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Abstract

It is generally accepted that carnosine (f-alanyl-L-histidine) content is higher in glycolytic than in oxidative muscle fibres, but
the underlying mechanisms responsible for this difference remain to be elucidated. A first study to better understand potential
mechanisms involved was undertaken (1) to determine whether differences in the expression of carnosine-related enzymes
(CARNS1, CNDP2) and transporters (SLC6A6, SLCI15A3, SLC15A4, SLC36A1) exist between oxidative and glycolytic
myofibres and (2) to study the effect of carnosine on myoblast proliferative growth and on carnosine-related gene expres-
sion in cultured myoblasts isolated from glycolytic and oxidative muscles. Immunohistochemistry analyses were conducted
to determine the cellular localization of carnosine-related proteins. Laser-capture microdissection and qPCR analyses were
performed to measure the expression of carnosine-related genes in different myofibres isolated from the longissimus dorsi
muscle of ten crossbred pigs. Myogenic cells originating from glycolytic and oxidative muscles were cultured to assess the
effect of carnosine (0, 10, 25 and 50 mM) on their proliferative growth and on carnosine-related gene expression. The mRNA
abundance of CNDP?2 and of the studied carnosine transporters was higher in oxidative than in glycolytic myofibres. Since
carnosine synthase (CARNS/) mRNA abundance was not affected by either the fibre type or the addition of carnosine to
myoblasts, its transcriptional regulation would not be the main process by which carnosine content differences are determined
in oxidative and glycolytic muscles. The addition of carnosine to myoblasts leading to a dose-dependent increase in SLC15A3
transcripts, however, suggests a role for this transporter in carnosine uptake and/or efflux to maintain cellular homeostasis.
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that can modulate its muscle content (Harris et al. 2012;
D’Astous-Pagé et al. 2017). In this tissue, carnosine acts as
an antioxidant, a pH-buffering molecule (Baguet et al. 2010)
and a regulator of calcium homeostasis (Dutka et al. 2012).

Introduction

Carnosine is a histidine-containing dipeptide (f-alanyl-L-
histidine) present in several mammalian organs and tissues,

where it exerts multiple biochemical functions (Boldyrev
et al. 2013). Carnosine is abundant in skeletal muscle (Man-
nion et al. 1992), and diet, gender, age, fibre type compo-
sition and the genetic background are major determinants
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Carnosine’s ability to increase skeletal muscle growth has
also been suggested based on the observed increase in aver-
age daily gain values in pigs supplemented with L-carnosine
(Bao et al. 2015) and on its capacity to increase the prolifera-
tion of porcine myogenic cells in vitro (Palin et al. 2020).
Carnosine is synthesized from p-alanine and L-histidine
by the carnosine synthase (CARNS1) enzyme, and its deg-
radation is performed by carnosine dipeptidases (serum car-
nosinase [CNDP1] and cytosolic non-specific dipeptidase
[CNDP2]) (Boldyrev et al. 2013). Intracellular carnosine
levels are also determined by p-alanine (proton-coupled
amino acid transporter [PAT1/SLC36A6] and p-alanine/
taurine transporter [TAUT/SLC6A6]) and carnosine/L-his-
tidine (peptide/histidine transporters 1 [PHT1/SLC15A4]
and 2 [PHT2/SLC15A3]) transmembrane transporters (Liu
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et al. 1992; Thwaites and Anderson 2011; Oppermann et al.
2019), all of which were previously detected in the porcine
longissimus muscle (D’Astous-Pagé et al. 2017). Mainte-
nance of carnosine homeostasis therefore depends on the
gene expression and activity of the aforementioned enzymes
and transporters, which can be modulated according to intra-
cellular carnosine levels. A possible retro-control effect of
carnosine on CARNSI messenger RNA (mRNA) levels has
been suggested in the longissimus muscle of Duroc pigs
having high muscle carnosine content (D’Astous-Pagé et al.
2017), and modulation of CARNSI mRNA expression in
conditions of decreased or increased carnosine content in
the mouse tibialis anterior muscle was reported by Everaert
et al. (2013). However, evidence for a direct effect of carno-
sine on the expression of carnosine-related genes has never
been demonstrated in muscle cells.

It is generally accepted that carnosine content increases
with muscle glycolytic activity (Mora et al. 2008) and,
when looking at individual muscle fibres, the ratio of type
II (glycolytic) to type I (oxidative) carnosine content varies
from 3.5 in the horse gluteus medius (Dunnett and Harris
1997) to 2.2 in the human vastus lateralis (Harris et al. 1998)
and 2.1 in the camel gluteus medius (Dunnett and Harris
1997). Although carnosine content has never been inves-
tigated in pig individual muscle fibres, greater concentra-
tions of carnosine were reported in skeletal muscles classi-
fied as predominantly glycolytic (e.g. longissimus dorsi and
semimembranosus) than in oxidative muscles such as the
masseter (Reig et al. 2013). On the other hand, the higher
carnosine content found in the Duroc longissimus muscle,
when compared with Landrace and Yorkshire pigs, could
not be explained by differences in fibre type composition
(D’Astous-Pagé et al. 2017).

The gene expression and activity of carnosine-related
enzymes and transporters may account for some of the
observed differences in carnosine content in glycolytic and
oxidative muscle fibres, and variations in muscle fibre carno-
sine content may in turn affect these carnosine-related genes.
However, no one has yet investigated whether glycolytic and
oxidative muscle fibres present differences in the expression
of carnosine synthase, carnosine dipeptidase and f-alanine,
histidine and carnosine transporters. Moreover, it remains to
be established whether the effect of carnosine on the expres-
sion of these genes differs according to the metabolic origin
of the myogenic cells (e.g. glycolytic or oxidative muscles).

The present study was therefore undertaken (1) to deter-
mine whether there are differences in the expression (nRNA
and protein) of carnosine-related genes in red (oxidative) and
white (glycolytic) muscle fibres and (2) to study the effect
of carnosine on proliferative growth and carnosine-related
gene expression in primary myogenic cell cultures originat-
ing from predominantly glycolytic (longissimus dorsi [LD])
and oxidative (rhomboideus [RH]) muscles.
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Materials and methods
Animals and tissue collection

A total of ten crossbred barrows (Duroc X Landrace-York-
shire) were used for immunohistochemistry (IHC) and
laser-capture microdissection (LCM) followed by quanti-
tative polymerase chain reaction (QPCR) analyses. These
pigs entered the Sherbrooke Research and Development
Centre (SRDC, Agriculture and Agri-Food Canada, QC,
Canada) at 20.5 +2.38 kg body weight (BW) and were
sacrificed upon reaching 152.7 +11.90 kg BW. Pigs were
fed ad libitum following a three-phase feeding program
and had free access to water. Pigs were stunned with a
captive bolt pistol prior to slaughter by exsanguination
to ensure that the animals were killed humanely. The LD
muscle was excised immediately after slaughter, and tissue
samples were snap-frozen in liquid nitrogen and stored at
—80 °C until IHC, LCM and gene expression analyses.
Animal husbandry and slaughter procedures were con-
ducted according to the recommended guidelines of the
Canadian Council on Animal Care (2009) and approved
by the local animal care committee of the SRDC.

For myogenic cell culture-related experiments (BrdU,
DNA content and gene expression analyses), a total of five
German Landrace female piglets from the experimental
pig unit of the Research Institute for Farm Animal Biology
(FBN, Dummerstorf, Germany) were used and slaughtered
at 4-5 days of age. Four- to 5-day-old piglets were selected
because they provide a better yield of satellite cells, in
accordance with previous studies reporting a decline in the
abundance of satellite cells with advancing age (Campion
et al. 1981; Mesires and Doumit 2002). Piglets were sac-
rificed using exsanguination after stunning with a captive
bolt pistol. The entire LD and RH muscles were rapidly
collected and used for the isolation of satellite cells. The
RH muscle is used as an oxidative (red) reference muscle
with a high proportion of oxidative fibres (approximately
75%) and the LD is used as a glycolytic (white) reference
muscle with a low proportion of oxidative fibres (approxi-
mately 35%) (Losel et al. 2013). Experimental procedures
were approved by the institutional Animal Protection
Board at FBN.

Laser-capture microdissection and qPCR
analyses of carnosine-related genes in oxidative
and glycolytic muscle fibres

The LCM (MicroBeam, PALM, Bernried, Germany) was
performed as described by Albrecht et al. (2011) and Revs-
kij et al. (2022), with some modifications. Briefly, frozen
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LD muscle tissue samples were cut into 10-um-thick sec-
tions with a cryostat microtome (Leica CM 1950; Leica,
Bensheim, Germany) at —20 °C. Membrane slides (Mem-
braneSlide NF 1.0 PEN; Carl Zeiss, Gottingen, Germany)
were activated with UV light for 60 min. Three serial sec-
tions were transferred to a membrane slide and air-dried
before performing the dehydration procedure. The slide
was then placed in 96% ethanol (—20 °C) and twice in
absolute ethanol at room temperature (RT) for 30 s each.
Thereafter, it was gently washed in xylene and placed
in a second xylene container for 5 min before air-drying
under a fume hood. The slide was immediately used for
LCM. Red and white muscle fibres can be distinguished
in microscopic cross section without specific staining, as
demonstrated in Fig. 1, where two adjacent sections are
shown, one without staining and the other one stained
with NADH-tetrazolium reductase as described below.
Some adjacent fibres of the same metabolic type (red or
white) were marked, cut and collected in an adhesive cap
(AdhesiveCap 500 opaque; Carl Zeiss). For each of the 10
animals, five slides were freshly prepared and processed,
resulting in a total of 2500 red and 2500 white fibre cross
sections, wherein the order of red and white fibre extrac-
tion was changed from slide to slide. The collected fibre
cross sections per tube (500) were lysed in 100 ul RLT
buffer (Qiagen, Hilden, Germany) containing 1 pl mer-
captoethanol, shaken overhead and incubated for 30 min
at RT before being stored at —80 °C. Total RNA isola-
tion was performed with an RNeasy Micro Kit (Qiagen)
according to the manufacturer’s instructions. For each
animal, total RNA was isolated from white and red myofi-
bres, resulting in five pooled tubes each. Total RNA was
resuspended in 14 pl RNase free water. Complementary
DNA (cDNA) synthesis was carried out with 7.5 ul of total
RNA, a mixture (1:1) of random p(dN), and anchored-
oligo (dT),s primers (Roche, Mannheim, Germany) and
200 units of Moloney mouse leukaemia virus reverse

Fig. 1 Representative sections of the longissimus dorsi (LD) mus-
cle used for laser-capture microdissection (LCM). a Unstained sec-
tion used to collect individual white glycolytic (W) and red oxidative

transcriptase (M-MLV RT RNase H Minus Point Mutant,
Promega, Mannheim, Germany) in 25 pl of the incubation
buffer provided by the supplier, supplemented with 25 mM
deoxy-NTPs (Roche) and 40 units of RNasin ribonucle-
ase inhibitor (Promega). This mixture was incubated for
60 min at 42 °C. The cDNA was aliquoted and stored at
—80 °C. For qPCR analyses, the diluted cDNA (1:4) was
amplified in duplicate with the LightCycler FastStart DNA
Master™ Y SYBR Green I kit (Roche) in a 10 ul reaction
volume. Primer information for the CARNS1, CNDP2,
SLC6A6, SLC15A3, SLC15A4 and SLC36A1 genes is
described in D’Astous-Pagé et al. (2017). Amplification
and quantification of amplified products were performed in
a LightCycler 2.0 instrument (Roche) under the following
cycling conditions: pre-incubation at 95 °C for 10 min,
followed by 40 cycles of denaturation at 95 °C for 15 s,
annealing for 10 s at 60 °C, extension at 72 °C for 10 s and
single-point fluorescence acquisition for 6 s to avoid quan-
tification of primer artefacts. The melting peaks of all sam-
ples were routinely determined by melting curve analysis
to ensure that only the expected products were generated.
The quantification was performed with LightCycler soft-
ware version 4.5 using the quantification module Absolute
Quantification. To calculate the PCR efficiency, routine
dilutions of gene-specific external standards (cloned PCR
products) of known concentrations covering five orders of
magnitude (5x 10716 to 5x 107!2 g DNA) were co-ampli-
fied during each run.

Detection and localization of carnosine-related
proteins in oxidative and glycolytic muscle fibres

Histochemistry and IHC analyses were carried out to ena-
ble the identification of individual muscle fibre types and to
detect the CARNS1, CNDP2, PHT2/SLC15A3 and PHT1/
SLC15A4 proteins in red oxidative, intermediate and white
glycolytic fibres. For these analyses, the LD muscle of

(R) muscle fibres by LCM. b Adjacent section stained with NADH-
tetrazolium reductase to allow the identification of different metabolic
muscle fibre types (R, W and I [intermediate]), scale bar =200 pm

@ Springer



66

Histochemistry and Cell Biology (2023) 160:63-77

crossbred barrows (Duroc X Landrace-Yorkshire; n=10)
described above were used. In addition, the semitendinosus
(ST) muscles of two randomly selected 3-month-old domes-
tic pigs (German Landrace females) were simultaneously
stained as a reference for a mixed muscle with around 50%
oxidative and 50% glycolytic fibres. Detailed information for
housing, feeding management and muscle sample collection
procedures for the 3-month-old domestic pigs are described
in Losel et al. (2013).

For the histochemistry analyses, serial transverse sec-
tions of both muscles (8 um) were cut at —20 °C using a
cryostat microtome (Leica CM 1950; Leica). One section
was exposed to the reaction for NADH-tetrazolium reduc-
tase (Novikoff et al. 1961), which enables classification into
metabolic fibre types (red oxidative, intermediate and white
glycolytic) (Rehfeldt et al. 2008). Images were taken with
an Olympus BX43 microscope (Olympus GmbH, Hamburg,
Germany) equipped with an Olympus DP23 digital camera
and using a 10x objective. Cell*D 5.1 software was used for
image analysis (Olympus). Image acquisition details are as
follows: image dimensions of 2080 (width) X 1544 (height)
pixels and 24-bit depth, detector gain set at 1X, time and
space resolution data 552.169 nm/pixel (X) and 552.169 nm/
pixel (Y) with 96 pixels per inch. Exposure time for NADH-
tetrazolium reductase was set at 33 ms.

For IHC analyses, the transverse frozen sections were
mounted on poly-L-lysine-coated glass slides (Thermo
Fisher Scientific, Darmstadt, Germany) and stored at —80 °C
until staining. After thawing, sections were fixed in 4% for-
maldehyde (CNDP2, PHT2/SLC15A3) and/or in 0.3% H,0,
in methanol (CARNS1, PHT1/SLC15A4, CNDP2) and then
washed with phosphate-buffered saline (PBS). Sections were
pretreated with 10% bovine serum albumin (Sigma—Aldrich,
Taufkirchen, Germany; PHT2/SLC15A3, PHT1/SLC15A4),
10% normal goat serum (Sigma—Aldrich; CARNS1) or Roti®

Block (Carl Roth, Karlsruhe, Germany; CNDP2) for 1 h to
block unspecific binding of the secondary antibodies. The
primary antibodies to PHT2/SLCI15A3 (rabbit polyclonal
to mouse SLC15A3, 1:50, ab113819, Abcam, Amsterdam,
Netherlands), PHT1/SLC15A4 (chicken polyclonal to pig
SLC15A4, 1:100, Immune Biosolutions, Sherbrooke, QC,
Canada), CARNSI (chicken polyclonal to pig CARNSI,
1:100, Immune Biosolutions) or CNDP?2 (rabbit polyclonal
to human CNDP2, 1:250, ab204351, Abcam) were added
and sections were incubated in a humidified chamber over-
night at 4 °C. More detail on primary and secondary anti-
bodies is provided in Supplemental Table 1 (Supplemental
Information file). Negative controls were incubated in PBS
in place of primary antibody (Supplemental Fig. 1), and anti-
body specificity is presented in Supplemental Figs. 2, 3, 4
and 5. After washing with PBS, the sections were incubated
with the secondary antibody Atto 488 goat anti-chicken
immunoglobulin Y (IgY; VWR International, Mississauga,
ON, Canada) for PHT1/SLC15A4 and CARNSI staining at
a dilution of 1:1000 for 1 h at RT. For PHT2/SLC15A3 and
CNDP2 staining, the secondary antibody Alexa 488 goat
anti-rabbit IgG (Abcam) at a dilution of 1:500 was used for
1 h at RT. Following washing in PBS (three times for 5 min
each in the dark), slides were covered with Roti® Fluor Care
DAPI (Carl Roth) and a coverslip. Images were taken by
the same experienced technician using a Leica DM 4000B
microscope equipped with a DFC450 3.3 megapixel digital
camera (Leica Microsystems, Wetzlar, Germany) and using
a 10x objective. The band pass filter for excitation was set
at BP450-490 nm (blue) and the long pass filter for emis-
sion was set at LP515 nm (green). QWin software (3.5.1)
was used for image analysis (Leica Microsystems). Image
acquisition was performed with the following parameters:
image dimensions of 2088 (width) x 1550 (height) pixels and
24-bit depth, detector gain set at 48.86X, time and space

Table 1 Effect of fibre type on Gene? Fibre type®
the mRNA abundance (quantity
units) of carnosine-related genes Red oxidative White glycolytic SEM® red SEM® white Fibre type p value
in the longissimus dorsi muscle
CARNSI 6.68 7.73 0.873 1411 0.426
CNDP2 55.36 23.33 3.222 2.708 <0.001
SLC6A6 3.66 0.75 0.853 0.026 0.007
SLCI5A3 11.58 4.32 1.431 0.720 <0.001
SLCI15A4 3.19 1.26 0.311 0.225 <0.001
SLC36A1 8.15 3.38 0.726 0.531 <0.001

4CARNSI carnosine synthase 1, CNDP2 carnosine dipeptidase 2, SLC6A6 solute carrier family 6, member
6, SLC15A3 solute carrier family 15, member 3, SLC15A4 solute carrier family 15, member 4, SLC36A1
solute carrier family 36, member Al

"Data represent mean values of ten pigs with their corresponding SEM. Red and white fibres were isolated

from the longissimus dorsi muscle using laser-capture microdissection

“Statistical analyses followed the usual verification of the normality of the residuals (Shapiro-Wilk tests),
and the ANOVA was performed with heterogeneous variances. A non-parametric Friedman’s test was also
used as confirmatory test
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resolution data 539.567 nm/pixel (X) and 539.567 nm/pixel
(Y) with 96 pixels per inch. Exposure time was set at 1.0 s for
CARNSI, 1.2 s for CNDP2, 986 ms for PHT2/SLC15A3 and
1.4 s for PHT1/SLC15A4. We did not conduct IHC analy-
ses for the TAUT/SLC6A6 and PAT1/SLC36A1 proteins, as
none of the commercially available antibodies raised against
the human and rodent SLC6A6 and SLC36A1 proteins were
suitable for detecting the porcine proteins. Western blot
analyses were also performed to confirm antibody speci-
ficity in pig skeletal muscle and negative tissues. Detailed
information on primary and secondary antibody character-
istics (Supplemental Table S1) and western blot methods
used are included in the Supplemental Information file. The
CARNSI, SLC15A3 and SLC15A4 antibodies were used in
a previous study, where we observed strong positive correla-
tions between mRNA and protein abundance of CARNSI
(r=0.98, p<0.0001), SLC15A3 (r=0.96, p<0.0001) and
SLC15A4 (r=0.96, p<0.0001) in pig skeletal muscle and
where antibody specificity was confirmed in the longissimus
muscle (D’Astous-Pagé et al. 2017).

Myogenic cell culture and carnosine treatments

Isolation and characterization of porcine satellite cells from
the LD and RH muscles was performed as reported previ-
ously (Metzger et al. 2020). The isolated myogenic cells
were aliquoted, stored in liquid nitrogen and used as pas-
sage 3 for the experiments. Previous studies have shown
that satellite cells isolated from different muscle types pos-
sess preprogrammed characteristics of their muscle of origin
(Ono et al. 2010; Zhang et al. 2022; Zhu et al. 2013). For
each experiment, the myogenic cells were seeded in gelatin-
coated plates at a density of 3000 cells per well for 96-well
plates for proliferative responses (BrdU and DNA content
analyses) or 150,000 cells in 6-mm cell culture dishes for
RNA isolation (gene expression analyses). Cells were grown
for 48 h in growth medium (GM: DMEM (Biochrom, Ber-
lin Germany) containing 10% foetal bovine serum and 10%
horse serum (Sigma—Aldrich), 1% glutamine (Carl Roth)
and 1% penicillin/streptomycin (Biochrom)/amphotericin
B (Sigma-Aldrich)) and treated with carnosine (0, 10, 25
and 50 mM; Sigma-Aldrich) for an additional 48 h. Selected
carnosine concentrations and cell exposure time were chosen
based on a previous study indicating similar cell prolifera-
tion curves up to 48 h for the 0, 10 and 50 mM carnosine
doses (Palin et al. 2020). The 10 and 25 mM concentrations
correspond to the physiological range for carnosine in pig
skeletal muscle (Boldyrev et al. 2013), whereas the 50 mM
carnosine represents a supra-physiological concentration.
We recently demonstrated that these carnosine concentra-
tions had no toxic effect in porcine myoblasts that were cul-
tured up to 48 h (Palin et al. 2020).

Myogenic cell proliferation assays and DNA content

The effect of carnosine and muscle type (LD vs RH) on
the porcine myoblast proliferative response was measured
by a BrdU colorimetric immunoassay (Cell Proliferation
ELISA BrdU, colorimetric, Roche) allowing measurements
of BrdU incorporation into newly synthesized DNA. After
48 h of cell growth in GM supplemented with carnosine (0,
10, 25 and 50 mM), myoblasts were incubated with 10 uM
of the BrdU labelling solution for an additional 5 h. The
culture medium was then removed by suction and cells were
fixed using the provided FixDenat solution (Roche). Cells
were incubated at RT for 2 h with the anti-BrdU-POD solu-
tion, allowing the formation of an immune complex, which
was detected at an absorbance of 450 nm (reference wave-
length 690 nm) after addition of the substrate solution. The
stop solution option (H,SO,) was used before detection in
order to stop the reaction. Absorbance was measured with
a Synergy™ MX plate reader (BioTek, Bad Friedrichshall,
Germany).

The DNA content was used as an equivalent for myogenic
cell number and was measured as previously reported for
piglet myoblasts (Mau et al. 2008a). For the BrdU assay and
DNA content analyses, three independent experiments were
conducted for each muscle (LD and RH), with n=35 piglets
used in each experiment (2 muscles X 3 experiments X 5 pig-
lets) and carnosine concentrations in duplicate. The plate
scheme was changed from experiment to experiment.

gPCR analyses of carnosine-related genes
in myogenic cells

The relative mRNA abundance of carnosine-related
genes (CARNSI, CNDP2, SLC6A6, SLCI15A3, SLC15A4,
SLC36A1) was investigated in myoblasts after 48 h of cell
growth with 0, 10, 25 and 50 mM carnosine. RNA isola-
tion, cDNA synthesis and qPCR analyses were carried out
and analysed as described previously (Kalbe et al. 2008,
2018) using the primers of D’Astous-Pagé et al. (2017). Data
are expressed as arbitrary units after normalization with the
endogenous reference gene RPL32 (ribosomal protein L32,
Wang et al. 2018). The RPL32 mRNA expression was unaf-
fected by carnosine, muscle type or the interaction of both
(p>0.10).

Statistical analyses

Statistical analyses were performed with the MIXED proce-
dure of SAS (2012; SAS Institute Inc., Cary, NC, USA). To
analyse the effect of fibre type (red and white fibres) on the
expression of carnosine-related genes (LCM + qPCR), an
analysis of variance (ANOVA) was carried out. Statistical
analyses followed the usual verification of the normality of
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the residuals (Shapiro—Wilk tests) to validate the ANOVA,
and the analysis was also performed using a Friedman test
as a confirmatory test.

For the BrdU, DNA content and qPCR analyses per-
formed in myogenic cell cultures treated or not with carno-
sine, statistical analyses were undertaken using a 2 x4 fac-
torial analysis (2 muscles X 4 carnosine levels) randomized
complete block design (3 experiments X5 piglets =15
blocks) that allowed comparisons between the LD and RH
muscles (muscle effect) and the muscle X carnosine interac-
tion. Partitioned analyses were performed for each muscle
separately where the effect of carnosine was carried out,
followed by Dunnett’s correction for comparing the 10,
25 and 50 mM carnosine treatments to the 0 mM control.
Statistical significance was set at p <0.05 and tendencies at
0.05<p<0.10.

Results

Expression of carnosine-related genes in oxidative
and glycolytic muscle fibres

The qPCR analyses of carnosine-related genes in red oxida-
tive and white glycolytic muscle fibres isolated from the LD
muscle by LCM are presented in Table 1. A fibre type effect
was observed for the CNDP2, SLC6A6, SLCI15A3, SLC15A4
and SLC36A1 genes (p <0.01), with higher mRNA levels
found in red oxidative than in the white glycolytic fibres.
The red and white muscle fibres had similar CARNSI mRNA
levels (p>0.10).

Immunohistochemical detection
of carnosine-related proteins in porcine skeletal
muscle fibres

Detection and localization of the CARNS1, CNDP2, PHT?2/
SLC15A3 and PHT1/SLC15A4 proteins was performed by
IHC in cross sections of the LD and ST muscles (Figs. 2 and
3). For the CARNSI1 enzyme, a strong signal was detected at
the periphery of white glycolytic (W) and red oxidative (R)
fibres (Fig. 2). Diffuse cytosolic staining was also observed
for CARNSI in all fibre types (intermediate [I], R and W),
with slightly stronger intensity found in red oxidative fibres.
A strong CNDP?2 signal was observed at the periphery of
muscle fibres, with a stronger intensity found in R fibres.
Diffuse and weaker CNDP2 cytosolic staining was found
in all fibre types (Fig. 2). Again, slightly stronger cytosolic
CNDP2 staining was observed in R fibres when compared to
the I and W fibres of both muscles. For the PHT2/SLC15A3
and PHT1/SLC15A4 carnosine/histidine transporters, a
strong signal was detected at the periphery of R fibres in
LD and ST muscles (Fig. 3). For these two proteins, diffuse
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cytosolic staining was also present in all fibre types, with
stronger intensity observed in R fibres (Fig. 3).

Effect of carnosine on the proliferation
of myoblasts isolated from the longissimus dorsi
and rhomboideus muscles

The effect of carnosine and muscle type on myoblast pro-
liferation was evaluated by measuring the incorporation of
BrdU into newly synthesized DNA after 48 h of carnosine
treatment. This analysis revealed a significant overall car-
nosine effect on myoblast proliferation in the LD and RH
muscles (p <0.0001; Fig. 4a, b) and, in both muscles, the
addition of 10 mM, 25 mM and 50 mM carnosine to the
culture media significantly increased the myoblast prolif-
eration when compared with the 0 mM carnosine treatment
(» <£0.0001). In addition, there was a muscle type effect,
with higher absorbance values (450 mm) being observed
in myoblasts isolated from RH (0.84) when compared with
the LD (0.78) muscle (p <0.001, SEM 0.032). There was no
muscle X carnosine interaction.

The effect of carnosine on cell number (DNA content)
was also investigated after 48 h of carnosine treatment
(Fig. 4c, d). An overall carnosine effect was observed for
myoblasts isolated from the LD and RH muscles (p < 0.05).
For the LD muscle (Fig. 4c), the addition of 10 mM, 25 mM
and 50 mM carnosine to the culture media decreased the
DNA content values when compared with the 0 mM carno-
sine treatment (p <0.05 for 10 mM and 50 mM carnosine;
p<0.01 for 25 mM carnosine). Lower DNA content values
were also observed with the addition of 25 mM (tendency,
p=0.10) and 50 mM (p <0.01) carnosine for myoblasts
isolated from the RH muscle (Fig. 4d). Similar DNA con-
tent values were found between LD (0.433 ug/well) and RH
(0.431 pg/well) muscles (muscle effect>0.10, SEM 0.072)
and there was no muscle X carnosine interaction.

Effect of carnosine on carnosine-related gene
mRNA abundance in cultured myoblasts isolated
from the longissimus dorsi and rhomboideus
muscles

Results for the mRNA abundance of carnosine-related
genes in myoblast cell cultures from the LD and RH mus-
cles are presented in Table 2. The qPCR analyses were
performed after 48 h of cell growth in the presence of dif-
ferent doses of carnosine (0, 10, 25 and 50 mM). There
was an overall effect of carnosine on the SLCI15A3 mRNA
abundance in myoblasts isolated from LD and RH muscles
(p<0.001). For the LD muscle, higher SLCI15A3 mRNA
levels were found in myoblasts that were exposed to 10 mM
(»<0.01), 25 mM (p<0.0001) and 50 mM (p <0.0001)
carnosine when compared with the 0 mM treatment. For
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Fig. 2 Immunohistochemical

detection of carnosine synthase

(CARNSI) and carnosine

dipeptidase 2 (CNDP2)

enzymes in serial cross sec-

tions of the longissimus dorsi

(LD) and semitendinosus (ST) LD
muscles. Serial sections were

stained with anti-CARNS] CARNS1
and anti-CNDP2 antibodies

(left panels, green staining) or

with a histochemical reaction

based on NADH-tetrazolium

reductase activity (right panels)

to identify white glycolytic (W),

intermediate (I) and red oxida-

tive (R) muscle fibres. CARNS1

staining is mainly found at the

periphery of W and R muscle ST
fibres. A strong CNDP2 signal

is also observed at the periphery CARNS1
of muscle fibres, with stronger
intensity found in red oxida-
tive fibres. Diffuse cytosolic
CARNSI1 and CNDP2 staining
is also present in all fibre types,
with slightly stronger intensity
found in red oxidative fibres.
Scale bar=200 um

LD
CNDP2

ST
CNDP2

the RH muscle, increases in SLC/5A3 mRNA abundance
were observed with the addition of 25 mM (p <0.01) and
50 mM (p <0.0001) carnosine. There was a muscle type
effect on SLC15A3 mRNA abundance, with higher abun-
dance in LD than in the RH muscle (1.44 vs 1.30, p<0.001,
SEM =0.150). There was a tendency for an overall car-
nosine effect on CNDP2 mRNA abundance (p =0.092) in
the LD muscle. In addition, there was a muscle type effect
(p<0.01), with higher CNDP2 mRNA abundance found in
LD than in the RH muscle (1.12 vs 1.04, SEM =0.037). A
muscle type effect was also observed for the SLC36A1 gene
(» <0.05), with higher mRNA abundance found in RH than

Antibodies

NADH-tetrazolium reductase

f}‘?‘ A ; ‘1
] 8 [

in the LD muscle (1.17 vs 1.12, SEM =0.077). There was no
muscle X carnosine interaction for any of the studied genes.

Discussion

Several studies performed in different species have reported
that muscle carnosine content is higher in white glycolytic
than in red oxidative muscles (Baldi et al. 2021; Dunnett
and Harris 1997; Mora et al. 2008). This finding is possibly
linked with the higher pH buffering capacity of carnosine
required in glycolytic fibres, which produce more lactic acid
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Fig. 3 Immunohistochemical

detection of PHT2/SLC15A3

and PHT1/SLC15A4 transport-

ers in serial cross sections of

the longissimus dorsi (LD)

and semitendinosus (ST)

muscles. Serial sections were LD
stained with anti-SLC15A3
and anti-SLC15A4 antibodies SLC15A3
(left panels, green staining) or

with a histochemical reaction

based on the NADH-tetrazolium

reductase activity (right panels)

to identify white glycolytic

(W), intermediate (I) and red

oxidative (R) muscle fibres.

SLC15A3 and SLC15A4 sig-

nals are found at the periphery

of muscle fibres, with a much ST
stronger signal intensity present

in red oxidative fibres for both SLC15A3
muscles. A diffuse cytosolic

staining is also present in

all fibre types of the LD and

RH muscles, with a stronger

intensity found in red oxidative

fibres. Scale bar =200 um

LD
SLC15A4

ST
SLC14A4

than oxidative fibres. The higher carnosine content generally
observed in glycolytic fibres may also be associated with
differences in the regulation of the abundance and/or activ-
ity of carnosine-related enzymes and transporters. To better
understand the underlying mechanisms leading to the greater
accumulation of carnosine in glycolytic fibres, we first inves-
tigated the mRNA abundance of carnosine-related genes in
white glycolytic and red oxidative muscle fibres isolated
with LCM. Study results showed similar mRNA abundance
of CARNSI in red and white muscle fibres, a finding that was
also confirmed at the protein level with IHC analyses. This
may suggest that red and white fibres have similar capacity
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to synthesize carnosine from its precursors. This was indeed
demonstrated by Hill et al. (2007), who reported a similar
increase in carnosine content in type I (oxidative) and type
IT (glycolytic) muscle fibres after 10 weeks of p-alanine
supplementation.

The greater abundance of the CNDP2 transcript and
its protein found in red oxidative fibres could lead to an
increase in carnosine hydrolysis that would explain, at least
in part, the lower carnosine content generally observed in
these fibres. However, the importance of muscle carnosi-
nase in controlling carnosine homeostasis has been ques-
tioned by indirect evidence of low carnosinase activity in
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Fig.4 Effect of carnosine on myoblast proliferation (a, b) and cell
number (c, d) after 48 h of growth. The effect of carnosine treat-
ment on myoblast proliferation was assessed with the BrdU assay
using myogenic cells isolated from the longissimus dorsi (LD; a) and
rhomboideus (RH; b) muscles. The effect of carnosine on cellular
DNA content (equivalent for myogenic cell number) was measured in
myoblasts isolated from LD (c¢) and RH (d) muscles. Data represent
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mean values of n=15 observations (5 pigs X3 experiments)+ SEM.
For both assays, the effect of carnosine was determined by comparing
each dose of carnosine (10, 25 and 50 mM) to the 0 mM carnosine
treatment on which a Dunnett’s correction was applied. BrdU SEM in
LD =0.046 and in RH=0.036. DNA content SEM in LD =0.074 and
in RH=0.073. 70.05 < p <0.10; *p <0.05; **p <0.01; ***p <0.001

Table 2 Effect of carnosine and muscle type on the relative mRNA abundance of carnosine-related genes in cultured myoblasts from the longis-

simus dorsi and rhomboideus muscles

Genes®* Muscle” Carnosine (mM)© SEM Carn p value Muscle p value Carn X Mus-
cle p value
0 10 25 50
CARNS1 LD 1.02 1.10 1.03 1.01 0.177 0.549 0.905 0.885
RH 1.07 1.07 0.99 1.00 0.189 0.527
CNDP2 LD 1.13 1.16 1.13 1.06 0.068 0.092 0.006 0.990
RH 1.07 1.07 1.04 0.98 0.050 0.283
SLC6A6 LD 1.08 1.02 0.98 1.01 0.120 0.296 0.426 0.829
RH 1.11 1.09 1.01 0.99 0.107 0.113
SLCI5A3 LD 1.17 1.40%* 1.49%** 1.70%%* 0.173 <0.001 <0.001 0.844
RH 1.08 1.21 1.35%%* 1.55%%* 0.129 <0.001
SLC15A4 LD 1.05 1.04 1.01 1.01 0.057 0.357 0.835 0.694
RH 1.02 1.04 1.04 1.03 0.078 0.891
SLC36A1 LD 1.08 1.10 1.12 1.15 0.083 0.175 0.041 0.895
RH 1.16 1.18 1.18 1.18 0.097 0.945

4CARNSI carnosine synthase 1, CNDP2 carnosine dipeptidase 2, SLC6A6 solute carrier family 6, member 6; SLCI5A3 solute carrier family 15,
member 3; SLC15A4 solute carrier family 15, member 4; SLC36A1 solute carrier family 36, member Al

®LD longissimus dorsi, RH rhomboideus

“Data represent mean values of n=15 observations (5 pigs X3 experiments). The mRNA abundance was normalized with the ribosomal protein
L32 (RPL32) reference gene that was not affected by carnosine (p > 0.10) or the muscle type (p >0.10). *¥p <0.01; ***p <0.0001
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skeletal muscle. This was indeed suggested by the slow
washout profile (9 weeks) of muscle carnosine after cessa-
tion of B-alanine supplementation (Baguet et al. 2009) and
by the optimal pH for CNDP2 activity that peaks at 9.5,
whereas that of the skeletal muscle is at 7.1 (Lenney et al.
1985). Although these studies report important findings, fur-
ther work assessing the CNDP?2 activity in isolated muscle
fibres is needed in order to obtain more direct evidence of
increased carnosine hydrolysis in oxidative fibres (vs gly-
colytic fibres).

In the present study, the mRNA abundance of carnosine/L-
histidine (SLC15A3 and SLC15A4) and B-alanine (SLC6A6
and SLC36A1) transporters was greater in red oxidative than
in white glycolytic fibres, and this was also confirmed at
the protein level when performing the IHC analyses. Since
these transporters are involved in the cellular uptake of car-
nosine (Oppermann et al. 2019) and its constituents L-histi-
dine (Yamashita et al. 1997) and B-alanine (Liu et al. 1992;
Metzner et al. 2006), a higher mRNA abundance was rather
expected in white glycolytic fibres, reported to accumulate
more carnosine. A possible explanation may be that these
transporters are also responsible for the release of carnosine,
L-histidine and p-alanine from the cells (efflux) in order to
maintain cellular homeostasis. This was suggested by Lind-
ley et al. (2011), reporting on a potential efflux mechanism
of PHT1/SLC15A4 for the histidine and Gly-Sar substrates
in a transfected hPHT1-COS-7 cell model. Carnosine release
was also demonstrated in primary cultures of glial cells
(Bauer et al. 1982) and from the skeletal muscle of rats that
had access to running wheels compared with sedentary rats
(Nagai et al. 2003). Although it is tempting to hypothesize
that red oxidative fibres present lower carnosine content
because of greater carnosine and/or histidine cellular efflux,
additional experiments are needed to determine whether
such an active transporter-mediated process is involved.

Although the CARNS1, CNDP2, PHT2/SLC15A3 and
PHT1/SLC15A4 proteins were previously detected in pig
(D’Astous-Pagé et al. 2017), mice (Everaert et al. 2013) and
human (Hoetker et al. 2018) skeletal muscle, their cellular
localization has never been reported for this tissue. Moreo-
ver, very few studies have investigated their localization in
other cell types. The CARNS1 enzyme has been observed
in the cytosol and plasma membranes of neurons in the mice
olfactory bulb (Wang-Eckhardt et al. 2020) and in intracel-
lular, membranous and nuclear locations in human kidney,
glial, neuronal and testis cells (www.proteinatlas.org). These
results are in accordance with the observed localization of
CARNSI protein at the periphery of muscle fibres where
myonuclei are located and in the cytosolic compartment of
pig LD and ST muscles (current study). A similar cellu-
lar localization was found for CNDP2, with signals being
observed in the cytosol and at the periphery of muscle fibres,
with stronger staining intensities being observed in the red
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oxidative fibres of the LD and ST muscles. Cytosolic CNDP2
staining has been reported in human dopaminergic neurons
(Licker et al. 2012) and in the cytoplasm and nucleus of
Drosophila melanogaster S2 cells (Andreyeva et al. 2019),
but the present study is the first to report staining at the
periphery of muscle fibres. Accordingly, the Human Protein
Atlas databank reported weak CNDP2 signals in the cyto-
solic, membranous and nuclear compartments of neuronal,
kidney and testis cells (www.proteinatlas.org). The presence
of CARNS1 and CNDP?2 proteins in or in close proximity to
the plasma membrane is quite surprising since both proteins
lack transmembrane and secretion signal sequences and were
predicted to be cytosolic enzymes (Drozak et al. 2010; Otani
et al. 2005). The membrane-proximal staining in the muscle
fibre cross section may suggest nucleus-associated expres-
sion due to the peripheral location of the nuclei in muscle
fibres. Additional analyses using co-localization experiments
with membrane-specific markers should help in determining
the exact subcellular localization of these two proteins.
Carnosine is transported across cellular membranes
through proton-coupled oligopeptide transporters (POTs)
such as PEPT1/SLC15A1, PEPT2/SLC15A2, PHT2/
SLC15A3 and PHT1/SLC15A4 (Kamal et al. 2009;
Oppermann et al. 2019) and, in addition to carnosine, the
PHT2/SLC15A3 and PHT1/SLC15A4 transporters are
also involved in the cellular uptake of histidine (Bhardwaj
et al. 2006; Sakata et al. 2001). The PEPT1/SLC15A1 and
PEPT2/SLC15A2 transporters were not included in the pre-
sent study because of undetectable transcripts (SLC15A1) or
very low transcript levels (SCL15A2) in mouse, human and
pig skeletal muscles (Everaert et al. 2013; D’Astous-Pagé
et al. 2017). Intracellular lysosomal localization has been
reported for PHT1/SLC15A4 (Sasawatari et al. 2011) and
PHT2/SLCI15A3 (Sakata et al. 2001) proteins in a number
of cell lines (HEK-293 T, BHK, COS-7 and RAW264.7).
However, ectopic overexpression of PHT1/SLC15A4 and
PHT2/SLC15A3 was conducted for all of these cell lines,
which may not reflect the cellular localization found in vivo.
In fact, the human PHT1/SLC15A4 protein was found in the
plasma membrane of villous epithelial cells from the small
intestine (Bhardwaj et al. 2006) and in the nuclei of nasal
epithelial cells (Agu et al. 2011) and, to our knowledge, no
one has yet reported the presence of PHT1/SLC15A4 and
PHT2/SLC15A3 in the lysosomal compartment of human,
mouse or pig skeletal muscle tissues. The only report of
PHT1/SLC15A4 and PHT2/SLC15A3 protein localization
in skeletal muscle comes from the Human Protein Atlas
databank (www.proteinatlas.org), with cytoplasmic and
membranous localization being observed in myocytes. In
the present study, the strong PHT2/SLC15A3 and PHT1/
SLC15A4 signals observed at the periphery of red oxida-
tive muscle fibres suggest implications for these proteins in
the trans-sarcolemma transport of carnosine and histidine.
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The presence of a weak and more diffuse signal for PHT2/
SLCI15A3 and PHT1/SLC15A4 in the cytosol of pig muscle
fibres may also suggest intracellular membrane-bound local-
ization. As previously reported for the rat PHT1/SLC15A4
and PHT2/SLC15A3 proteins (Sakata et al. 2001), the
presence of a di-leucine-based motif at the N-terminus of
the porcine PHT2/SLC15A3 (GERRPLLA) and PHT1/
SLC15A4 (GERAPLLG) proteins may allow protein sorting
to the endosomes and lysosomes. However, additional IHC
experiments with lysosomal-specific markers are needed to
elucidate the exact subcellular localization of the porcine
PHT2/SLC15A3 and PHT1/SLC15A4 proteins in the cyto-
solic compartment of muscle fibres.

The addition of 10, 25 and 50 mM carnosine to cul-
tured myoblasts led to a decline in cell number, as indi-
cated by lower DNA content values (vs 0 mM carnosine)
in the LD and RH muscles. A similar observation has been
reported when using the 3-(4,5-dimethyl-thiazol-2-yl)-5-(3-
carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium
(MTS) assay as a surrogate for porcine myoblast viability
and, in both studies, this was accompanied by an increase
in cell proliferation (at 10, 25 and 50 mM carnosine in the
current study and at 10 and 25 mM carnosine in Palin et al.
2020). Seidel et al. (2022) recently reported that the effect
of carnosine on cell viability differs between malignant and
non-malignant cells, with a minor effect of carnosine in
human fibroblasts and significant reduction of cell viabil-
ity when carnosine is added to glioblastoma cell cultures.
The anti-neoplastic effect of carnosine was also confirmed
in gastric and colon cancer cells (Shen et al. 2014; Iovine
et al. 2012). The similar reduction in cell viability found
in cancer cells and satellite-derived myoblast cells (cur-
rent study) when exposed to carnosine may be explained, at
least in part, by common features shared by these two cell
types. Indeed, satellite cells are considered as adult mus-
cle stem cells that, just like cancer cells, have the capacity
to proliferate and the potential to differentiate (Yin et al.
2013). The dose-dependent stimulation of myoblast prolif-
eration with the addition of carnosine, while observing a
concomitant decrease in cell viability/DNA content, may
be caused by DNA repair mechanisms. Such compensatory
DNA synthesis has already been described after the addi-
tion of high concentrations of the phytoestrogens genistein
(from 10 pM) and daidzein (100 pM) in porcine myoblasts
(Mau et al. 2008b). Alternatively, proliferative growth of the
remaining healthy myoblasts in the carnosine-supplemented
cell culture may be an explanation. The addition of carno-
sine may also increase the cellular lifespan as previously
observed in human senescent myoblasts showing increased
replicative potential after carnosine supplementation to the
culture media (Maier et al 2012).

The gene expression analyses of carnosine-related genes
in cultured myoblasts treated with different concentrations

of carnosine revealed a clear dose-dependent increase in
SLCI15A3 mRNA abundance in both muscles (LD and RH),
whereas there was no carnosine effect on the SLC15A4
gene. The lack of effect of carnosine on SLCI15A4 mRNA
abundance was unexpected, since small interfering RNA
(SiRNA)-mediated knockdown of both receptors (SLC15A3
and SLC15A4) was found to significantly reduce carnosine
transport in human glioblastoma cells (Oppermann et al.
2019). On the other hand, oral supplementation of carno-
sine to mice for 8 weeks reduced SLC15A3 mRNA expres-
sion levels by 34% in the tibialis anterior muscle and had
no effect on SLC15A4 mRNA abundance (Everaert et al.
2013). Discrepancies among studies may be explained by
species (human, mice and pig) and/or tissue (glioblastoma,
skeletal muscle) specific effects. Exposure time to carnos-
ine may also affect the transporter transcriptional response,
with a possible retro-control effect of carnosine on SLC15A3
mRNA abundance after 8§ weeks of carnosine supplementa-
tion (Everaert et al. 2013) and an upregulation of SLC15A3
transcript abundance in short-term experiments (48 h in
current study) where carnosine levels would remain within
the limits of cellular homeostasis. The above studies also
suggest that SLC15A3 would be the main receptor involved
in the trans-sarcolemma transport of carnosine in muscle
cells, since SLC15A4 was unaffected by either long-term
(Everaert et al. 2013) or short-term (current study) exposure
to carnosine.

A possible retro-control effect of carnosine on its own
synthesis has been suggested in previous studies. This was
first proposed by Everaert et al. (2013), who reported lower
CARNS1 mRNA abundance in conditions of high muscle
carnosine content and, on the contrary, higher CARNSI
gene expression with reduced carnosine content. A similar
observation was made in the pig skeletal muscle, with lower
CARNS1 mRNA abundance found in pigs having high mus-
cle carnosine content (D’Astous-Pagé et al. 2017). However,
this was only observed in the Duroc breed, which had the
highest concentrations of muscle carnosine, and not in Lan-
drace or Yorkshire pigs, which presented lower carnosine
values. This has led to the hypothesis that a certain threshold
of muscle carnosine must be reached before triggering a
carnosine-inhibitory effect on CARNS] transcription. Cur-
rent results indicate that CARNSI mRNA abundance is not
affected by the addition of carnosine to cultured myoblasts
isolated from LD or RH muscles. A similar observation was
made in mice skeletal muscle, where oral supplementation
of carnosine for 8 weeks increased muscle carnosine content
by 48%, but had no effect on CARNSI mRNA abundance
(Everaert et al. 2013). However, an increase in CARNSI1
mRNA abundance was observed (tendency) in the skeletal
muscle when these mice were instead supplemented with
B-alanine over the same period of time (Everaert et al. 2013).
An increase in CARNSI mRNA abundance was also reported
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in skeletal muscle of broilers that were supplemented with
B-alanine for 42 days (Qi et al. 2018). Together, these results
suggest that carnosine synthase substrates such as B-alanine,
but not its product carnosine, can modulate the abundance of
CARNS|1 transcript levels. Results from Barca et al. (2019)
further suggest that the regulation of CARNS] transcript
abundance may vary according to the tissue analysed, since
an increase in CARNSI mRNA abundance was observed in
the brain of mice supplemented with carnosine. Lastly, the
absence of carnosine effect on CARNSI mRNA abundance
in cultured myoblasts could be because carnosine doses used
in the current study were not high enough to cause a retro-
control effect.

The CNDP?2 transcript is present in human, mouse and
pig skeletal muscle, whereas that of the serum carnosinase
CNDPI is undetectable or barely detectable (D’Astous-
Pagé et al. 2017). Although an overall effect of carnosine
(tendency) is observed on CNDP2 mRNA abundance in
cultured myoblasts isolated from the LD muscle only, the
comparison of each carnosine dose to the control (0 mM
carnosine) did not reach statistical significance. Very few
studies have investigated the effect of carnosine on CNDP2
transcript abundance. In accordance with our findings, there
was no significant change in CNDP2 mRNA abundance in
the mouse brain after 2 weeks of carnosine supplementation
(Barca et al. 2019). Intriguingly, mice supplemented with
fB-alanine for 8 weeks showed a 27% increase in CNDP2
mRNA levels in the skeletal muscle, while supplementation
with carnosine resulted in a 39% decrease (Everaert et al.
2013). Although discrepancies among the abovementioned
studies may be explained by species (mice vs pigs), tissue
(skeletal muscle vs brain) and/or time (48 h, 2 weeks and
8 weeks) effects, the importance of CNDP2 in controlling
intramuscular carnosine homeostasis remains to be demon-
strated. According to Everaert et al. (2013), the ability of
CNDP2 to hydrolyse carnosine in skeletal muscle would be
quite limited due to its optimal activity being reached at pH
9.5 and the slow carnosine washout in skeletal muscle upon
cessation of B-alanine supplementation (Baguet et al. 2009;
Lenney et al. 1985).

The lack of effect of carnosine on SLC6A6 and SLC36A1
mRNA abundance in cultured myoblasts from both muscles
(LD and RH) was expected, as these two transporters are
rather involved in p-alanine and histidine cellular uptake
(Yamashita et al. 1997; Liu et al. 1992; Metzner et al. 2006).
Oral supplementation of B-alanine for 8 weeks significantly
increased the expression of SLC6A6 in mice skeletal muscle
and had no effect on SLC36A1, thus suggesting a dominant
role for SLC6AG in the cellular uptake of B-alanine (Ever-
aert et al. 2013). Surprisingly, a 21% increase in SLC6A6
mRNA abundance (tendency) was also observed in the skel-
etal muscle of mice supplemented with carnosine (Everaert
et al. 2013). Since PAT1/SLC6AG6 has never been shown to
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be involved in carnosine transport, it can be hypothesized
that the observed increase in its transcript abundance is
related to an increase in cellular efflux of B-alanine and/or
histidine in order to maintain carnosine homeostasis during
long-term supplementation. We were unable to observe such
an increase in SLC6A6 mRNA abundance in cultured myo-
blasts, possibly due to the short-term exposure to carnosine
(48 h) or its limited effect on carnosine cellular homeostasis
in pig skeletal muscle.

Conclusions

The present study identifies for the first time the cellular
localization of carnosine-related proteins in white glyco-
lytic and red oxidative muscle fibres and presents a clear
fibre type effect with higher mRNA abundance of CNDP2,
SLC6A6, SLC15A3, SLC15A4 and SLC36A1 in red com-
pared with white myofibres. Carnosine synthase mRNA
abundance was not affected by either fibre type or the addi-
tion of carnosine to myoblast culture, which serve as an
in vitro model for metabolic fibre types, thus suggesting that
its transcriptional regulation would not be the main process
by which carnosine content differences are determined in
oxidative and glycolytic muscles. The dose-dependent effect
of carnosine on the mRNA abundance of SLC/5A3 in myo-
blasts and its higher expression in oxidative fibres suggest
a role for this transporter in carnosine uptake and/or efflux
in order to maintain cellular homeostasis. The unexpected
increase in SLC6A6, SLC15A3, SLC15A4 and SLC36A1
transcripts (LCM) and proteins (IHC) in red oxidative fibres
that present lower carnosine content further suggests that
cellular efflux mechanisms should be considered as impor-
tant points of regulation in controlling carnosine homeo-
stasis. It is also important to mention that other alternative
mechanisms, such as the enzymes involved in pB-alanine
synthesis (GADL1) or degradation (ABAT and AGXT?2),
may also affect carnosine homeostasis in the skeletal muscle
(Mahootchi et al. 2020; Blancquaert et al. 2016), although
this has not yet been demonstrated in pigs. Although the
present study has allowed us to better understand fibre type-
specific carnosine-related gene expression and protein local-
ization, additional information is needed on the mechanisms
controlling the synthesis and degradation, as well as the cel-
lular uptake and release of carnosine, histidine and -alanine
in white and red muscle fibres.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00418-023-02193-6.

Acknowledgements The authors are grateful to S. Méthot for statisti-
cal analyses, A. Berndt, K. Niemann, M. Jugert-Lund, B. Jentz and G.
Bernatchez for technical assistance, and the staff of the Swine Complex


https://doi.org/10.1007/s00418-023-02193-6

Histochemistry and Cell Biology (2023) 160:63-77

75

at the Sherbrooke Research and Development Center and at the experi-
mental pig unit of FBN Dummerstorf for care of the animals.

Author contributions CK and MFP designed and conceptualized the
research. Longissimus muscle samples used for the determination of
carnosine-related genes and proteins originated from a prior experi-
ment on carnosine in pigs designed and conceptualized by CG and
MFP CK, KM and MFP conducted the experiments and acquired and
analysed the data. CK and MFP wrote the first version of the manu-
script. All authors critically revised the manuscript and approved the
published version.

Funding Open access funding provided by Agriculture & Agri-Food
Canada. The present study was funded by Agriculture and Agri-
Food Canada and by the Leibniz Institute of Farm Animal Biology
(Zukunftsfonds).

Data availability All data supporting the findings of this study are
included in the published article. Additional information is available
from the corresponding author upon reasonable request.

Declarations

Conflict of interest The authors declare that they have no conflicts of
interest in relation to this paper.

Ethical approval Animal husbandry and slaughter procedures were
conducted according to the recommended guidelines of the Canadian
Council on Animal Care (2009) and approved by the local animal
care committee of the Sherbrooke Research and Development Centre
(Sherbrooke, QC, Canada) and by the institutional Animal Protection
Board of the Research Institute for Farm Animal Biology (FBN, Dum-
merstorf, Germany).

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article's Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in
the article's Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

Agu R, Cowley E, Shao D, MacDonald C, Kirkpatrick D, Renton K,
Massoud E (2011) Proton-coupled oligopeptide transporter (POT)
family expression in human nasal epithelium and their drug trans-
port potential. Mol Pharmaceutics 8(3):664—672. https://doi.org/
10.1021/mp100234z

Albrecht E, Gotoh T, Ebara F, Wegner J, Maak S (2011) Technical
note: determination of cell-specific gene expression in bovine
skeletal muscle tissue using laser microdissection and reverse-
transcription quantitative polymerase chain reaction. J Anim Sci
89(12):4339-4343. https://doi.org/10.2527/jas.2011-4039

Andreyeva EN, Ogienko AA, Dubatolova TD, Oshchepkova AL,
Kozhevnikova EN, Ivankin AV, Pavlova GA, Kopyl SA, Pindy-
urin AV (2019) A toolset to study functions of cytosolic non-
specific dipeptidase 2 (CNDP2) using Drosophila as a model

organism. BMC Genet 20(Suppl 1):31. https://doi.org/10.1186/
$12863-019-0726-z

Baguet A, Reyngoudt H, Pottier A, Everaert I, Callens S, Achten E,
Derave W (2009) Carnosine loading and washout in human skel-
etal muscles. J Appl Physiol 106(3):837-842. https://doi.org/10.
1152/japplphysiol.91357.2008

Baguet A, Koppo K, Pottier A, Derave W (2010) b-Alanine supple-
mentation reduces acidosis but not oxygen uptake response during
high-intensity cycling exercise. Eur J Appl Physiol 108(3):495-
503. https://doi.org/10.1007/s00421-009-1225-0

Baldi G, Soglia F, Laghi L, Meluzzi A, Petracci M (2021) The role of
histidine dipeptides on post-mortem acidification of broiler mus-
cles with different energy metabolism. Poult Sci 100(2):1299-
1307. https://doi.org/10.1016/.psj.2020.11.032

Bao Y, Gao C, Hao W, Ji C, Zhao L, Zhang J, Liu T, Ma Q (2015)
Effects of dietary L-carnosine and alpha-lipoic acid on growth
performance, blood thyroid hormones and lipid profiles in finish-
ing pigs. Asian Australas J Anim Sci 28(10):1465-1470. https://
doi.org/10.5713/ajas.14.0604

Barca A, Ippati S, Urso E, Vetrugno C, Storelli C, Maffia M, Romano
A, Verri T (2019) Carnosine modulates the Sp1-Slc31al/Ctrl cop-
per-sensing system and influences copper homeostasis in murine
CNS-derived cells. Am J Physiol Cell Physiol 316(2):C235-C245.
https://doi.org/10.1152/ajpcell.00106.2018

Bauer K, Hallermayer K, Salnikow J, Kleinkauf H, Hamprecht B
(1982) Biosynthesis of carnosine and related peptides by glial
cells in primary cultures. J Biol Chem 257(7):3593-3597. https://
doi.org/10.1016/S0021-9258(18)34821-X

Bhardwaj RK, Herrera-Ruiz D, Eltoukhy N, Saad M, Knipp GT (2006)
The functional evaluation of human peptide/histidine transporter
1 (hPHT1) in transiently transfected COS-7 cells. Eur J Pharm Sci
27(5):533-542. https://doi.org/10.1016/j.ejps.2005.09.014

Blancquaert L, Baba SP, Kwiatkowski S, Stautemas J, Stegen S, Barba-
resi S, Chung W, Boakye AA, Hoetker JD, Bhatnagar A, Delanghe
J, Vanheel B, Veiga-da-Cunha M, Derave W, Everaert I (2016)
Carnosine and anserine homeostasis in skeletal muscle and heart
is controlled by B-alanine transamination. J Physiol 594(17):4849—
4863. https://doi.org/10.1113/jp272050

Boldyrev AA, Aldini G, Derave W (2013) Physiology and pathophysi-
ology of carnosine. Physiol Rev 93(4):1803—-1845. https://doi.org/
10.1152/physrev.00039.2012

Campion DR, Richardson RL, Reagan JO, Kraeling RR (1981)
Changes in the satellite cell population during postnatal growth
of pig skeletal muscle. J Anim Sci 52(5):1014-1018. https://doi.
org/10.2527/jas1981.5251014x

Canadian Council on Animal Care (CCAC) (2009) Guidelines on:
The care and use of farm animals in research, teaching and test-
ing; Canadian Council on Animal Care in science. Ottawa, ON,
Canada, pp 162. https://www.ccac.ca/Documents/Standards/Guide
lines/Farm_Animals.pdf. Accessed 16 Feb 2023

D’Astous-Pagé J, Gariépy C, Blouin R, Cliche S, Sullivan B, Fortin F,
Palin MF (2017) Carnosine content in the porcine logissimus tho-
racis muscle and its association with meat quality attributes and
carnosine-related gene expression. Meat Sci 124:84-94. https://
doi.org/10.1016/j.meatsci.2016.11.004

Drozak J, Veiga-da-Cunha M, Vertommen D, Stroobant V, Van Schaft-
ingen E (2010) Molecular identification of carnosine synthase as
ATP-grasp domain-containing protein 1 (ATPGD1). J Biol Chem
285(13):9346-9356. https://doi.org/10.1074/jbc.m109.095505

Dunnett M, Harris RC (1997) High-performance liquid chromato-
graphic determination of imidazole dipeptides, histidine, 1-meth-
ylhistidine and 3-methylhistidine in equine and camel muscle and
individual muscle fibres. J Chromatogr 688(1):47-55. https://doi.
org/10.1016/s0378-4347(97)88054-1

Dutka TL, Lamboley CR, McKenna MJ, Murphy RM, Lamb GD
(2012) Effects of carnosine on contractile apparatus Ca*

@ Springer


http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1021/mp100234z
https://doi.org/10.1021/mp100234z
https://doi.org/10.2527/jas.2011-4039
https://doi.org/10.1186/s12863-019-0726-z
https://doi.org/10.1186/s12863-019-0726-z
https://doi.org/10.1152/japplphysiol.91357.2008
https://doi.org/10.1152/japplphysiol.91357.2008
https://doi.org/10.1007/s00421-009-1225-0
https://doi.org/10.1016/j.psj.2020.11.032
https://doi.org/10.5713/ajas.14.0604
https://doi.org/10.5713/ajas.14.0604
https://doi.org/10.1152/ajpcell.00106.2018
https://doi.org/10.1016/S0021-9258(18)34821-X
https://doi.org/10.1016/S0021-9258(18)34821-X
https://doi.org/10.1016/j.ejps.2005.09.014
https://doi.org/10.1113/jp272050
https://doi.org/10.1152/physrev.00039.2012
https://doi.org/10.1152/physrev.00039.2012
https://doi.org/10.2527/jas1981.5251014x
https://doi.org/10.2527/jas1981.5251014x
https://www.ccac.ca/Documents/Standards/Guidelines/Farm_Animals.pdf
https://www.ccac.ca/Documents/Standards/Guidelines/Farm_Animals.pdf
https://doi.org/10.1016/j.meatsci.2016.11.004
https://doi.org/10.1016/j.meatsci.2016.11.004
https://doi.org/10.1074/jbc.m109.095505
https://doi.org/10.1016/s0378-4347(97)88054-1
https://doi.org/10.1016/s0378-4347(97)88054-1

76

Histochemistry and Cell Biology (2023) 160:63-77

sensitivity and sarcoplasmic reticulum Ca®* release in human
skeletal muscle fibers. J Appl Physiol 112(5):728-736. https://
doi.org/10.1152/japplphysiol.01331.2011

Everaert I, De Naeyer H, Taes Y, Derave W (2013) Gene expression
of carnosine-related enzymes and transporters in skeletal muscle.
Eur J Appl Physiol 113(5):1169-1179. https://doi.org/10.1007/
s00421-012-2540-4

Harris RC, Dunnett M, Greenhaff PL (1998) Carnosine and taurine
contents in individual fibres in human vastus lateralis muscle. J
Sports Sci 16(7):639-643. https://doi.org/10.1080/0264041983
66443

Harris RC, Wise JA, Price KA, Kim HJ, Kim CK, Sale C (2012) Deter-
minants of muscle carnosine content. Amino Acids 43(1):5-12.
https://doi.org/10.1007/s00726-012-1233-y

Hill CA, Harris RC, Kim HJ, Harris BD, Sale C, Boobis LH, Kim CK,
Wise JA (2007) Influence of pB-alanine supplementation on skel-
etal muscle carnosine concentrations and high intensity cycling
capacity. Amino Acids 32(2):225-233. https://doi.org/10.1007/
s00726-006-0364-4

Hoetker D, Chung W, Zhang D, Zhao J, Schmidtke VK, Riggs DW,
Derave W, Bhatnagar A, Bishop D, Baba SP (2018) Exercise alters
and P-alanine combined with exercise augments histidyl dipeptide
levels and scavenges lipid peroxidation products in human skel-
etal muscle. J Appl Physiol 125(6):1767-1778. https://doi.org/10.
1152/japplphysiol.00007.2018

Tovine B, Iannella ML, Nocella F, Pricolo MR, Baldi MR, Bevilac-
qua MA (2012) Carnosine inhibits KRas-mediated HCT-116
proliferation by affecting ATP and ROS production. Cancer Lett
315(2):122-128. https://doi.org/10.1016/j.canlet.2011.07.021

Kalbe C, Mau M, Rehfeldt C (2008) Developmental changes and the
impact of isoflavones on mRNA expression of IGF1 receptor, EGF
receptor and related growth factors in porcine skeletal muscle cell
cultures. Growth Horm IGF Res 18(5):424-433. https://doi.org/
10.1016/j.ghir.2008.03.002

Kalbe C, Zebunke M, Losel D, Brendle J, Hoy S, Puppe B (2018)
Voluntary locomotor activity promotes myogenic growth poten-
tial in domestic pigs. Sci Rep 8(1):2533. https://doi.org/10.1038/
541598-018-20652-2

Kamal MA, Jiang H, Hu Y, Keep RF, Smith DE (2009) Influence of
genetic knockout of Pept2 on the in vivo disposition of endog-
enous and exogenous carnosine in wild-type and Pept2 null mice.
Am J Physiol Regul Integr Comp Physiol 296(4):R986-R991.
https://doi.org/10.1152/ajpregu.90744.2008

Lenney JF, Peppers SC, Kucera-Orallo CM, George RP (1985) Char-
acterization of human tissue carnosinase. Biochem J 228(3):653—
660. https://doi.org/10.1042/bj2280653

Licker V, Cote M, Lobrinus JA, Rodrigo N, Kovari E, Hochstrasser DF,
Turck N, Sanchez J-C, Burkhard PR (2012) Proteomic profiling
of the substantia nigra demonstrates CNDP2 overexpression in
Parkinson’s disease. J Proteomics 75(15):4656—4667. https://doi.
org/10.1016/j.jprot.2012.02.032

Lindley DJ, Carl SM, Mowery SA, Knipp GT (2011) The evaluation
of peptide/histidine transporter] (PHT1) function: uptake kinet-
ics utilizing a COS-7 stably transfected cell line. Rev Mex Cienc
Farm 42(4):57-65

Liu QR, Lopez-Corcuera B, Nelson H, Mandiyan S, Nelson N (1992)
Cloning and expression of a cDNA encoding the transporter of
taurine and fB-alanine in mouse brain. Proc Natl Acad Sci USA
89(24):12145-12149. https://doi.org/10.1073/pnas.89.24.12145

Losel D, Franke A, Kalbe C (2013) Comparison of different skeletal
muscles from growing domestic pigs and wild boars. Arch Anim
Breed 56(1):766-777. https://doi.org/10.7482/0003-9438-56-076

Mabhootchi E, Cannon Homaei S, Kleppe R, Winge I, Hegvik T-A,
Megias-Perez R, Totland C, Mogavero F, Baumann A, Glennon
JC, Miletic H, Kursula P, Haavik J (2020) GADL1 is a multifunc-
tional decarboxylase with tissue-specific roles in p-alanine and

@ Springer

carnosine production. Sci Adv 6(29):eabb3713. https://doi.org/
10.1126/sciadv.abb3713

Maier AB, Cohen R, Blom J, van Heemst D, Westendorp RGJ (2012)
Marker heterogeneity in growth characteristics of myoblasts
clonal cultures and myoblast mixed cultures obtained from the
same individual. Gerontology 58(2):150-155. https://doi.org/10.
1159/000329784

Mannion AF, Jakeman PM, Dunnett M, Harris RC, Willan PL (1992)
Carnosine and anserine concentrations in the quadriceps femoris
muscle of healthy humans. Eur J Appl Physiol Occup Physiol
64(1):47-50. https://doi.org/10.1007/bf00376439

Mau M, Kalbe WK, Niirnberg G, Rehfeldt C (2008a) IGF-I- and
EGF-dependent DNA synthesis of porcine myoblasts is influ-
enced by the dietary isoflavones genistein and daidzein. Dom
Anim Endocrinol 35(3):281-289. https://doi.org/10.1016/j.
domaniend.2008.06.004

Mau M, Kalbe C, Viergutz T, Niirnberg G, Rehfeldt C (2008b)
Effects of dietary isoflavones on proliferation and DNA integ-
rity of myoblasts derived from newborn piglets. Pediatr Res
63(1):39-45. https://doi.org/10.1203/pdr.0b013e31815b8e60

Mesires NT, Doumit ME (2002) Satellite cell proliferation and dif-
ferentiation during postnatal growth of porcine skeletal muscle.
Am J Physiol Cell Physiol 282(4):C899-C906. https://doi.org/
10.1152/ajpcell.00341.2001

Metzger K, Tuchscherer A, Palin MF, Ponsuksili S, Kalbe C (2020)
Establishment and validation of cell pools using primary muscle
cells derived from satellite cells of pig skeletal muscle. In Vitro
Cell Dev Biol Anim 56(3):1193-1199. https://doi.org/10.1007/
$11626-019-00428-2

Metzner L, Neubert K, Brandsch M (2006) Substrate specificity of
the amino acid transporter PAT1. Amino Acids 31(2):111-117.
https://doi.org/10.1007/s00726-005-0314-6

Mora L, Sentandreu MA, Toldra F (2008) Contents of creatine, cre-
atinine and carnosine in porcine muscles of different metabolic
types. Meat Sci 79(4):709-715. https://doi.org/10.1016/j.meats
¢i.2007.11.002

Nagai K, Niijjima A, Yamano T, Otani H, Okumra N, Tsuruoka N,
Nakai M, Kiso Y (2003) Possible role of L-carnosine in the
regulation of blood glucose through controlling autonomic
nerves. Exp Biol Med 228(10):1138-1145. https://doi.org/10.
1177/153537020322801007

Novikoff AB, Shin WY, Drucker J (1961) Mitochondrial localiza-
tion of oxidative enzymes: staining results with two tetrazolium
salts. J Biophys Biochem Cytol 9(1):47-61. https://doi.org/10.
1083/jcb.9.1.47

Ono Y, Boldrin L, Knopp P, Morgan JE, Zammit PS (2010) Mus-
cle satellite cells are a functionally heterogeneous population
in both somite-derived and branchiomeric muscles. Dev Biol
337(1):29-41. https://doi.org/10.1016/j.ydbio.2009.10.005

Oppermann H, Heinrich M, Birkemeyer C, Meixensberger J, Gaunitz
F (2019) The proton-coupled oligopeptide transporters PEPT2,
PHT1 and PHT2 mediate the uptake of carnosine in glioblas-
toma cells. Amino Acids 51(7):999-1008. https://doi.org/10.
1007/s00726-019-02739-w

Otani H, Okumura N, Hashida-Okumura A, Nagai K (2005) Identi-
fication and characterization of a mouse dipeptidase that hydro-
lyzes L-carnosine. J Biochem 136:167-175. https://doi.org/10.
1093/jb/mvi016

Palin MF, Lapointe J, Gariépy C, Beaudry D, Kalbe C (2020) Char-
acterisation of intracellular molecular mechanisms modulated
by carnosine in porcine myoblasts under basal and oxidative
stress conditions. PLoS ONE 15(9):0239496. https://doi.org/
10.1371/journal.pone.0239496

Qi B, Wang J, Ma Y-B, Wu S-G, Qi G-H, Zhang H-J (2018) Effect
of dietary p-alanine supplementation on growth performance,
meat quality, carnosine content, and gene expression of


https://doi.org/10.1152/japplphysiol.01331.2011
https://doi.org/10.1152/japplphysiol.01331.2011
https://doi.org/10.1007/s00421-012-2540-4
https://doi.org/10.1007/s00421-012-2540-4
https://doi.org/10.1080/026404198366443
https://doi.org/10.1080/026404198366443
https://doi.org/10.1007/s00726-012-1233-y
https://doi.org/10.1007/s00726-006-0364-4
https://doi.org/10.1007/s00726-006-0364-4
https://doi.org/10.1152/japplphysiol.00007.2018
https://doi.org/10.1152/japplphysiol.00007.2018
https://doi.org/10.1016/j.canlet.2011.07.021
https://doi.org/10.1016/j.ghir.2008.03.002
https://doi.org/10.1016/j.ghir.2008.03.002
https://doi.org/10.1038/s41598-018-20652-2
https://doi.org/10.1038/s41598-018-20652-2
https://doi.org/10.1152/ajpregu.90744.2008
https://doi.org/10.1042/bj2280653
https://doi.org/10.1016/j.jprot.2012.02.032
https://doi.org/10.1016/j.jprot.2012.02.032
https://doi.org/10.1073/pnas.89.24.12145
https://doi.org/10.7482/0003-9438-56-076
https://doi.org/10.1126/sciadv.abb3713
https://doi.org/10.1126/sciadv.abb3713
https://doi.org/10.1159/000329784
https://doi.org/10.1159/000329784
https://doi.org/10.1007/bf00376439
https://doi.org/10.1016/j.domaniend.2008.06.004
https://doi.org/10.1016/j.domaniend.2008.06.004
https://doi.org/10.1203/pdr.0b013e31815b8e60
https://doi.org/10.1152/ajpcell.00341.2001
https://doi.org/10.1152/ajpcell.00341.2001
https://doi.org/10.1007/s11626-019-00428-2
https://doi.org/10.1007/s11626-019-00428-2
https://doi.org/10.1007/s00726-005-0314-6
https://doi.org/10.1016/j.meatsci.2007.11.002
https://doi.org/10.1016/j.meatsci.2007.11.002
https://doi.org/10.1177/153537020322801007
https://doi.org/10.1177/153537020322801007
https://doi.org/10.1083/jcb.9.1.47
https://doi.org/10.1083/jcb.9.1.47
https://doi.org/10.1016/j.ydbio.2009.10.005
https://doi.org/10.1007/s00726-019-02739-w
https://doi.org/10.1007/s00726-019-02739-w
https://doi.org/10.1093/jb/mvi016
https://doi.org/10.1093/jb/mvi016
https://doi.org/10.1371/journal.pone.0239496
https://doi.org/10.1371/journal.pone.0239496

Histochemistry and Cell Biology (2023) 160:63-77

77

carnosine-related enzymes in broilers. Poult Sci 97(4):1220-
1228. https://doi.org/10.3382/ps/pex410

Rehfeldt C, Henning M, Fiedler I (2008) Consequences of pig
domestication for skeletal muscle growth and cellularity. Livest
Sci 116(1-3):30—41. https://doi.org/10.1016/].1ivsci.2007.08.
017

Reig M, Arystoy MC, Toldra F (2013) Variability in the contents of
pork meat nutrients and how it may affect food composition data-
bases. Food Chem 140(3):478-482. https://doi.org/10.1016/j.
foodchem.2012.11.085

Revskij D, Haubold S, Plinski C, Viergutz T, Tuchscherer A, Kroger-
Koch C, Albrecht E, Gunther J, Troscher A, Hammon HM, Schu-
berth H-J, Mielenz M (2022) Cellular detection of the chemokine
CXCR4 in bovine mammary glands and its distribution and regu-
lation on bovine leukocytes. J Dairy Sci 105(1):866—-876. https://
doi.org/10.3168/jds.2021-20799

Sakata K, Yamashita T, Maeda M, Moriyama Y, Shimada S, Tohyama
M (2001) Cloning of a lymphatic peptide/histidine transporter.
Biochem J 356(1):53-60. https://doi.org/10.1042/bj3560053

Sasawatari S, Okamura T, Kasumi E, Tanaka-Furuyama K, Yanobu-
Takanashi R, Shirawasa S, Kato N, Toyama-Sorimachi N (2011)
The solute carrier family 15A4 regulates TLR9 and NODI1 func-
tions in the innate immune system and promotes colitis in mice.
Gastroenterology 140(5):1513-1525. https://doi.org/10.1053/j.
gastro.2011.01.041

Seidel EC, Birkemeyer C, Baran-Schmidt R, Meixensberger J, Opper-
mann H, Gaunitz F (2022) Viability of glioblastoma cells and
fibroblasts in the presence of imidazole-containing compounds.
Int J Mol Sci 23(10):5834. https://doi.org/10.3390/ijms23105834

Shen Y, Yang J, LiJ, Shi X, Ouyang L, Tian Y, Lu J (2014) Carnos-
ine inhibits the proliferation of human gastric cancer SGC-7901
cells through both of the mitochondrial respiration and glycolysis
pathways. PLoS ONE 9:e104632. https://doi.org/10.1371/journ
al.pone.0104632

Thwaites DT, Anderson CMH (2011) The SLC36 family of proton-
coupled amino acid transporters and their potential role in drug
transport. Br J Pharmacol 164(7):1802-1816. https://doi.org/10.
1111/5.1476-5381.2011.01438.x

Wang S, Wang B, He H, Sun A, Guo CA (2018) New set of refer-
ence housekeeping genes for the normalization of RT-qPCR
data from the intestine of piglets during weaning. PLoS ONE
13(9):e0204583. https://doi.org/10.1371/journal.pone.0204583

Wang-Eckhardt L, Bastian A, Bruegmann T, Sasse P, Eckhardt M
(2020) Carnosine synthase deficiency is compatible with normal
skeletal muscle and olfactory function but causes reduced olfac-
tory sensitivity in aging mice. J Biol Chem 295(50):17100-17113.
https://doi.org/10.1074/jbc.ral20.014188

Yamashita T, Shimada S, Guo W, Sato K, Kohmura E, Hayakawa T,
Takagi T, Tohyama M (1997) Cloning and functional expres-
sion of a brain peptide/histidine transporter. J Bio Chem
272(15):10205-10211. https://doi.org/10.1074/jbc.272.15.10205

Yin H, Price F, Rudnicki MA (2013) Satellite cells and the muscle
stem cell niche. Physiol Rev 93(1):23-67. https://doi.org/10.1152/
physrev.00043.2011

Zhang Z, Lin S, Luo W, Ren T, Huang X, Li W, Zhang X (2022) Sox6
differentially regulates inherited myogenic abilities and muscle
fiber types of satellite cells derived from fast- and slow-type mus-
cles. Int J Mol Sci 23(19):11327. https://doi.org/10.3390/ijms2
31911327

Zhu H, Park S, Scheffer JM, Kuang S, Grant AL, Gerrard DE (2013)
Porcine satellite cells are restricted to a phenotype resembling
their muscle of origin. J Anim Sci 91(10):4684—4691. https://doi.
org/10.2527/jas.2012-5804

Publisher's Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

@ Springer


https://doi.org/10.3382/ps/pex410
https://doi.org/10.1016/j.livsci.2007.08.017
https://doi.org/10.1016/j.livsci.2007.08.017
https://doi.org/10.1016/j.foodchem.2012.11.085
https://doi.org/10.1016/j.foodchem.2012.11.085
https://doi.org/10.3168/jds.2021-20799
https://doi.org/10.3168/jds.2021-20799
https://doi.org/10.1042/bj3560053
https://doi.org/10.1053/j.gastro.2011.01.041
https://doi.org/10.1053/j.gastro.2011.01.041
https://doi.org/10.3390/ijms23105834
https://doi.org/10.1371/journal.pone.0104632
https://doi.org/10.1371/journal.pone.0104632
https://doi.org/10.1111/j.1476-5381.2011.01438.x
https://doi.org/10.1111/j.1476-5381.2011.01438.x
https://doi.org/10.1371/journal.pone.0204583
https://doi.org/10.1074/jbc.ra120.014188
https://doi.org/10.1074/jbc.272.15.10205
https://doi.org/10.1152/physrev.00043.2011
https://doi.org/10.1152/physrev.00043.2011
https://doi.org/10.3390/ijms231911327
https://doi.org/10.3390/ijms231911327
https://doi.org/10.2527/jas.2012-5804
https://doi.org/10.2527/jas.2012-5804

	Effect of muscle fibre types and carnosine levels on the expression of carnosine-related genes in pig skeletal muscle
	Abstract
	Introduction
	Materials and methods
	Animals and tissue collection
	Laser-capture microdissection and qPCR analyses of carnosine-related genes in oxidative and glycolytic muscle fibres
	Detection and localization of carnosine-related proteins in oxidative and glycolytic muscle fibres
	Myogenic cell culture and carnosine treatments
	Myogenic cell proliferation assays and DNA content
	qPCR analyses of carnosine-related genes in myogenic cells
	Statistical analyses

	Results
	Expression of carnosine-related genes in oxidative and glycolytic muscle fibres
	Immunohistochemical detection of carnosine-related proteins in porcine skeletal muscle fibres
	Effect of carnosine on the proliferation of myoblasts isolated from the longissimus dorsi and rhomboideus muscles
	Effect of carnosine on carnosine-related gene mRNA abundance in cultured myoblasts isolated from the longissimus dorsi and rhomboideus muscles

	Discussion
	Conclusions
	Anchor 19
	Acknowledgements 
	References


