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In t r o d u c t i o n
te n d e rn e s s  in c re a s e s  su b s ta n 

t i a l l y  d u r in g  postm ortem  a g in g  (G o ll 
5^ a l . ,  1964; E th e r in g to n , 1 9 8 1 ).

changes in  te n d e rn e s s  have  been 
a t t r ib u te d  t o  m o d if ic a t io n  o f  th e  
t ^ o f ib r i l s  b y  p ro te o ly s is  (B e c h te l 

P a r r is h , 1983; O u a li e t  a l . ,  
i^ 8 3 ; Y a te s  e t  a l . ,  1 9 8 3 ). The 
t in g e s  in c lu d e  th e  lo s s  o f  th e  Z - 
r^-sks (P enny, 1980; E th e r in g to n , 
j 98l )  and fra g m e n ta tio n  o f  m y o f ib r ils  
¿ ° ls o n  e t  a l . ,  1 9 7 6 ). G ra du a l 
risa p p e a ra n ce  o f  tro p o n in -T  and 
.^sm in  w ith  th e  appearance  o f  bands 

th e  27 to  32 k ilo d a lto n  (kd ) 
5® 9ion o f  e le c tro p h o re to g ra m s  o f  
/ ^ ° f i b r i l l a r  p ro te in s  a ls o  have  been 

docum ented (Dabrowska e t  a l . ,  
973 ; O lso n  and P a r r is h , 1 9 7 7 ).

jjigh te m p e ra tu re  (22 -  37°C) c o n d i-  
, io h in g  (HT) and e le c t r ic a l s tim u -  
^ t io n  (ES) have  been w id e ly  used  to  

5 y ° id  c o ld -s h o r te n in g  and enhance 
te n d e rn e s s  (C a rse , 1973; D utson  

a l . ,  1977 ; L och n e r e t  a l . ,  1 9 8 0 ). 
is  b e lie v e d  t o  im p ro ve  te n d e rn e s s  

y ^ tu g h  enhancem ent o f  p r o te o ly t ic  
T^ym e a c t iv i t ie s ,  e ith e r  ly so so m a l 
^ t s o n  e t  a l . , 1977) o r  th e  c a lc iu m - 
®£>endent p ro te in a s e s  (CD P's) (M arsh,

• The m echanism  w hereby ES 
J ^ â u c e s  i t s  e f fe c t  is  u n re s o lv e d , 

c c m b in a tio n  o f  lo w  pH and h ig h  
te m p e ra tu re , p ro duced  b y  H I 

. h d it io n in g  and ES, a re  b e lie v e d  to  
ru p tu re  o f  lysosom es and

(je_®ase o f  c a th e p tic  enzymes w h ich  
^ ^ a d e  m y o f ib r i l la r  p ro te in s  and 
19»^ t o  te n d e r iz a tio n  (D u tson  e t  a l . ,  

Wu e t  a l . ,  1 9 8 5 ). ES im p ro v e - 
o f  m eat te n d e rn e s s  v ia  f ib e r  

( jy ^ tu re  a ls o  has 
e t  a l . ,  1 9 8 1 ).

been re p o r te d

The use  o f  enzyme in h ib i t o r s  in  v iv o  
t o  assess th e  c o n tr ib u t io n  o f  p ro 
te o ly s is  t o  p ostm o rte m  te n d e r iz a tio n  
has n o t been e x p lo re d  t o  d a te . L s u - 
p e p tin , a p e p tid e -a ld e h y d e , r e a d ily  
d if fu s e s  a c ro s s  c e l l  membranes, 
le u p e p tin  in h ib i t s  d e g ra d a tio n  o f  
p ro te in s  in  is o la te d  m u sc le  t is s u e  
(L ib b y  and G o ld b e rg , 1978) and in  

v iv o  (S tra c h e r e t  a l . ,  1978 ; S he r e t  
a l . ,  1 9 8 1 ). I t  in h ib i t s  c a th e p s in  B 
(K irs c h k e  e t  a l . ,  1 9 8 0 ), c a th e p s in  L  
(K irs c h k e  e t  a l . ,  1980) and th e  CDP's 
(S he r e t  a l . , 1 9 8 1 ). T hus, le u p e p tin  

w o u ld  a pp e a r t o  be  u s e fu l t o  assess 
th e  r o le  o f  th e s e  enzym es in  th e  
d e g ra d a tio n  o f  m y o f ib r i l la r  p ro te in s  
and enhanced p ostm o rte m  te n d e r iz a 
t io n .

T h is  s tu d y  has been u n d e rta k e n  to :
1) e x p lo re  th e  in  v iv o  u se  o f  enzyme 
in h ib i to r s  t o  a ssess th e  r o le  o f  
p r o te o ly s is  in  p ostm o rte m  te n d e r iz a 
t io n ;  2) d e te rm in e  th e  in  v iv o  
in h ib i to r y  a c t i v i t y  o f  a  c y s te in e  
p ro te in a s e  in h ib i t o r  ( le u p e p tin )  
a g a in s t some ly s o s o m a l and s a rc o 
p la s m ic  c y s te in e  p ro te in a s e s  and 3) 
d e te rm in e  w h e th e r p r o te o ly s is  b y  
th e s e  s e le c te d  enzym es i s  re s p o n s i
b le  f o r  th e  te n d e r iz in g  e f f e c t  o f  HT 
c o n d it io n in g  and ES o f  r a b b it  
c a rc a s s e s .

MATERIALS AND METHODS
T h ir ty - tw o  r a b b its  (3 k g  l i v e  w e ig h t) 
w ere  a l lo t te d  t o  a s y m m e tric a l tw o - 
le v e l f a c t o r ia l  d e s ig n  in  in c o irp le te  
b lo c k s . The f a c t o r ia l  d e s ig n
in c lu d e s : 1) e le c t r ic a l ly  s tim u la te d  
(ES) v s  n o n -s t im u la te d  (NES) 
c a rc a s s e s ; 2) c a rc a s s  c o n d it io n in g  
te m p e ra tu re  o f  2 °  ( IT )  o r  2 2 ° C (HT) ; 
and 3) w ith  (L ) o r  w ith o u t (NL) 
le u p e p tin  in je c t io n .  L e u p e p tin , 100 
m g/kg body w e ig h t, in  0.9% s a lin e  was 
in je c te d  in t r a p e r it o n e a lly . One h 
a f t e r  in je c t io n ,  th e  a n im a ls  w ere  
s la u g h te re d  and e le c t r ic a l  s t im u la 
te d  u s in g  a G rass S5 s t im u la te r  
d e liv e r in g  sq u a re  w aves w ith  14 .3  
p u le s /s  and d u ra tio n  o f  5 ms a t  80 v  
f o r  3 m in . The r a b b its  w e re  d re s s e d , 
swabbed w ith  1 mM NaN^ and h e ld  a t  
t h e i r  re s p e c tiv e  c o n d it io n in g  tem 
p e ra tu re . L o n g iss im u s  m u sc le  sam ples 
w ere  rem oved f o r  m y o f ib r i l la r  f r a g -



mentation index (MFI), calcium- 
dependent proteinases (CDP's), 
cathepsins B, H and L activities and 
SDS-polyacrylamide gel electro
phoresis (SDS-PAGE) of myofibrillar 
proteins. Four h postmortem another 
sample was taken to assess effects of 
ES and HT on distribution of lysoso
mal enzymes ( 6 -glucuronidase,
cathepsins B, H and L). Determina
tion of MFI and SDS-PAGE of myo
fibrillar proteins also was conducted 
at 24, 72 and 168 h post-mortem.
MFI was determined according to the 
procedure of Culler et al. (1978). 
Lysosomal enzymes activities was 
performed by a modification of the 
method of Moeller et al. (1976). The 
two supernatants after centrifugation 
in the MFI procedure were combined 
and centrifuged at 105,000 x g for 2 
h at 2°C to yield an unsedimentable 
fraction (supernatant) and a micro
somal fraction (pellet). Ihe pellet 
was homogenized in 10 ml of MFI 
isolating medium containing 0.1% 
Triton X-100. Ihe myofibril suspen
sion, after MFI determination, was 
diluted with an equal volume of 
isolating medium containing 0.2% 
Triton X-100 and used as the nuclear 
fraction. Protein concentration in 
the three fractions (unsedimentable, 
US; sedimentable, S; and nuclear, NF, 
respectively) was determined by 
Biuret (Gomall et al., 1949), 
aliquots diluted with 0.1% Brij-35 to 
contain 1 mg proteip/ml and used for 
determination of lysosomal enzyme 
activities.
6-glucuronidase activity (lysosomal 
enzyme marker) was assessed by the 
fluometric procedure of Wu et al.
(1985). Cathepsins B, H and L 
activities were determined fluoromet- 
rically (Barrett, 1980) as described 
by Kirschke et al. (1983).
Separation of CDP's and their 
inhibitor on DEAE-Sephacel was as 
described by Koohmaraie et al.
(1987). The inhibitor was eluted 
with 0.145 M NaCl and the CDP's with 
0.5 M NaCl. Activity of the CDP's 
was determined by caseinolytic assay 
(Dayton et al., 1976).

Myofibrils for SDS-polyacrylamide gel 
electrophoresis (SDS-PAGE) were puri' 
fied according to Goll et al* 
(1974). SDS-PAGE was conducted on 
slab gels (12.5% acrylamide, 37.5:1*° 
acrylamide : bis-acrylamide)
according to Laemmli (1970).
Data for the enzyme activities, 
percent release of lysosomal enzyme^ 
and MFI were analyzed using a 2 
factorial in 4 replicates and 2 
blocks per replicate. Each inter
action term was confounded in one 
replicate (Gill, 1978).
RESULTS AND DISCUSSION
Table 1 shows the activities of 
CDP's, cathepsins B, L and H 35 
affected by leupeptin and the percent 
inhibition of each enzyme. Leupeptin 
decreased (PcO.001) the activity of 
the CDP's and the free activity of 
cathepsins B and L. Leupeptin did 
not affect (P>0.05) the free activity 
of cathepsin H or the bound 
activities of any of the lysosamai 
enzymes. These observations at6 
consistent with the data of other*? 
who reported that leupeptin inhibited 
cathepsin B activity in vitro (Libbl 
and Goldberg, 1978) and in viv° 
(Sutherland and Greenbaum, 1983) * 
Injection of leupeptin in dystroph*5 
mice inhibited CDP activity (Sher 
al., 1981). Leupeptin did not 
inhibit activity of cathepsin H whron 
agrees with results of others 
(Kirsctke et al., 1980). The lack of 
leupeptin inhibition of bound 
activities of cathepsins B and L ̂  
indicate that leupeptin did not enter 
lysosomes.
Leupeptin did not completely inhibit 
activities of the CDP's, cathepsins 
or L. This may be due to low level 
of leupeptin reaching the muscle5 • 
Tanoka (1983) reported that leupep' 
tin was rapidly metabolized ^  
animals. Leupeptin inactivating
enzyme in tissues of mice have al̂ 0 
been observed (Place et al., 1985)' 
Thus, leupeptin in this study 
have been partially degraded and t*V 
amount that reached the muscle ^  
too low to completely inhibit th®5̂  
enzymes.



ÏABLE 1 . THE E F F E C T  O F  IN V I V O  I N J E C T I O N  OF L E U P E P T I N  O N  T H E  A C T I V I T  
CDP'S, CATHEPSINS B, L AND H  AT ZERO HOUR POSTMORTEM

No
Leuoeotin

Leupeptin Percent
Injected SE^ Inhibition

CDp/gb 37.31 ,_ __*** 19.58 2.62 47.5
^thepsin B (free)c'd 4.42 _ __*** 1.99 0.34 55.0

(bound) °,t: 3.07 3.52 0.23
^thepsin L (free)c'd 5.31 1.26 0.29 76.2

(bound) c'e 3.50 3.07 0.21
^athepsin H 20.76

5.92
20.33
6.94

0.98
0.36

2.1

$b ~ standard error of mean 
" CDP's total activity in OD units/ 

c 50g muscle.
" catheptic en2ymes total activi
ties in mol of product released 
•min-1. 4.0 g muscle-1.

_3a - Free activity represent the 
activity in unsedimentable 
fraction (105,000 xg super- 
nate).

e - Bound activity represent the 
sum of the activities in the 
microsomal (105,000 xg pellet) 
and nuclear (1,000 xg pellet) 
fractions.

2. EFFECTS OF ES AND HT ON THE RELEASE OF LYSOSOMAL ENZYMES 
AT 4 HDÜR POSTMORTEM

^Syme nr HI NS ES
6 Glucuronidase 52.9 56.1 53.2 55.8
^thepsin B ***71.9 78.2 74.7 75.4
Pepsin L 74.8 79.3 76.7 77.5
Pepsin H 88.8* 90.5 88.9* 90.4

p̂ -hes are % free activity calcu- 
as [activity in US fraction/ 

^  activity] X 100.
activity = activity in 

Kyedimentable + sedimentable 
Actions.

^  Indicates a significant 
Oti erence ^etween adjacent means 
kJ* line (P<0.05 and P<0.001, 
^ ^ i v e l y ) .



Effects of ES and HT conditioning on 
the release of lysosomal enzymes at 4 
h postmortem are presented in Tables 
2 and 3. Moeller et al. (1976) 
reported that HT and Dutson et al. 
(1980b) found that ES increased the 
percent of activity of e-glucuronidase 
and cathepsin C released. Also, the 
increased percent of activity 
released of e -glucuronidase,
cathepsins B and H in the ES treat
ment group was largely due to the 
decreased activity of the microsomal 
fraction (Wu et al., 1985). However, 
the data in Tables 2 and 3 do not 
agree with those of Wu et al. (1985). 
It is evident that when the activity 
in the nuclear fraction was omitted 
from the calculation of total 
activity HT increased (P<0.05) the 
percent of released activity of 
cathepsins B and H but had no effect 
on the activity of 8-glucuronidase 
and cathepsin L. On the other hand,
ES increased (P<0.05) the percent of 
released activity of cathepsin H with 
no effect on the other enzymes. When 
the nuclear fraction was included in 
the calculation of total activity, HT 
did not affect (P>0.05) the percent 
of released activity of any of the 
enzymes. ES increased (P<0.05) 
percent of released activity of 
8-glucuronidase and cathepsin L but 
did not affect those of cathepsins B 
and H. Thus, the effect of HT and ES 
on percent of activity released of 
lysosomal enzymes was not consistent 
and depended on how total activity 
was calculated.
The effects of conditioning tempera
ture, ES and leupeptin on MFI are 
presented in Table 4. leupeptin 
decreased (P<0.01) MFI at 24, 72 and 
168 h postmortem. This suggests that 
myofibril fragmentation is, at least 
in part, due to the activities of 
CDP, cathepsins B or L. Since com
plete inhibition of these enzymes was 
not achieved, it is not known whether 
the increase in MFI of the leupeptin 
injected animals was due to the 
uninhibited activities of these 
enzymes or to other enzymes not 
inhibited by leupeptin. However,
Ouali et al. (1987) reported that 
cathepsin H degraded barely detect

able levels of the myofibril!^ 
proteins when incubated with purl' 
fied myofibrils. In addition, Mat 
kura et al. ( 1 9 8 4 )  concluded th^ 
despite the partial destruction of ̂  
disks, myofibril fragmentation ^  
not caused by cathepsin D. Koohî ' 
raie et al. ( 1 9 8 6 )  shewed that 2 4 - 2 ^  
of CDP-I activity was found to caû  
most of the changes in MFI and SD5' 
PAGE of myofibrillar proteins. ^ 
recently showed that MFI was cdr 
pletely inhibited when bovi^ 
longissimus muscle slices 
incubated with Ca^+ chelators (E 
and EGTA) . These data suggest th^ 
myofibril fragmentation and hefl̂  
tenderization was caused by ® 
activity rather than cathept1 
enzymes (Koohmaraie et al., 1 9 8 8 ) -

Although the effect of temperature 0 
MFI was not significant, leupept5\ 
reduced (P<0.05) the effect of HT °y 
MFI at 24 h postmortem. This obser
vation suggests that the effect of v, 
on myofibril fragmentation is 
ated through proteolytic enzymes 
are inhibited by leupeptin. 7? 
increased (P<0.001) myofih1̂  
fragmentation at 24 h postmoft0 
regardless of leupeptin injecti011' 
This indicates that the increase ' 
myofibril fragmentation due to ES ̂  
not be mediated through proteoly51, 
This suggestion agrees with Sona1', 
et al. (1982) who reported 
although ES increased MFI it did n 
affect the time of appearance of p, 
30 kd band. Others also have cC\ 
eluded that ES enhances tenderhf5 
via fiber fracture (Marsh et
1981). Fiber fracture was 11 
measured in our study.
The effect of leupeptin, conĵ  
tioning temperature and ES on , 
SDS-PAGE pattern of myofibri^ 
proteins of the rabbit longiss^
muscles were compared at 0, 24, 
and 168 h postmortem. For carnp^
son, beef longissimus samples 
taken at the same periods dut'̂  
postmortem storage. The d e s n a n  ^  

troponin-T (TN-T) bands were lost^ 
168 h in beef muscle with 
concomitant appearance of a ^  
band at 30 kd.
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T A B L E  3 . E F F E C T S  OF ES A N D  HT O N  THE R E L E A S E  O F  L Y S O S O M A L  
ENZYMES AT 4 HOUR POSTMORTEM

_Enzyme IT HT NS ES
B -Glucuronidase 42.1 45.0 41.6 45.5
Cathepsin B 47.1 50.0 46.8 50.2
Cathepsin L 43.0 47.4 40.4* 50.0
Cathepsin H 73.0 77.1 73.1 77.1

Total activity = Activity in 
Unsedimentable + sedimentable 
+ nuclear fractions.
Indicates a significant 
difference between adjacent 
means on a line (P<0.05).

TABLE 4. EFFECTS OF CONDITIONING TEMPERATURE, ES AND LEUPEPTIN 
ON MYOFIBRILLAR FRAGMENTATION INDE*

Time
Postmortem Treatment se£

NL L
0 44.45 43.10 1.15
24 69.96 64.42*** 1.28
72 73.20 66.90 2.15
168 76.00 68.86** 2.50

IT HT
0 44.20 43.35 1.15
24 67.77 66.80 1.28
72 70.43 69.68 2.15
168 72.85 72.00 2.50

NS ES
0 43.05 44.50 1.15
24 63.83 i-i-***70.55 1.28
72 68.15 71.95 2.15
168 72.30 72.55 2.50

~ values of MFI reported as
b (A54Q x 20°)• c ~ standard error of means.
~ significant interaction 

(temperature X leupeptin) 
^ N L  IIT,L HT,NL HT,L
69.4 66.1 70.4 62.8

***P<.01.P<.001.
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i
A shift in the troponin-I (TN-I) band 
to a lower molecular weight also 
occurred. These changes which occur
red in beef muscle did not occur in 
rabbit samples. A loss in intensity 
of the TN-T band and appearance of 
two protein bands at 32 kd and 27kd 
were evident in the ES, 10?, NL 
samples. Additionally, two new bands 
appeared just below the TN-I band in 
the 24 and 72 h postmortem samples. 
These changes were completely 
inhibited by leupeptin since they did 
not appear in the ES, IT, L sam
ples. Other investigators have 
observed that, unlike that observed 
in beef muscle, aging of rabbit 
muscle or treatment of rabbit 
myofibrils with proteinases produced 
new protein bands at 32 and 27 kd 
with no band at 30 kd (Ouali et al.,
1987).
Rabbit longissimus muscle from the 
NES, HT, NL treatments and those of 
NES, HT, L shewed that in NL samples, 
the bands at 32 and 27 kd appeared 
after 24 h but decreased in intensity 
by 168 h postmortem. In the corres
ponding L samples, the two bands also 
appeared at 24 h but had completely 
disappeared at 72 and 168 h. No 
explanation is apparent for this 
observation. The NL samples clearly 
shewed the bands at 32 and 27 kd at 
24, 72 and 168 h postmortem. The L 
samples shewed many faint bands in 
the 32 to 27 kd region. Thus, the 
effects of leupeptin, aging tempera
ture and ES on the SDS-PAGE banding 
pattern of myofibrillar proteins of 
rabbit muscles did not appear to be 
consistent when compared to beef.
CONCLUSIONS
This experiment has demonstrated the 
potential of using enzyme inhibitors 
in vivo for postmortem aging studies 
to resolve the involvement of proteo
lysis in postmortem tenderization. 
The mechanism whereby ES produces its 
effects on meat tenderness was also 
determined. Leupeptin decreased 
(P<0.001) the activities of the 
CDP's, cathepsins B and L with 
concomitant reduction (P<0.01) of 
myofibril fragmentation. In some 
animals, leupeptin inhibited the

appearance of myofibrillar protein 
degradation products visualized Vi 
SDS-PAGE banding pattern but trt 
effects were not consistent amort ; 
rabbits. Effects of ES and HI (4 V) ( 
on the release of lysoscamal enzymrt , 
was not consistent among animals- 
The data also suggest that trt 
release of the lysosomal enzymes mrt j 
not be a major contributor to trt ' 
mechanism whereby ES and HI imprort J 
tenderness. ES increased (P<0.00l) ,
MFI values at 24 h postmortrt 
regardless of leupeptin injectirt 
suggesting that ES may have causrt 
fiber fracture rather than releasirt 
lysosomal enzymes.
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