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Abstract
Our objectives for this manuscript are to review the mechanisms of muscle growth, the biological basis of meat tenderness, and the 

th a?°nshiP between these two processes. Muscle growth is determined by hyperplasia and hypertrophy. Muscle cell size is determined by 
the ba ance between the amount of muscle protein synthesized and the amount of muscle protein degraded. Current evidence suggests that 

e calpain proteolytic system is a major regulator of muscle protein degradation. Sarcomere length, connective tissue content, and 
P 0 eolysis of myofibrils and associated proteins account for most, if not all, of the explainable variation in tenderness of meat after 
Postmortem storage. The relative contribution of each of the above components is muscle dependent. The calpain proteolytic system is a 

y regulator of postmortem proteolysis. While changes in muscle protein degradation affect meat tenderization/tendemess, changes in
muscle protein synthesis are not expected to affect meat tenderization/tenderness.
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'• Introduction
as To meet consumer expectations, the United States meat industry has identified solving the problem of inconsistent meat tenderness 

a top priority. This requires a detailed understanding of the processes that affect meat tenderness and, perhaps more importantly, the 
■zation of such information by the meat industry. Beginning with the decade of the 1990s, the United States meat industry has 
e erated the adoption of new technologies to meet consumer expectations. For example, while beef products from several companies now 

i lbe label of "guaranteed tender," just a few years ago such products could not be found in any retail case. Other recent developments 
te h 6 tilC use °* marinades and case-ready products. These recent developments indicate the increased likelihood of adoption of new 

oologies by the United States meat industry to improve consistency in meat tenderness.
1 Eating satisfaction results from the interaction of tenderness, juiciness, and flavor. However, as outlined previously (Koohmaraie, 

), there is little variation in juiciness and flavor of beef under production practices in the United States; therefore, reduction/elimination 
the enderness variation should result in reduction/elimination of variation in eating quality. The objectives of this manuscript are to review 
•p,. mechanisms of muscle growth, the biochemical basis for meat tenderness, and the relationship between these two important processes. 

ls ls not meant to be a comprehensive review of the literature.

■’ An unrelated but noteworthy observation
There seems to be a trend among many to put improper importance on a mean for a given trait of a given study. For example, it is 

mery c°mmon to see statements to the effect that a given percentage of meat tenderization occurs by day 1 postmortem, or that no change in 
tenderization occurs by day 3 postmortem, or most of the meat tenderization occurs after day 3 postmortem and since calpain has lost 

s of its activity, it cannot be involved in postmortem meat tenderization. The fact is that none of these changes occur uniformly among 
Wema s and to assume that they do is to underestimate the dynamic nature of postmortem changes. To illustrate this point, consider the data 
dav8enerated a number ° f  years ago to demonstrate the changes in shear force value of cooked lamb longissimus from slaughter until 14 
On >S 0f Postmortem storage (Fig. la, lb; Wheeler and Koohmaraie, 1994). The mean shear force value at 24 h postmortem was 8.66 kg. 
tend C°U'd i0°k at tb'S data and conclucie that at 24 h postmortem meat is very tough, that tenderization has not yet occurred, and that 
ent' T ati0n wil1 begtn sometime after 24 h of postmortem storage (Fig. la). If one plots the same curve for each individual lamb, an 
‘nfor d'fferent interPretation emerges (Fig. lb). The range in shear force values at 24 h postmortem was from 5 to 13 kg. Similar 
ntea mation was Presented in Fig. la as Standard Deviation (2.01 kg), but often when discussing the literature the SD is entirely ignored and 
Co " ls the only data considered. It is important to avoid such generalizations and over simplifications that can lead to erroneous 

c usions. In this example, 3 of 11 sheep are very tender at 24 h, 2 acceptable and 6 tough, so for 5 of 11 animals extensive tenderization 
occurred in the first 24 h.

2-0 Muscle growth
hvn Hyperplasia (increase in cell number) and hypertrophy (increase in cell size) are the determinants of muscle mass. If we define 
Q ^ rptasia as the actual number of cells, this trait is controlled by embryonic cell proliferation. However, if hyperplasia is defined as the 
atii ,Content’ then *f is determined by the prenatal cell proliferation and postnatal growth and development of satellite cells. Therefore, 
sateir b° m W‘th a greater number of muscle cells (e.g., double muscled cattle) have greater muscling potential. Also, animals in which 
dur’ Ue Ceds are more active could potentially have greater muscle mass. The great majority of the DNA content of muscle is accumulated 
the'h8 postnatal muscle growth and development, which is the direct result of satellite cell activity (Table 1). Muscle size is determined by 
re .a ance between the amount of muscle protein synthesized and the amount of muscle protein degraded. Any possible combination that 
de ® 1,1 a positive balance in this equation (muscle protein accretion = amount of muscle protein synthesized - amount of muscle protein 

s aded) will result in muscle hypertrophy (see the box below).

Cenarios that
1)
2)

3)

can lead to muscle hypertrophy:
Increased protein synthesis and decreased protein degradation.
Increased protein synthesis and increased protein degradation, providing increase in synthesis is greater than the 
increase in degradation (least efficient method to increase muscle growth rate).
Decreased protein synthesis and decreased protein degradation, providing decrease in protein degradation is greater 
than the decrease in synthesis (most efficient method to increase muscle growth rate).___________________________

Names ¡
naHe ^  necessary t0 rePort factually on available data; however, the USDA neither guarantees nor warrants the standard of the product, and the use of the
* Co  ̂HSDA implies no approval of the product to the exclusion of others that may also be suitable.
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Figure la. Effect of postmortem time on Wamer-Bratzler shear force of lamb longissimus (Wheeler and Koohmaraie, 1994).
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Figure lb. Effect of individual animal and postmortem time on lamb longissimus Wamer-Bratzler shear force (Wheeler & Koohmaraie, 1994).

Table 1 Postnatal DNA accumulation in skeletal muscle3
Species, muscle Increase in DNA (X-Percentage of DNA accumulated Source

fold) during the indicated postnatal period

Pigs, 23-118 kg (Total muscle) 2-2.7 50-63 Harbison et al., 1976
Sheep, 0-120 days, gastronemius 3.1 66 Johns & Bergen, 1976
Sheep, 35-77 days Biceps femoris 2.6 60 Lorenzen et al., 2000
Sheep (callipyge), 35-77 days, 
femoris

Biceps2.6 62 Lorenzen et al., 2000

New Hampshire female chicken, 0-2816.9 94 Moss et al., 1964
days, breast muscle
New Hampshire male chicken, 0-266 days,96 99 Moss et al., 1968
pectoral _

a Adapted and modified from Allen et al., 1979.

As indicated, the contribution of protein synthesis to protein accretion is perhaps just as important as the contribution of protein 
degradation to protein accretion. However, since the mechanisms of protein synthesis are understood and have been discussed in far greater 
detail than the mechanisms that regulate muscle protein degradation, herein we will review our current understanding of mechanisms of 
protein degradation. Furthermore, as will become apparent in this manuscript, because changes in protein synthesis do not affect meat 
tenderness, a discussion on the mechanisms of protein synthesis would not be relevant to the objectives of this manuscript. However, the 
relative contribution of both processes, as well as the contribution of hyperplasia and hypertrophy to variation in tenderness of meat aft 
postmortem storage, will be discussed.

Muscle consists of three protein fractions, myofibrillar (salt-soluble), connective tissue (acid soluble), and sarcoplasmic (water' 
soluble) proteins. The focus of this manuscript will be the regulation of myofibrillar proteins' degradation because myofibrillar proteins are 
the major protein fraction of skeletal muscle and it is the state of myofibrils that explains most of the variation in tenderness of longissimus 
(the major muscle of economic importance in the United States). This is not to say that connective tissue does not contribute to longissimus



*

*
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tend6”1688’ rathgr connective tissue determines background toughness (Marsh, 1977) and as such accounts for little of the variation in 
“demess of longissimus after 14 d postmortem storage. Also, since sarcoplasmic proteins are not structural proteins, they do not directly 

attect meat tenderness.
Th h G011’ Kleese’ & SzPacenko (1989) demonstrated the importance o f protein degradation to the efficiency o f  lean mass deposition. 
the6y demonstrated that a 10% reduction in the rate o f protein degradation (from 3% per day to 2.7% per day) would result in a doubling of 
alY loso f  8a'n ’n 3 hypothetical 454'k8 bovine animal. The ability to decrease the rate o f protein degradation at a fraction o f  what Goll et 
re | 91 demonstrated would result in significant increases in efficiency o f  muscle protein deposition. Hence, elucidating the factors that

ate myofibrillar protein degradation during growth and development and, more importantly, developing the ability to advantageously 
nipulate these factors would allow significant increases in production efficiency.

2-1. Mechanism of myofibrillar protein turnover
ind' The complex Process of breakdown of myofibrillar proteins and the causative agents involved remain poorly understood. There is 
Ho'rect evidence of the mechanisms of myofibrillar protein degradation as well as the causative agents for myofibrillar protein degradation, 
^wever, there is no direct evidence to support these widely held and plausible hypotheses. Evidence would be considered direct if 

nipulation of the proposed causative agent resulted in observed changes in protein degradation.
Perhaps the best model for turnover of myofibrillar protein is the theoretical model presented by Goll, Thompson, Taylor, & 

and'5!'3115611 Accort,mg to Goll et al. (1992), for muscle to remain functional, the process must occur at the surface of the myofibrils
my f  i firSt St6p the turnover of myofibrillar proteins in mature skeletal muscle cells is probably disassembly of myofibrils into 
tofr ‘ aments- This may or may not be a rate-limiting step. These myofilaments are subsequently degraded to polypeptides and ultimately 
rat fee amin° aC‘ds' The beSt evidence t0 suPPort the above proposal is the observation that incubation of isolated myofibrils from several 
(Et muscles in a relaxing solution releases a small amount of myofilaments that constitutes less than 5% of the total myofibrillar proteins 
n mSer’ Zad> Fischman, & Rabinowitz, 1975). Because this population of myofilaments was easily removed, Etlinger and coworkers 
vand them the Easily l e a s e d  Myofilaments (ERM). With respect to protein composition (Reville, Murray, Ahern, & Zeece, 1994; 
m f6/  Westhuyzen, Matsumoto, & Etlinger, 1981), ERM have remarkable resemblance to the myofilaments that would be released from 
Kueh'bnlS the Go11 et al' C " 2) ProPosaI- Treatment that enhances myofibrillar protein turnover increases the ERM fraction (Dahlmann, 
Sen kk’ & Reinauer’ 1986). Additionally, ERM levels in muscle increase in response to treatment that increases calpain activity (Belcastro,

> & Gilchrist, 1991; Dahlmann et al., 1986; Reville et al., 1994; van der Westhuyzen et al., 1981).
09981 Although a plausible hypothesis with some experimental evidence to support it, as stated by Goll, Thompson, Taylor, & Ouali 
my ru  the problem is tbat this proposal does not account for the turnover of proteins in the interior of the myofibrils. Unless the entire 

yotibril is turned over, this proposal would indicate that the interior proteins are immortal, 
acid h W'th respect t0 Pr°teases that have the potential to play a key role in the removal of myofilaments and generation of free amino 
bec S’ there arC three candidates: calpain, proteasome, and the lysosomal proteolytic systems. The Goll et al. (1992) hypothesis states that 
thehUSe the calpain system is the only proteolytic system capable of making the very specific cleavages needed to release myofilaments, it is 
Path 6St Candidate t0 initiate the removal of myofilaments from the surface of the myofibrils. Through a yet-to-be-identified proteolytic 
thes'Vay’ theSe myofilaments are then degraded into individual proteins. Lysosomal enzymes and/or the proteasome complex will degrade 
Cande ‘ndlvidual Proteins into amino acids (Goll et al., 1998). The Goll et al. (1992) proposal stated that the proteasome complex is a good 
degr'n t0 degrade the le a se d  myofilaments into amino acids. However, because it was demonstrated that proteasome is not able to 
| 996 etmy0fibrilS (Koohmaraie> 1992a) or any complex of myofibrillar proteins (other than individual proteins; Solomon, & Goldberg, 
jnto / ’ theproteasome cannot be involved in degradation of myofilaments into proteins. However, once the myofilaments are disassembled 
acids 1VldUal proteins’ both (ysosorual cathepsins and the proteasome are capable of rapidly converting myofibrillar proteins into amino

whi , The calpain proteolytic system consists of a ubiquitous system (p-calpain, m-calpain and calpastatin) and a tissue-specific calpain, 
Bick beCn referred t0 as p94, calPain 3> or nCL-1 (Suzuki et al., 1995). In spite of some recent publications (Ilian, Bekhit, & 
The frStaRe’ 2001a; Ilian et al., 2001b) we have not discussed or assigned a role for calpain 3 in either muscle growth or meat tenderness. 
calD b3SeS f°r °Ur decisions are described below. First, although calpain 3 has 10-fold more mRNA in muscle cells than p-calpain or m- 
activ'1“’ the calpain 3 enzyme has never been identified. Hence there is no information with regard to its structure, function, or proteolytic 
0r 1 “V‘ Second, the publications that have assigned a role for calpain 3 in meat tenderization/tendemess have either used mRNA abundance 
amih Vh-USed an ant'body generated against a protein based on calpain 3 mRNA sequence (Ilian et al., 2001a,b; Parr et al., 1999). These 

i odies react with a polypeptide with molecular mass of 94 kDa. However, the protein recognized by these antibodies has not been 
u 9 e “ced t0 confirm its identity. The reaction of antibodies with the polypeptide could simply be an artifact. Indeed several groups have 
such th'S approach' Amon8 them are Goll and associates. According to Darrel Goll (personal communication) they have generated several 
Se antlbodies based on calpain 3 mRNA sequence that reacted with a polypeptide with molecular mass of 94 kDa in skeletal muscle, but 
|u,mencing demonstrated the reaction was an artifact (i.e., the polypeptide with molecular mass of 94 kDa was not calpain 3). Third, in 
asso3"8’ mutations in the calpain 3 gene are associated with the development of limb girdle muscular dystrophy type 2a, a condition that is 
dystClated with excessive protein catabolism (Richard et al., 1995, 1999). The mutation in calpain 3 that results in limb girdle muscular 
exce°Phy causes ,oss of catalytic activity of calpain 3 (Ono et al., 1998). In other words, inactivation of calpain 3 is responsible for 
degr HVe pr0tein dc8radation that leads to this form of muscular dystrophy. A protease that is involved in the regulation of muscle protein 
Valuadat‘0n live animals or postmortem muscle would have opposite characteristics. And finally, despite wide variation in shear force 

es, Parr et al. (1999) found no evidence that supports a role for calpain 3 abundance and postmortem stability in pork tenderness.
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3.0 Meat tenderness
prov'a before discussing the relationship between the mechanisms of muscle protein degradation and meat tenderness, it is appropriate to 
4etn 6 3 summary of tbe biological basis for meat tenderness variation (for reviews see Koohmaraie, 1992b, 1994, 1996). We 
bCco°nstrated tbat lamb longissimus has intermediate shear force values immediately after slaughter, toughens during the first 24 h, and then 
h PQ es tender durin8 postmortem storage at 4°C. Because sarcomere length decreased (from mean at-death lengths of 2.24 pm to mean 24 
'bits S|t,ri0rtCm 'en8tbs °( (-69 pm) as shear force increased and because shear force value does not increase during rigor development when 
t0ll ? e is prevented from shortening, we concluded that sarcomere shortening during rigor development is the cause of lamb longissimus 
earlilenin? .from 0 t0 2i h P°stmortem (Koohmaraie, Doumit, & Wheeler, 1996; Wheeler and Koohmaraie, 1994). However, as discussed

er and indicated in Figure lb, these processes are highly variable among individual carcasses.

61



48"' ICoMST -  Rome, 25-30 August 2002 -  Vol. 1
*

The tenderization process is estimated to begin soon after slaughter (perhaps as soon as three hours, but it is highly variable among 
individual carcasses) (Veiseth, Shackelford, Wheeler, & Koohmaraie, 2001; Koohmaraie, unpublished data). Current evidence suggests that 
proteolysis of key myofibrillar proteins is the cause of meat tenderization. These proteins are involved in: (1) inter-myofibril linkages (e.g- 
desmin and vinculin), (2) intra-myofibril linkages (e.g., titin, nebulin, and possibly troponin-T), (3) linking myofibrils to sarcolemma by 
costameres (e.g., vinculin and dystrophin), and (4) the attachment of muscle cells to the basal lamina (e.g., laminin and fibronectin). The 
function of these proteins is to maintain the structural integrity of myofibrils (for review see Price, 1991). Proteolytic degradation of these 
proteins would cause weakening of myofibrils and, thus, tenderization. ^

Sarcomere length, connective tissue content, and proteolysis of myofibrillar proteins account for most, if not all, of the explainable 
variation observed in tenderness of aged meat (after postmortem storage). However, the relative contribution of each of the above 
components of tenderness is muscle dependent. For example, while sarcomere length is the major determinant of psoas major tenderness, 
proteolysis is the major determinant of longissimus tenderness and connective tissue content is a major contributor to tenderness of muscles 
such as biceps femoris and semimembranosus.

4.0 Meat tenderness and muscle growth
If muscle growth is the result of hyperplasia (increase in cell number during embryonic development and/or increase in DNA 

content due to satellite cell activity), no negative effect or maybe even a positive effect (see below) on meat tenderness is expected. The best 
example to support the above statement is the case of double-muscled cattle. Double muscling in cattle is the result of an inactivating 
mutation in the myostatin gene (Grobet et al., 1997; Kambadur, Sharma, Smith, & Bass 1997; McPherron, Lawler, & Lee, 1997; McPherron ^ 
& Lee, 1997; Smith, Lopez-Carrales, Kappes, & Sonstegard, 1997), resulting in suppression of inhibition of embryonic cell proliferation 
(hence, animals are bom with increased muscle fiber numbers). Double-muscled animals also have a greater capacity to synthesize muscle 
proteins. Cattle with one copy of inactivated myostatin, relative to cattle without inactivated myostatin, will yield about a 7% increase in 
retail product yield and two copies of mutated myostatin will result in about 20% increase in retail product yield (Figure 2a, Wheeler, 
Shackelford, Casas, Cundiff, & Koohmaraie, 2001). Moreover, meat from cattle carrying inactivated myostatin is more tender in most 
muscles, especially in muscles in which connective tissue content is the major tenderness determinant (Figure 2b, Wheeler et al., 2001 )• 
Also, if muscle hypertrophy were due to changes in protein synthesis, there would not be a negative effect on meat tenderness because 
factors that regulate protein synthesis are not involved in the regulation of meat tenderness and tenderization. Double-muscled cattle are an ^ 
example of the effect of protein synthesis on meat tenderness. Of all the possible mechanisms of increasing muscle deposition, only the 
mechanism that involves suppression of protein degradation will result in decreased meat tenderness. Unfortunately, suppression of protein 
degradation seems to be the mechanism that is responsible for differences in the rates of muscle growth in domestic animals (Bohorov, 
Buttery, Correia, & Soar, 1987; Koohmaraie, Killefer, Bishop, Shackelford, Wheeler, & Arbona, 1995b; Maruyama, Sunde, & Swick, 1978; 
Reeds, Hay, Dorwood, & Palmer, 1986). The best examples in support of the negative effects of the suppression of myofibrillar protein 
degradation on meat tenderness are two well-documented cases. The first is a genetic mutation in sheep called callipyge and the second Is 
nutritional manipulation and dietary administration of various B-adrenergic agonists (BAA) in some species (e.g., Cimaterol, L644>969, and 
Clenbuterol in most meat producing species).
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Figure 2a. Effect of myostatin on retail product yield. SD are 4.0, 4.1, and 2.4%, respectively for 0, 1, and 2 copies (Wheeler et al., 2001).
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9.0

BF SM GM LD
figure 2b. Effects of muscle and myostatin on trained sensory tenderness rating. SD are 0.8, 0.8, and 0.8 (BF), 0.9, 0.9, and 1.0 (SM), 0.8, 

’ and 0-7 (GM), and 1.0, 0.7, and 0.9 (LD), respectively for 0, 1, and 2 copies (Wheeler et al., 2001).

Fr w Callipyge is a well-studied and documented phenotype in sheep (Carpenter, Rice, Cockett, & Snowder, 1996; Cockett et al., 1994; 
^eking et a!„ 1998; Jackson, Miller, & Green, 1997; Koohmaraie, Shackelford, Wheeler, Lonergan, & Doumit, 1995a). The characteristics 

\  caHipyge that relate to this manuscript are: (1) in market weight lambs, callipyge-induced muscle hypertrophy is maintained by reduced 
o cm degradation (Fig. 3, Lorenzen eta!., 2000); (2) the relative effect of the callipyge condition on weights of various muscles is 

,0° ^ rtlonal (r2 = -91) to the relative effect of the callipyge condition on calpastatin activity (Fig. 4, Koohmaraie, et al., 1995a), and (3) the 
'ghness of callipyge meat results from reduced rate and extent of postmortem proteolysis and tenderization (Koohmaraie et al., 1995a).

I

*

Biceps femoris

>

Pi
2o00);gure 3. Fractional protein synthesis (FSR), degradation (FDR), and accretion (FAR) rates in normal and callipyge lamb (Lorenzen et al.,

\
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