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Abstract: The sensory properties of beef are known to depend on muscle fiber and intramuscular
connective tissue composition (IMCT). IMCT is composed of collagens, proteoglycans and
glycoproteins. The differentiation of muscle fibers has been extensively studied but there is
scarcity in the data concerning IMCT differentiation. In order to be able to control muscle
differentiation to improve beef quality, it is essential to understand the ontogenesis of IMCT molecules.
Therefore, in this study, we investigated the chronology of appearance of 10 IMCT molecules in
bovine Semitendinosus muscle using immunohistology technique at five key stages of myogenesis.
Since 60 days post-conception (dpc), the whole molecules were present, but did not have their final
location. It seems that they reach it at around 210 dpc. Then, the findings emphasized that since
210 dpc, the stage at which the differentiation of muscle fibers is almost complete, the differentiation
of IMCT is almost completed. These data suggested that for the best controlling of the muscular
differentiation to improve beef sensory quality, it would be necessary to intervene very early (before
the IMCT constituents have acquired their definitive localization and the muscle fibers have finished
differentiating), i.e., at the beginning of the first third of gestation.

Keywords: skeletal muscle; fetus; bovine; extracellular matrix; immunohistology

1. Introduction

Beef tenderness is one of the most important quality attributes for the consumer. It is often
inconsistent and affects consumer satisfaction. The variability in final meat quality is due to several
factors such as the differences in muscle characteristics [1], namely to the proportion of different types
of muscle fibers [2—4] and the characteristics of intramuscular connective tissue (IMCT) [5,6]. Among
the characteristics of IMCT, the total collagen and its solubility are studied more. IMCT is a composite
network that can both withstand and transmit forces generated by muscle contraction. This complex
network not only ensures the structural integrity of muscle, but also mediates the development and
physiological behavior of muscle cells. IMCT maintains the structural integrity of muscle fibers by
two layers, the endomysium that surrounds individual skeletal muscle fibers and the perimysium
that bundles groups of muscle fiber. IMCT consists of cells and an ExtraCellular Matrix (ECM) that
primarily consists of a composite network of fibrillar collagens wrapped in a matrix of proteoglycans
(PGs). These later form large complexes by binding to other PGs and to fibrous proteins such as
collagens. The PGs consist of a core protein linked by covalent bonds to several glycosaminoglycan
chains (GAGS). The chemical structure of these GAGs varies between the different PGs. The PGs of the
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skeletal muscle are mainly chondroitin sulfate (CS). Among them, decorin, a small PG and versican, a
large PG, have been associated with myogenesis [7].

The fibrillary collagens, more commonly known as total collagen (particularly type I that is
the most abundant fibrillar collagen of the skeletal muscle) interact with tenascin-X, a glycoprotein,
and type XII and XIV collagens, two non-fibrillar minor collagen types [8,9]. Collagen XII and XIV
interact with decorin [10-12]). In vitro, the supposed role of tenascin-X and of collagen XII and XIV is
to modulate the flexibility of the ECM and consequently, its mechanical properties [13,14]. From these
properties and according to Bailey and Light [15], it has been suggested that these molecules could
contribute to the meat texture. However, there is a scarcity in studies that addressed this question
unless one work from our groups that studied the relation between decorin, tenascin-X, collagen XII
and XIV and beef sensory properties [16]. According to our previous study, it seems important to study
all these components together, in combination with total and insoluble collagen, as they would have
complementary information and an additive role that would play on the final texture quality of meat.

It is worthwhile to note that the differentiation of muscle fiber during fetal life has been extensively
studied [17-20]. In the bovine skeletal muscle, myotube-multi-nucleated syncytium formed by
the fusion of several myoblasts during myogenesis-formation occurs in three temporally distinct
phases. The first generation of embryonic myoblasts proliferates and differentiates in myotubes to
the surroundings of 30 days post-conception (dpc). They are completely differentiated around 180 dpc
(end of the second trimester of gestation). A second and third generation of fetal myoblasts proliferate
and differentiate in secondary myotubes between 60 and 90 dpc. At 180 dpc, almost all the myotubes
have the appearance of muscle fibers. At this stage, the total number of myofibers is set. Contractile
and metabolic maturation occurs during the last trimester. At the end of the gestation (280 dpc), the
differentiation of muscle fiber types is nearly complete.

However, there are few datums on the IMCT differentiation of the bovine fetus in vivo [21-24].
So, we hypothesized that the knowledge of the chronology of the differentiation of the different muscle
tissues would allow the development of strategies (for example through maternal feeding) to enhance
muscle growth and modify both IMCT and muscle fibers characteristics, and consequently their impact
on final meat quality. Accordingly, we investigated the expression of ten ECM molecules thought
to play an important role in the myogenesis in adults and its potential link to the quality of beef, at
key stages of muscle fiber differentiation previously described by our groups [17]. The results of this
study emphasized that the molecules studied are present since the beginning of fetal life in bovine
and that they acquired the localization they will have in adults in the first two-thirds of fetal life
(between 180 and 210 dpc). Furthermore, it appears that the main step of myogenesis occurs during
the same period.

2. Materials and Methods

This study was carried out in compliance with the French recommendations and those of the
Animal Care and Use Committee of the National Institute for Agricultural Research (INRA, Institut
National de la Recherche Agronomique) of Auvergne-Rhone-Alpes, France (under the slaughterhouse
and experimental facilities license numbers #63 345 01 and #63 345.17, respectively), for the use of
experimental animals including animal welfare, in accordance with the Use of Vertebrates for Scientific
Purposes Act 1985.

2.1. Muscle Samples

Fifteen fetuses of 60 (n = 3), 110 (n = 3), 180 (n = 3), 210 (n = 3) and 260 (1 = 3) days old were
obtained by the artificial insemination of Charolais heifers using pure Charolais sperm. These stages
have been chosen according to the key stages of muscle fiber differentiation previously highlighted in
our laboratory in several studies cited in the review by Picard, et al. [17]. After the slaughter of pregnant
heifers, Semitendinosus (ST) muscles were carefully dissected out of the two hind limbs from each
animal. An approximate of 10 mm slices were taken at the mid-belly of one muscle, at right angles to
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the direction of the muscle fibers for histology and immunohistology and frozen in isopentane, cooled
in liquid nitrogen. For electrophoresis, 3 fetuses per stage were used for 110, 180, 210 and 260 dpc.
They were directly frozen in liquid nitrogen. Then all samples were stored at —80 °C until analyses.

2.2. Transverse Sections Preparation

All transverse sections (10 um thick) of ST muscle were realized with a cryotome MICROM HM
500 M at —25 °C.

2.3. Azorubine Staining

The muscle cells were stained with azorubine dye that stained the myofibrillar proteins in red.
Sections (3 per animal) were fixed for 5 min with a solution of 5.7% formaldehyde and 18 mM CaCl,,
washed in water and then dyed with 3% azorubine solution (Azorubine (CI 14410; Serva, Heidelberg,
Germany) and 5% acetic acid for 45 min. Sections were washed in water and dehydrated twice for 1 min
in acetone (Prolabo, Sion, Switzerland) and then twice for 1 min in Ottix (Microm, Brignais, France).
Finally, the sections were mounted with cover-glass with Canada balsam (Prolabo, Sion, Switzerland).

2.4. Antibodies

Primary antibodies (polyclonal rabbit anti-bovine type I collagen (Col I) (catalog number, 20121),
monoclonal mouse anti-human type IV collagen (Col 1V) (catalog number, 20421), polyclonal rabbit
anti-human type VI collagen (Col VI) (catalog number, 20611) (Novotec, Bron, France), monoclonal
mouse anti bovine decorin (DCN) (catalog number, DS1) (DSHB, Iowa City, IA, USA), tenascin-X
(Tn-X) and collagen XII and XIV (Col XII and Col XIV) (a generous gift from C. Lethias, IBCP, Lyon,
France previously described by Berthod, et al. [25] and Elefteriou, et al. [26], chondroitin-4 and -6
sulfate (C4S and C6S) and versican (VCN) (a generous gift from B. Caterson, Cardiff University, Cardiff,
UK, previously described by Hayes, et al. [27]) were diluted with 1% bovine serum albumin (BSA) in
1x phosphate buffer saline (PBS) (pH 7.2) to 1:40. Secondary antibody conjugated to Alexa Fluor 488
(Interchim, Montlugon, France) were diluted in 1% BSA in 1x PBS (pH 7.2) to 1:400.

2.5. Immunohistochemistry

The localization of ten ECM molecules (Col I, IV, VI, XII, XIV, DCN, Tn-X, C4S, C6S and VCN)
was evidenced by the indirect immunofluorescence on four serial sections per animal according to
the procedure of Listrat, Picard and Geay [22]. Natural collagen fluorescence on muscle sections was
blocked with 50 mM ammonium chloride in 1x PBS for 10 min for all the used antibodies. For C4S
and C6S antibodies, sections were enzymatically pre-treated with 0.5 U/mL chondroitinase ABC
(Sigma-Aldrich, France) and 0.5 U/mL keratanase (Sigma-Aldrich, France) in 100 mM Tris acetate
buffer (pH 7.4) for 1 hour at 37 °C to unmask the epitope then rinsed in a solution containing 0.1%
Tween20 (Sigma-Aldrich, France) in 1x PBS. For versican, the sections were only incubated in 0.1%
Tween20 (Sigma-Aldrich, France) in 1x PBS (without enzymatic pre-treatment) at room temperature.
Then all sections were incubated in 1% BSA in 1x PBS for 10 min and they were reacted with the
primary antibodies for 1 h at room temperature, washed in 1 x PBS three times 5 min, incubated for
40 min at room temperature in the dark with the secondary antibody and washed in 1x PBS three
times for 5 min. The sections were rinsed with 0.3% eriochrome-black T in 1x PBS to completely
block natural collagen fluorescence and they were then mounted with cover-glass with Fluoromount
(Sigma-Aldrich, Saint-Louis, MO, USA). Negative controls were performed by omitting primary
antibodies in the same conditions that were previously described.

2.6. Western Blot Analyses of Type X1I and XIV Collagens

Total protein extraction was performed with RIPA (Radio-Immunoprecipitation Assay) lysis buffer
(150 mM NaCl, 10 mM Tris-HCI, 1 mM EGTA, 1 mM EDTA, adjusted at pH = 7.4 and completed with
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100 mM sodium fluoride, 4 mM sodium pyrophosphate and 2 mM orthovanadate, 1% Triton 100,
0.5% Igepal CA-630 and protease inhibitor cocktail (Complete, Roche Diagnostics GmbH, ref. 11 836
145 001)). After extraction, the protein concentration was determined by spectrophotometry (UVIKON
860) following the Bradford assay [28].

Proteins were separated in denaturing conditions (10% sodium dodecyl sulfate-polyacrylamide
and f3-mercaptoethanol). Samples were loaded on the gel (stacking gels of 4% and separation gels of
6%) at the rate of 50 ug of protein. Gels were run at 80 V for 20 min and then 120 V for 1 h at +4 °C.

Bands were transferred to a polyvinylidene difluoride (PVDF) membrane (ref. IPVH00010,
Millipore, Burlington, MA, USA) at 120 mA for 5 h at +4 °C. The unspecific binding of antibodies to
the membranes was blocked with 10% skimmed milk (Régilait) in 1x T-TBS (20 mM Tris base; 137 mM
NaCl; 0.05 % Tween 20, pH 8) at 37 °C for 20 min. Membranes were washed 3 x 5 min in 1x T-TBS and
then they were incubated overnight at +4 °C with the primary antibodies (anti-type XII or anti-type
XIV collagen (the same than for immunohistochemistry) diluted to 1/50 in 1% skimmed milk (Régilait)
in 1x T-TBS). Membranes were washed 2 x 10 min in 1x T-TBS and hybridized with the secondary
antibody (diluted to 1/5000 in 1% skimmed milk (Régilait) in 1x T-TBS) associated with horseradish
peroxidase for chemiluminescence detection (IgG sheep anti-mouse, NA931, GE Healthcare Life
Sciences, Grenoble, France).

Each collagen type presented three specific bands that were considered and quantified as a single
band under Image Quant software (GE Health Care life Science, Grenoble, France). One volume of total
protein extract of each of 15 fetuses was mixed and 50 ug of this mixed were deposited on all the gels
for normalization. Each collagen type presented two or three specific bands which were considered
and quantified as a single band under Image Quant software. The value obtained for the three bands
of each sample was divided by the value obtained for the three bands of the mix of samples loaded
on each gel. Each sample was measured in triplicate and results were expressed in arbitrary units.
The other molecules were not analyzed by Western blot for technical reasons.

2.7. Image Acquisition and Analysis

Histological sections were visualized under an Olympus fluorescence microscope BX 51 using
a10x,20x or 40x objective and for fluorescence an adequate band pass filter (Alexa 488: excitation
filter 460495, emission filter 510-550, dichromatic mirror 505LP). High-resolution grayscale images
were acquired with an Olympus cooled digital camera DP-72 with cell-F software (Olympus Soft
Imaging Solutions, Miinster, Germany). Azorubine died-sections were analyzed with a VISILOG 6.7
professional software (Noesis, Gif sur Yvette, France) to calculate the mean cross-section area of fibers
according to Meunier, et al. [29].

2.8. Statistical Analysis

The differences of relative amounts of Col XII or XIV between stages post-conception were
assessed by analysis of variance (ANOVA) using the GLM procedure of SAS 9.2 Software (Statistical
Analysis System, Cary, NC, USA). A probability of less than 5% was considered statistically significant.
All results were presented as least square means + Standart Error of the Mean (SEM).

3. Results
3.1. Sixty and 110 dpc

3.1.1. Perimysium

At 60 and 110 dpc, myotubes were grouped in bundles individualized by a wide perimysium
divided into a major (around the muscle cell bundles) and minor network (around and inside muscle
cell bundles) (Figure 1A). The average area of the myotubes was 84.2 £ 15.9 um? at 60 dpc and
85.5 £ 17.5 um? at 110 dpc. At 60 and 110 dpc, future perimysium was stained by Col I (Figure 2A,B),
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VI (Figure 2EG), DCN (Figure 3FG), C4S (Figure 3K,L), Tn-X (Figure 4A,B) and Col XII (Figure 4EG).
At 60 dpc, Col XIV was undetectable (Figure 4K). At this stage, C4S (Figure 3K) and TN-X (Figure 4A)
labeling were very low. At 110 dpc, the presence of C4S, Tn-X (Figures 3L and 4B), Col XIV (Figure 4L)
in the perimysium was confirmed, but only in major networks.
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Figure 1. Azorubine staining of transverse sections of foetal Semitendinosus muscle at 110 (A), 180 (B),
210 (C) and 260 (D) days post-conception (dpc). (ECM: ExtraCellular Matrix; MaN: perimysium major
network, MiN: perimysium minor netork, Mtl: primary myotubes, Mt2: secondary myotube, MFiBu:
Muscle Fiber Bundle).
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Figure 2. Immunohistochemical labelling with antibodies against type I (A, B, C, D, E), and type VI

(F, G, H, 1, ]) collagens of transverse sections of foetal Semitendinosus muscle at 60, 110, 180, 210

and 260 days post-conception (dpc) (Major (MaN) and minor (MiN) networks of perimysium; E:

endomysium, Mtl: primary myotubes, Mt2: secondary myotubes).



Foods 2019, 8, 97

7 of 15

Age Versican Decorin Chondroitin-4 Chondroitin-6
(dpo) sulfate sulfate
60
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Figure 3. Inmunohistochemical labelling with antibodies against versican (A, B, C, D, E), decorin (F,
G, H, I, J), chondroitin-4-sulfate (K, L, M, N, O), chondroitin-6-sulfate (P, Q, R, S, T) of transverse
sections of foetal Semitendinosus muscle at 60, 110, 180, 210 and 260 days post-conception (dpc). (Major

(MaN) and minor (MiN) networks of perimysium (P), E: endomysium, Mtl: primary myotubes, Mt2:
secondary myotubes, F: muscle fiber).



Foods 2019, 8, 97

Age
(dpc)

Tenascin X

Collagen XII

Collagen XIV

60

110

180

210

260

8 of 15

Figure 4. Mmunohistochemical labelling with antibodies against tenascin-X (A, B, C, D, E), collagen
XII (F, G, H, 1,]), collagen XIV (K, L, M, N, O) of transverse sections of foetal Semitendinosus muscle
at 60, 110, 180, 210 and 260 days post-conception (dpc). (Major (MaN) and minor (MiN) networks of

perimysium).
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At 60 dpc, Col XII was present in major networks of perimysium (Figure 4F) while at 110 dpc
(Figure 4G), it was present everywhere in the perimysium.

At all studied stages (110, 180, 210 and 260 dpc), the presence of both Col XII and XIV were
observed as three bands of molecular weight between 220 and 290 kDa (Figure 5a,b).

a Collagen XII b Collagen XIV
110 180 210 260 110 180 210 260
R &a 290kDa . - . 290kDa
o be .S 83 -y 3-8 B
— B P g + 220KDa J— N LT\ )4 oY
Arbitrary units Arbitrary units
25000 25000
b
20000 b 20000
b
15000 a a 15000
a b
10000 10000
5000 5000 a
0 0 i
110 180 210 260 110 180 210 260
Age (dpc) Age (dpc)

Figure 5. (a) Collagen XII and (b) Collagen XIV Western blot analysis of foetal Semitendinosus muscle
at 110, 180, 210 and 260 days post-conception (dpc). The monoclonal antibodies against collagen XII
and XIV, two disulphide bonded polypeptides, recognized three bands on Western blots of bovine
muscle extracts, one band at 220 kDa and two others at about 290 kDa. The presence of these three
bands was due to the fact that migration conditions were reducing. The relative amounts of collagen XII
and XIV (least square means =+ standard error of the mean) were expressed in arbitrary units. Different
letters on the same graph indicated that relative amounts of collagen XII and XIV differed significantly
between foetal stages (p < 0.05).

3.1.2. Endomysium

At 60 and 110 dpc, endomysium was distinctly labeled by Col I, VI (Figure 2A,B; Figure 2EG),
IV (Figure 6A,B) and C6S (Figure 3P,Q). At these stages, labeling obtained with an antibody against
VCN was diffuse and occupied all the space between myotubes (Figure 3A,B). C4S appeared in
endomysium between 60 and 110 dpc (Figure 3K,L).

For VCN, C6S (Figure 3A,B and Figure 3P,Q, respectively), Col VI and IV (Figure 2FEG
and Figure 6A,B), the main difference between 60 and 110 dpc was the individualization or
non-individualization of primary and secondary myotubes. At 60 dpc, secondary and primary
myotubes were not individualized from each other, but seemed wrapped in the same endomysium in
bundles of 2 or 3 myotubes while at 110 dpc, some secondary myotubes began to be well individualized
from primary myotubes, while others always seemed wrapped in the same endomysium. This result
is illustrated in Figure 6 by both labeling with the antibody anti-Col IV (Figure 6a) and with a diagram
(Figure 6b).
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Figure 6. (a) The immunohistochemical labeling with antibodies directed against collagen IV (A, B, C,
D, E) of transverse sections of fetal Semitendinosus muscle at 60, 110, 180, 210 and 260 days post-conception
(dpc). (P: perimysium, E: endomysium, Mt1: primary myotubes, Mt2: secondary myotubes, F: muscle
fiber). (b) Schematic representation of differentiation of muscle fibers at 60, 110, 180, 210 and 260 days
post-conception (dpc). At 60 and 110 dpc, muscle fibers are present as primary (cells schematically
represented by an oval grey form with a central lumen surrounded by a dark grey line representing
endomysium) myotubes (Mt1) and secondary myotubes (Mt2) (cells schematically represented by a
brown form without central lumen). At 60 dpc, Mt2 are not individualized; they are wrapped in the
same endomysium than Mtl. At 110 dpc, almost all Mt2 are individualized and they have their own
endomysium (dark grey line). At 180 and 210 dpc, some Mt2, individualized or not, are still present,
but the majority of muscle cells are fibers (schematically represented by a yellow form surrounded by a
dark grey line representing endomysium). At 260 dpc, all myotubes are muscle fibers. (c¢) Schematic
description of localization of different molecules of ExtraCellular matrix. At each stage, the localization
of ECM molecules (Col I, IV, VI, XII and XIV: collagen of type I, IV, VI, XII and XIV; DCN: decorin,
TN-X: tenascin-X, C4 and 6S: chondroitin 4 and 6 sulfate; VCN: versican) is indicated in the major
and minor networks of perimysium and in the endomysium. From 110 dpc, only the modifications of
localization of ECM molecules are indicated.

3.2. 180 dpc to 260 dpc

At 180 dpc, almost all muscle cells had the appearance of muscle fibers and were organized
into bundles as in adults (Figure 1B). The average area of muscle fibers (138.2 + 34.5 um?) was
significantly higher (p < 0.05) than that at 110 dpc. The fiber cross-section area significantly (p < 0.05)
and progressively increased (282.53 + 74.5 um? at 210 dpc to 391.22 + 116.1 um? at 260 dpc) between
180 and 260 days.

3.2.1. ECM Molecules Whose Location Changed

C4S (Figure 3M,N), Tn-X and Col XIV (Figure 4C,D and Figure 4M,N) began to appear in minor
networks of perimysium between 180 and 210 dpc. The measures of Col XII and XIV by Western
blotting showed that the relative amount of Col XII significantly increased between 110 dpc and
180 dpc then significantly decreased between 180 and 260 dpc (Figure 5a). The relative amounts of Col
XIV significantly increased between 110 and 260 dpc (Figure 5b).

DCN appeared in the endomysium and in the minor networks of perimysium between 180 and
210 dpc (Figure 3H,I). C4S appeared in the minor networks of the perimysium between 110 and 180 dpc
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(Figure 3L,M). VCN was present in the endomysium until 210 dpc (Figure 3D) then disappeared from
the endomysium between 210 and 260 dpc (Figure 3D,E). At 260 dpc, it was only expressed in the
perimysium (Figure 3E).

3.2.2. ECM Molecules Whose Location Did not Change

From 180 dpc, the localization of Col I, VI (Figure 2C,H), IV (Figure 6C), and of C6S (Figure 3R) did
not change anymore. Col I and VI were present both in the endo- and perimysium, Col IV and C6S only
in endomysium. As at 110 dpc, Col XII was present in the entire network until 260 dpc (Figure 4H,L]).
All modifications of the localization of molecules of ECM were summarized in Figure 6c¢.

4. Discussion

This report described the chronology of differentiation of 10 ECM molecules in the bovine fetus.
According to their chronology of differentiation and their localization, the molecules can be classified
into several groups. The molecules (i) exclusively located in endomysium (Col IV, C6S), those (ii)
exclusively located in perimysium (Col XII and XIV, TN-X), those (iii) first located in perimysium then
appearing in endomysium more or less precociously (Col I, VI, DCN and C4S) or (iv) such as VCN
first located in endomysium, then (v) that disappeared and appeared in perimysium at the end of the
fetal life.

In this study, Col IV was the collagen type detected the earliest in endomysium (since 60 dpc).
It remained present in endomysium throughout fetal life as well as in adults. Poschl, et al. [30]
observed that embryos developed up to E9.5 on a null allele of the Col 4al/2 locus in mice. However,
lethality occurred between E10.5-E11.5 (about 30 dpc for the bovine) because of structural deficiencies
in the basement membranes. The data of these authors highlighted that Col IV is fundamental for the
maintenance of the integrity and function of basement membranes and, consequently, must be present
very early in the process of differentiation.

As previously shown, Col I and VI were present since 60 dpc in the perimysium [23,31]. Col
VI appeared progressively in the endomysium of primary and secondary myotubes between 60 and
110 dpgc; it was colocalized with Col I. At 180 dpc, Col I and VI had the localization that they will
have in the adult muscle in the endomysium and the perimysium. The period between 60 and 110
dpc coincides with the differentiation of fetal myoblasts in myotubes. Thus, as previously suggested
in vivo by Listrat, Picard and Geay [22] and Listrat, Picard and Geay [23] and in vitro by several other
authors [32,33], our results suggest that Col I and VI might be involved in the early differentiation
of myotubes. However, recent studies support the idea that these collagens do not play a direct role
in differentiation. Their presence would enable the preservation of collagen-binding molecules like
proteoglycans, laminins and fibronectin and, consequently, the cytokines and growth factors that bind
these molecules and are essential for myoblast differentiation in myotubes [34].

In chicken, VCN is transiently upregulated in myoblasts and newly formed myotubes. It is located
in the endomysium. At the same stages and from chicken, decorin is observed in the perimysium, then
its distribution gradually spreads to the perimysium and endomysium at the end of ovogenesis [35,36].
These observations are in line with what we observed in this study in bovine fetuses since VCN was
present in the endomysium between 60 and 210 dpc, disappeared and were then replaced by DCN
between 210 and 260 dpc. In bovine fetuses, the proliferation and differentiation of myoblasts in
myotubes are at their highest peak between 60 and 210 dpc [37]; stages of the presence of VCN in
endomysium. The role of VSC in the myogenesis is poorly defined, even though it may be an important
driver during myogenesis [38]. However, it is known that it contributes to the formation of a hydrated
pericellular matrix—part of ECM in close contact with cells—whose remodeling by some proteinases
of ADAMTS family (a disintegrin and metalloproteinase with thrombospondin motifs) contributes to
the formation of myotubes [38].

At 210 dpc, the total number of muscle fibers is fixed, the contractile differentiation of the first
generation of myotubes is completed, and various adult myosin heavy chain (MHC) isoforms begin
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their expression [37]. We suggest that DCN could have an indirect but crucial role at this stage. Indeed,
Miura, et al. [39] proposed that DCN would decrease the activity of myostatin—a growth factor—by
its sequestration. A lack of myostatin [40] and an over-expression of DCN [41] would lead to the
upregulation of MyoD (myoblast determination protein) and reduce the levels and activity of MEF2
(myocyte enhancer factor-2)—a transcription factor—and calcineurin—a protein phosphatase. MyoD
is a transcription factor of the myogenic factors subfamily involved in muscle differentiation which
is important for the activation of MHC IIB gene expression [41]. The loss of MEF2 and calcineurin
may result in a reduction of slow fibers [42]. Thus, when decorin began to be present in endomysium,
it could begin to regulate the fiber-type composition of skeletal muscles by regulating MEF2, calcineurin
and MyoD gene expression.

The results of this study showed that, between 110 and 180 dpc, the relative amounts of Col
XII increased then, after 180 dpc, it decreased. This decrease could be involved in muscle fiber type
transitions that occur at the end of fetal life and, more precisely, in the differentiation of type II fibers
as suggested by the work of Zou, et al. [43] in the model of mouse Col12A1~/~. In this model, in two
muscles, the Soleus (slow oxidative) and the Tibialis (fast glycolytic), the absence of Col XII results in a
more glycolytic metabolism. Nishiyama, McDonough, Bruns and Burgeson [14] have shown that the
addition of this collagen type to collagen gels modifies their mechanical properties, suggesting that Col
XII might be directly involved in determining the mechanical properties of collagen-rich tissues in vivo
and their elasticity. Consequently, it has been proposed that the reduction of relative quantities of
Col XII could change the matrix elasticity and thereby facilitate the terminal differentiation of muscle
fibers [43].

In our model, the decrease of the relative amounts of collagen XII was associated with an increase
of Col XIV. At the same period (between 180 and 210 dpc), Tn-X, which was already present in major
perimysium networks, appeared in minor ones. To our knowledge, it is not known whether Tn-X or
Col XIV play a role in the regulation of myogenesis. However, when Tn-X [13] and Col XIV [14] are
added to collagen gels, they modify their mechanical properties and could act in synergy with Col XIL

5. Conclusions

This study is the first one to investigate the chronology of appearance of 10 ECM molecules of
several families (collagens, PGs, . .. ) in bovines along the fetal life. The main factor investigated is the
age of fetuses at key stages of myogenesis as previously defined in our laboratory [38]. This approach
highlighted, for the first time, that since 60 dpc, all the studied ECM molecules were present.
They acquired the localization they will have in adults in the first two-thirds of fetal life (between
180 and 210 dpc). The main step of myogenesis terminates during the same period. Around 180 dpc,
the number of muscle fibers is fixed and adult MHC forms begin to be present. The findings of this
study also suggest that to consider controlling the muscular differentiation, it would be necessary to act
very early (before the ECM constituents have acquired their definitive localization and that the muscle
fibers have finished differentiating) at the beginning of the first third of gestation. The knowledge of
key stages of differentiation of different tissues of muscle is essential in order to be able to control the
characteristics in relation to beef quality, for example, through maternal feeding. Indeed, in ruminants,
it is known that it is possible to decrease the number of secondary myotubes through the nutrient
deficiency of the dam from early-to-mid gestation and during mid-to-late gestation to decrease the
number of intramuscular adipocytes and muscle fiber sizes [44]. The role of maternal feeding on
IMCT is less known, but Huang, et al. [45] have shown that maternal over-nutrition increased collagen
accumulation and cross-linking in skeletal muscle offspring.

Author Contributions: Conceptualization, A.L. and B.P,; writing—original draft preparation, A.L.; results
discussion and paper writing, M.G and B.P.
Funding: This research received no external funding.

Acknowledgments: The authors thank the staff of Experimental Unit (UERT) of INRA (Theix) for animal
management and slaughtering and the staff of the BIOMARKERS team for sampling, Claire Lethias (LBTI



Foods 2019, 8, 97 13 of 15

Laboratoire de Biologie Tissulaire et Ingénierie Thérapeutique, UMR 5305, Unité Mixte CNRS/Université de Lyon,
7 Passage du Vercors, 69367 Lyon, Cedex 07, France) for the generous gift of antibodies anti collagen XII and XIV,
Tenascin-X and Bruce Caterson (Cardiff School of Biosciences, The Sir Martin Evans Building, Museum Avenue,
Cardiff, CF10 3AX, UK) for the generous gift of antibodies anti chondroitin 4S and 6S and versican. The authors
convey special thanks to Salah Eddine Bentebibel and Estelle Jean Dit-Gauthier for their valuable technical help.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

Listrat, A.; Lebret, B.; Louveau, I.; Astruc, T.; Bonnet, M.; Lefaucheur, L.; Picard, B.; Bugeon, ]. How muscle
structure and composition influence meat and flesh quality. Sci. World J. 2016, 2016, 3182746. [CrossRef]
[PubMed]

Chriki, S.; Gardner, G.; Jurie, C.; Picard, B.; Micol, D.; Brun, J.-P; Journaux, L.; Hocquette, ]J.-F. Cluster
analysis application identifies muscle characteristics of importance for beef tenderness. BMC Biochem. 2012,
13, 29. [CrossRef] [PubMed]

Chriki, S.; Picard, B.; Jurie, C.; Reichstadt, M.; Micol, D.; Brun, J.-P; Journaux, L.; Hocquette, J.-F. Meta-analysis
of the comparison of the metabolic and contractile characteristics of two bovine muscles: Longissimus thoracis
and Semitendinosus. Meat Sci. 2012, 91, 423-429. [CrossRef] [PubMed]

Picard, B.; Gagaoua, M.; Micol, D.; Cassar-Malek, I.; Hocquette, ].F,; Terlouw, C.E. Inverse relationships
between biomarkers and beef tenderness according to contractile and metabolic properties of the muscle.
J. Agric. Food Chem. 2014, 62, 9808-9818. [CrossRef] [PubMed]

Nishimura, T. The role of intramuscular connective tissue in meat texture. Anim. Sci. J. 2010, 81, 21-27.
[CrossRef]

Lepetit, J. A theoretical approach of the relationships between collagen content, collagen cross-links and
meat tenderness. Meat Sci. 2007, 76, 147-159. [CrossRef] [PubMed]

Brandan, E.; Gutierrez, ]. Role of skeletal muscle proteoglycans during myogenesis. Matrix Biol. 2013, 32,
289-297. [CrossRef]

Kresse, H.; Hausser, H.; Schonherr, E. Small proteoglycans. Experientia 1993, 49, 403—416. [CrossRef]
Lethias, C.; Carisey, A.; Comte, J.; Cluzel, C.; Exposito, ].Y. A model of tenascin-X integration within the
collagenous network. FEBS Lett. 2006, 580, 6281-6285. [CrossRef]

Ehnis, T.; Dieterich, W.; Bauer, M.; Kresse, H.; Schuppan, D. Localization of a binding site for the proteoglycan
decorin on collagen XIV (undulin). J. Biol. Chem. 1997, 272, 20414-20419. [CrossRef]

Elefteriou, F; Exposito, ].Y.; Garrone, R.; Lethias, C. Binding of tenascin-X to decorin. FEBS Lett. 2001, 495,
44-47. [CrossRef]

Font, B.; Eichenberger, D.; Rosenberg, L.M.; Van der Rest, M. Characterization of the interactions of type
XII collagen with two small proteoglycans from fetal bovine tendon, decorin and fibromodulin. Matrix Biol.
1996, 15, 341-348. [CrossRef]

Margaron, Y.; Bostan, L.; Exposito, J.Y.; Malbouyres, M.; Trunfio-Sfarghiu, A.M.; Berthier, Y.; Lethias, C.
Tenascin-X increases the stiffness of collagen gels without affecting fibrillogenesis. Biophys. Chem. 2010, 147,
87-91. [CrossRef]

Nishiyama, T.; McDonough, A.M.; Bruns, R.R.; Burgeson, R.E. Type XII and type XIV collagens mediate
interactions between banded collagen fibers in vitro and may modulate extracellular matrix deformability.
J. Biol. Chem. 1994, 269, 28193-28199. [PubMed]

Bailey, A.J.; Light, N.D. The effect of ante- and post-mortem factors on meat connective tissue: Growth rate,
handling and conditioning. In Connective Tissue in Meat and Meat Products; Elsevier Applied Science: London,
UK, 1989; pp. 195-224.

Dubost, A.; Micol, D.; Lethias, C.; Listrat, A. New insight of some extracellular matrix molecules in beef
muscles. Relationships with sensory qualities. Animal 2016, 10, 821-828. [CrossRef]

Picard, B.; Lefaucheur, L.; Berri, C.; Duclos, M. Muscle fibre ontogenesis in farm animal species.
Reprod. Nutr. Dev. 2002, 42, 415-431. [CrossRef]

Chal, J.; Pourquié, O. Making muscle: Skeletal myogenesis in vivo and in vitro. Development 2017, 144,
2104-2122. [CrossRef] [PubMed]

Jackson, H.E.; Ingham, PW. Control of muscle fibre-type diversity during embryonic development: The
zebrafish paradigm. Mech. Dev. 2013, 130, 447-457. [CrossRef]


http://dx.doi.org/10.1155/2016/3182746
http://www.ncbi.nlm.nih.gov/pubmed/27022618
http://dx.doi.org/10.1186/1471-2091-13-29
http://www.ncbi.nlm.nih.gov/pubmed/23259756
http://dx.doi.org/10.1016/j.meatsci.2012.02.026
http://www.ncbi.nlm.nih.gov/pubmed/22436659
http://dx.doi.org/10.1021/jf501528s
http://www.ncbi.nlm.nih.gov/pubmed/25175407
http://dx.doi.org/10.1111/j.1740-0929.2009.00696.x
http://dx.doi.org/10.1016/j.meatsci.2006.10.027
http://www.ncbi.nlm.nih.gov/pubmed/22064201
http://dx.doi.org/10.1016/j.matbio.2013.03.007
http://dx.doi.org/10.1007/BF01923585
http://dx.doi.org/10.1016/j.febslet.2006.10.037
http://dx.doi.org/10.1074/jbc.272.33.20414
http://dx.doi.org/10.1016/S0014-5793(01)02361-4
http://dx.doi.org/10.1016/S0945-053X(96)90137-7
http://dx.doi.org/10.1016/j.bpc.2009.12.011
http://www.ncbi.nlm.nih.gov/pubmed/7961756
http://dx.doi.org/10.1017/S1751731115002396
http://dx.doi.org/10.1051/rnd:2002035
http://dx.doi.org/10.1242/dev.151035
http://www.ncbi.nlm.nih.gov/pubmed/28634270
http://dx.doi.org/10.1016/j.mod.2013.06.001

Foods 2019, 8, 97 14 of 15

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

Jiwlawat, N.; Lynch, E.; Jeffrey, J.; Van Dyke, ].M.; Suzuki, M. Current Progress and challenges for skeletal
muscle differentiation from human pluripotent stem cells using transgene-free approaches. Stem Cells Int.
2018, 2018, 6241681. [CrossRef]

Listrat, A.; Lethias, C.; Hocquette, ].F.; Renand, G.; Menissier, F.; Geay, Y.; Picard, B. Age-related changes
and location of types I, III, XII and XIV collagen during development of skeletal muscles from genetically
different animals. Histochem. J. 2000, 32, 349-356. [CrossRef] [PubMed]

Listrat, A.; Picard, B.; Geay, Y. Age-related changes and location of type I, IIl and IV collagens during skeletal
muscle development of double-muscled and normal bovine foetuses. |. Muscle Res. Cell Motil. 1998, 19, 1-14.
[CrossRef]

Listrat, A.; Picard, B.; Geay, Y. Age-related changes and location of type I, III, IV, V and VI collagens during
development of four foetal skeletal muscles of double-muscled and normal bovine animals. Tissue Cell 1999,
31,17-27. [CrossRef] [PubMed]

Robelin, J.; Lacourt, A.; Béchet, D.; Ferrara, M.; Briand, Y.; Geay, Y. Muscle differentiation in the bovine fetus:
A histological and histochemical approach. Growth Dev. Aging 1991, 55, 151-160. [PubMed]

Berthod, F.; Germain, L.; Guignard, R.; Lethias, C.; Garrone, R.; Damour, O.; Van der Rest, M.; Auger, FA.
Differential expression of collagens XII and XIV in human skin and in reconstructed skin. J. Investig. Dermatol.
1997, 108, 737-742. [CrossRef] [PubMed]

Elefteriou, F.; Exposito, ].Y.; Garrone, R.; Lethias, C. Characterization of the bovine tenascin-X. J. Biol. Chem.
1997, 272, 22866-22874. [CrossRef]

Hayes, A.].; Hall, A.; Brown, L.; Tubo, R.; Caterson, B. Macromolecular organization and in vitro growth
characteristics of scaffold-free neocartilage grafts. J. Histochem. Cytochem. 2007, 55, 853-866. [CrossRef]
[PubMed]

Bradford, M.M. A rapid and sensitive method for quantification of microgram quantities of protein utilizing
principle of protein-dye binding. Anal. Biochem. 1976, 72, 248-254. [CrossRef]

Meunier, B.; Picard, B.; Astruc, T.; Labas, R. Development of image analysis tool for the classification of
muscle fibre type using immunohistochemical staining. Histochem. Cell Biol. 2010, 134, 307-317. [CrossRef]
Poschl, E.; Schlétzer-Schrehardt, U.; Brachvogel, B.; Saito, K.; Ninomiya, Y.; Mayer, U. Collagen IV is essential
for basement membrane stability but dispensable for initiation of its assembly during early development.
Development 2004, 131, 1619-1628. [CrossRef]

Cassar-Malek, I.; Ueda, Y.; Bernard, C.; Jurie, C.; Sudre, K.; Listrat, A.; Barnola, I.; Gentes, G.; Leroux, C.;
Renand, G. Molecular and biochemical muscle characteristics of Charolais bulls divergently selected for
muscle growth. Indic. Milk Beef Qual. 2005, 112, 371-377.

Nusgens, B.; Delain, D.; Senechal, H.; Winand, R.; Lapierre, C.M.; Wahrmann, J.P. Metabolic changes in the
extracellular matrix during differentiation of myoblasts of the L6 line and of a Myo- non-fusing mutant.
Exp. Cell Res. 1986, 162, 51-62. [CrossRef]

Nandan, D.; Clarke, E.P; Ball, EH.; Sanwal, B.D. Ethyl-3,4-dihydroxybenzoate inhibits myoblast
differentiation: Evidence for an essential role of collagen. ]. Cell Biol. 1990, 110, 1673-1679. [CrossRef]
[PubMed]

Chaturvedi, V.; Dye, D.E.; Kinnear, B.F.,; van Kuppevelt, T.H.; Grounds, M.D.; Coombe, D.R. Interactions
between Skeletal Muscle Myoblasts and their Extracellular Matrix Revealed by a Serum Free Culture System.
PLoS ONE 2015, 10, e0127675. [CrossRef] [PubMed]

Carrino, D.A.; Oron, U.; Pechak, D.G.; Caplan, A.L Reinitiation of chondroitin sulphate proteoglycan
synthesis in regenerating skeletal muscle. Development 1988, 103, 641-656.

Carrino, D.A.; Sorrell, ].M.; Caplan, A.I. Dynamic expression of proteoglycans during chicken skeletal muscle
development and maturation. Poult. Sci. 1999, 78, 769-777. [CrossRef] [PubMed]

Gagniére, H.; Picard, B.; Geay, Y. Contractile differentiation of foetal cattle muscles: Intermuscular variability.
Reprod. Nutr. Dev. 1999, 39, 637-655. [CrossRef]

Stupka, N.; Kintakas, C.; White, ].D.; Fraser, EW.; Hanciu, M.; Aramaki-Hattori, N.; Martin, S.; Coles, C.;
Collier, F; Ward, A.C.; et al. Versican processing by a disintegrin-like and metalloproteinase domain
with thrombospondin-1 repeats proteinases-5 and -15 facilitates myoblast fusion. J. Biol. Chem. 2013, 288,
1907-1917. [CrossRef]

Miura, T.; Kishioka, Y.; Wakamatsu, J.-I.; Hattori, A.; Nishimura, T. Interaction between myostatin and
extracellular matrix components. Anim. Sci. J. 2010, 81, 102-107. [CrossRef]


http://dx.doi.org/10.1155/2018/6241681
http://dx.doi.org/10.1023/A:1004013613793
http://www.ncbi.nlm.nih.gov/pubmed/10943849
http://dx.doi.org/10.1023/A:1005305824838
http://dx.doi.org/10.1054/tice.1998.0015
http://www.ncbi.nlm.nih.gov/pubmed/10368982
http://www.ncbi.nlm.nih.gov/pubmed/1837286
http://dx.doi.org/10.1111/1523-1747.ep12292122
http://www.ncbi.nlm.nih.gov/pubmed/9129225
http://dx.doi.org/10.1074/jbc.272.36.22866
http://dx.doi.org/10.1369/jhc.7A7210.2007
http://www.ncbi.nlm.nih.gov/pubmed/17478447
http://dx.doi.org/10.1016/0003-2697(76)90527-3
http://dx.doi.org/10.1007/s00418-010-0733-7
http://dx.doi.org/10.1242/dev.01037
http://dx.doi.org/10.1016/0014-4827(86)90425-8
http://dx.doi.org/10.1083/jcb.110.5.1673
http://www.ncbi.nlm.nih.gov/pubmed/2159480
http://dx.doi.org/10.1371/journal.pone.0127675
http://www.ncbi.nlm.nih.gov/pubmed/26030912
http://dx.doi.org/10.1093/ps/78.5.769
http://www.ncbi.nlm.nih.gov/pubmed/10228975
http://dx.doi.org/10.1051/rnd:19990510
http://dx.doi.org/10.1074/jbc.M112.429647
http://dx.doi.org/10.1111/j.1740-0929.2009.00700.x

Foods 2019, 8, 97 15 of 15

40.

41.

42.

43.

44.

45.

Hennebry, A.; Berry, C.; Siriett, V.; O’Callaghan, P.; Chau, L.; Watson, T.; Sharma, M.; Kambadur, R. Myostatin
regulates fiber-type composition of skeletal muscle by regulating MEF2 and MyoD gene expression. Am. J.
Physiol.-Cell Physiol. 2009, 296, C525-C534. [CrossRef]

Kishioka, Y.; Thomas, M.; Wakamatsu, J.; Hattori, A.; Sharma, M.; Kambadur, R.; Nishimura, T. Decorin
enhances the proliferation and differentiation of myogenic cells through suppressing myostatin activity.
J. Cell Physiol. 2008, 215, 856-867. [CrossRef]

Wu, H,; Naya, FJ.; McKinsey, T.A.; Mercer, B.; Shelton, ].M.; Chin, E.R.; Simard, A.R.; Michel, RN.;
Bassel-Duby, R.; Olson, E.N.; et al. MEF2 responds to multiple calcium-regulated signals in the control of
skeletal muscle fiber type. EMBO ]. 2000, 19, 1963-1973. [CrossRef] [PubMed]

Zou, Y.Q.; Zwolanek, D.; Izu, Y.Y.; Gandhy, S.; Schreiber, G.; Brockmann, K.; Devoto, M.; Tian, Z.Z.; Hu, Y.;
Veit, G.; et al. Recessive and dominant mutations in COL12A1 cause a novel EDS/myopathy overlap
syndrome in humans and mice. Hum. Mol. Genet. 2014, 23, 2339-2352. [CrossRef] [PubMed]

Du, M.; Tong, J.; Zhao, J.; Underwood, K.R.; Zhu, M.; Ford, S.P.; Nataniellz, PW. Fetal programming of
skeletal muscle development in ruminant animals. ]. Anim. Sci. 2010, 88, E51-E60. [CrossRef] [PubMed]
Huang, Y.; Zhao, J.-X.; Yan, X.; Zhu, M.-].; Long, N.M.; McCormick, R.].; Ford, S.P.; Nataniellz, PW.; Du, M.
Maternal Obesity Enhances Collagen Accumulation and Cross-Linking in Skeletal Muscle of Ovine Offspring.
PLoS ONE 2012, 7, €31691. [CrossRef] [PubMed]

@ © 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http:/ /creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1152/ajpcell.00259.2007
http://dx.doi.org/10.1002/jcp.21371
http://dx.doi.org/10.1093/emboj/19.9.1963
http://www.ncbi.nlm.nih.gov/pubmed/10790363
http://dx.doi.org/10.1093/hmg/ddt627
http://www.ncbi.nlm.nih.gov/pubmed/24334604
http://dx.doi.org/10.2527/jas.2009-2311
http://www.ncbi.nlm.nih.gov/pubmed/19717774
http://dx.doi.org/10.1371/journal.pone.0031691
http://www.ncbi.nlm.nih.gov/pubmed/22348119
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Muscle Samples 
	Transverse Sections Preparation 
	Azorubine Staining 
	Antibodies 
	Immunohistochemistry 
	Western Blot Analyses of Type XII and XIV Collagens 
	Image Acquisition and Analysis 
	Statistical Analysis 

	Results 
	Sixty and 110 dpc 
	Perimysium 
	Endomysium 

	180 dpc to 260 dpc 
	ECM Molecules Whose Location Changed 
	ECM Molecules Whose Location Did not Change 


	Discussion 
	Conclusions 
	References

