Song etal. Journal of Animal Science and
Journal of Animal Science and Biotechnology (2024) 15:18

https://doi.org/10.1186/540104-023-00968-4 Biotechnology

: : : : ®
Vitamin A regulates mitochondrial sl

biogenesis and function through p38
MAPK-PGC-1a signaling pathway and alters
the muscle fiber composition of sheep
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Abstract

Background Vitamin A (VA) and its metabolite, retinoic acid (RA), are of great interest for their wide range of physio-
logical functions. However, the regulatory contribution of VA to mitochondrial and muscle fiber composition in sheep
has not been reported.

Method Lambs were injected with 0 (control) or 7,5001U VA palmitate into the biceps femoris muscle on d 2
after birth. At the age of 3 and 32 weeks, longissimus dorsi (LD) muscle samples were obtained to explore the effect
of VA on myofiber type composition. In vitro, we investigated the effects of RA on myofiber type composition

and intrinsic mechanisms.

Results The proportion of type | myofiber was greatly increased in VA-treated sheep in LD muscle at harvest. VA
greatly promoted mitochondrial biogenesis and function in LD muscle of sheep. Further exploration revealed that VA
elevated PGC-1a mRNA and protein contents, and enhanced the level of p38 MAPK phosphorylation in LD muscle

of sheep. In addition, the number of type | myofibers with RA treatment was significantly increased, and type IIx
myofibers was significantly decreased in primary myoblasts. Consistent with in vivo experiment, RA significantly
improved mitochondrial biogenesis and function in primary myoblasts of sheep. We then used si-PGC-1a to inhibit
PGC-1a expression and found that si-PGC-1a significantly abrogated RA-induced the formation of type | myofibers,
mitochondrial biogenesis, MitoTracker staining intensity, UQCRC1 and ATP5A1 expression, SDH activity, and enhanced
the level of type Ilx muscle fibers. These data suggested that RA improved mitochondrial biogenesis and function

by promoting PGC-1a expression, and increased type | myofibers. In order to prove that the effect of RA on the level
of PGC-1a is caused by p38 MAPK signaling, we inhibited the p38 MAPK signaling using a p38 MAPK inhibitor, which
significantly reduced RA-induced PGC-1a and MyHC | levels.

Conclusion VA promoted PGC-Ta expression through the p38 MAPK signaling pathway, improved mitochondrial
biogenesis, and altered the composition of muscle fiber type.
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Background

Skeletal muscle development originates from the specifi-
cation and differentiation of myoblasts and further differ-
entiates into mature muscle fibers [1]. Muscle fiber type
has been established in embryo and remodeled in adult-
hood through the influence of neurological, hormonal,
and other factors [2]. Mature muscle fibers are composed
of two myofiber types: type I and type II myofibers [3].
Moreover, myofibers are further classified into 4 types
according to myosin heavy chain (MyHC) isoforms:
MyHCI, MyHClIIa, MyHCIIx, and MyHCIIb [4]. Types I
and IIa myofibers produce large amounts of ATP mainly
through aerobic metabolic pathways, whereas types IIb
and IIx myofibers rely on anaerobic glycolysis to pro-
duce a small amount of ATP [5]. In recent years, it has
been shown that the addition of amino acids [6], vitamins
[7] and other feed additives to diets improves the char-
acteristics of myofibers in pigs. Therefore, using natural
nutrients to alter myofiber types has become a research
direction for researchers.

Myofiber type composition is strongly associated with
meat quality. Oxidative myofibers increase meat red-
ness and water-holding capacity, while type IIb myofib-
ers contribute to poorer meat water-holding capacity and
tenderness [8, 9]. Muscles with a high intramuscular fat
content possess a large proportion of type I myofibers

[10]. In addition, during the postmortem phase, glyco-
lytic muscle fibers accumulate more lactic acid than oxi-
dized muscle fibers, which leads to poorer meat quality
[11-13]. Oxidized muscle fibers are rich in mitochondria
and myoglobin [14]. As an energy provider, mitochon-
dria are more abundant in oxidized muscle fibers [15].
Mitochondrial function and number are positively regu-
lated by PGC-1a signaling, and consequently promote
oxidative myofibers development [16, 17]. Accordingly,
enhancing the proportion of oxidative myofibers in skel-
etal muscle can contribute to improving meat quality and
human’s living standards.

Vitamin A (VA) is an essential fat-soluble vitamin for
animals and performs vital physiological functions,
including embryonic growth and development [18, 19],
antioxidant capacity [20], disease resistance [21], and
maintenance of vision [22]. VA has been reported to
modulate PGC-1a signaling, which affects the compo-
sition of muscle fibers. For instance, intramuscular VA
injection directly activates the PGC-1a promoter, up-reg-
ulates PGC-1a, and increases the proportion of oxidized
muscle fibers in Angus cattle [23]. In mice, RA stimulates
muscle oxidation by activating PGC-Ia [24], and RA
increases the expression of PGC-Ia in brown adipocytes
[25]. In addition, the PGC-1a transcriptional activity can
be modulated by p38 mitogen-activated protein kinase, a
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post-translational modification pathway [26-28]. It has
been shown that activation of the p38 MAPK signaling
pathway contributes to enhance PGC-Ia level and pro-
mote mitochondrial biogenesis [29]. It has been shown
that RA increases p38 MAPK phosphorylation level and
improves its function [30, 31]. Although several studies
have revealed that VA and its metabolite (retinoic acid)
affect myofiber type composition, whether VA affects the
development of myofiber type in sheep is still unknown.
In the present experiment, we hypothesized that retinoic
acid may enhance PGC-Ia expression by activating the
p38 MAPK signaling pathway, promoting mitochondrial
biogenesis and function, ultimately leading to an increase
in oxidative muscle fibers of sheep.

Materials and methods

Animal ethics

This study was executed under the approval of the Insti-
tutional Animal Care and Use Committee of Shanxi Agri-
cultural University (sxnd202028).

Animal treatment and sampling

A total of 80 purebred Hu ewes of similar body condi-
tion were randomly selected (All ewes were in similar
body weight, and had been pregnant twice previously).
In order to avoid the influence by the sire, all ewes were
artificially inseminated with semen from one Dorper
ram after simultaneous estrus, with careful operation
and hygiene during this period. After ewes became preg-
nant, every 3 pregnant ewes were put into one ewe shed.
Ewes were fed in the stalls where they were given clean
water to drink, and were free to move around after feed-
ing. The diet was formulated to comply with the National
Research Council [32] requirements for the nutrition of
ewes. During the experimental period, the feeding man-
agement and environment of ewes in each group were
maintained at the same level and sterilized regularly to
keep the ewe shed dry and hygienic. At 35 d of gesta-
tion, fetal number was determined using an ultrasound
monitor. For the follow-up study, only ewes carrying 2
fetuses were used. After birth, we selected twin lambs,
both male, weighing 3.5+ 0.5 kg, and distributed them to
control and vitamin A groups to ensure the same body
condition of lambs (n =8 in each group).

Based on previous studies [23, 33], we decided to inject
7,500IU VA palmitate (product No. PHR1235, Sigma,
Milwaukee, USA) or an equivalent volume of corn oil
(product No. ¢8267, Sigma, Milwaukee, USA) into the
biceps femoris muscle on d 2 after birth. The lambs
were given weekly injections at a fixed point in time for
3weeks, and paired with ewes for management. Lambs
weaned at 12weeks of age and fed a backgrounding diet
for 55 d, followed by a finishing diet with free access to
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clean water and salt blocks. Moreover, grass hay (peanut
seedlings) was added to promote lamb growth during the
finishing period. Nutrient composition of concentrate
diet and grass hay have been reported in another manu-
script [34]. For peanut seedlings, the AOAC method [35]
was used to determine DM content, and the Van Soest
method [36] was used to determine NDF and ADF con-
tents. The Kjeldahl and Soxhlet extraction methods were
used to measure the content of crude protein and crude
fat, respectively [37]. The content of total ash in samples
was measured after 40 min of carbonization in a constant
temperature crucible at 600°C.

Surgical instruments, iodophor, normal saline and 75%
alcohol were prepared for surgical sampling at the age of
12weeks of lambs. The lambs were completely anesthe-
tized with 2% lidocaine and collected muscle tissue with
surgical instruments. The samples were divided into two
parts: (1) the trimmed samples were frozen with isopen-
tane and embedded in OCT; (2) the samples were put
into precooled PBS for primary myoblasts separation. All
animals were harvested at 32 weeks of age, and a portion
of skeletal muscle tissue collected was made into frozen
sections and the other portion was stored at —80°C.

Sheep primary myoblasts isolation, culture and treatment
Sheep primary myoblasts were isolated according to the
method previously described [34]. When the cell fusion
reached 100%, the differentiation medium containing RA
and 2% horse serum was replaced. Cells were collected
after 6 d of differentiation. Myoblasts were isolated from
6 untreated ram lambs aged 2-day-old. The isolated cells
were mixed thoroughly and seeded into 6-well plates,
and then the cells were treated as control and RA groups
respectively (n=3 in each group).

To elucidate the relationship between RA and PGC-1a
in myofiber type conversion, we used PGC-la siRNA
(Genomeditech, Shanghai, China) to inhibit the expression
of PGC-1a. When induction of differentiation was initi-
ated, si-PGC-1la was transfected into RA-containing cells
using lipofectamine 3000. Cells were collected after 6 d
of differentiation. The following is the sequence informa-
tion about negative control siRNA (siNC) and si-PGC-1a.
siNC: the sense strand was 5 -UUCUCCGAACGUGUC
ACGUtt-3’, and the antisense strand was 5 -ACGUGA
CACGUUCGGAGAALt-3". Si-PGC-1a: the sense strand
was 5'-GCCAAACCAACAACUUUAUtt-3" and the
antisense strand was 5 -AUAAAGUUGUUGGUUUGG
Ctt-3". To further investigate the role of p38 MAPK in the
RA-PGC-1a pathway, we used the p38 MAPK inhibitor
SB202190 (Solarbio, Beijing, China, Cat. No.: IS1380) to
inhibit the p38 MAPK signaling pathway. SB202190 was
added when induction of myoblasts differentiation was ini-
tiated, and cells were collected 6 d after differentiation.
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Enzyme activity assay

Succinate dehydrogenase (SDH, #A022-1-1) and malate
dehydrogenase (MDH, #A021-2-1) activities in skel-
etal muscle and cells were determined according to the
instructions of Nanjing Jiancheng Bioengineering Insti-
tute (Nanjing, China).

ATPase staining

The skeletal muscle samples were embedded in optimal
cutting temperature compound (OCT compound) and
8um sections were cut with a cryo-microtome (Leica
CM1950, Wetzlar, Germany), then prepared the follow-
ing two kinds of incubation solutions.

Alkaline dye solution

The frozen sections were dried naturally, and encir-
cled the tissue with an immunohistochemical pen, the
incubation solution of pH10.4 was added dropwise
(Tris base 5g+calcium chloride 0.499 g+ distilled
water to make the volume to 250mL, take 20 mL of it
and adjust the pH to 10.4 with 0.1 mol/L hydrochloric
acid) for 5min, pour off the incubation solution, add
dropwise the incubation solution with pH 9.4 (Tris base
5g+ calcium chloride 0.499 g + distilled water to dilute
to 250 mL, take 20 mL of it and add 30 mg ATP sodium
salt and adjust the pH to 9.4 with 0.1 mol/L hydro-
chloric acid) for 30 min. The incubation solution was
poured out and the sections were sequentially stained
with 2% calcium chloride, 2% cobalt nitrate and 1%
ammonium sulfide, passed through absolute ethanol
and xylene. Finally, observed and took pictures with a
microscope (Leica, Wetzlar, Germany). Results: Type I
muscle fibers were gray or colorless, and type II muscle
fibers were dark or black.

Acid dye solution
Consistent with the above method, it was only neces-
sary to replace the incubation solution of pH 10.4 with
that of pH 4.6.

Results: Type I muscle fibers were dark or black, and
type II muscle fibers were gray or colorless.

Analysis of the mitochondrial DNA (mtDNA) content

Genomic DNA was extracted from LD muscle and
primary myoblasts according to the M5 HiPer Univer-
sal DNA Mini Kit (Mei5 Biotechnology, Co., Ltd., Bei-
jing, China) instruction manual. The relative content
of mitochondrial DNA was determined by RT-qPCR.
The primers used for mtDNA (accession number:
AF039578) amplification were as follows: forward
primer 5 -CGCTTGGCAAGGATCCCTCT-3" and
reverse primer 5'-CCTCAGACGGCCATAGCTGA-3".
The primers used to amplify B-actin (accession number:
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DQ152927) were as follows: forward primer 5'-CCG
CAAATGCTTCTAGGCGG-3" and reverse primer
5'-AACCGACTGCTGTCCCCTTC-3".

Transmission electron microscopy (TEM)

Primary myoblasts were grown to more than 6 power
of 10 and gently detached from the plates with a cell
lifter. Centrifuge at 2,000r/min for 8min, and collect
the cells in a 1.5-mL centrifuge tube. Discard the super-
natant, slowly add pre-cooled 2.5% glutaraldehyde along
the wall of the tube, and then fixed in a 4°C refrigerator
overnight. Fixation of samples was continued with 1%
0s0, in phosphate buffer (0.1 mol/L, pH=7.0) for 1-2h,
followed by dehydration, infiltration, embedding and
ultrathin sectioning. Finally, specimens were sectioned
under a LEICA EM UC?7 ultrasound microscope, stained
sequentially with uranyl acetate and basic lead citrate
for 5 to 10min, and images were captured in a Hitachi
H-7650 TEM.

MitoTracker staining and determination

When the cells reach 80% confluence, the culture
medium was removed, and the MitoTracker Red
CMXRos staining solution preheated at 37°C was added
(final concentration 250nmol/L), and incubated for 30
min under normal culture conditions. After the staining
is over, the above staining solution can be replaced with
fresh culture medium or PBS, which can be observed
under a fluorescence microscope or read under a micro-
plate reader (excitation wavelength 490nm, emission
wavelength 516 nm).

Real-time quantitative PCR

Total RNA was extracted from muscle and cell using
Trizo reagent (Sigma, Saint Louis, MO, USA) and synthe-
sized into cDNA using a reverse transcription kit (Takara
Co., Ltd., Dalian, China). The CFX RT-PCR detection
system (Bio-Rad, Hercules, CA, USA) and SYBR Green
RT-PCR kit (Takara Co., Ltd., Dalian, China) were used
for q-RT-PCR. The procedure was as follows: 95°C,
10 min; 45 2-step cycles of 95°C, 15s; 60°C, 30s, with at
least 3 replicates per set. Primer sequences are shown in
Table 1. The method of 2724 was used to calculated the
relative changes of gene expression, and -actin was used
as an internal reference.

Western blotting

Proteins from muscle and cells were extracted with
RIPA lysate (1% NaF, 1% Na;VO,, 1% PMSE, 2%
B-mercaptoethanol, 0.1% protease inhibitor, 1xloading
buffer constant volume to 10mL), placed at 100°C for
10min, then centrifuged at 4°C, 12,000 X g for 8 min,
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Table 1 Primer sequences for real-time PCR
Gene name Sequence (5" —3) Product
size, bp
MHCI F: AAGAACCTGCTGCGGCTG 250
R: CCAAGATGTGGCACGGCT
MHC lla F: GAGGAACAATCCAATACAAATCTATCT 173
R: CCCATAGCATCAGGACACGA
MHC b F: GACAACTCCTCTCGCTTTGG 274
R: GGACTGTGATCTCCCCTTGA
MHC lix F: GGAGGAACAATCCAATGTCAAC 178
R: GTCACTTTTTAGCATTTGGATGAGTTA
PGC-1a F: TATTTGCATCCAGAGCATGGC 181
R: CCAGAGCAGCACAAAAGTACC
NRF1 F: CATGGCACTCAACAGCGAAG 177
R: GGGGTCTTCCAGAATTGGGT
TFAM F: AGGATGGCACATCACAGGTAA 168
R: GGTCTTCTCGTCCAACTTCCA
UQCRC1 F: TGGCTGGATTTGGCCCCATT 136
R: TTTATGGTGGAGGGACGGCG
ATP5AT F: CTTCAGAAAACCGGCACTGCT 210
R: GTCAGGCTCCAAGTTCAGAGAC
B-actin F: CGGCTTTCGGTTGAGCTGAC 159

R: GCCGTACCCACCAGAGTGAA

and the supernatant was removed. The extracted pro-
teins were separated by SDS-PAGE at room tempera-
ture (parameters: 80V for 0.5h, 120V for 1.5h) and
then transferred proteins to nitrocellulose membranes
at 4°C (parameters: 100V for 1.5h) and blocked with
5% skim milk powder (Shanghai Sanger Biotechnology
Co., Ltd., Shanghai, China) for 1h. Finally, nitrocellu-
lose membranes were incubated overnight at 4°C with
the primary antibody and 1h at room temperature with
the corresponding secondary antibody. The Odyssey
Infrared Imaging System (LI-COR Biosciences, Lin-
coln, NE, USA) was used to visualize the protein bands
and band densities were standardized to the content of
B-tubulin and B-actin.

Antibodies against myosin heavy chain, Type I (BA-
D5), and Myosin heavy chain, Type IIX (6H1) were
from DSHB (Lowa, USA). UQCRC1 (No. 21705-1-AP)
and ATP5A1 (No. 14676-1-AP) were purchased from
Proteintech (Lowa, USA). Phospho-p38 MAP Kinase
(Thr389, No. 9211) and p38 MAPK (No. 9212) were
from Cell Signaling (Danvers, MA, USA). PGC-la
(bs1832R), p-tubulin (bsm-33034M) and f-actin
(AP0060) were purchased from Biosynthesis Biotech-
nology Co., Ltd. (Beijing, China). Goat anti-rabbit
secondary antibody (926-32211) and anti-mouse sec-
ondary antibody (926-68070) were purchased from LI-
COR Biosciences (Lincoln, NE, USA).

Statistical analysis

Data were shown as the mean+SEM, and analyzed
using Graphpad Prism 9 software (Monrovia, CA,
USA). The normal distribution and homogeneity of var-
iance analysis were performed. The comparison of two
groups of data was performed using Student’s ¢-test,
and the comparison of multiple groups of data was per-
formed using one-way analysis of variance (ANOVA)
followed by Tukey’s test. P <0.05 was considered to be
significantly different.

Results

Effects of vitamin A injection on myofiber type
composition in longissimus dorsi muscle

Although VA did not change the muscle fiber type in LD
muscle of 3-week-old lambs (Fig. 1A and B), q-RT-PCR
results showed a significant increase trend in the expres-
sion of type I muscle fiber in VA group lambs (Fig. 1C, P
= 0.077), while the expression of type IIx muscle fiber
showed an opposite trend (Fig. 1C, P = 0.063). There were
no significant changes in protein abundance of MyHC I
and MyHC IIx in 3-week-old lambs (Fig. 1D). After slaugh-
ter, VA greatly increased the number of type I myofibers,
decreased the number of type IIx myofibers (Fig. 1E and
F). In addition, the mRNA and protein content of MyHC
I was significant raised, while the mRNA and protein con-
tent of MyHC IIx was significant reduced (Fig. 1G and H).
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Vitamin A improved mitochondrial biogenesis

and function, and activated p38-PGC-1a signal pathway
Mitochondria are the main site of aerobic respiration in
cells, which is known as the “power house’, so it is neces-
sary to know if mitochondrial biogenesis and function are
regulated by VA. As shown in Fig. 2A and B, VA signifi-
cantly increased mtDNA content and the mRNA levels
of TFAM and NRFI in LD muscle of sheep. For mito-
chondrial function, VA increased UQCRCI1 and ATP5A1
mRNA and protein levels, and elevated SDH activ-
ity (Fig. 2C-E). Additionally, VA elevated the PGC-1la
mRNA and protein levels and enhanced p38 MAPK
phosphorylation level (Fig. 2F-H). These data suggested
that the improvement of mitochondrial biosynthesis and
function by VA may be caused by p38 MAPK-PGC-1a
signaling.

Retinoic acid improved mitochondrial biogenesis

and function, and altered myofiber type composition

We then explored whether RA exerted effects on
myofiber type in primary myoblasts. In the current study,
MyHC I mRNA and protein levels were significantly
higher, while MyHC IIx mRNA and protein levels were
significantly decreased in RA-treated primary myoblasts
(Fig. 3A and B). Consistent with the experimental results
in vivo, RA significantly increased TFAM and NRFI

mRNA levels, mtDNA content, UQCRC1 and ATP5A1
mRNA and protein levels and SDH activity in primary
myoblasts (Fig. 3C-G).

Retinoic acid affected mitochondrial biogenesis

and altered myofiber type composition through PGC-1a
signaling

In order to verify whether RA affected mitochondrial
biogenesis and altered muscle fiber type composi-
tion through PGC-1a signaling, we used si-PGC-1a
to inhibit PGC-Ia expression in primary myoblasts.
As expected, PGC-1a mRNA level was significantly
down-regulated (Fig. 4A). We also found type I
myofiber mRNA and protein levels were signifi-
cantly decreased, while type IIx myofiber mRNA and
protein levels showed the opposite results (Fig. 4B
and C). Furthermore, silencing of PGC-Ia caused
impaired mitochondrial biogenesis, as evidenced
by a significant downregulation of TFAM and NRF1
mRNA levels, and a significant reduction in mtDNA
content and mitochondrial number (Fig. 4D-F).
However, supplementation with RA did not alleviate
these situations (Fig. 4B—F). Thus, our results sug-
gested that RA improved mitochondrial biogenesis
and altered the composition of myofibers through
PGC-1a.
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Retinoic acid affected mitochondrial function

through PGC-1a signaling

We further explored whether RA affected mitochon-
drial function through the regulation of PGC-Ia.
Consistent with our hypothesis, si-PGC-la sig-
nificantly attenuated the intensity of RA-induced
MitotTracker staining (Fig. 5A and B). In addi-
tion, si-PGC-la decreased RA-induced SDH activ-
ity, and UQCRC1 and ATP5A1 mRNA and protein
levels (Fig. 5C-F). These results suggested that RA
improved mitochondrial function through PGC-1la
signaling.

Retinoic acid affected myofiber type composition via p38
MAPK-PGC-1a signaling

In order to elucidate that RA affected myofiber type
composition through regulation of the p38 MAPK-
PGC-1a signaling pathway, we used the p38 MAPK
inhibitor (SB202190) to inhibit the p38 MAPK sign-
aling. The results revealed that SB202190 signifi-
cantly abrogated RA-induced the PGC-1a and type
I myofibers mRNA and protein levels, but those of
type IIx myofibers were not changed (Fig. 6A-C).
These data indicate that RA significantly increased
the number of oxidative myofibers via p38 MAPK-
PGC-1a signaling.

Discussion

The occurrence and conversion of different skeletal mus-
cle fiber types are extremely important for the study of
skeletal muscle development. The generation of muscle
fiber types accompanies the entire process of myogenesis
and is subject to complex regulation at the physiological
and molecular levels. In mammals, a distinction is made
between fast and slow formation of primary and second-
ary myofibers [38]. All primary myofibers are initially
slow, with some of them subsequently converting to fast,
whereas all secondary muscle fibers are initially fast, with
some of them subsequently converting to slow [38]. With
the number of muscle fibers already determined in the
fetus, the postnatal growth of skeletal muscle is domi-
nated by an increase in the size of the myofibers [39].
Hence, although some conversion between fast and slow
muscle fibers occurs during the formation of primary
and secondary myofibers, most of the conversion is taken
place after birth. Skeletal muscle has the ability to change
phenotype to adapt to developmental and environmental
stimuli [40].

VA has long been considered an essential nutrient
for animals. Recently, VA supplementation has been
reported to increase the proportion of oxidized muscle
fibers [23] and has the potential to improve meat quality
of beef cattle [33]. In the present study, we observed that
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intramuscular injection of VA to sheep greatly enhanced
the number of type I myofibers and reduced the number
of type IIx myofibers in LD muscle. Meat color is com-
monly used by consumers to determine whether fresh
meat is healthy or not, while myofiber type is one of the
major contributors for meat color [41]. Our data sug-
gested that the color of sheep meat may have changed. In
cattle, Scapol et al. [42] found that intramuscular injec-
tion of VA into calves improved meat tenderness but did
not affect meat color. Because meat color affected by var-
ious factors, including myoglobin [43], diet [44], and even
the exercise it gets [45], whether VA injection affect the
color of sheep meat need to be further explored.
Moreover, VA significantly improved mitochondrial
biogenesis in LD muscle, including greatly increased
mtDNA content, and NRFI and TFAM levels. Sev-
eral studies have demonstrated that NRFI induced the

transcription of mitochondrial respiratory chain genes
and activated TFAM [46, 47], which promoted the mito-
chondrial DNA replication and transcription [48, 49].
This is consistent with more mitochondria being present
in oxidative muscle fibers [50]. Moreover, mitochondria
hold a central function in energy production and numer-
ous metabolic processes [51]. Mitochondria synthesize
ATP through the coupling of oxidative phosphorylation
and respiration. This coupling needs the presence of
mitochondrial membrane potential [52], which acts as
an intermediate form of energy storage and can produce
ATP in response to ATP synthase. Stable intracellular
levels of ATP and mitochondrial membrane potential are
necessary to maintain normal cellular function [53-55].
In our study, the enhancement of mitochondrial func-
tion in VA-treated sheep was demonstrated by increased
succinate dehydrogenase (SDH) activity and the levels of
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UQCRCI and ATP5A1 related to mitochondrial respira-
tory chain. Moreover, as a transcriptional co-activator,
PGC-1a regulates genes involved in energy metabolism,
and promotes the mitochondrial biogenesis. VA has
been reported to promote mitochondrial production
by activating PGC-1la [56—-58]. Based on the previous
results, we examined the PGC-1a expression in LD mus-
cle of sheep and found that VA significantly upregulated
PGC-1a mRNA and protein levels. What is more, we
found that VA activated the p38 signaling pathway, an
upstream signal of PGC-1a [59], which is consistent with
previous findings [60].

Retinoic acid mediates most of the metabolic functions
of VA. Retinoic acid in vivo is produced by retinol in the
sequential action of retinol dehydrogenase and retinal-
dehyde dehydrogenase. Subsequently, retinoic acid binds
to heterodimer of the retinoic acid receptor (RAR) and
retinoic acid X receptor (RXR), and the complex binds to
retinoic acid response elements (RAREs) in the regulatory
regions of RA target genes, ultimately causing the tran-
scription of the genes to be affected [61]. Consistent with
the in vivo results, RA improved mitochondrial biogenesis

PGC-la
Fig. 6 Retinoic acid affected myofiber type composition through p38 MAPK-PGC-1a signaling. A Relative PGC-Ta content. B Relative mRNA
content of MyHC I, MyHC lla, MyHC IIb and MyHC lIx. C Protein expression of PGC-1a, MyHC I, and MyHC lIx. Data were shown as mean +SEM; n =3
in each group, 3 replications were used during the experiment and each well was considered as an experiment unit from different lambs. *“Values
with different letters indicated significant differences (P < 0.05)

MHCI MHC IIx

and function, promoted the production of oxidative mus-
cle fibers in sheep primary myoblasts. We further used
si-PGC-1a demonstrated that this process was caused
by RA through the regulation of PGC-1a, including that
si-PGC-1a significantly attenuated RA-induced mtDNA
content, TFAM and NRFI relative mRNA contents,
MitoTracker staining intensity, UQCRC1 and ATP5A1
levels, and SDH activity. Thus, PGC-1a is a major fac-
tor contributing to the slow muscle fiber type [23, 62, 63].
Furthermore, p38 MAPK as an upstream signal of PGC-1a
is activated by VA, but whether RA can alter muscle fiber
type composition by activating the p38 MAPK-PGC-1a
signaling pathway remains to be investigated. It has been
reported that many cytokines stimulate PGC-1a via p38
MAPK leading to enhanced mitochondrial respiration and
energy expenditure in muscle cells [28]. During muscle
cell differentiation, retinoic acid activates p38 MAPK and
promotes the ability of glucose uptake [60]. RA can induce
GADD34 mRNA to alter muscle fiber type through p38
MAPK signaling [64]. We so hypothesized that RA acti-
vated PGC-1a and altered muscle fiber type composition,
partly due to the activation of p38 MAPK signaling. Our
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results showed that p38 MAPK inhibitor impaired RA-
induced PGC-1a and MyHC I expression, but MyHC IIx
levels were unaffected by p38 MAPK inhibitor, suggesting
that RA increased the number of type I myofibers via p38
MAPK-PGC-1a signaling. Consistently, Shi et al. [65] also
did not detect differences in phosphorylated p38 MAPK in
fast muscle fibers. In contrast, Meissner et al. [66] reported
that activation of p38 MAPK modulated MyHC IIx pro-
moter activity and promoted MyHC Iix gene expression.
Indeed, p38 MAPK contains 4 isoforms (a, {3, y, and 9), yet
SB202190 selectively inhibited the activity of a and f iso-
forms. Whether the y and § isoforms play a role in muscle
fiber type determination in our experiments needs to be
further investigated. In addition, studies have shown that
retinoic acid activates PPARs [67, 68], which are canonical
activators of PGC-1a [69]. This suggests that retinoic acid
may activate PGC-1a through PPARs. However, whether
retinoic acid involved in myofiber conversion in sheep
through PPARs-PGC-la signaling pathway needs to be
explored in depth.

Conclusion

In conclusion, our results suggested that intramuscular VA
injection improved mitochondrial biogenesis and func-
tion through PGC-1a signal, and increased the proportion
of oxidized muscle fibers. Furthermore, we demonstrated
that RA exerts these effects in part through the p38 MAPK
pathway. More importantly, the results of this study pro-
vided new insights into the improvement of sheep meat
quality and human’s living standards.

Abbreviations
ATP5A1 ATP synthase F1 subunit alpha
LD Longissimus dorsi

MDH Malate dehydrogenase

MyHC Myosin heavy chain

mtDNA Mitochondrial DNA

NRF1 Nuclear respiratory factor 1

OCT compound  Optimal cutting temperature compound

PGC-1a Peroxisome proliferator-activated receptor y coactivator
1-a

p38 MAPK p38 mitogen-activated protein kinases

RA Retinoic acid

SDH Succinate dehydrogenase

TEM Transmission electron microscopy

TFAM Mitochondrial transcription factor A

UQCRCI Ubiquinol-cytochrome C reductase core protein 1

VA Vitamin A

Supplementary Information

The online version contains supplementary material available at https://doi.
0rg/10.1186/540104-023-00968-4.

Additional file 1. Protein marker and original gels of the Western blots in
the manuscript.

Page 11 of 13

Acknowledgements
The authors appreciate the support and assistance provided by the staff at
Taigu Paulson Pastoral.

Authors’ contributions

PS designed and carried out the experiments. PS, JZ, FL, XZ and JF collected
animal samples. YS performed data analysis and interpretation. PS wrote the
original draft. The study was supervised by BW and JZ. All authors read and
approved the final manuscript.

Funding

This research was funded by the National Natural Science Foundation of China
(31972559) and the Distinguished and Excellent Young Scholar Cultivation
Project of Shanxi Agricultural University (2022JQPYGCO1).

Availability of data and materials
The datasets and materials are available from the corresponding author on
reasonable request.

Declarations

Ethics approval and consent to participate
It was approved by the Institutional Animal Care and Use Committee of Shanxi
Agricultural University (sxnd202028) for all experimental procedures.

Consent for publication
Not applicable.

Competing interests
The authors declare no real or perceived conflicts of interest.

Author details

'College of Animal Science, Shanxi Agricultural University, Taigu, Shanxi
030801, People’s Republic of China. 2State Key Laboratory of Animal Nutrition
and Feeding, Department of Animal Nutrition and Feed Science, College

of Animal Science and Technology, China Agricultural University, Bei-

jing 100193, People’s Republic of China.

Received: 25 July 2023 Accepted: 4 December 2023
Published online: 04 February 2024

References

1. Antunes ICB. Studying laminins in skeletal muscle development: regula-
tors of muscle stem cells and synaptic organizers (doctoral dissertation).
2017. http//hdlhandle.net/10451/30947.

2. Schiaffino S, Reggiani C. Fiber types in mammalian skeletal muscles.
Physiol Rev. 2011;91:1447-531. https://doi.org/10.1152/physrev.00031.
2010.

Maclntosh BR, Gardiner PF, McComas AJ. Skeletal muscle: form and func-
tion. Champaign, IL, USA: Human kinetics; 2005.

4. Rockl KS, Hirshman MF, Brandauer J, Fujii N, Witters LA, Goodyear LJ. Skel-
etal muscle adaptation to exercise training: AMP-activated protein kinase
mediates muscle fiber type shift. Diabetes. 2007;56:2062-9. https.//doi.
0rg/10.2337/db07-0255.

5. SmerduV, Karsch-Mizrachi |, Campione M, Leinwand L, Schiaffino S. Type
lIx myosin heavy chain transcripts are expressed in type IIb fibers of
human skeletal muscle. Am J Physiol-Cell Ph. 1994;267:C1723-8. https://
doi.org/10.1152/ajpcell.1994.267.6.C1723.

6. Bai M, LiuH,XuK YuR, Oso AO, Deng J, et al. Effects of coated cysteam-
ine hydrochloride on muscle fiber characteristics and amino acid
composition of finishing pigs. Asian Austral J Anim. 2019;32:1430. https://
doi.org/10.5713/ajas.18.0414.

7. Nuernberg K, Kuechenmeister U, Kuhn G, Nuernberg G, Winnefeld K,
Ender K, et al. Influence of dietary vitamin E and selenium on muscle fatty
acid composition in pigs. Food Res Int. 2002;35:505-10. https://doi.org/
10.1016/50963-9969(01)00148-X.


https://doi.org/10.1186/s40104-023-00968-4
https://doi.org/10.1186/s40104-023-00968-4
http://hdl.handle.net/10451/30947
https://doi.org/10.1152/physrev.00031.2010
https://doi.org/10.1152/physrev.00031.2010
https://doi.org/10.2337/db07-0255
https://doi.org/10.2337/db07-0255
https://doi.org/10.1152/ajpcell.1994.267.6.C1723
https://doi.org/10.1152/ajpcell.1994.267.6.C1723
https://doi.org/10.5713/ajas.18.0414
https://doi.org/10.5713/ajas.18.0414
https://doi.org/10.1016/S0963-9969(01)00148-X
https://doi.org/10.1016/S0963-9969(01)00148-X

Song et al. Journal of Animal Science and Biotechnology

20.

21.
22.

23.

24.

25.

26.

27.

28.

Kim G, Overholt MF, Lowell JE, Harsh BN, Klehm BJ, Dilger AC, et al. Evalu-
ation of muscle fiber characteristics based on muscle fiber volume in
porcine longissimus muscle in relation to pork quality. Meat Muscle Biol.
2018;2:362. https://doi.org/10.22175/mmb2018.07.0018.

Joo S, Kim G, Hwang Y, Ryu YC. Control of fresh meat quality through
manipulation of muscle fiber characteristics. Meat Sci. 2013,95:828-36.
https://doi.org/10.1016/j.meatsci.2013.04.044.

Karlsson AH, Klont RE, Fernandez X. Skeletal muscle fibres as factors for
pork quality. Livest Prod Sci. 1999;60:255-69. https://doi.org/10.1016/
S0301-6226(99)00098-6.

. P6s6 AR, Puolanne E. Carbohydrate metabolism in meat animals. Meat

Sci. 2005;70:423-34. https://doi.org/10.1016/j.meatsci.2004.12.017.

Larzul C, Lefaucheur L, Ecolan P, Gogue J, Talmant A, Sellier P, et al. Pheno-
typic and genetic parameters for longissimus muscle fiber characteristics
in relation to growth, carcass, and meat quality traits in large white pigs. J
Anim Sci. 1997,75:3126-37. https://doi.org/10.2527/1997.75123126x.
Choe J, ChoiY, Lee S, Shin H, Ryu Y, Hong KC, et al. The relation between
glycogen, lactate content and muscle fiber type composition, and their
influence on postmortem glycolytic rate and pork quality. Meat Sci.
2008;80:355-62. https://doi.org/10.1016/j.meatsci.2007.12.019.

Jiang Q, Cheng X, Cui Y, Xia Q Yan X, Zhang M, et al. Resveratrol regulates
skeletal muscle fibers switching through the AdipoR1-AMPK-PGC-1a
pathway. Food Funct. 2019;10:3334-43. https://doi.org/10.1039/C8FO0
2518E.

Lee KY, Singh MK, Ussar S, Wetzel P, Hirshman MF, Goodyear LJ, et al. Tbx15
controls skeletal muscle fibre-type determination and muscle metabo-
lism. Nat Commun. 2015;6:8054. https://doi.org/10.1038/ncomms9054.
Li H, Chen X, Chen D, Yu B, He J, Zheng P, et al. Ellagic acid alters muscle
Fiber-type composition and promotes mitochondrial biogenesis
through the AMPK signaling pathway in healthy pigs. J Agric Food Chem.
2022;70:9779-89. https://doi.org/10.1021/acs jafc.2c04108.

Zechner C, Lai L, Zechner JF, Geng T, Yan Z, Rumsey JW, et al. Total skeletal
muscle PGC-1 deficiency uncouples mitochondrial derangements from
fiber type determination and insulin sensitivity. Cell Metab. 2010;12:633-
42. https://doi.org/10.1016/j.cmet.2010.11.008.

Marlétaz F, Holland LZ, Laudet V, Schubert M. Retinoic acid signaling and
the evolution of chordates. Int J Biol Sci. 2006;2:38. https://doi.org/10.
7150/ijbs.2.38.

Metzler MA, Sandell LL. Enzymatic metabolism of vitamin A in developing
vertebrate embryos. Nutrients. 2016;8:812. https://doi.org/10.3390/nu812
0812.

Monaghan BR, Schmitt FO. The effects of carotene and of vitamin a on
the oxidation of linoleic acid. J Biol Chem. 1932,96:387-95. https://doi.
0rg/10.1016/50021-9258(18)76278-9.

Pino-Lagos K, Guo Y, Noelle RJ. Retinoic acid: a key player in immunity.
Biofactors. 2010;36:430-6. https://doi.org/10.1002/biof.117.

Wolf G. The discovery of the visual function of vitamin a. J Nutr.
2001;131:1647-50. https://doi.org/10.1093/jn/131.6.1647.

Wang B, Nie W, Fu X, de Avila JM, Ma'Y, Zhu MJ, et al. Neonatal vitamin

a injection promotes cattle muscle growth and increases oxidative
muscle fibers. J Anim Sci Biotechnol. 2018;9:82. https://doi.org/10.1186/
540104-018-0296-3.

Amengual J, Ribot J, Bonet ML, Palou A. Retinoic acid treatment increases
lipid oxidation capacity in skeletal muscle of mice. Obesity. 2008;16:585—
91. https://doi.org/10.1038/0by.2007.104.

Puigserver P.Wu Z, Park CW, Graves R, Wright M, Spiegelman BM. A cold-
inducible coactivator of nuclear receptors linked to adaptive thermo-
genesis. Cell. 1998;92:829-39. https://doi.org/10.1016/50092-8674(00)
81410-5.

Fan M, Rhee J, St-Pierre J, Handschin C, Puigserver P, Lin J, et al. Sup-
pression of mitochondrial respiration through recruitment of p160

myb binding protein to PGC-1a: modulation by p38 MAPK. Genes Dev.
2004;18:278-89. https://doi.org/10.1101/gad.1152204.

Knutti D, Kressler D, Kralli A. Regulation of the transcriptional coac-
tivator PGC-1 via MAPK-sensitive interaction with a repressor. PNAS.
2001;98:9713-8. https://doi.org/10.1073/pnas.171184698.

Puigserver P, Rhee J, Lin J, Wu Z, Yoon JC, Zhang CY, et al. Cytokine
stimulation of energy expenditure through p38 MAP kinase activation

of PPARy coactivator-1. Mol Cell. 2001;8:971-82. https://doi.org/10.1016/
$1097-2765(01)00390-2.

(2024) 15:18

29.

30.

31

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

Page 12 of 13

Akimoto T, Pohnert SC, Li P, Zhang M, Gumbs C, Rosenberg PB, et al. Exer-
cise stimulates Pgc-Ta transcription in skeletal muscle through activation
of the p38 MAPK pathway. J Biol Chem. 2005,;280:19587-93. https://doi.
0rg/10.1074/jbc.M408862200.

Roe MM, Hashimi M, Swain S, Woo KM, Bimczok D. p38 MAPK signaling
mediates retinoic acid-induced CD103 expression in human dendritic
cells. Immunology. 2020;161:230-44. https://doi.org/10.1111/imm.13246.
De Genaro P, Simén MV, Rotstein NP, Politi LE. Retinoic acid promotes
apoptosis and differentiation in photoreceptors by activating the p38
MAP kinase pathway. Invest Ophth Vis Sci. 2013;54:3143-56. https://doi.
org/10.1167/iovs.12-11049.

. National Research Council. Nutrient requirements of small ruminants:

sheep, goats, cervids, and new world camelids. Washington: The National
Academies Press; 2007. https://doi.org/10.17226/11654.

Harris CL, Wang B, Deavila JM, Busboom JR, Maquivar M, Parish SM, et al.
Vitamin A administration at birth promotes calf growth and intramus-
cular fat development in Angus beef cattle. J Anim Sci Biotechnol.
2018;9:55. https://doi.org/10.1186/540104-018-0268-7.

Song P, Chen X, Zhao J, Li Q, Li X, Wang Y, et al. Vitamin A injection at birth
improves muscle growth in lambs. Anim Nutr. 2023;14:204-12. https://
doi.org/10.1016/j.aninu.2023.05.011.

AOAC. Official methods of analysis. 17th ed. Gaithersburg: AOAC Interna-
tional; 2000.

Van Soest PV, Robertson JB, Lewis BA. Methods for dietary fiber, neutral
detergent fiber, and nonstarch polysaccharides in relation to animal
nutrition. J Dairy Sci. 1991;74:3583-97. https://doi.org/10.3168/jds.50022-
0302(91)78551-2.

Li X, Liu X, Song P, Zhao J, Zhang J, Zhao J. Skeletal muscle mass, meat
quality and antioxidant status in growing lambs supplemented with
guanidinoacetic acid. Meat Sci. 2022;192:108906. https://doi.org/10.
1016/j.meatsci.2022.108906.

Wigmore PM, Dunglison GF. The generation of fiber diversity during
myogenesis. Int J Dev Biol. 2002;42:117-25. https://doi.org/10.1387/ijdb.
9551857.

Du M, Tong J, Zhao J, Underwood K, Zhu M, Ford S, et al. Fetal program-
ming of skeletal muscle development in ruminant animals. J Anim Sci.
2010;88(suppl_13):E51-60. https://doi.org/10.2527/jas.2009-2311.

Fliick M, Hoppeler H. Molecular basis of skeletal muscle plasticity-from
gene to form and function. Rev Physiol Bioch P. 2003;146:159-216.
https://doi.org/10.1007/510254-002-0004-7.

Xu M, Chen X, Huang Z, Chen D, Li M, He J, et al. Effects of dietary grape
seed proanthocyanidin extract supplementation on meat quality,
muscle fiber characteristics and antioxidant capacity of finishing pigs.
Food Chem. 2022;367:130781. https://doi.org/10.1016/j.foodchem.2021.
130781.

Scapol RS, Baldassini WA, Gagaoua M, Ramirez-Zamudio GD, Ladeira MM,
Poleti MD, et al. Muscle proteome of crossbred cattle that received vita-
min a at birth: impacts on meat quality traits. Livest Sci. 2023,275:105316.
https://doi.org/10.1016/j.livsci.2023.105316.

Suman SP, Joseph P. Myoglobin chemistry and meat color. Annu

Rev Food SciT. 2013;4:79-99. https://doi.org/10.1146/annur
ev-food-030212-182623.

Tomasevic |, Djekic |, Font-i-Furnols M, Terjung N, Lorenzo JM. Recent
advances in meat color research. Curr Opin Food Sci. 2021;41:81-7.
https://doi.org/10.1016/j.cofs.2021.02.012.

Guo X,Wang J, Chen H, Su H, Wang Z, Wan Y, et al. Effects of exercise

on carcass composition, meat quality, and mRNA expression profiles

in breast muscle of a Chinese indigenous chicken breed. Poultry Sci.
2019;98:5241-6. https://doi.org/10.3382/ps/pez415.

Scarpulla RC. Nuclear control of respiratory chain expression in mam-
malian cells. J Bioenerg Biomembr. 1997,29:109-19. https://doi.org/10.
1023/A:1022681828846.

Scarpulla RC. Transcriptional paradigms in mammalian mitochondrial
biogenesis and function. Physiol Rev. 2008;88:611-38. https://doi.org/10.
1152/physrev.00025.2007.

Clayton DA. Transcription and replication of animal mitochondrial DNAs.
Int Rev Cytol. 1992;141:217-32. https://doi.org/10.1016/50074-7696(08)
62067-7.

Shadel GS, Clayton DA. Mitochondrial transcription initiation. Variation
and conservation. J Biol Chem. 1993,;268:16083-6. https://doi.org/10.
1016/50021-9258(19)85387-5.


https://doi.org/10.22175/mmb2018.07.0018
https://doi.org/10.1016/j.meatsci.2013.04.044
https://doi.org/10.1016/S0301-6226(99)00098-6
https://doi.org/10.1016/S0301-6226(99)00098-6
https://doi.org/10.1016/j.meatsci.2004.12.017
https://doi.org/10.2527/1997.75123126x
https://doi.org/10.1016/j.meatsci.2007.12.019
https://doi.org/10.1039/C8FO02518E
https://doi.org/10.1039/C8FO02518E
https://doi.org/10.1038/ncomms9054
https://doi.org/10.1021/acs.jafc.2c04108
https://doi.org/10.1016/j.cmet.2010.11.008
https://doi.org/10.7150/ijbs.2.38
https://doi.org/10.7150/ijbs.2.38
https://doi.org/10.3390/nu8120812
https://doi.org/10.3390/nu8120812
https://doi.org/10.1016/S0021-9258(18)76278-9
https://doi.org/10.1016/S0021-9258(18)76278-9
https://doi.org/10.1002/biof.117
https://doi.org/10.1093/jn/131.6.1647
https://doi.org/10.1186/s40104-018-0296-3
https://doi.org/10.1186/s40104-018-0296-3
https://doi.org/10.1038/oby.2007.104
https://doi.org/10.1016/S0092-8674(00)81410-5
https://doi.org/10.1016/S0092-8674(00)81410-5
https://doi.org/10.1101/gad.1152204
https://doi.org/10.1073/pnas.171184698
https://doi.org/10.1016/s1097-2765(01)00390-2
https://doi.org/10.1016/s1097-2765(01)00390-2
https://doi.org/10.1074/jbc.M408862200
https://doi.org/10.1074/jbc.M408862200
https://doi.org/10.1111/imm.13246
https://doi.org/10.1167/iovs.12-11049
https://doi.org/10.1167/iovs.12-11049
https://doi.org/10.17226/11654
https://doi.org/10.1186/s40104-018-0268-7
https://doi.org/10.1016/j.aninu.2023.05.011
https://doi.org/10.1016/j.aninu.2023.05.011
https://doi.org/10.3168/jds.S0022-0302(91)78551-2
https://doi.org/10.3168/jds.S0022-0302(91)78551-2
https://doi.org/10.1016/j.meatsci.2022.108906
https://doi.org/10.1016/j.meatsci.2022.108906
https://doi.org/10.1387/ijdb.9551857
https://doi.org/10.1387/ijdb.9551857
https://doi.org/10.2527/jas.2009-2311
https://doi.org/10.1007/s10254-002-0004-7
https://doi.org/10.1016/j.foodchem.2021.130781
https://doi.org/10.1016/j.foodchem.2021.130781
https://doi.org/10.1016/j.livsci.2023.105316
https://doi.org/10.1146/annurev-food-030212-182623
https://doi.org/10.1146/annurev-food-030212-182623
https://doi.org/10.1016/j.cofs.2021.02.012
https://doi.org/10.3382/ps/pez415
https://doi.org/10.1023/A:1022681828846
https://doi.org/10.1023/A:1022681828846
https://doi.org/10.1152/physrev.00025.2007
https://doi.org/10.1152/physrev.00025.2007
https://doi.org/10.1016/S0074-7696(08)62067-7
https://doi.org/10.1016/S0074-7696(08)62067-7
https://doi.org/10.1016/S0021-9258(19)85387-5
https://doi.org/10.1016/S0021-9258(19)85387-5

Song et al. Journal of Animal Science and Biotechnology (2024) 15:18

50.

51

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

Lefaucheur L. A second look into fibre typing-relation to meat quality.
Meat Sci. 2010;84:257-70. https://doi.org/10.1016/j.meatsci.2009.05.004.
He X, Duan, Yao K, Li F, Hou Y, Wu G, et al. -Hydroxy-B-methylbutyrate,
mitochondrial biogenesis, and skeletal muscle health. Amino Acids.
2016;48:653-64. https://doi.org/10.1007/500726-015-2126-7.

Bernardi P. Mitochondrial transport of cations: channels, exchangers, and
permeability transition. Physiol Rev. 1999;79:1127-55. https://doi.org/10.
1152/physrev.1999.79.4.1127.

Zamzami N, Marchetti P, Castedo M, Decaudin D, Macho A, Hirsch T, et al.
Sequential reduction of mitochondrial transmembrane potential and
generation of reactive oxygen species in early programmed cell death. J
Exp Med. 1995;182:367-77. https://doi.org/10.1084/jem.182.2.367.
Yaniv Y, Juhaszova M, Nuss HB, Wang S, Zorov DB, Lakatta EG, et al. Match-
ing ATP supply and demand in mammalian heart: in vivo, in vitro, and in
silico perspectives. Ann NY Acad Sci. 2010;1188:133-42. https://doi.org/
10.1111/j.1749-6632.2009.05093 x.

Zorov DB, Juhaszova M, Sollott SJ. Mitochondrial reactive oxygen species
(ROS) and ROS-induced ROS release. Physiol Rev. 2014;94:909-50. https://
doi.org/10.1152/physrev.00026.2013.

Wang B, Fu X, Liang X, Wang Z, Yang Q, Zou T, et al. Maternal retinoids
increase PDGFRa* progenitor population and beige adipogenesis

in progeny by stimulating vascular development. eBioMedicine.
2017;18:288-99. https://doi.org/10.1016/j.ebiom.2017.03.041.

Mercader J, Ribot J, Murano |, Felipe F, Cinti S, Bonet ML, et al. Remodeling
of white adipose tissue after retinoic acid administration in mice. Endocri-
nology. 2006;147:5325-32. https://doi.org/10.1210/en.2006-0760.

Harms M, Seale P. Brown and beige fat: development, function and thera-
peutic potential. Nat Med. 2013;19:1252-63. https://doi.org/10.1038/nm.
3361.

Ventura-Clapier R, Garnier A, Veksler V. Transcriptional control of
mitochondrial biogenesis: the central role of PGC-1a. Cardiovasc Res.
2008;79:208-17. https://doi.org/10.1093/cvr/cvn098.

LiQ ZhangT, Zhang R, Qin X, Zhao J. All-trans retinoic acid regulates
sheep primary myoblast proliferation and differentiation in vitro. Domest
Anim Endocrin. 2020;71:106394. https://doi.org/10.1016/j.domaniend.
2019.106394.

Lara-Ramirez R, Zieger E, Schubert M. Retinoic acid signaling in spinal
cord development. Int J Biochem Cell B. 2013;45:1302-13. https://doi.
0rg/10.1016/j.biocel.2013.04.002.

Lin J, Wu H, Tarr PT, Zhang CY, Wu Z, Boss O, et al. Transcriptional co-
activator PGC-1a drives the formation of slow-twitch muscle fibres.
Nature. 2002;418:797-801. https://doi.org/10.1038/nature00904.

Wu Z, Puigserver P, Andersson U, Zhang C, Adelmant G, Mootha V,

et al. Mechanisms controlling mitochondrial biogenesis and respira-
tion through the thermogenic coactivator PGC-1. Cell. 1999,98:115-24.
https://doi.org/10.1016/50092-8674(00)80611-X.

Adachi Y, Masuda M, Sakakibara |, Uchida T, Niida Y, Mori, et al. All-trans
retinoic acid changes muscle fiber type via increasing GADD34 depend-
ent on MAPK signal. Life Sci Alliance. 2022;5:¢202101345. https://doi.org/
10.26508/15a.202101345.

ShiH, Scheffler JM, Pleitner JM, Zeng C, Park S, Hannon KM, et al.
Modulation of skeletal muscle fiber type by mitogen-activated protein
kinase signaling. FASEB J. 2008;22:2990-3000. https://doi.org/10.1096/f).
07-097600.

Meissner JD, Chang KC, Kubis HP, Nebreda AR, Gros G, Scheibe RJ. The
p38a/P mitogen-activated protein kinases mediate recruitment of CREB-
binding protein to preserve fast myosin heavy chain lld/x gene activity in
myotubes. J Biol Chem. 2007,282:7265-75. https://doi.org/10.1074/jbc.
M609076200.

Rieck M, Meissner W, Ries S, Muller-Brusselbach S, Muller R. Ligand-medi-
ated regulation of peroxisome proliferator-activated receptor (PPAR) 3/6:
a comparative analysis of PPAR-selective agonists and all-trans retinoic
acid. Mol Pharmacol. 2008;74:1269-77. https://doi.org/10.1124/mol.108.
050625.

Szanto A, Nagy L. Retinoids potentiate peroxisome proliferator-activated
receptor y action in differentiation, gene expression, and lipid metabolic
processes in developing myeloid cells. Mol Pharmacol. 2005;67:1935-43.
https://doi.org/10.1124/mol.104.006445.

Duncan JG, Finck BN. The PPAR-PGC-1 axis controls cardiac energy
metabolism in healthy and diseased myocardium. PPAR Res.
2008;2008:10. https://doi.org/10.1155/2008/253817.

Page 13 of 13


https://doi.org/10.1016/j.meatsci.2009.05.004
https://doi.org/10.1007/s00726-015-2126-7
https://doi.org/10.1152/physrev.1999.79.4.1127
https://doi.org/10.1152/physrev.1999.79.4.1127
https://doi.org/10.1084/jem.182.2.367
https://doi.org/10.1111/j.1749-6632.2009.05093.x
https://doi.org/10.1111/j.1749-6632.2009.05093.x
https://doi.org/10.1152/physrev.00026.2013
https://doi.org/10.1152/physrev.00026.2013
https://doi.org/10.1016/j.ebiom.2017.03.041
https://doi.org/10.1210/en.2006-0760
https://doi.org/10.1038/nm.3361
https://doi.org/10.1038/nm.3361
https://doi.org/10.1093/cvr/cvn098
https://doi.org/10.1016/j.domaniend.2019.106394
https://doi.org/10.1016/j.domaniend.2019.106394
https://doi.org/10.1016/j.biocel.2013.04.002
https://doi.org/10.1016/j.biocel.2013.04.002
https://doi.org/10.1038/nature00904
https://doi.org/10.1016/S0092-8674(00)80611-X
https://doi.org/10.26508/lsa.202101345
https://doi.org/10.26508/lsa.202101345
https://doi.org/10.1096/fj.07-097600
https://doi.org/10.1096/fj.07-097600
https://doi.org/10.1074/jbc.M609076200
https://doi.org/10.1074/jbc.M609076200
https://doi.org/10.1124/mol.108.050625
https://doi.org/10.1124/mol.108.050625
https://doi.org/10.1124/mol.104.006445
https://doi.org/10.1155/2008/253817

	Vitamin A regulates mitochondrial biogenesis and function through p38 MAPK-PGC-1α signaling pathway and alters the muscle fiber composition of sheep
	Abstract 
	Background 
	Method 
	Results 
	Conclusion 

	Background
	Materials and methods
	Animal ethics
	Animal treatment and sampling
	Sheep primary myoblasts isolation, culture and treatment
	Enzyme activity assay
	ATPase staining
	Alkaline dye solution
	Acid dye solution

	Analysis of the mitochondrial DNA (mtDNA) content
	Transmission electron microscopy (TEM)
	MitoTracker staining and determination
	Real-time quantitative PCR
	Western blotting
	Statistical analysis

	Results
	Effects of vitamin A injection on myofiber type composition in longissimus dorsi muscle
	Vitamin A improved mitochondrial biogenesis and function, and activated p38-PGC-1α signal pathway
	Retinoic acid improved mitochondrial biogenesis and function, and altered myofiber type composition
	Retinoic acid affected mitochondrial biogenesis and altered myofiber type composition through PGC-1α signaling
	Retinoic acid affected mitochondrial function through PGC-1α signaling
	Retinoic acid affected myofiber type composition via p38 MAPK-PGC-1α signaling

	Discussion
	Conclusion
	Acknowledgements
	References


