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246 | Thy Summary

*Wﬁhhmiwtzse of this manuscript is to review and summarize the results of experiments conducted in our
b%amre gard‘ng the mechanism of meat tenderization during postmortem storage of carcasses at refrigerated
dwrm%%na nd C]ear‘y’ the conversion of muscle to meat and the subsequent tenderization process are complex
er“ . Mch remains to be learned. However, current experimental data suggest that proteolysis of key
kﬂauv& Proteins is the principal reason for improvement in meat tenderness during postmortem storage.
titin) e Weakening and/or degradation of Z-disks and degradation of desmin (and probably degradation
a“iu :Xresf°"sib1e for the increased fragility of myofibrils during postmortem storage. There is
'%My“s Der1menta] evidence suggesting that the calpain proteolytic system is responsible for postmortem

that
'”Qeﬁst results in meat tenderization. Calpain is the only proteolytic system that has all of the
NUthd]

\ » Oth
Moy o factors (such as rate of pH and temperature decline during rigor development, ionic

i(:s
that are necessary for bringing about postmortem changes that result in meat tenderization.

i, O oty .
%My ers) Influence the process. However, we believe that the rate and extent of postmortem

Sig
! est :
deedi ®Xplain the observed variation in tenderness at a constant age. Therefore, research efforts
recte i
d towarg understanding the regulation of the calpain proteolytic system in postmortem muscle.
mei Introduction

ro
Qn Ve:nen s
k%w B tin meat tenderness during postmortem storage of carcasses at refrigerated temperatures has

eM%gh ;nce the turn of the century (LEHMANN, 1907). However, the mechanism through which these changes
Cayg Co::t % remained elusive and controversial.
ins consider tenderness to be the most important organoleptic characteristic of meat, it is
g Understand the mechanism of meat tenderization so that methodologies can be developed to

numbgr y prOCess ad . . . .

h vaar. vantageously. Undoubtedly, the mechanism of tenderization is complex and affected by
nderness: a -
Mo Nimg
rengs,

angd .
b DMbo degradat10n of myofibrillar proteins.
Oratg Se

Over the years, the following variables have been proposed to influence meat

1
3ge ang gender, rate of glycolysis, amount and solubility of collagen, sarcomere length,

0 thi
" Yy Melat his Manuscript is to review and summarize the results of experiments conducted in this
Ugc |
Bl
h‘sm s Not i
Ll n A : 1
; "%cri tended to be a comprehensive review of all factors affecting meat tenderness. Throughout
]gt. ’ post
]ng“she Mortem storage is defined as holding of carcasses at refrigerated temperatures and should
dir@ct

fro
I 8q M other methods such as high temperature conditioning. Also, our research efforts have
‘g towapg
0
ﬂu%er Ulq no

ed ¢
O the role of endogenous proteinases in the postmortem tenderization process. The

!en

understanding the causes of variation in meat tenderness of animals slaughtered at similar
tb
WDE OF'Evi ® extrapolated to other situations. For additional information, the reader is referred to
AR W pa ,
SQN,lg : PE'S written on this subject (ASGHAR and BHATTI, 1987; DAVEY, 1983; DUTSON, 1983: DUTSON

)Go
LL et al., 1983; GREASER, 1986; KOOHMARAIE, 1988, 1992a,b; MARSH, 1977, 1983;
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M%
MARSH et al., 1988; OUALI, 1990, 1992; PEARSON, 1986; PENNY, 1980; ROBSON and HUIATT, 1983; ROBSON ” Qct
w]ﬂ lEQ

gl

1981, 1984). Throughout this manuscript, due to space limitation, original information source

i

only when the subject has not been addressed in these review articles. 1

Postmortem Changes in Skeletal Muscle 1 %N

t
Because of the number of recent reviews in this area (see above), only important changes as they r gg
¢

us
the objective of this manuscript will be discussed. During postmortem storage of carcasses, numer®” g%%

occur in skeletal muscle, some of which result in the loss of tissue integrity which is translatedinfh&w
improvement of meat tenderness. These changes include: 1) Z-disk weakening and/or degradation whic ;m)
fragmentation of myofibrils. 2) Degradation of desmin which leads to fragmentation of myofibrﬂs’porIﬁ
through disruption of transverse crosslinking between myofibrils. 3) Degradation of titin. Titin fl fwﬁ
which are made up of titin molecules, connect myosin filaments, along their length, from the M- ]‘neto,k
Z-disk (WANG, 1985). Titin has been proposed to be involved in the regulation of the elasticity of N“
1985)0r M%q

(WANG et al., 1991). When titin was preferentially destroyed by radiation (HOROWITS et al.,

for
controlled proteolysis (YOSHIOKA et al., 1986), the tension of stretched muscle was reduced. Ther® Al

f0
: : er” b
degradation of titin during postmortem storage would cause weakening of myofibril strength and, th N‘%F

, oo i Ry
improvement in meat tenderness. 4. Degradation of nebulin. Because of the location of nebulin v ; "t

of
(I-band), it is not clear how nebulin degradation will affect meat tenderness. 5) Disappearance ° ‘4
,%WA
”’ffer

dhl
P

0
and simultaneous appearance of polypeptides with molecular weight of 28 to 32. This is the most "

reported change that occurs during postmortem storage. However, because of the location of tropoﬂ

myofibrils (i.e., I-band), it is doubtful that degradation of troponin-T by itself will have & dire*

S;kwv
o

polypeptides) seem to be good indicators of the extent of postmortem proteolysis. The origin of 2 y g
z )

0
meat tenderness. But, these changes (i.e., the disappearance to troponin-T and appearance of 28

polypeptides has not been determined and, therefore, these polypeptide could be from degradat1°"

th?
myofibrillar proteins with molecular mass greater than 32 kDa. 6) Appearance of a polypeptide wit ﬁ
. in
weight of 95. Neither the origin nor its significance to meat tenderness is known. 7) Perhaps the f md

important observation is that the major contractile proteins (myosin and actin) are not affected- y
1”%
: i
important changes that occurs in the tissue is the ease of fragmentation of myofibrils under cont \ 9
Vg ot
pAvE e

homogenization, which does not occur in the unaged tissue. This phenomenon, first reported by il
efl U
me 1

GILBERT (1969), which is measured routinely by a number of laboratories, is called Myofibril Frad %

"\
1y %
Index (MFI) and is highly related to meat tenderness (for review see PARRISH, 1977). Specu1at1vey B

weakening and/or degradation of Z-disks and degradation of desmin (and probably degradation of tit Ugi
responsible for the increased fragility of myofibrils during postmortem storage. M:W
Mechanisms of Postmortem Changes in Muscle Tissue ; Whj”

Clearly, the changes discussed in the previous section are all produced by proteolytic actio yi
ow £ 0%

therefore, the changes resulting in improvement in meat tenderness are produced by endogenous pr f N
by

is not a new concept. As early as 1917, HOAGLAND et al concluded that proteolysis was an import W”
f A 4 S
contributing to postmortem changes in skeletal muscle, including meat tenderness. Because the P J

62 - oo !
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At Ur in skeletal muscle during postmortem storage are minimal, the classical methods failed to

begk wh i cha"QES and, therefore, the proteolysis hypothesis was questionable until the advent of gel
’hE:ZEst Gel electrophoresis made it possible to demonstrate these minimal, yet significant, changes

V%NWri "% give credibility to the proteolysis theory. Based on the observation reported by numerous

ﬁ%gsd s PENNY (1980) concluded that, "there is no doubt that proteolytic enzymes are responsible for the
SC D%h fr CO"d”mmng (postmortem storage)." Tenderness could also be improved by changes in the
n”ﬁ&w i gt SSue; hOWEver because proteolytic changes in collagen (the principal component of the connective
hwﬁm’ mUI g Postmorten storage comparable to those of myofibrillar proteins have not been observed (TARRANT,
rﬂﬁk“ °le of Collagen is questionable at best. In addition, while collagen may affect meat tenderness of
WUWUSW ?SC]E Obtaineq from young (e.g., 1 year old) and old animals (e.g., 7 years old), it is doubtful if
wﬁk-u it d‘fferences exist in collagen solubility of muscle (e.g., longissimus) from animals of similar

ere . .
Cing fore) have concluded that differences in the rates of myofibrillar protein degradation are the
n'lq

On g . < . 7

for the observed variation in tenderness of meat obtained from animals of similar age.
4
of b,

] .
O”Of 3 Substantia] experimental evidence in support of this theory. Some of these include: 1)
c

ar
i EHZ "Casses With zinc chloride, which inhibits postmortem proteolysis, also inhibits the
o
I} “‘n\m
|

efﬂ".hd

a]or proceSs (KOOHMARAIE, 1990). 2) Muscle from B-adrenergic agonist fed animals which undergo

0 po
Stmorten proteolysis, also remains tough compared to muscie from untreated animals (FIEMS

ji " lgg
il 0; Kkr
o Mgy ETCHMAR et a1., 1990; KOOHMARAIE et al., 1991a; KOOHMARAIE and SHACKELFORD, 1991; WHEELER and

g 199,
f &wn% ). 3) Differences in the extent of postmortem proteolysis are probably the reason for
LR in
p m
3“1 it oy ®at tenderness between Bos taurus and Bos indicus breeds of cattle (SHACKELFORD et al., 1991;
2
s 1
t“rem d]ff %90) and 4) differences in rate of postmortem proteolysis are probably the reason for the
eren
i €8s in meat tenderness from pigs, sheep and cattle (KOOHMARAIE et al., 1991b).
» L Qvoly
aﬁe Wr%t] &d_in Postmortem Proteolysis
%‘ ) Wh
i : b e the Proteolysis theory is accepted by most, the question of proteinases involved has

trOVersia]

o'l egfo Proteinases should have the following characteristics to be considered as possible
k) r
t

]whd: Stle :;:?ing about postmortem changes that result in meat tenderization: 1) be located within the
Nﬁm%)hwe ke (for details see GOLL et al., 1983); 2) have access to the substrate (i.e., myofibrils);
I”:ﬂhO] Big o Hity to degrade the same proteins that are degraded during postmortem storage. The

i ‘ﬂs; MS that have the potential to be involved in postmortem proteolysis include: 1) the lysosomal

% 2)
B the
fi ks Umt lys mu]t‘Cata1ytic proteinase complex (MCP); and 3) the calpains. Current experimental evidence

Ntay EVIGQSOma] Cathepsins do not play a significant role in postmortem proteolysis. Some of this
Ml ap fige Includes: 1) postmortem storage has no effect on actin and myosin, while among
WN% ]octe:t::ns these are the primary substrates for Tysosomal cathepsins; 2) lysosomal cathepsins are
ﬁﬁwhg Uneq that i lysosomes and must, therefore, be released to have access to myofibrils. While it has
ﬁﬁht : Umre ) Uring Postmortem storage lysosomes are ruptured, thereby releasing cathepsins into the
2 €Xperimental evidence to support this hypothesis. To the contrary, the only experiment

3 aCcuracy of this hypothesis indicates that even after electrical stimulation and 28 days

Sl
Ysosoma enzymes were still localized within lysosomes (LaCOURT et al., 1986). Because of
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“e'”m
< onidl MEW |
these and other reasons (KOOHMARAIE 1988, 1990, 1992a), we have concluded that lysosomal cathepsins

Ca]
a significant role in postmortem proteolysis. b

e My
thi(

y in
The second candidate is the MCP. Until recently, no experimental data were available to determ
of MCP in this process. We have recently purified and characterized MCP from ovine skeletal muscle

. i1
(KOOHMARAIE, 1992d). Our results indicate that ovine skeletal muscle indeed contains MCP with siM "
y
biochemical properties to MCP isolated from other mammalian and non-mammalian tissues. Some of thé , |
]‘
: P

characteristics of ovine skeletal muscle MCP include: 1) molecular mass of 600 kDa which d1ssOC1at ‘

gl bg
) .54 SRAMRT
series of low molecular polypeptides ranging from 21 to 31 kDa; 2) it has no proteolytic activity 2

(0

from tissue, but it can be reversibly activated by heating at 60°C and with pre-treatment with ToW e
5 1)ty

concentration of sodium dodecyl sulfate (SDS); 3) maximum proteolytic activity is observed at pH 7 b,
et E
ac
45°C, it retains about 2% of its maximum activity at 5°C and pH 7.5, and about 22% of its maximum ity
$ . 15 M
pH 5.5 and 45°C; and 4) calcium chloride has no effect on its proteolytic activity. For more detd!™

it

0% op
18510
characteristics, the reader is referred to excellent reviews (RIVETT, 1989; ORLOWSKI, 1990). Rest i

fi8ly;
experiments indicate that even after activation (by heating or incubation in the presence of SDS)s mﬂph“h
were very poor substrate for MCP. We incubated myofibrils with MCP and analyzed the effects with Ss,m
phase and electron microscopy. Morphologically, MCP had no effect on myofibrils and based on S it
MCP only degraded troponin-C and myosin 1light chain-1 and -2. These results indicated that MCP doe? &
major role in postmortem proteolysis that results in meat tenderization.

: ing
In contrast to lysosomal proteinases and MCP, substantial experimental evidence exists suggest @U

"
calpains are the primary proteolytic system responsible for postmortem proteolysis that results in J

: g
tenderization. There is considerable experimental evidence indicating that calcium causes weake"1 i 0,
5 |
degradation of Z-disks. The first report that documented the role of calcium in Z-disk weakenind " Kﬂd%u
41
DAVEY and GILBERT (1969). They reported that EDTA inhibited the weakening and disappearance of z twtmn
4 l

of
speculated that EDTA probably acts by chelating calcium. BUSCH et al (1972) provided further supP I“hwm
demonstrating that myofibril fragmentation was inhibited by EDTA and was induced by calcium. KOOH e“mwdm
o
(1988a) also demonstrated that all postmortem changes were completed within 24 hours when musclé : r&m“sg
I

- , : e |
incubated with a buffer solution containing calcium chloride and none of the postmortem changes ° how

: ; h

EDTA was included in the buffer instead of calcium chloride. Yoy,

Acceleration of Postmortem Proteolysis and Tenderization Processes OW‘QDW‘
: i~ s

Based on the observation reported in the previous section, it became evident that the elevall™ mlw

: : . : g ree
concentration in postmortem muscle is the cause of postmortem tenderization. To determine wheth® y. W),
: , . : 10" Ry,
observations could be repeated in situ, lamb carcasses were infused with a solution of calcium C" i "tie

- g > atp 0
increase intracellular concentration of calcium (KOOHMARAIE et al., 1988b). Results indicated th il lﬁm

; 3 Wl My
Proteolysis and tenderization were accelerated such that ultimate tenderness values were obtained e

o™ iy
d
hours of postmortem storage as opposed to 7 to 14 days in non-infused carcasses. Though these exf’ e Pop

’ yQ
designed to activate calpains (KOOHMARAIE et al., 1988a,b, for review see KOOHMARAIE, 1988, 199”)1 Fiby
. . t 0
know the precise mechanism(s) through which calcium chloride infusion accelerates postmortem pro
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‘ﬂerneSS

Sdomg 1 ( HOWQv@r we believe the primary mode of action of calcium is through activation of calpains (for
% Ko
cam OHMARAEF 1988, 1992a). There is no doubt that calcium will induce changes other than activation
I ]ns’
mmeHMMI nowever: these changes may not affect meat tenderness (TAYLOR and ETHERINGTON, 1991; WHIPPLE and
» 1997y

Rt Regardless of the mechanism of action, calcium chloride infusion of whole carcasses or

e
i1 | b%nve:ycuis of meat is a very effective method of rapidly producing uniformly tender meat. The process
. MMMIE Effective under all experimental conditions thus far examined, including: lamb carcasses
ws“fr% L, » 1988b, 1989; ST. ANGELO et al., 1991); Bos indicus carcasses (KOOHMARAIE et al., 1990);
as“[%ﬁ | m?Sc]ES (WHEELER et al., 1991); and mature cow carcasses (MORGAN et al., 1991); postrigor injection

Qisgs
¥MMIE STMus myscle (WHEELER et al., 1992) and postrigor marination of beef steaks (WHIPPLE and
¥ > 1992),
,5t tum‘en
ﬁn““mls perime"tai data suggest that of the three proteolytic systems discussed, the caipain proteolytic
&b
stcﬂpan Sl Possible candidate for causing postmortem proteolysis and tenderization because:

ave / o . "
an absolyte requirement for calcium and, clearly, the elevation of calcium is the reason for

Bpy

Mdﬂwuyoe anges in postmortem muscle that result in tenderization; 2) calcium has no effect on the

wSWmmt = ;(P (KOOHMARAIL 1992d); 3) calcium not only does not stimulate cathepsins activity, but at 10 mM

;ﬁEMOMy k *Psin g activity by 39% (BARRETT, 1973); &) of these three proteolytic systems, the calpains are

35“mwﬂyt o that Precisely reproduces postmortem changes under in vitro conditions; and 5) of these three
by s, Calpain and MCP are localized in the cytosol, but cathepsins are located within

M1WMW1 at & precise location of MCP in relation to myofibrils is not known, calpains are Tocalized

mw‘@0~ " -disk (for u-calpain: 66% on Z-disk, 20% in I-band, and 14% in A-band; KUMAMOTO et al.,

"

;5W Lkany Conclusions

1ﬂﬁmm%h,¥m Process of conversion of muscle to meat and the subsequent tenderization process is complex

ns ¢

ﬂb“] temth 0 be learned. Over the years, a number of factors have been proposed to influence the
te

AMU hgm "derness

} an These include rate of glycolysis, pH, sarcomere length, amount and solubility of
fihy POstm,
1¢’p e, tem Proteolysis. Undoubtedly, all of these parameters and their interaction need to be
10 EXpla
Jﬁew &S’DOSt in the observed variation in meat tenderness. Based on our current knowledge of the
q

em
prote01¥s1s is the most important of all and that most other factors (such as rate of

foy % Ults
EOIyt‘ ]mate PH

» rate of temperature decline) affect meat tenderness by their influence on the

N
(IT Prog Ystemg invo] i . 4k . :
0 8sg ved. Factors such as ionic strength and collagen solubility are probably involved in

S, but

hey Cannot ex
Y vﬂjd " Ratpg,
i, Tt
| nt‘ca Ust

plain the differences observed in tenderness of meat obtained from animals of
> these factors set the so-called "background toughness" (MARSH, 1977). For any theory to

e
l Ckgr ble to explain the large variation observed in tenderness of meat from animals of
il OUnd

tnbmcm%thof (e~9-, variation observed in tenderness of meat from Bos Taurus cattle slaughtered at 16
ﬂmquw &@th 1y postclear]Y, collagen cannot explain these differences and neither can ionic strength. While

%fb ’1980 ) mortem muscle is double that of living tissue (equivalent of 165 and 280 mM NaCl; WINGER
i ]]S i that such a significant elevation in ionic strength would be expected to affect

'eh May 4
€ad to their instability, the question that needs to be addressed is: why would ionic
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o ca]D;

: . el : ] . : t
strength be different in longissimus of animals of identical backgrounds. Let’s examine two cases Jt%
,on {

of these three factors (collagen, ionic strength, and postmortem proteolysis) can explain the varid ¢
tenderness. fig
Case 1: Tenderness of meat from B-adrenergic agonist-fed (BAA; L644,969 from Merck Sharp and Dol \M%
animals. When lambs (KRETCHMAR et al., 1990; KOOHMARAIE and SHACKELFORD, 1991; KOOHMARAIE et al.
steers (WHEELER and KOOHMARAIE, 1992) are fed BAA, the meat from their carcasses is tough and post’ &h%“
storage has no effect on it (i.e., it remains tough). Ultimate pH is proposed to cause e1evat‘°" Jk“s
strength in postmortem muscle. The correlation between ionic strength and pH is reported to be ab?” Wk%m
(for review see OULAI, 1990). Since BAA feeding does not affect ultimate pH of the muscle, oné woy 5*“%
that BAA should not effect ionic strength, yet meat from BAA fed animals is not affected by pOStmortem{\h |
(i.e., remains tough). Because the half-life of collagen is in excess of 200 days and BAA effectsaeﬁ‘ma
after 2 weeks of feeding (PRINGLE et al., 1992), toughness of meat from BAA-fed animals cannot Dedw
changes in collagen and, indeed, our data support this speculation (KOOHMARALE and SHACKELFORDylgg”‘e'GH

r
However, all data collected thus far indicate that lack of postmortem proteolysis is the reason i

nd g
toughness of meat from BAA fed animals (FIEMS et al., 1990; KOOHMARAIE et al., 1991a; KOOHMARAIE a m%m
i
MUSQEJ
i frths
documented that meat obtained from Bos indicus carcasses is significantly tougher than that obtail BL%§{

SHACKELFORD, 1991; KRETCHMAR et al., 1990; WHEELER and KOOHMARAIE, 1992).

. !
Case 2: Toughness of meat from Bos indicus as compared to meat from Bos taurus. It has cléd

Bos taurus carcasses (RAMSEY et al., 1961; KOCH et al., 1982; PEACOCK et al., 1982; CROUSE et al* ’me$E
wif

1989). To identify the cause of these differences in tenderness, we (SHACKELFORD et al., 1991;
1990) determined a number of factors that are proposed to affect tenderness in meat obtained from //MW
and Bos indicus cattle raised under identical management practices (similar climate, diet, and s12°
Of all factors examined (pH and temperature decline, muscle composition, fiber type composition an‘ )
amount and solubility of collagen, sarcomere length, MFI and SDS-PAGE of myofibrillar proteins
postmortem storage), only postmortem proteolysis, determined by MFI and SDS-PAGE, was different: i ly

th Uy
‘ ; ng" o
neither the pattern of pH decline nor ultimate pH was different, it was concluded that ionic stIg 1p(?§'
1

: . . i . i s
above discussion on the relationship between pH and ionic strength) is not the cause of differen oﬁk“
m

tenderness of meat from these breeds of cattle. Data clearly suggest that the reduced rate of o t‘o ‘o
proteolysis in meat from Bos indicus carcasses was the only logical explanation for differences " %&ﬂ
of meat from these two breeds of cattle (WHEELER et al., 1990; WHIPPLE et al., 1990). wf%AW“

Clearly, these two examples indicate that differences in the rate of postmortem prOteoiysisis h;\w

explanation for the observed variation in meat tenderness. W

ple
Current experimental data suggest that the calpain proteolytic system is probably responS1b1 w(hgwh
. m ()
postmortem changes that result in improvement in meat tenderness. To manipulate the process; we (vhr]e
i
understand how calpains are regulated in postmortem muscle. Using a modeling approach, DRANSFIE i"IIR‘

demonstrated that 68% of the variation in toughness was accounted for by variation in u—ca1pa‘" T“mer
nl

Identification of the regulatory mechanism for calpain in postmortem muscle could enable us to rﬁ
e

: t
process and, thereby, enhance the tenderization process. Recently, we have begun to determin€é
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fl Ca]

My .

n

Who% Postmortem muscle (KOOHMARAIE, 1992c). Results indicate that pH and temperature, two key changes

l“'o u
|

t0°

P in
thag Muscle during rigor development, have a dramatic effect on the inactivation of p-calpain. We
. Such : :

fiy eXperimental approaches would lead to development of alternative carcass handling procedures

hme) | s]au
’ . Shter ang e

iz, arly postmortem to maximize calpain potential and, therefore, improvement in the rate of
]9 1.0n_

Fv

wﬂﬂl]”ﬂ1y
M

f il Mty
sl

yub $h
“SumEr

E
)

el Tme

N t

)t
g

o} Mac,

» W
¢ must develop the methodology to predict meat tenderness as early postmortem as possible and,
* Pry . X
or to slaughter. The development of such methodology would enable us to decide how a particular

Oulq
d“: 1 be marketed, depending upon its predicted eating quality. Variation in meat tenderness at the
i1 Bvq)

'S one of the biggest problems that our industry is facing now. It is sobering to realize that
hat actual meat tenderness is known is when it is eaten. We must, therefore, collectively

& oy
efforts in developing the necessary methodology to predict meat tenderness prior to eating. We

jué 9 Speci

| Cial emphasis on knowledge acquisition to develop such technology.
] MM
o phyﬁéi  BHATTY
by 0gy ang du'Rf 1987. Endogenous proteolytic enzymes in skeletal muscle: Their significance in muscle
nd hy ™ing postmortem aging events in carcasses. Adv. Food Res., 31, 343-45].

chem.\].9 197.
. J 3, HUm ) . sps . 3
rMH“ s 131, aogfgzgatheps1n Bl. Purification and some properties of the enzyme.
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