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Matrixmetalloproteinases (MMPs) are a group of enzymes that degrade extracellularmatrix components but are
also important signaling molecules that regulate many biological processes including muscle, adipose and con-
nective tissue development. Most recently it has been discovered that MMPs act as intracellular signaling mole-
cules inducing gene expression and altering related proteins in the nucleus. Several single nucleotide
polymorphisms of MMPs and their inhibitors are known to exist and most of the research on MMPs to date
has focused on their activity in relation to human health and disease. Nevertheless there is a growing body of ev-
idence identifying important roles of MMPs as regulators of myogenesis, fibrogenesis and adipogenesis. The aim
of this review is to highlight the currently known functions of the MMPs that have a direct bearing on the depo-
sition of meat components and their relationship with meat quality. Some central pathways by which these en-
zymes can affect the tenderness, the amount and type of fatty acids are highlighted.
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Table 1
Selected reviews onMMPs, ADAMs and ADAMTS which provide detailed accounts of me-
talloproteinase structure, regulation, inhibition and reviewvarious aspects of known func-
tions. This list is by no means exhaustive.

Reference Title Principal topics covered

Matrisian
(1992)

The matrix-degrading
metalloproteinases

MMP structure, specificity,
regulation by TIMPs, normal
extracellular roles, MMP as
mediators of growth factors and
cytokines.

Nagase et al.
(2006)

Structure and function of the
matrix metallo-proteinases and
TIMPs

Structure of the MMPs,
mechanism of activation,
inhibitions by TIMPs, MMP
activity in cardiovascular
disease.

Verma and
Hansch
(2007)

Matrix metalloproteinases
(MMPs): Chemical–biological
function and (Q)SARs

Structure and substrate
selectivity of MMPs, chemistry
of artificial inhibitors,
structure–activity relationships,
clinical trials of MMP inhibitors.

Alameddine
(2012)

Matrix metalloproteinases and
skeletal muscle: A brief review

MMP roles in muscle
development, muscle repair,
myopathies and response to
exercise/disuse atrophy.

Chen and Li
(2009)

Role of matrix
metalloproteinases in skeletal
muscle

Role of MMPs in normal muscle
development and injury repair.

Murphy
(2010)

Fell-muir lecture:
Metalloproteinases: From
demolition squad to master
regulators

Overview of MMPs and ADAMs
function roles in ECM
degradation and ectodomain
shedding, involvement in
disease and therapeutic
approaches.

White
(2003)

ADAMs: modulators of cell–cell
and cell–matrix interactions

ADAMs as disintegrin,
sheddases, roles in normal
biology and pathology.

Huovila
et al.
(2005)

Shedding light on ADAM
metalloproteinases

ADAMs as sheddases genetic
manipulations of activities,
signaling pathways downstream
of sheddase activity.

Khokha et al. Metalloproteinases and their Structure and activity of MMPs,
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1. Introduction

The metzincin superfamily of metallo-endopeptidases includes
serralysins, astacins, paplaysins, adamlysins (which comprise ADAMs
and ADAMTs) and matrixins, also known as matrix metalloproteinases,
or MMPs (Vandenbrouke & Libert, 2014). Metzincins are all zinc-
dependent proteases whose activity is regulated in vivo by endogenous
tissue inhibitors of metalloproteinases (TIMPs). In addition to general
activities as proteases of extracellular proteins, several groups of
metzincins are known to be important regulators of cell signaling at
the cell-matrix interface. Extensive and comprehensive reviews exist
on the structure and function of the general metalloproteinase clan
and their role in normal tissue functions and disease, some of which
are referenced in Table 1, together with previous reviews on the struc-
ture, composition, expression, activation, regulation and physiological/
pathological roles of MMPs.

Historically, (e.g. Woessner, 1991) it was thought that MMPs princi-
pally act as enzymes that degrade structural components of the extra-
cellular matrix (ECM), but newer evidence shows that MMPs are also
involved in awide range of extra- and intra-cellular signaling pathways.
MMPs play a central role as regulator of the tissue microenvironment
under physiological conditions during development and tissue remod-
eling or conditions contributing to tissue destruction (Shiomi,
Lamaitre, Darmiento, & Okada, 2010).

In this review we will focus specifically on the functions of the ma-
trix metalloproteinases which have obvious or potential relations with
meat quality. The major themes in this regard are (i) those roles associ-
atedwithmyogenesis and growth ofmuscle tissue (ii) the role ofMMPs
in the competing processes of fibrogenesis and adipogenesis, and (iii)
the degradation and turnover of the extracellular matrix components
in skeletal muscle and how this could be manipulated to improve
meat tenderness. Lastly, we will discuss variations in the activity of
theMMP system between differentmuscles in the carcass, or variations
caused by SNPs in the genes coding for MMPs as contributors to varia-
tions in meat quality.
(2013) natural inhibitions in
inflammation and immunity

ADAMs and TIMPs, expression
and regulation, roles in
inflammation and immunity.

Shiomi et al.
(2010)

Matrix metalloproteinases, a
disintegrin and
metalloproteinases, and a
disintegrin and
metalloproteinases with
thrombospondin motifs in
non-neoplastic disease.

Structure and characteristics of
metalloproteinases and TIMPs,
involvement in disease of the
circulatory, respiratory and
nervous systems, liver, kidneys,
joints and muscular disease.

Kelwick
et al.
(2015)

The ADAMTS (A disintegrin and
Metalloproteinases with
thrombospondin motifs) family.

ADAMTS genes and evolution,
structure localization and
activity, gene knockout and
polymorphism effects, roles in
development and disease.

Kessenbrock
et al.
(2010)

Matrix metalloproteinases
regulators of the tumor
microenvironment.

MMP characteristics, regulation,
in vivo functions, role in
apoptosis and specifically
involvement in many aspects of
cancer cell migrations and
tumor progression.
2. Structural and biological characteristics of MMPs

2.1. General structure and properties of MMPs

The principal structural features of MMPs, as well as ADAMs and
ADAMTS, are summarized in Fig. 1 (From Khokha, Murthy, & Weiss,
2013). Matrisian (1992); Nagase, Visse, and Murphy (2006), and
Verma and Hansch (2007) in their publications describe in more detail
the basic structure of the MMPs and their differences according to their
grouping.

Currently, 24 different types of MMP have been identified as
expressed proteases among vertebrates (Ajay Kumar, Mamta, Alok,
Kamlesh, Shanthy et al., 2010). At least 11 MMPs and 3 of the 4
known TIMPs have been shown to be expressed in bovine skeletal mus-
cle (Balcerzak, Querengesser, Dixon, & Baracos, 2001).

A typical MMP has in its structure four functional domains; a signal
peptide plus a pro-domain with a conserved cysteine switch motif, the
catalytic domain, the hemopexin domain and a linker peptide of vari-
able length (Nagase et al., 2006). Very roughly speaking, the pro-
domain is involved in activation of the enzyme, variations in the cata-
lytic relate to differences in the preferred substrates of the enzymes,
and variations in the last twodomains relate to variations in localization
of the enzymes. Based on their structural characteristics, MMPs thus are
classified into secreted-type MMPs or membrane-anchored types (MT-
MMPs), of which there are only six (Shiomi et al., 2010). TheMT-MMPs
are inserted in the plasmamembrane by a transmembrane segment or a
glycosylphosphatidylinositol (GPI) anchoring sequence (Manello &
Medda, 2012). Both MT-MMPs and MMPs are divided into subgroups
according to substrate specificity (Shiomi et al., 2010). Thus, MMPs
are grouped into collagenases, gelatinases, stromelysins, membrane
type (MT) and others.

2.2. Expression, secretion and regulation of MMPs

The regulation of MMP activity can be at several different levels and
involves the gene expression, activation of zymogens and inhibition of
the enzymes by endogenous inhibitors (Manello & Medda, 2012).
Hence, regulation of MMP activation and activity is a multi-faceted pro-
cess that has many inputs and cross-connections to multiple signally
pathways. Fig. 2 describes these events in relation to the normal extra-
cellular activation of MMPs. The vast majority of current knowledge



Fig. 1.General structure and domain characteristics of themetalloproteinases.Matrixmetalloproteinases (MMPs) are a groupof proteaseswhich function in the extracellular environment
of cells and degrade bothmatrix and non-matrix proteins. They are multi-domain proteins and their activities are regulated by tissue inhibitors of metalloproteinases (TIMPs). Reprinted
by permission from Macmillan Published Ltd.: Nature Reviews/Immunology (Khokha et al., 2013).
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about MMP activity focuses on their extracellular activity, although it is
now known that some MMPs are active inside cells, as discussed in
section 2.3.

MMP expression is tightly regulated at the transcriptional level and
is induced by biochemical cell signaling by cytokines, chemokines,
growth factors and chemical agents, as well as cell–cell or cell–matrix
interactions, including mechanical stimulation signals from exercise
(Lluri & Jaworski, 2005; Coronato, Laguens, & Girolamo, 2012). Some
of theMMPs are transported to the cell surface in vesicles to be released
extracellularly or to bind to the cell membrane.

The enzymes are synthesized as pro-MMPs; that is to say, in an inac-
tive form inside the cell. Activation of the enzymes is an important step
in the regulation of MMP activity (Manello, Tonti, & Papa, 2005;
Rosenblumet al., 2007a). This is a process that normally occurs extracel-
lularly (Manello & Medda, 2012) by other activated MMPs or by other
serine proteinases, although the activation in some cases can be intra-
cellular by pro-protein convertases such as furin or by aforementioned
activators, or at the cell surface (for example, the formation of a
MMP14–TIMP2–pro-MMP2 trimolecular complex activates pro-
MMP2). Some MMPs have furin-like proprotein convertase recognition
sequences in their structure at the end of the propeptide andmay be ac-
tivated intracellularly, and so will be secreted on the cell surface in ac-
tive form or exert their action inside the cell.

The final step in the regulation of MMP activity is either their degra-
dation or inhibition by endogenous inhibitors: the TIMPs (Manello &
Gazzanelli, 2001; Troeberg & Nagase, 2007; Clark, Swingler, Sampieri,
& Edwards, 2008). TIMPs are the major cellular inhibitors of the matrix
metalloproteinase, exhibiting varying efficacy against different mem-
bers. Four TIMPs are known (TIMP-1, 2, 3 and 4) but the ones with a
greater role againstMMPs are TIMP-1, TIMP-2 and TIMP-4which inhibit
different MMPs according to their location and substrate. These en-
zymes regulate MMP activity during tissue remodeling and possess
other biological activities which may not be related to their inhibitory
capacities (Baker, Edwards, & Murphy, 2002). The normal functions of
MMPs depends on the balancebetween themand their physiological in-
hibitors (Kessenbrock, Plaks, & Werb, 2010). TIMPs also may be activa-
tors in some cases, e.g they can activate proMMP-2 and proMMP-9, the
gelatinases responsible for proteolysis of denatured collagens.

2.3. MMPs are also active intracellularly

Localization of activeMMPs inside the cell (in thenucleus, organelles
or in the cytosol) represents an important aspect of the functions of
MMPs that has heretofore been unappreciated. Manello and Medda
(2012) summarize evidence from various studies showing MMP activ-
ity within cells. Although the roles of intracellular MMPs are not well
defined, it appears that they are involved in cleaving and activating in-
tracellular peptides, may induce gene expression, and can alter matrix
proteins in the nucleus in healthy and disease conditions. So MMPs
have a dual role as proteases of structural proteins and signaling



Fig. 2.MMPs function can be regulated at different levels 1— RNA transcription (MMP expression) 2— Protein translation 3— Secretion 4— Localization 5— Activation of zymogen form
6 — Expression of their inhibitors like TIMP, α-macrogloblin 7 — Protease degradation. It is important to consider the substrate availability and accessibility. This defines the degree of
which MMP activity is used. Reprinted by permission from Macmillan Published Ltd.: Nature Reviews/Molecular Cell Biology (Page-McCaw et al., 2007)).
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enzymeswithin a cell, just as they do extracellularly (Manello &Medda,
2012).

In skeletal muscle, Hadler-Olsen, Solli, Hafstad, Winberg, and Uhlin-
Hansen (2015) detected MMP-2 (but not its sister gelatinase, MMP-9)
concentrated in Z-lines of the sarcomeres, in the nuclear membrane,
in mitochondria, and at the periphery of the myofibrils, probably in
the sarcoplasmic reticulum or in T-tubuli. Furthermore, some results
suggest that intracellular localization of MMPs in skeletal muscle fibers
is active during normal homeostasis, and that their levels are affected by
the intensity of physical activity (Hadler-Olsen et al., 2015). Intracellular
substrates of MMP-2 in cardiomyocytes include α-actinin-1, desmin,
myosin light chain-1, troponin I and titin, and so it has been inferred
that MMP-2 probably contributes in regulation and repair of structural
proteins in muscle producing contractile force (Sung et al., 2007b;
Cauwe & Opdenakker, 2010; Ali, Fan, & Schulz, 2011; Hadler-Olsen
et al., 2015). Cauwe andOpdenakker (2010) also showed the intracellu-
lar action of MMP-2 is capable of processing several mitochondrial pro-
teins such as heat shock protein 75, −90α, and −90β and
peroxiredoxin 5, linking the enzyme to regulation of protein folding
and antioxidant activity.

However, Cha and Purslow (2010) showed that MMP activity in so-
leus muscle and heart muscle was mainly extracellular, despite the
muscle cells containing high levels of pro-MMPs. They also observed
that smaller diameter (probably oxidative)muscle fibers contain higher
concentrations of pro-MMPs in rat soleus muscle. In contrast to this,
Carmeli, Moas, Lennon, and Powers (2005) observed that high-
intensity exercise promotes MMP-2 expression more in muscles with
a high proportion of type II fibers (glycolytic fibers). According to
Manello andMedda (2012),most of the enzymeMMP-26 is retained in-
side the cell which produces it, where it undergoes autocatalytic activa-
tion during high calcium influxes. Normal calcium levels within resting
muscle fibers would probably maintain MMP-26 in an inactive state.

The recent observations of activity of MMPs inside the cell open up a
new vision of their roles as both proteases and signaling molecules in
the cell biology.

2.3.1. Nuclear localization of MMPs
MMPs and TIMPs have been shown to act in the nuclei of a wide

range of human and animal cell types (Manello & Medda, 2012). In re-
lation to skeletal muscle, direct evidence of perinuclear collagenase ac-
tivity in myoblasts (Cha & Purslow, 2010) and in differentiated
myotubes (Purslow, Archile-Contreras, & Cha, 2012) has been obtained
by cell “in-situ” zymography. Although the possible functions and sub-
strates of MMPs in the nucleus remain largely unknown, it is believed
that these may include maintenance of nuclear matrix structure, chro-
matin remodeling, control of apoptosis, and regulation of cellular prolif-
eration (Satyesh et al., 2014). It is known that TIMP-1 is also present in
high concentrations in the nucleus and it is considered to be related to
the regulation ofMMPs involved in cell cycle inhibition. The novel intra-
cellular and intranuclear functions of MMPs could be involved in cell
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apoptosis by differentmechanisms and forms of action. (Tonti, Manello,
Cacci, & Biagioni, 2009; Manello & Medda, 2012; Hishikawa, Nakaki, &
Frujii, 2000).

Clearly, as Manello and Medda (2012) suggest, the precise roles of
MMPs in nuclear sorting and control of expression should be an impor-
tant focus of future studies. At present, we can merely reflect that these
metalloproteinases obviously have intercellular roles far beyond simple
proteolysis.

3. Biological roles of MMPs during muscle, adipose and connective
tissue development and their influence in meat quality

3.1. Activities of MMPs expected to influence meat quality

Two of the most desirable meat quality attributes for consumers are
tenderness and juiciness. According to the past surveys of beef pro-
ducers by National Cattlemen's Beef Association, marbling and tender-
ness were consistently identified as the top beef quality issues
(McKenna et al., 2002; Garcia et al., 2008). Cooked meat tenderness is
dominated by the contributions of myofibrillar proteins but also has a
contribution from the amount and composition of the intramuscular
connective tissue (IMCT). Intramuscular fat (marbling) levels are also
associated with juiciness, flavor, tenderness and overall liking of the
meat.

There is clear evidence of a strong involvement of MMPs and TIMPs
in myogenesis, fibrogenesis and adipogenesis during muscle develop-
ment. In early embryonic development, mesenchymal progenitor cells
diverge into a myogenic lineage and a non-myogenic lineage. The
non-myogenic lineage differentiates into adipocytes and fibroblasts
and the myogenic cells into myocytes and satellite cells, as described
by Miao et al. (2015) and summarized in Fig. 3.

During embryonic growth of muscles, adipogenesis and fibrogenesis
(development of connective tissue forming cells) may be considered as
a competitive process (Du et al., 2010; Miao et al., 2015). If the total
Fig. 3. Formation of major cell types in muscle from mesodermal cells in the embryonic som
myotubes and subsequently muscle fibers. The other mesodermal progenitor line forms eit
either fibroblasts or adipocytes is competitive; more of one equals less of the other. Hence,
decreases the potential for IMCT deposition, and vice versa.
density and proliferation of mesodermal progenitor cells are unaltered,
enhancing adipogenic differentiation and reducing fibrogenic differen-
tiation from progenitor cells is projected to increase the capacity for de-
velopment of marbling and reduce the capacity for connective tissue
deposition during post-natal growth (Du et al., 2013), and so may di-
rectly impact meat tenderness and juiciness. The balance between the
differentiation of mesodermal progenitor cells into fibroblasts versus
adipocytes is partly under the control of MMPs. Thus, the issues of fat
deposition and connective tissue deposition in growing muscle are in-
extricably linked.

As the amount and maturity of the connective tissue in muscle con-
tributes to the background toughness of beef, there is interest in mini-
mizing the amount and strength of this component. As summarized
by Purslow et al. (2012), a series of studies has targeted the possibility
of reducing the abundance of mature cross-links in intramuscular colla-
gen by increasing remodeling of the connective tissue by MMPs.
3.2. Biological roles of MMPs in relation with myogenesis

As the process of myocyte alignment in the embryonic development
of muscle is patterned by interactions between the cells and extracellu-
lar matrix components, it should be no suprise that MMPs are impli-
cated in this initial stage of myogenesis and in the fusion of
uninucleate myocytes into multinucleate myotubes. Chen and Li
(2009) demonstrate the involvement of MMP-1, MMP-2, MMP-9 and
MT1-MMP in myogenesis and consider MMP-2 and MT1-MMP as
major factors affecting the formation of myotubes in vitro.
Alameddine (2012) observed MMP-1, MMP-2, MMP-3, MMP-7, MMP-
9, MMP-10, MMP-14 and MMP-16 in myogenic cells of various species.
Other studies have also indicated an important role of MMP-2, MMP-7,
MMP-9 and MT1-MMP in myotube formation (El Fahime, Torrente,
Caron, Bresolin, & Tremblay, 2000; Lewis, Tippett, Sinanan, Morgan, &
Hunt, 2000 and Caron, Asselin, Morel, & Tremblay, 1999) and Lluri and
ites. One line of progenitor cells forms satellite cells and the myocytes that fuse to form
her fibroblasts (connective tissue-forming cells) or adipocytes. The differentiation into
tipping the balance towards more adipocytes increases the potential for marbling and
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Jaworski (2005) confirmed that TIMP-2,MT1-MMP, andMMP-2 are up-
regulated coincident with myogenesis.

3.3. MMPs in relation to post-natal muscle growth (hypertrophy)

MMPs are responsible for the degradation of intramuscular connec-
tive tissue to allow an appropriate increase in muscle fiber size when
the muscle increases the size during growth of the animal (Purslow,
2005). Coupled with the activity of fibroblasts that synthesizes new
components of the ECM (mainly collagen), a balance between degrada-
tion and synthesis of new collagen is generated. The amount and com-
position of the ECM are related to the functions of the growing
muscle. The control of extracellular space surrounding the cell by
MMPs allows cell migration, proliferation, tissue growth and repair as
well as pathological tissue destruction in disease conditions. Different
MMPs interact in specific ways with different extracellular matrix com-
ponents. The collagenases (MMP-1, MMP-8, MMP-13 andMMP-18) di-
gest interstitial collagen, types I, II and III, whereas the gelatinases A and
B (MMP-2 and MMP-9 respectively) act on denatured collagen.

Animals in feedlots can generate much faster growth than animals
grazing on pasture. Rapid growth requires rapid degradation and regen-
eration of the connective tissue layers separating growingmuscle fibers.
This rapid regeneration of connective tissuemay diminish the formation
of stable and insoluble mature crosslinking in comparison with the
crosslinking of the meat of slower-growing animals that usually pro-
duce a firmer meat. Manipulation of the rate of remodeling of IMCT
may be considered as a means to improve the tenderness of IMCT-rich
muscles (Purslow et al., 2012).

3.4. MMP expression and activity varies between muscles and exogenous
factors

In post-natal skeletalmuscle tissue, bothmuscle cells and fibroblasts
secrete MMPs and TIMPs (Purslow, 2002) but this expression of these
enzymes is influenced by multiple factors like breed, age, sex, feed
level, exercise and muscle fiber type. It is obvious that the balance be-
tween synthesis and degradation of ECM components is very different
in different muscles, as the connective tissue content and architecture
varies greatly between muscles with different biological functions.
Archile-Contreras, Mandell, and Purslow (2010), demonstrated that fi-
broblasts isolated from 3 different muscles of the same cattle also
have different MMP activity, again reflecting that the different amounts
of connective tissue and architecture in these muscles influence in en-
zyme expression. Fibroblasts isolated from the longissimus,
semitendinosus, and sternomandibularis muscles of the same beef ani-
mal showed significant differences in proliferative capacity and in the
activity of MMP-2 that they express in a common basal environment.
The level of expression of MMPs by muscle fibers appears to differ be-
tween fast glycolytic and slow oxidative muscle fiber types.

The function of MMPs is also influenced by reactive oxygen species
(ROX) (Archile-Contreras & Purslow, 2011; Kessenbrock et al., 2010).
The free radicals in the animal muscle are formed as a result of natural
metabolism. Muscles have natural mechanisms through the expression
of antioxidants to counteract the action of ROX, but when the balance is
altered by diet, stress, or environmental pollution conditions, oxidative
stress occurs. This oxidative stress can activate pro-MMPs. Oxidants
such HOCL and ONOO– have the ability to activate pro-MMPs by
reactingwith the cysteine switch in the pro-peptide. Hence, ROX can af-
fect the activity of intracellularMMPs. Vitamins E and C can counter the
negative effects of oxidative stress on new collagen synthesis (Archile-
Contreras, Cha, Mandell, Miller, & Purslow, 2011), but again it is inter-
esting to note that the effects of these vitamins on the expression and
activity of MMP-2 and the synthesis of new collagen by fibroblasts dif-
fers between fibroblast isolated from different muscles. Vitamin C is
an essential cofactor in the divalent cross-link formation in newly syn-
thesized collagen (Bailey & Light, 1989).
The presence of the stress hormone epinephrine also can influence
MMP expression by myoblasts and fibroblasts (Cha & Purslow, 2011)
and the beta-agonist growth promoter ractopamine has the effect of in-
creasing extracellular MMP-2 activity in myoblasts and fibroblasts,
counterbalanced by the increased presence of TIMP-1 (Cha & Purslow,
2012) in addition to its major effect of increasing muscle growth by al-
tering the balance between syntheses and degradation of myofibrillar
proteins.

3.5. Role of MMPs in adipogenesis and fatty acid composition

Intramuscular fat is located in the intramuscular connective tissue
and, again, remodeling of the IMCT by MMPs and synthesis of new
ECM components by fibroblasts in necessary for the growth of fat de-
posits between and within muscle fascicles. In addition to factors com-
ing from the ECM environment surrounding the muscle cells, several
MMPs are expressed by pre-adipocytes and adipocytes, especially
MMP-2 and MMP-9 (Bouloumie, Sengenes, Portolan, Galitzky, &
Lafontan, 2001; Van Hul, Lupu, Dresselaers, Buyse, & Lijnen, 2012).

Intramuscular fat content and fatty acid composition have a large in-
fluence on the palatability of meat (Scollan et al., 2014; Lee et al., 2007).
Redmeat has a high concentration of saturated fatty acids and low con-
centration of the polyunsaturated fatty acids considered beneficial to
human health, and so it is important to identify the genes influencing
muscle lipid profile (Dunner, Sevane, Garcia, Leveziel, et al., 2013b).
The fatty acid composition of intramuscular fat differs between breeds
and nutritional factors only have a little influence on this, so indicating
that metabolism of fatty acids is partially under genetic control.

Chavey et al. (2003) clearly demonstrate that MMPs are involved in
modulations of adipocyte differentiation. Because adipocytes and fibro-
blasts (connective tissue-forming cells) share common embryonic pro-
genitor cells (mesenchymal cells) the factors promoting adipogenesis
can result in more adipocytes and less fibroblasts (Miao et al., 2015).
This may result in a greater potential to develop more marbling and a
smaller potential to form connective tissue in the muscles of animals
and influence in the tenderness. However, in a comparison of Nellore
and Angus cattle breeds, Martins et al. (2015) found a higher marbling
in the longissimusmuscle in the Angus versus Nellore cattle, but no sig-
nificant differences in the content of collagen. This apparent contradic-
tion may be due to the very different growth rates between the two
breeds. In faster-growing Angus cattle, the expression of MMPs, TIMP-
1, collagen I and collagen III were all higher than in the Nellore cattle.
The increased intramuscular fat in the longissimus of the Angus cattle
may be due to hypertrophy of adipocytes during post-natal growth
rather than a greater number of adipocytes produced during
development.

O'Hara, Lim, Mazzati, and Trayhurn (2009) consider that expression
MMP-1, MMP-3, MMP-9, MMP-10, MMP-12 and MMP-19 have a rela-
tion with the adipose tissue deposition. In contrast, Van Hul et al.
(2012) showed that deficiency of MMP-2 is associated with impaired
adipose development, whereas in their study MMP-9 expression had
no significant relation to adipose tissue development. It has been
shown that the inhibition of MMP decreases adiposity in mice and re-
duces the adipogenesis in 3T3-L1 and 3T3-F442A cells, and in vitro it
has also been shown that specific inhibition of MMP-9 reduces adipo-
genesis in humans (Bourlier et al., 2005).

The fact that adipogenic and fibrogenic cells share immediate com-
mon progenitor cells provides an opportunity to manipulate the differ-
entiation of progenitor cells to favor adipogenesis.

4. Polymorphisms and expression of MMPs and TIMPs

In cattle, several single nucleotide polymorphisms (SNPs) have been
identified from genome sequencing and are utilized as molecular
markers. SNPs in candidate genes are used to determine possible
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phenotypic variations of the carcass traits inmeat quality characteristics
(Buchanan et al., 2002).

A polymorphism is a genetic variant that appears within genes in
above 1% of a population and represents natural sequence variants
which are likely responsible for variations in phenotype. SNPs can be
causative or not, depending on their location. They are causative when
the SNP is in a non-coding region and affects the amount or activity of
the enzyme, or if the SNP is in a coding region and so produces changes
in the amino acid sequence and hence the identity of the protein. In the
bovine genome 2.3 million putative SNPs have been identified, but only
around 123,000 of these were identified from regions with deep se-
quence coverage of a high quality andwith high probability of being val-
idated. (Williams et al., 2009; Jorgenson &Witte, 2006). SNPs occur at a
frequency of about one SNP per 500 bp in and cattle (Heaton et al.,
2001).

Many of the SNPs identified in cattle have been associated with var-
iations in the carcass characteristics, growth rate and meat quality
(Dunner, Sevane, Garcia, Cortes, et al., 2013a). Investigations by
Dunner et al. (2013b) identified SNPs in genes related to adipogenesis
and lipid profile in meat from 15 European cattle breeds. Among candi-
date genes analyzed, they found SNPs in MMP-1 associated with large
effects on the fatty acid profile, specifically on docosahexaenoic acid
(22:6 n-3) and conjugated linoleic acid (CLA) content. The SNPs
ss77831914 and ss77831916 affect the amount of CLA, and SNP
ss77831924 affects decosahexaenoic acid. A polymorphism in the
MMP-1 gene was found that influenced the activity of the m-calpain
and was associated with meat tenderness. We consider that further
Fig. 4. Schematic diagram representing the main pathways by which MMPs and their inhibit
receptor proteins that regulate gene expression. All other symbols and topics are described in
examination of SNPs in genes for MMPs and TIMPs could help to assess
the role of these enzymes in the genetic control of muscle development
and meat quality. A large number of SNPs in genes of MMPs and TIMPs
have been entered in databases; the question of interest is if any of these
have effects on the qualities of meat.

SNPs inMMPs and TIMPsmay affect the amount and composition of
the fat and the connective tissue content and the cross-linking in the
muscles from animals. The identity of the SNPs in the MMPs and
TIMPs probably differs between breeds and their effects may vary
with feeding, age, sex, time of year of slaughter of animals. As men-
tioned above, SNPs are natural variations which arise between animals
of the same breed.

5. Concluding remarks and outlook

It is known that the MMPs play a major role in ECM remodeling.
Nevertheless, numerous recent studies have uncovered other multiple
and divergent roles of these enzymes in two areas; as proteases of intra-
cellular structural proteins and as signaling enzymes within a cell, just
as they act extracellularly (Malemud, 2006; Manello & Medda, 2012).
MMPs have significant cell-signaling and gene regulation activities dur-
ing animal growth and ultimately impactmeat quality, as schematically
shown in Fig. 4.

MMPs are involved in the remodeling of IMCT to allow an increase in
size ofmuscle fibers duringpost-natal growth. Increasing the rate of this
continuous turnover of the connective tissue may suppress develop-
ment of mature cross-links that are associated with tougher meat.
ors affect meat quality. PPARs (peroxisome proliferator-activated receptors) are nuclear
the text.



145S. Christensen, P.P. Purslow / Meat Science 119 (2016) 138–146
MMPs influence thematuration of adipocytes and their lipid profiles
and the preferred development of intramuscular connective tissue gen-
erates lower intramuscular fat and vice versa (Du et al., 2010). In terms
of the effects of MMPs on the turnover of intramuscular connective tis-
sue; as collagen content varies between muscles, we speculate that the
associations between MMP/TIMP activity and meat quality will most
probably vary between different muscles, and the influence of hor-
mones and growth factors will also have variable effects, at least in the
level of association.

Given that myogenic, adipogenic, and fibrogenic cells are derived
from a common pool of mesenchymal progenitor cells, the manipula-
tion of progenitor cell differentiation is an opportunity to enhance
lean growth, reduce connective tissue accumulation, and alter fat depo-
sition,with the objective of improving the efficiency and quality ofmeat
production (Du et al., 2013). Less fibrogenic differentiation may reduce
intramuscular connective tissue deposition, thereby decreasing back-
ground toughness of beef. It has been suggested that variations in ma-
ternal nutrition during fetal development may be a form of “fetal
programing” to improve meat production (Du, Wang, Fu, Yang, & Zhu,
2015).

Although SNPs for MMPs and TIMPS are well-documented in beef
cattle, there is sparse information on their effects on phenotypic aspects.
As it is known that SNPs inMMPs affect the fatty acid profile, this can be
expected to impact meat tenderness and juiciness. We can also postu-
late that SNPs in MMPs may affect the activity of the enzymes and this
may also impact meat toughness.
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