.3390/ijms17122100
https://doi.org/10.1111/j.1365-2052.2007.01668.x
https://doi.org/10.1111/j.1365-2052.2007.01668.x
https://doi.org/10.1155/2013/807156
https://doi.org/10.1155/2013/807156
https://doi.org/10.1002/ijc.24112
https://doi.org/10.2527/jas.2011-4642
https://doi.org/10.1016/j.jnutbio.2008.08.008
https://doi.org/10.1631/jzus.B1200175
https://doi.org/10.1631/jzus.B1200175
https://doi.org/10.1007/s11745-002-0901-7
https://doi.org/10.1007/s11745-002-0901-7
https://doi.org/10.1017/S0007114511003205
https://doi.org/10.1002/jcp.30157
https://doi.org/10.1016/j.meatsci.2017.06.011
https://doi.org/10.1016/j.meatsci.2017.06.011
https://doi.org/10.1371/journal.pone.0187604
https://doi.org/10.1017/S1751731112000110
https://doi.org/10.1017/S1751731112000110
https://doi.org/10.3389/fnut.2021.779171
https://doi.org/10.3389/fnut.2021.779171
https://doi.org/10.1371/journal.pone.0117294
https://doi.org/10.2527/jas.2008-1551
https://doi.org/10.2527/jas.2007-0437
https://doi.org/10.1017/S175173110800181X
https://doi.org/10.2527/2002.801108x
https://doi.org/10.1079/pns2003240
https://doi.org/10.1079/pns2003240
https://doi.org/10.3389/fgene.2020.00877
https://doi.org/10.3389/fnut.2022.908355
https://doi.org/10.1111/jpn.13750
https://doi.org/10.1096/fj.11-194019
https://doi.org/10.1096/fj.11-194019
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org/

Chen et al.

58. Tian DL, Guo RJ, Li YM, Chen PP, Zi BB, Wang J, et al. Effects of lysine
deficiency or excess on growth and the expression of lipid metabolism genes in
slow-growing broilers. Poult Sci. (2019) 98:2927-32. doi: 10.3382/ps/pez041

59. Finck BN, Lehman JJ, Leone TC, Welch MJ, Bennett MJ, Kovacs A, et al. The
cardiac phenotype induced by PPARalpha overexpression mimics that caused by
diabetes mellitus. J Clin Invest. (2002) 109:121-30. doi: 10.1172/JCI14080

60. Fu RQ, Liu RR, Zhao GP, Zheng MQ, Chen JL, Wen J. Expression profiles
of key transcription factors involved in lipid metabolism in Beijing-You chickens.
Gene. (2014) 537:120-5. doi: 10.1016/j.gene.2013.07.109

61. Chen G, Gao Z, Chu W, Cao Z, Li C, Zhao H. Effects of chromium picolinate
on fat deposition, activity and genetic expression of lipid metabolism-related
enzymes in 21 day old Ross broilers. Asian Australas ] Anim Sci. (2018) 31:569-75.
doi: 10.5713/ajas.17.0289

62. Cui HX, Zheng MQ, Liu RR, Zhao GP, Chen JL, Wen J. Liver dominant
expression of fatty acid synthase (FAS) gene in two chicken breeds during
intramuscular-fat development. Mol Biol Rep. (2012) 39:3479-84. doi: 10.1007/
s11033-011-1120-8

63. Claire D’Andre H, Paul W, Shen X, Jia X, Zhang R, Sun L, et al. Identification
and characterization of genes that control fat deposition in chickens. ] Anim Sci
Biotechnol. (2013) 4:43. doi: 10.1186/2049-1891-4-43

64. Canovas A, Estany J, Tor M, Pena RN, Doran O. Acetyl-CoA carboxylase
and stearoyl-CoA desaturase protein expression in subcutaneous adipose tissue is
reduced in pigs selected for decreased backfat thickness at constant intramuscular
fat content. ] Anim Sci. (2009) 87:3905-14. doi: 10.2527/jas.2009-2091

65. Puig T, Relat ], Marrero PE Haro D, Brunet J, Colomer R. Green tea catechin
inhibits fatty acid synthase without stimulating carnitine palmitoyltransferase-1 or
inducing weight loss in experimental animals. Anticancer Res. (2008) 28:3671-6.

66. Yuan E, Duan X, Xiang L, Ren ], Lai X, Li Q, et al. Aged oolong tea
reduces high-fat diet-induced fat accumulation and dyslipidemia by regulating the
AMPK/ACC signaling pathway. Nutrients. (2018) 10:187. doi: 10.3390/nu10020187

67. Xiao W, Ren M, Zhang C, Li S, An W. Amelioration of nonalcoholic fatty
liver disease by hepatic stimulator substance via preservation of carnitine palmitoyl
transferase-1 activity. Am ] Physiol Cell Physiol. (2015) 309:C215-27. doi: 10.1152/
ajpcell.00133.2014

Frontiers in Nutrition

13

10.3389/fnut.2022.1029864

68. Nguyen P, Leray V, Diez M, Serisier S, Le Bloc’h J, Siliart B, et al. Liver lipid
metabolism. ] Anim Physiol Anim Nutr (Berl). (2008) 92:272-83. doi: 10.1111/j.
1439-0396.2007.00752.x

69. Huang E, Wang S, Zhao A, Zheng X, Zhang Y, Lei S, et al. Pu-erh tea regulates
fatty acid metabolism in mice under high-fat diet. Front Pharmacol. (2019) 10:63.
doi: 10.3389/fphar.2019.00063

70. Kliewer KL, Ke JY, Tian M, Cole RM, Andridge RR, Belury MA. Adipose
tissue lipolysis and energy metabolism in early cancer cachexia in mice. Cancer Biol
Ther. (2015) 16:886-97. doi: 10.4161/15384047.2014.987075

71.Li G, Fu S, Chen Y, Jin W, Zhai B, Li Y, et al. MicroRNA-15a regulates the
differentiation of intramuscular preadipocytes by targeting ACAA1, ACOX1 and
SCP2 in chickens. Int ] Mol Sci. (2019) 20:4063. doi: 10.3390/ijms20164063

72. Rasooly R, Kelley DS, Greg ], Mackey BE. Dietary trans 10, cis 12-
conjugated linoleic acid reduces the expression of fatty acid oxidation and drug
detoxification enzymes in mouse liver. Br J Nutr. (2007) 97:58-66. doi: 10.1017/
S0007114507257745

73.Jiang P, Zhang X, Huang Y, Cheng N, Ma Y. Hepatotoxicity induced by
sophora flavescens and hepatic accumulation of kurarinone, a major hepatotoxic
constituent of Sophora flavescens in rats. Molecules. (2017) 22:1809. doi: 10.3390/
molecules22111809

74. Ringseis R, Gutgesell A, Dathe C, Brandsch C, Eder K. Feeding oxidized fat
during pregnancy up-regulates expression of PPARalpha-responsive genes in the
liver of rat fetuses. Lipids Health Dis. (2007) 6:6. doi: 10.1186/1476-511X-6-6

75. Holloway GP, Jain SS, Bezaire V, Han XX, Glatz JE, Luiken JJ, et al. /CD36-null
mice reveal that mitochondrial FAT/CD36 is required to upregulate mitochondrial
fatty acid oxidation in contracting muscle. Am J Physiol Regul Integr Comp Physiol.
(2009) 297:R960-7. doi: 10.1152/ajpregu.91021.2008

76. Pepino MY, Kuda O, Samovski D, Abumrad NA. Structure-function of CD36
and importance of fatty acid signal transduction in fat metabolism. Annu Rev Nutr.
(2014) 34:281-303. doi: 10.1146/annurev-nutr-071812-161220

77. Townsend KL, An D, Lynes MD, Huang TL, Zhang H, Goodyear L],
et al. Increased mitochondrial activity in BMP7-treated brown adipocytes, due to
increased CPT1- and CD36-mediated fatty acid uptake. Antioxid Redox Signal.
(2013) 19:243-57. doi: 10.1089/ars.2012.4536

frontiersin.org


https://doi.org/10.3389/fnut.2022.1029864
https://doi.org/10.3382/ps/pez041
https://doi.org/10.1172/JCI14080
https://doi.org/10.1016/j.gene.2013.07.109
https://doi.org/10.5713/ajas.17.0289
https://doi.org/10.1007/s11033-011-1120-8
https://doi.org/10.1007/s11033-011-1120-8
https://doi.org/10.1186/2049-1891-4-43
https://doi.org/10.2527/jas.2009-2091
https://doi.org/10.3390/nu10020187
https://doi.org/10.1152/ajpcell.00133.2014
https://doi.org/10.1152/ajpcell.00133.2014
https://doi.org/10.1111/j.1439-0396.2007.00752.x
https://doi.org/10.1111/j.1439-0396.2007.00752.x
https://doi.org/10.3389/fphar.2019.00063
https://doi.org/10.4161/15384047.2014.987075
https://doi.org/10.3390/ijms20164063
https://doi.org/10.1017/S0007114507257745
https://doi.org/10.1017/S0007114507257745
https://doi.org/10.3390/molecules22111809
https://doi.org/10.3390/molecules22111809
https://doi.org/10.1186/1476-511X-6-6
https://doi.org/10.1152/ajpregu.91021.2008
https://doi.org/10.1146/annurev-nutr-071812-161220
https://doi.org/10.1089/ars.2012.4536
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org/

	Conjugated linoleic acid regulates adipocyte fatty acid binding protein expression via peroxisome proliferator-activated receptor α signaling pathway and increases intramuscular fat content

	Introduction
	Materials and methods
	Animals, diets, and treatments
	Sample collection
	Plasmid constructs
	Cell lines and cell culture
	Peroxisome proliferator-activated receptor  knockdown analysis
	Luciferase assay
	Real time quantitative PCR analysis
	Intramuscular fat content analysis
	Oil Red O staining analysis
	Western blotting analysis
	Statistical analysis

	Results
	Conjugated linoleic acid enhanced the activity of peroxisome proliferator-activated receptor  and adipocyte fatty acid binding protein promoters
	Peroxisome proliferator-activated receptor α increased the activity of adipocyte fatty acid binding protein promoter

	Dietary conjugated linoleic acid promoted intramuscular fat deposition in the quadriceps femoris of mice
	Dietary conjugated linoleic acid upregulated the expression of peroxisome proliferator-activated receptor  and adipocyte fatty acid binding protein in the quadriceps femoris of mice
	Dietary conjugated linoleic acid regulated the expression of genes and enzymes involved in fatty acid synthesis and lipid metabolism in the quadriceps femoris of mice

	Discussion
	Conclusion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Conflict of interest
	Publisher's note
	Supplementary material
	References


