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ABSTRACT: A disintegrin and metalloproteinase-12 
(ADAM12) is involved in the regulation of myogenesis 
and adipogenesis and is of interest as a potential target 
to manipulate skeletal muscle development and intra-
muscular fat (IMF) deposition in cattle to increase beef 
yield and improve meat quality. The longissimus thoracis 
muscle (LM) and semitendinosus muscle (STM) from 5 
Bos taurus (Angus) and 5 Bos indicus (Brahman) cattle 
were collected for histological and ADAM12 gene and 
protein expression analysis. Myofiber typing was used 
to determine if ADAM12 expression patterns related 
to differences in muscling and IMF deposition, which 
are influenced by proportions of the different myofiber 
types. The STM was found to contain a higher proportion 

of glycolytic myofibers than the LM, which contained a 
greater proportion of oxidative myofibers (myofiber ratio 
of glycolytic to more oxdidative types in LM and STM 
of 1.1 and 3.5, respectively; P < 0.05). ADAM12 gene 
expression, fluorescent immunohistochemical stain-
ing for ADAM12, and image analysis found ADAM12 
to be greater in the LM (P < 0.05). Regression analysis 
found a strong, positive relationship for the distribution 
of ADAM12 against the proportion of type I myofibers 
(P < 0.05, r2 = 0.86). These findings suggest ADAM12 is 
upregulated in muscles with more slow-oxidative myofi-
bres, such as the LM, and is linked to type I myofibers in 
cattle. ADAM12 may be important in the regulation and 
maintenance slow myofibers in the LM muscle.
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INTRODUCTION

Large variation in muscle phenotypes (muscularity, 
muscle fiber types, and intramuscular fat [IMF] deposi-
tion) are observed in beef cattle (McPherron and Lee, 
1997; Wegner et al., 2000; Gotoh, 2003; Hocquette et al., 
2010). The metabolic and functional (postural vs. loco-
motory) characteristics of skeletal muscles are a result of 

the biochemical characteristics of the myofibers within 
each muscle and the connective tissue matrix within 
which they are organized (Maltin et al., 2001). Myofi-
ber characteristics in cattle are influenced by anatomi-
cal location of the muscle, gender, breed, and nutrition 
(Ozawa et al., 2000; Wegner et al., 2000; Gotoh, 2003; 
Lehnert et al., 2007; Greenwood et al., 2009). Myofibers 
have been classified according to their contractile and 
metabolic activity in muscle. In ruminants, there are 5 
myofiber types, which can be characterized by the pres-
ence of myosin heavy-chain (MHC) isoforms, which 
relate to their contractile and metabolic properties. The 
classification of myofibers based on these isoforms are 
type I (slow oxidative), type IIX (fast glycolytic), type 
IIA (fast oxidative glycolytic), type IIA-type IIX inter-
mediate (type IIAX), and type I-type IIA intermediate 
(type IIC; Greenwood et al., 2009).
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A disintegrin and metalloprotease-12 (ADAM12) is 
of particular interest in beef cattle due to its involvement 
in regulating remodeling of extracellular matrix, modula-
tion of cell morphological changes, satellite cell activa-
tion, and ectodomain shedding during signaling of mus-
cle and fat development (Cao et al., 2003; Kawaguchi et 
al., 2003). ADAM12’s role myogenesis and adipogenesis 
(Cao et al., 2002; Kawaguchi et al., 2003) may prove it 
to be important in determining myofiber types and phe-
notyptic muscle traits such as marbling and muscling in 
cattle. This study aims to determine whether ADAM12 is 
related to differences observed in myofiber types in bo-
vine muscles—namely LM and semitendinosus muscle 
(STM) from Angus and Brahman cattle—and whether 
such differences may potentially influence phenotypic 
muscle traits such as muscling and marbling in cattle.

MATERIALS AND METHODS

All animal and laboratory work was undertaken by 
the New South Wales Department of Primary Industries 
Glen Innes and Armidale (Animal Ethics Committee ap-
proval numbers ORA 06/001 and ORA 06/004), the Vic-
torian Department of Primary Industries, and the Uni-
versity of Melbourne, Parkville, Australia.

Animals and Sample Collection

The animals studied in this investigation were 10 
castrate male cattle (steers) from 2 breeds, Bos taurus 
(Angus; n = 5) and Bos indicus (Brahman; n = 5). These 
2 cattle breeds were used due to well recognized differ-
ences in meat quality traits between the breeds (Robinson 
et al., 2012). British breed cattle such as Angus generally 
produce beef that is more marbled and tender than beef 
produced from Brahman cattle (Shackelford et al., 1991; 
Ferguson et al., 2001). Samples were collected within 1 h 
postmortem from the superficial, cranial region of 2 mus-
cles, the STM and LM, of 5 Angus and 5 Brahman steers 
from the study of Cafe et al. (2010a,b). These muscle sites 
were sampled also because they produce beef with differ-
ent meat quality traits, with LM muscle being more oxi-
dative and tender than the STM, which is more glycolytic 
and has more connective tissue (Stolowski et al., 2006).

A muscle tissue block of approximately 1.5 cm3 was 
sampled from each carcass, snap frozen in isopentane 
cooled to approximately –160°C in liquid nitrogen, and 
stored at –80°C until required for use.

Protein Extraction of ADAM12  
from Bovine Skeletal Muscle

Frozen muscle samples (approximately 1 g) were 
homogenized in 50 mL of chilled ADAM12 extraction 

buffer (20 nM Tris-HCl, pH 8.0, 150 mM NaCl, 1 mM 
MgCl2∙6H2O, 1 mM CaCl2∙6H2O, 50 mM n-octylgluco-
side [Roche, Mannheim, Germany], and 1 EDTA-free 
Protease Inhibitor Tablet [Roche]). The frozen muscle 
was cut into fine pieces with scissors and homogenized 
with an IKA-Labortechmik Ultra-Turrax 725 Probe 
(Janke & Kunkel, Staufen, Germany) for 10 s. The ho-
mogenate was then centrifuged briefly at 100 × g for 
1 min at 4°C to remove insoluble material. The super-
natant was transferred to a fresh tube and the remain-
ing insoluble material discarded. The supernatant was 
centrifuged at 14,800 × g for 45 min at 4°C. The su-
pernatant from this spin was transferred to a fresh tube 
and the pellet was resuspended in 500 μL of 1xLDS 
buffer (Invitrogen, Carlsbad, CA). Both fractions were 
aliquoted into smaller volumes and stored at –20°C.

Sodium Dodecyl Sulfate-PAGE  
and Western Blot Analysis of ADAM12

Before SDS-PAGE, the protein concentrations 
from homogenized muscle lysates were determined 
using the 2D Quantitation Kit (GE Healthcare Biosci-
ences, Pittsburgh, PA). Sodium dodecyl sulfate-PAGE 
of proteins was performed using 4 to 12% Bis-Tris 
NuPAGE gels and NuPAGE MES SDS Running buffer 
(Invitrogen). Fifty micrograms of homogenized muscle 
cells lysates were loaded onto the gel and separated by 
electrophoresis at constant voltage of 165 V for 45 min.

Following electrophoresis, the SDS-PAGE gels 
were transferred to nitrocellulose membrane using 
the iBlot Gel Transfer Stacks and iBlot Dry Blotting 
System (Invitrogen). Blotting was performed accord-
ing to manufacturer’s instructions. The nitrocellulose 
membrane was then blocked in 2% (wt/vol) BSA. The 
presence of ADAM12 in the homogenized muscle 
cell lysates was detected by probing the nitrocellulose 
membrane with the following primary and secondary 
antibodies: rabbit anti-ADAM12 polyclonal primary 
antibody (CL1ADAM12 Cedarlane, Burlington, Can-
ada) and IRDye 800CW Goat anti-rabbit IgG (LI-COR, 
Lincoln, NE). The nitrocellulose membranes were then 
scanned using infrared laser on the LI-COR Odyssey 
(LI-COR).

Two-Dimensional Gel Electrophoresis

Fifty micrograms of the homogenized muscle cell 
lysates were applied to 7-cm pH 3 to 11 nonlinear im-
mobilized pH gradient (IPG) strips (GE Healthcare, 
Foster City, CA) using passive in-gel rehydration over-
night at 20°C. The following morning, isoelectric fo-
cusing (IEF) used the following protocol: 500 V for 
1 h, 1,000 V for 1 h, gradient to 8,000 V for 1 h, and 
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8,000 V for 4 h. The total volt hours per IEF run was 
approximately 40,000 V h. Focused IPG strips were 
then reduced and alkylated with dithiothreitol and io-
dacetamide and then subjected to SDS-PAGE on Nu-
PAGE 4 to 12% SDS-PAGE gels (Invitrogen). The 
2-dimensional (2D) gel electrophoresis protein gels 
were then transferred to nitrocellulose membrane and 
western blotting was performed as described above.

Total RNA Extraction and cDNA Synthesis

Total cellular RNA was extracted by homogeniz-
ing 100 mg of LM and STM in 1 mL Trizol reagent 
(Invitrogen). This was performed according to the 
manufacturer’s instruction and an Ultra-Turrax 725 ho-
mogenizing probe (IKA-Labortechnik). Before cDNA 
synthesis, the total RNA concentration was quantified 
spectrophotometrically and its integrity validated by 
the optical density (OD)260/OD280 absorption ratio 
(>1.8) and visualization on a Bioanalyzer using a RNA 
6000 Nanochip (Agilent, Santa Clara, CA). Comple-
mentary DNA synthesis was performed according to 
the manufacturer’s instruction on 1 μg total RNA using 
Superscript III RT (Invitrogen) and oligo dT (Promega, 
Madison, WI).

ADAM12 Gene Expression

ADAM12 gene expression was determined us-
ing quantitative real-time PCR (qRT-PCR). This was 
achieved using the SYBR Green based fluorescent de-
tection system (Invitrogen) and the Eppendorf Realplex 
thermal cycler (Eppendorf, New York, NY). A constant 
amount of cDNA was added to 1 μM of each forward 
and reverse ADAM12 or hypoxanthine-guanine phos-
phoribosyltransferase (HPRT; reference gene) prim-
ers and 2x SYBR Green Master Mix (Invitrogen). The 
forward and reverse primer pairs are listed in Table 1. 
Three technical replicates were performed for each 
gene investigated. To ensure all samples had the correct 
melting temperatures, the melt curves were checked for 
each qRT-PCR product: ADAM12 and HPRT. Using 
the cycle threshold (CT) values for ADAM12 and the 
HPRT reference gene, the mean normalized expression 
value of ADAM12 was determined relative to the refer-
ence gene (HPRT).

Muscle Immunohistochemistry  
for Myofiber Characterization

Muscle tissue blocks were mounted in OCT Com-
pound (Tissue-Tek, Staufen, Germany) and 10-μm thick, 
cross-sectional, serial sections were cut from each mus-
cle sample using a Leica (CM1850; Leica, Sydney, Aus-
tralia) cryostat microtome at –20°C. Myofiber type was 
characterized by application of 3 monoclonal antibodies 
against type I (slow), type II (fast), and types I, IIB, and 
2X MHC isoforms to 3 serial sections as described by 
Greenwood et al. (2009).

Myofiber Classification

Muscle sections were viewed using an Olympus 
BX40 (Olympus, Center Valley, PA) compound micro-
scope and images of the fields of view were observed by 
Sony Donpisha 3CCD color video camera (Sony Corpo-
ration, Tokyo, Japan)

For each sample, myofibers were classified and mea-
sured from the serial stained tissue sections for the 3 MHC 
antibodies. Myofibers were classified into 5 subtypes (I, 
IIC, IIA, IIAX, and IIX; Fig. 1) and measured according 
to the classification system as described by Greenwood 
et al. (2009). For each muscle sample, 2 fields of view 
of the serial stained sections were captured (Fig. 1), and 
myofibers were classified into types and the mean cross-
sectional area (μm2) of each myofiber of each type mea-
sured. The mean cross-sectional area of myofibers was 
determined using the image analysis software, Image Pro 
Plus (Media Cybernetics, Inc., Rockville, MD).

Immunofluorescence of ADAM12

Frozen muscle sections were left at room temperature 
for 20 min. A hydrophobic pen was used to draw a hydro-
phobic, wax boundary around the muscle section. These 
were then rehydrated in PBS for a further 20 min. Sections 
were then blocked in wash buffer (0.5% [wt/vol] BSA and 
0.1% [wt/vol] saponin; Sigma, St Louis, MO) plus 10% 
goat serum for 1 h in a humidified chamber. The block-
ing solution was removed and sections were incubated in 
primary antibody (rabbit polyclonal anti-ADAM12 an-
tibody [CL1ADAM12; Cedarlane, Canada] and mouse 
monoclonal anti-dystrophin antibody [Thermo Scientific, 
Melbourne, Australia]) diluted 1:200 in wash buffer for 

Table 1. Forward and reverse primers used for quantitative real-time PCR
Gene Genbank accession number Primer Sequence (5′– 3′)
ADAM12 NM_001001156 Forward GATGACCAAGTACGTAGAGCTGG

Reverse CCCATTCACCAGCCTCCATGA
Hypoxanthine-guanine 
phosphoribosyltransferase (HPRT)

NM_001034035 Forward AGGACCCCTCGAAGTGTTG
Reverse TCCAGTTTCGCTAATGAC
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1 h. Negative controls (no primary antibody and rabbit 
polyclonal IgG) were performed simultaneously to detec-
tion of ADAM12. Sections were then washed 3 times in 
wash buffer and incubated in secondary antibody (anti-
rabbit Alexa Fluor 488 and anti-mouse Alexa Fluor 594; 
Invitrogen) diluted 1:250 in wash buffer for 2 h in the 
dark. Sections were then washed 3 times in wash buffer 
and incubated in Hoechst DNA stain (1 μg/μL; Invitro-
gen) diluted 1:1,000 in PBS for 30 to 60 s. Sections were 
then mounted with a cover slip using polyvinyl alcohol.

Image Analysis of Fluorescently Labeled  
ADAM12 in Bovine Skeletal Muscle

For fluorescently labeled ADAM12, 10 fields of 
view were captured for each section with an Olympus 
BX60 microscope (Hamburg, Germany) and SPOT RT 
slider camera (SPOT Imaging Solution, Sterling Height, 
MI). Using image analysis software, Image Pro Plus 
(Media Cybernetics) the percent area of the fluores-
cently labeled protein for each image was calculated 

for that field of view. The number of pixels covered by 
the greyscale (fluorescently labeled protein) was then 
calculated and divided by total number of pixels in the 
captured field to obtain a percent area. From the 10 im-
ages the mean was calculated to determine the relative 
amounts of ADAM12 per animal.

Statistical Analyses

Statistical analyses was performed using 2-way ANO-
VA in Genstat 14.1 (VSN International, Hemel Hempstead, 
UK). Breed and muscle site were fitted as fixed effects and 
the interaction between the fixed effects was tested. Ani-
mal was nested within breed and muscle site. Results are 
presented as predicted means ± SEM. A value of P < 0.05 
was considered to be statistically significant.

For principle component analysis, data was ana-
lyzed in MatLab R2013a (version 8.1.0.604; Mathworks, 
Sydney, Australia) using PLS-Toolbox (version 7.3; Ei-
genvector, Wenatchee, WA). The principal components 
analysis (PCA) model was constructed with autoscale 
preprocessing of the X-block data with the first 2 com-
ponents explaining 97.99% of model variation.

RESULTS

Myofiber Characteristics in Bovine Skeletal Muscle
Breed differences in muscle fibers were observed 

between the Angus and Brahman cattle. The cross-sec-
tion area (μm2) of type IIX myofibers was found to be 
significantly larger in Brahman cattle compared with 
the Angus cattle (P < 0.05; Table 2). Arrows in Fig. 1 
indicate type IIX myofibers with large cross-sectional 
area in Brahman cattle. The cross-sectional area of type 
IIX myofibers was greater in the LM compared with the 
STM in Brahman but was greater in the STM compared 
with the LM in Angus cattle.

As expected, large differences in muscle fiber types 
were also observed between anatomically distinct mus-
cles. Significant differences were found between the LM 
and STM for percentages of type I, type IIA, and type IIX 
myofibers (P < 0.05; this result is based on combined data 
from both breeds; Table 2). A higher proportion of type I 
(Fig. 2A) and type IIA was found in the LM compared 
with the STM. A higher proportion of type IIX myofibers 
was found in the STM compared with the LM muscle. 
There was also a breed effect on the total muscle area (rel-
ative area) comprising type IIA and type IIX myofibers 
with Angus cattle having greater area comprising IIA and 
lower area of IIX myofibers compared with Brahman cat-
tle (P < 0.01; this result is based on combined data from 
both muscle sites; Table 2). Total muscle area comprising 
type I, type IIA, and type IIX was also different between 

Figure 1. Immunohistochemical staining of myosin heavy chains 
(MHC) in myofibers in LM of Brahman and Angus cattle. s: type I (slow 
oxidative), a: type IIA (fast oxidative glycolytic), x: type IIX (fast glycolytic), 
c: type IIC (type I-type IIA intermediate), and ax: type IIAX (type IIA-type 
IIX intermediate). Classification of type IIAX myofibers was determined as 
positive staining for the type II MHC antibody, intermediate staining for the 
type I, IIB, and IIX MHC antibody, and negative staining for the type I MHC 
antibody. Classification of type IIC myofibers was based on positive or inter-
mediate staining for all 3 MHC antibodies. Arrows indicate type IIX myofi-
bers with large cross-sectional area in Brahman cattle. Scale bar is 100 μm. 
See online version for figure in color.

 at ProQuest on July 21, 2014www.journalofanimalscience.orgDownloaded from 

http://www.journalofanimalscience.org/


A disintegrin and metalloproteinase-12 is type 1 myofiber specific 1477

LM and STM (P < 0.001; data combined for both breeds). 
Type I and type IIA covered a greater area in the LM com-
pared with the STM, whereas type IIX covered a greater 
area in the STM (Table 2). These results were also sup-
ported by the differences found between muscles for the 
ratio of type II:type I (type IIX + type IIAX + type IIA 
+ type IIC/type I; P < 0.01) and the ratio of glycolytic 
to more oxidative myofiber types (type IIX/type I + type 
IIAX + type IIA + type IIC). Therefore, from these results 
the STM had more glycolytic myofibers compared with 
the LM, which had more oxidative myofibers.

Expression of ADAM12 in Bovine Myofibers

Gene expression of ADAM12 in the bovine muscle 
was found to be greater in the LM muscle compared with 
the STM (P < 0.05; Fig. 2B). This was supported by in-
creased positive fluorescent staining of ADAM12 in the 
LM muscle (Fig. 3). ADAM12 appeared to be predomi-
nantly intracellular, with high power images also revealing 
positive staining of ADAM12 at the cell periphery; this 
was particularly evident in myofibers with no intracellular 
ADAM12 (Fig. 4). Negative controls for ADAM12 were 
negative (images not shown). It is unclear what ADAM12 
is actually bound to intracellularly but it shows simi-

lar staining to a structural component of the muscle cell 
such as myosin or actin. The staining in both the LM and 
STM showed a similar pattern to that of type I myofibers 
(Fig. 3 and 5). Image analysis of the total area stained for 
ADAM12 found similar quantities when compared with 
the proportion of type I myofibers in the LM and STM 
(within breed; Fig. 2A and 2C). Principle component 
analysis showed 93% of the variation is found between 
muscles (LM and STM) whereby ADAM12 and type I 
myofibers are higher in LM and type IIX myofibers are 
higher in STM (Fig. 6A). To further confirm ADAM12 is 
more highly associated with type I myofibers regression 
analysis was used. This lead to the finding that positive 
staining (proportion fluorescent immunohistochemi-
cal [FIHC] staining) for ADAM12 is positively related 
(P < 0.05) with the proportion of type I myofibers (Fig. 
6B) and negatively related (P < 0.05) with proportion of 
type IIX myofibers (Fig. 6C). To confirm the specific as-
sociation with type I myofibers, slow MHC I, a marker of 
type I myofibers, was co-stained with ADAM12 revealing 
ADAM12 does in fact stain with type I myofibers (Fig. 5). 
This provides further evidence ADAM12 co-localizes and 
is specific to slow-oxidative type I myofibers.

Table 2. Breed and muscle effect on myofiber characteristics in the LM and semitendinosus muscle (STM) in 5 
Angus and 5 Brahman cattle
Variable Angus LM SEM Angus STM SEM Brahman LM SEM Brahman STM SEM
Proportion of myofibers, %

Type I 25.8a 1.9 12.1b 1.8 26.6a 2.8 9.4b 3.2
Type IIC 0.1 0.1 0.5 0.1 0.3 0.2 0.4 0.1
Type IIA 20.2a 3.2 13.2b 1.3 16.4a 2.2 8.6b 0.5
Type IAX 2.8 1.2 2.6 0.9 2.1 0.5 2.7 0.5
Type IIX 47.9a 6.0 71.7b 2.3 53.0a 1.4 78.9b 2.8
% II toI1 2.8 0.3 8.0 1.1 3.0 0.5 13.1 4.3
% Glycolytic to Oxidative 1.1 0.2 2.7 0.3 1.2 0.1 4.3 0.8

Mean cross-sectional area, μm2

Type I 2,847 350 3,296 419 3,229 299 3,764 657
Type IIC 3,366 – 2,537 1317 2,898 679 2,355 505
Type IIA 3,171 297 3,097 562 3,173 306 2,883 396
Type IIAX 3,741 229 3,549 736 3,880 800 3,429 268
Type IIX 3,982d 304 4,985d 450 6,783cg 714 5,469ch 670

Proportion of total myofiber area, %
Type I 21.9i 2.8 8.7h 1.2 17.0i 1.7 6.2h 2.0
Type IIC 0.1 0.01 0.3 0.2 0.3 0.2 0.2 0.1
Type IIA 19.1ei 3.2 9.0eh 1.4 10.2fi 1.3 5.1fh 0.7
Type IIAX 3.2 1.3 2.1 0.8 1.8 0.5 1.8 0.3
Type IIX 55.8ei 5.3 80.0eh 2.3 70.8fi 0.8 86.8fh 2.0

a,bProportion of type I, type IIA, and type IIX myofibers were different between muscles (superscript a is different from b, P < 0.05).
c,dMean cross-sectional area of myofibers in the LM and STM was higher in Brahman compared to Angus cattle (superscript c is different from d, P < 0.05).
g,hMean cross-sectional area of myofibers in Brahman cattle was higher in the LM compared to the STM (superscript g is different from h, P < 0.05).
e,fBreed also affected the total area of type IIA and type IIX myofibers (data combined for both muscles; superscript e is different from f, P < 0.05).
h,iTotal area of type I, type IIA, and type IIX myofibers was also different in LM compared with the STM (data combined for both breeds, superscript h is 

different from i).
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Two-Dimensional Gel Electrophoresis  
and Western Blot Analysis of ADAM12

Westerns blot analysis for ADAM12 using 2D elec-
trophoresis from the LM and STM identified a number 
of individual protein forms for ADAM12 (Fig. 7) in 
these anatomical muscles. In the LM muscle, a trail of 
spots was evident at 59 kDa (Spot Group 1), and this 
was also present in the STM but at a lower spot inten-
sity. Spot Group 2 (40 kDa) also showed a strong signal 
in the LM but not in the STM blot. In the STM, spots 
with a higher isoelectric point to Spot Group 1 were 
present at 59 and 54 kDa. These spots were not evi-
dent in the LM blot. Spot Group 5 was present in blots 
from both muscles and displayed similar signal inten-
sities between blots. One-dimensional gel electropho-
resis and western blotting of ADAM12 also identified 
ADAM12 at 59 and 54 kDa representing active forms 
of ADAM12 (Fig. 7D). A 155-kDa band was also evi-
dent representing latent ADAM12.

DISCUSSION

The Influence of Muscle Function  
on Muscle Biochemistry in Cattle

Muscle fiber typing was used to determine whether 
muscle contractile biochemistry was different between 
cattle breeds and muscle sites and whether this was as-
sociated with variation in ADAM12 expression. The LM 
muscle was more oxidative and STM was more glyco-
lytic, consistent with work of others in cattle (Jurie et 
al., 1995; Schreurs et al., 2008). Calculation of myofiber 
ratios found the ratio of glycolytic to oxidative types to 
be 3 times greater in STM than the LM. The myofiber 
ratio of type II to type I myofiber in the LM muscle was 
lower in the STM. The cross-sectional area of type IIX 
myofibers in LM of Brahman cattle was greater com-
pared to Angus cattle. This suggests Brahman cattle dis-
play hypertrophy of fast-glycolytic type IIX myofibers 
when compared to Angus cattle.

Figure 2. Increased expression of a disintegrin and metalloproteinase-12 (ADAM12) in the slow-oxidative LM. ADAM12 mean normalized gene expres-
sion relative to the reference gene, HPRT (B), and proportion of fluorescent immunohistochemical (FIHC) staining (C) show similar trends as the proportion of 
type I myofibers (A) of Angus and Brahman cattle in the LM and semitendinosus muscle (STM). Differences were found between muscle sites (LM and STM) 
for proportion of type I myofibers (%), ADAM12 FIHC staining (%), and mean normalized gene expression of ADAM12 (P < 0.05). Western blot of ADAM12 
in the homogenized structural protein fraction (lane 1 and 2) and cytosolic protein fraction (lane 3 and 4) of bovine skeletal muscle identifying latent ADAM12 
(155 kDa) and active ADAM12 (59 and 54 kDa). MNE = mean normalised gene expression.
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ADAM12 Is Upregulated in Oxidative  
Muscle and Is Type I Myofiber Specific

Myofiber classification, ADAM12 FIHC, stain-
ing, and gene expression were used to identify whether 
ADAM12 expression is influenced by myofiber type. 
Gene expression of ADAM12 was upregulated in the LM, 
which has more slow-oxidative myofibers, compared 
with the STM, which has more fast-glycolytic myofi-
bers. Using PCA and regression analysis, the proportion 
of ADAM12 fluorescent staining was found to be more 
highly associated with type I myofibers. This was fur-
ther confirmed by co-immunostaining of ADAM12 and 
MHC I myofibers, which clearly identified ADAM12 to 
co-localize predominantly with type I myofibers in cattle. 
Adding further strength to this observation is the strong 
negative regression found between ADAM12 fluores-
cent staining with proportions of the fast-glycolytic type 
IIX myofibers, suggesting ADAM12 is not highly ex-
pressed by type IIX myofibers. The relationship between 
ADAM12 expression and type I myofiber percentage 
was highly significant and strong, explaining of 86% of 

the variation. The relationship between ADAM12 gene 
expression and type I myofiber percentage was similar 
for the LM and STM in both breeds of cattle, suggest-
ing ADAM12 is upregulated in slow-oxidative muscle 
(linked to type I myofibers) and less influenced by breed.

Upregulation of ADAM12 gene expression in the 
slower twitch, more oxidative LM muscle and the link 
with type I myofibers is an interesting result, suggesting 
a role for ADAM12 in skeletal muscle maintenance of 
the slow myofiber type. The Ca2+/calmodulin dependent 
calcineurin signaling pathway is responsible for mainte-
nance or remodeling of skeletal muscle towards the slow 
myofiber program (Bassel-Duby and Olson, 2006). In-
creased expression of ADAM12 and the link with slow-
oxidative myofibers suggests ADAM12 may be regulat-
ed in the Ca2+/calmodulin dependent calcineurin path-
way. Presence of active forms of ADAM12 proposes a 
role for proteolytic processing of intracellular substrates, 
potentially involved in signaling calcineurin and slow 
fibers. Upregulation of ADAM12 in slow-oxidative mus-
cle and hence specificity to type I myofibers may also 

Figure 3. Similar staining of a disintegrin and metalloproteinase-12 (ADAM12) and type I myofibers (myosin heavy chain [MHC] I) in LM and semi-
tendinosus muscle (STM) of cattle. ADAM12 labeled with Alexa Fluor 488 (green; Invitrogen, Carlsbad, CA), dystrophin labeled with Alexa Fluor 594 (red; 
Invitrogen), and nuclei labeled with  4-6-diamidino-2-phenylindole (blue). See online version for figure in color.
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be contributing to activation and fusion of satellite cells 
with existing myofibers during growth and maintenance. 
Muscles composed of more slow-twitch myofibers con-
tain more satellite cells than fast-twitch glycolytic myo-
fibers (Holterman and Rudnicki, 2005). ADAM12 may 
remain latent and in close association with satellite cells 
waiting on their activation so to enable fusion to existing 
myofibers. ADAM12 expression is upregulated in satel-
lite cells on activation (Bornemann et al., 2000). Dur-
ing skeletal muscle development transmembrane bound 
ADAM12 plays an important role in cell–cell fusion 
of myoblasts, to form long multinucleated myotubes 
(Yagami-Hiromasa et al., 1995; Stone et al., 1999; Kang 
and Zolkiewska, 2001). Therefore, postnatally during 
skeletal muscle maintenance, latent ADAM12-L may 
remain closely associated with satellites cells to help fa-
cilitate fusion with existing myofibers.

It has been suggested that intramuscular adipocytes 
are more highly associated with slow twitch oxida-

tive myofibers than fast twitch glycolytic myofibers in 
cattle (Hocquette et al., 2010). As previously discussed 
ADAM12 is also expressed in pre-adipocytes and adipo-
cytes (Kawaguchi et al., 2003; Punkt et al., 2004). Intra-
muscular adipocytes are also found to be more highly 
associated with type I myofibers and negatively corre-
lated with type IIB (now classified as type IIX) myofi-
bers in cattle (Gotoh, 2003). This suggests a relationship 
between ADAM12, type I myofibers, and IMF in cattle.

Differences in Posttranslational Modifications  
of ADAM12 between Muscle Sites

Western blot identified latent ADAM12 and active 
ADAM12 in the LM and STM samples. ADAM12 has 2 
isoforms, ADAM12-S and ADAM12-L. The antibody to 
the amino terminal end recognizes both ADAM12-S and 
ADAM12-L; however, it does not discriminate between 
the 2. ADAM12 was predominantly observed intracel-
lularly. High power images identified positive staining 
for ADAM12 at the cell periphery; this was evident par-
ticularly in cells with little or no intracellular ADAM12 
and therefore myofibers that are not type I. Staining of 
ADAM12 at the cell periphery was also evident in cells 
with intracellular ADAM12. Moreover, posttranslational 
modification and processing of ADAM12 in the LM and 
STM was determined by western blot and 2D gel elec-
trophoresis. ADAM12 processing appears to be similar in 
the 2 muscles investigated here, with common isoforms 
detected at 59, 54, and 40 kDa. However, posttranslational 
modification differences were observed, including the gly-
cosylation trail at 59 kDa (Kleinert et al., 2007) showing 
greater intensity in the LM than the STM. The second post-
translational modification evident was phosphorylation 
of ADAM12 at 59, 54, and 40 kDa. Murine ADAM12 is 
known to be phosphorylated and separates at a Isoelectric 
point of 8.79 (SwissProt Entrez-Gene). Murine ADAM12 
has the sequence PRPSHNyIK (SwissProt Entrez-Gene), 
which is homologous to a protein sequence present in bo-
vine ADAM12, suggesting that ADAM12 in cattle can 
also be phosphorylated at this site. The intensity of the 
spots for phosphorylated ADAM12 was predominant in 
the STM, whereas glycosylated ADAM12 was more pre-
dominant in the LM. Distinct roles for different posttrans-
lational modifications of ADAM12 have been proposed. 
ADAM12 is N-glycosylated in the endoplasmic reticulum 
before it is proteolytically processed and activated by furin 
in the golgi (Cao et al., 2002), whereas phosphorylation of 
ADAM12 at perinuclear regions causes its translocation 
to the plasma membrane (Stautz et al., 2010). Increased 
phosphorylated ADAM12 in the STM and positive stain-
ing for ADAM12 at the cell periphery (in myofibers not 
expressing intracellular ADAM12) suggests transmem-
brane bound ADAM12-L may be more predominant in 

Figure 4. High (40x) and low (10x) power fluorescent immunohisto-
chemical images of a disintegrin and metalloproteinase-12 (ADAM12) in the 
LM. ADAM12 is predominantly localized intracellular. Arrows indicate lo-
calization of ADAM12 at the cell periphery.
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Figure 5. Co-localization of a disintegrin and metalloproteinase-12 
(ADAM12) with myosin heavy chain (MHC) I in skeletal muscle of cattle. 
Merged image of slow MHC I and ADAM12. ADAM12 labeled with Alexa 
Fluor 488 (green), MHC I labeled with Alexa Fluor 594 (red; Invitrogen), and 
nuclei labeled with 4,6-diamidino-2-phenylindole (DAPI; blue). ADAM12 
labeled with Alexa Fluor 488 (green; Invitrogen), slow MHC I labeled with 
Alexa Fluor 594 (red; Invitrogen), and nuclei labeled with DAPI (blue). Scale 
bar 100 μm. See online version for figure in color.

Figure 6. Principle component (PC) analysis plot showing 93% varia-
tion between muscle sites (LM and semitendinosus [STM]): type IIX myofibers 
(%) are higher in the STM and type I myofibers (%) and a disintegrin and 
metalloproteinase-12 (ADAM12; %) are higher in the LM (LD) muscle (A). 
Linear regression for the proportion fluorescent immunohistochemical staining 
of ADAM12 (%) vs. proportion (%) of (B) type I (r2 = 0.86, P < 0.05) and (C) 
type IIX (r2 = 0.82, P < 0.05) myofibers. Squares denote values for LM and 
diamonds denote values for STM for Angus and Brahman cattle (6B and 6C). 
FIHC = fluorescent immunohistochemical.
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myofibers in the STM, which are most likely fast-glyco-
lytic myofibers (type IIX) as they are in greater propor-
tion. In light of this, it suggests the glycosylated form of 
ADAM12, which is more predominant in the LM muscle, 
where there is a greater number of type I myofibers and 
therefore myofibers positive for intracellular ADAM12, 
may be the short soluble isoform ADAM12-S. Further in-
vestigations are required to confirm this. This work does, 
however, provide evidence that ADAM12 is processed 
differently in different muscles of cattle with different bio-
chemical properties, potentially resulting in unique func-
tional roles for ADAM12 in the LM and STM.

In conclusion, this investigation found ADAM12 to be 
upregulated in the slower, more oxidative LM and specific 
to type I myofibers in cattle. This association and evidence 
from previous studies suggest that ADAM12 may be in-
volved in postnatal regulation of skeletal muscle remodel-
ing in the transition towards slow-oxidative myofibers. The 
association type I myofibers has with IMF content and the 
fact that ADAM12 is involved in adipogenesis also sug-
gests ADAM12 may be involved in regulation of IMF de-
velopment and marbling in cattle. Identification of different 
posttranslational modifications of ADAM12 in the LM and 
STM also suggest ADAM12 may be regulated differently 
in slow-oxidative versus fast-glycolytic muscles. Findings 
from this study and others provide evidence that ADAM12 
could potentially be used to manipulate skeletal muscle 
growth and IMF deposition at desired stages of develop-
ment in cattle.
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