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Abstract. Early post-mortem pH development plays
an important role in determining the rate and
extent of muscle tenderization. The calpain system
was demonstrated to be involved in the proteolytic
tenderization of muscle, and is known to be
influenced by pH. In the present work we studied
the influence of pH drops in porcine Longissimus
dorsi muscle on the activity of calpain and on
myofibril degradation. The activity of calpain was
studied with the zymography method. A faster
decrease in pH resulted in reduced amount of
extractable p-calpain activity and increased
autolysis of the enzyme, and thereby an earlier loss
of activity revealing that calpain has a higher
activity in muscles with a fast pH drop. The higher
calpain activity in the muscles with a fast pH drop
also resulted in a higher myofibril fragmentation at
24 h post-mortem, which was no longer evident in
the later phase of the tenderization process. In
conclusion, the rate of pH decrease early post-
mortem influenced the rate, but not the extent of
myofibril degradation.
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I. INTRODUCTION

OST-mortem changes in muscle proteins and

myofibril fragmentation have been shown to be
associated with improved meat tenderness. One of the
protease systems involved in the degradation of muscle
protein is the calpain system. u- and m-calpain are
calcium dependent and are composed of an 80 kDa and
a 28 kDa subunit, and both autolyze in presence of
calcium [4]. The 80 kDa subunit, the catalytic part, is
reduced to a 76 kDa form by auto proteolysis which
reduces its calcium requirement for activity [5]. In
addition to calcium concentration, other parameters
like temperature and pH influence the activity of
calpain [3].

Early post-mortem pH development plays an important
role in determining the rate and extent of muscle
tenderization [8] and as previously reported, the

activity of calpain is also influenced by pH values [3],
and consequently the pH drop in muscle after slaughter
of animals has effects on the enzyme. In some studies a
fast decrease in pH post-mortem was associated with a
faster decrease of p-calpain activity [2; 6; 9; 11] and a
low p-calpain activity was detected in muscles with
lower pH post-mortem [10]. Decrease rate of pH also
influence muscle protein and myofibril degradation.
However, the mechanism is not clear since a faster
degradation of proteins has been associated with a fast
pH drop [8; 10] as well as a slow pH drop [12].

pH also influence the autolysis of p-calpain. The role
of the autolysis process is not completely understood. It
was suggested that the autolysis of the enzyme leads to
a reduction in the Ca®" concentration required for the
enzyme activity and the autolysis process is also
necessary for this molecule to become active towards
exogenous substrate [1]. Detection of autolyzed
enzyme in muscle and meat is believed to be indicative
of proteolytic activity of calpain [5; 7]. pH drop
influences also the rate of p-calpain autolysis and it
was shown that a faster pH drop paralleled an earlier
appearance of the autolyzed form of the enzyme [7]. In
correlation with an earlier appearance of the autolyzed
enzyme an earlier degradation of myofibrillar proteins
was determined [7].

In the present work we studied the influence of
different early pH drop rates in porcine muscles post-
mortem. Animals with normal, fast and slow pH
decrease rates were selected from a batch handled with
a minimum stress before stunning. The activity of
calpain and the detection of autolyzed products were
analyzed in relation to the three different groups of pH
drop using casein zymography.

II. MATERIALS AND METHODS

Eighty Italian Duroc x (Landrace x Large White)
crossbred pigs, mainly female, with an average carcass
weight of kg 162 + 12 were pen-fed and finished under
standard Parma-ham practice. In M.longissimus dorsi
(LD), pH was measured (Eutech Instruments pH6) at 1
(pH1) and 3 h post-mortem (pH3) at the 7™ rib of the
right side of the carcass. Based on pH3 values, 30 pigs
were selected and right side loins divided into three
groups of 10 based on the rate of the pH drop post-
mortem: fast pH drop (F-pH) (pH3 < 6.00), normal pH
drop (N-pH) (pH3 in the interval 6.00 — 6.30) and slow



pH drop (S-pH) (pH3 > 6.30) (table 1). The pH and
temperature (digital thermometer TFA DT 90) of the
LD were monitored at 1, 3, 6, 24 and 72 h post-
mortem. Samples for calpain activity were taken at 1
and 6 h post-mortem at the 8" rib and immediately
frozen in liquid nitrogen. Additional samples for
calpain activity were taken at 24 and 48 h, and samples
for myofibril fragmentation at 24 h, 3 d and 6 d post-
mortem, and then frozen and stored at — 80 °C. Frozen
meat samples (- 80°C) were finely chopped. One g of
each sample was homogenized (13.500 rpm) in 6 ml of
an extraction buffer at pH 8.0 and centrifuged for 30
minutes at 4°C at a speed of 15000 x g. To determine
the activity of p-calpain the zymography method was
used. After addition of sample buffer, 15 pL
supernatant was loaded in each well of casein minigels
with 26 wells. Gels were run at 80 V for 3 hours at 4 °C
before incubation with calcium for one hour. After
staining and destaining, the density of each band was
measured and quantified relative to reference standards
within each gel. The myofibril fragmentation was
measured using a Malvern Mastersizer Micro Plus
(Malvern Instruments Ltd, Worcestershire, UK).
Samples of 2.5 g were homogenized in 30 mL cold
buffer (100 mM KCIl, 20 mM Potassium Phosphate,
ImM EGTA, pH 7.00) at 20,500 rpm and analyzed in
duplicates. The data were analyzed using Proc Mixed
(SAS, ver. 9.1). The model included pH drop class and
time post-mortem as fixed effects and animal as
random effect.

III. RESULTS AND DISCUSSION
Results

The calpain activity was analyzed with casein
zymography. At 1 h post-mortem p-calpain activity
and autolyzed p-calpain activity did not differ between
groups. At 6 h post-mortem the activity of both native
and autolyzed p-calpain appeared stable in the groups
with slow and normal pH drop, while in the group with
F-pH drop the p-calpain activity was lower and the
autolyzed form higher (P < 0.01) compared to the other
two pH groups and to 1 h post-mortem (table 1). At 24
h post-mortem the extractable activity of the native
isoform had decreased in all groups (P < 0.01), and
with the fast pH drop group showing a lower activity
compared to the slow pH drop group (P = 0.01). For
the autolyzed form a significant increase was
determined in all groups at 24 h compared to 6 h post-
mortem, with the F-pH group showing the higher
amount of extractable autolyzed p-calpain activity.
Also at 72 h post-mortem a decrease (P < 0.01) of p-
calpain activity compared to 24 h post-mortem was
detected in all groups, and the S-pH group showed a
higher activity compared to the N-pH drop group (P <

0.05) and to the F-pH group (P < 0.01). Concerning the
autolyzed form of p-calpain at 72 h post-mortem a
decrease in the activity was detected in the N-pH and
S-pH but only the second group showed a significant
decrease (P < 0.01); in the F-pH group the activity of
the autolyzed form did not change compared to 24 h
post-mortem and it was higher than both the N-pH (P <
0.01) and the S-pH (P < 0.01) groups (table 1).

The myofibrillar fragmentation was measured by
determine the size-distribution of the myofibrillar
fragments (surface mean diameter D (3,2)). At 24 h
post-mortem the F-pH group had a higher level of
myofibrillar fragmentation compared to the other two
groups (P < 0.01), suggesting a higher proteolysis in
relation to the faster drop of pH. Later, at 72 and 144 h
post-mortem, no significant differences were found
between groups (fig. 1).

Discussion

The analysis of calpain activity with the zymography
method revealed a decrease of p-calpain activity
parallel to the pH decrease: faster the pH drop faster
the loss of enzyme activity. While at 1 h post-mortem
no differences in the three groups were detected, at 6 h
post-mortem the group with fast pH drop showed a
reduction of the activity of the enzyme and at the same
time an increase in the autolysis, both in relation to the
other two groups and in relation to the 1 h samples. It
has previously been suggested, that the detection of
autolyzed enzyme in muscle and meat can be
considered an indication of proteolytic activity [5; 7].
The detection in our samples of increased autolysis and
less native p-calpain activity suggests a faster
activation of the enzyme at lower pH values. Previous
studies have also shown faster decline of p-calpain
activity in samples with faster pH drop [2; 6; 9; 11] and
at the same time an increase in the rate of autolysis of
the enzyme [7]. The activity of p-calpain decreased
significantly in all group at 24 h post-mortem. The
group with faster pH decline showed also at this time
point a lower activity of p-calpain in accordance with
previous reports [10; 11] and a higher detection of
activity of autolyzed p-calpain. At 24 h post-mortem
also the N-pH and S-pH showed significantly higher
activity of the autolyzed form compared to the earlier
time points. As expected the activity of the enzyme
continued decreasing at 72 h post-mortem in all groups,
and the S-pH group showed a slower decrease of
enzyme activity compared to the other two groups. The
activity of the autolyzed form instead was constant for
the F-pH and N-pH groups, and decreased in the S-pH
group. Looking at the overall picture of the decrease of
p-calpain activity within 3 days post-mortem and the
autolysis process of the enzyme it could be concluded
that faster pH drop in the muscle after slaughter



induced faster decrease in calpain activity and faster
autolysis. An early pH drop is accompanied by an early
increase in intracellular calcium concentration [9].
Consequently p-calpain activation and autolysis occurs
earlier and eventually results in an earlier loss of
proteolytic activity and subsequently lower activity at
later time points.

In concomitance with faster decrease of p-calpain
activity and higher autolysis in the F-pH group,
myofibrillar fragmentation was higher at 24 h post-
mortem. The detection of faster myofibrillar
degradation in muscles with a faster pH drop was
previously reported [8], as well as a faster degradation
of those myofibrillar proteins like desmin and talin that
are thought to be mainly degraded by p-calpain in post-
mortem muscles [2; 7]. In the later time points, at 72
and 144 h post-mortem, these differences were no
longer observed. In agreement with our results
Uytterhaegen et al. [10] reported faster protein
degradation within the first 24 h post-mortem in
muscles with faster pH decrease, but the rate of the
degradation during ageing, in the fast and slow pH
drop, was the same and at the latest time point no
differences were detected. The same pattern was
reported by White et al. [12], they suggested that
temperature and pH drop can influence the rate but not
the extent of proteolysis.

p-Calpain was demonstrated to be responsible of the
proteolysis of those muscle proteins that are degraded
during post-mortem ageing. From the results presented
in this and in previous studies we can suggest that
faster decrease in muscle pH post-mortem leads to a
faster activation of the protease and consequently to
higher protein degradation in longissimus dorsi muscle.
At the same time we should consider that at 72 and 144
h post-mortem, the differences in size of the
myofibrillar particles did not present any differences
within the three groups. The earlier activation of the
protease has an influence in the early time points, but
this effect is lost in the later time points where, in
agreement with previous works [10; 12], no differences
in myofibril degradation and meat tenderness was
reported. Probably the earlier effect of proteolysis on
meat tenderness is lost during ageing because of an
earlier exhaustion of the enzyme activity in the group
with faster pH decrease [6] suggesting that the rate of
pH decrease early post-mortem can influence the rate
but not the extent of myofibrillar degradation.

IV. CONCLUSION

The present results show that a fast pH fall leads to
earlier p-calpain activation and autolysis and
eventually results in an earlier loss of proteolytic
activity. Likewise, myofibril fragmentation occurs
earlier following a fast pH-fall. In conclusion, the rate

of pH decrease early post-mortem affected the rate but
not the extent of myofibrillar degradation.
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Table 1. Native and autolyzed p-calpain activity analyzed with the zymography method.

Time Slow pH drop Normal pH drop Fast pH drop
Post-mortem, hours (pH3 =6.00) (6.00=pH3 = 6.30) (pH3 = 6.30)

u-Calpain activity

1h 1.07=%=0.034 1.09=%=0.033 1.04===0.034
6h 1.01=%=0.033 1.125%=0.033 0.87<¥=0.033
24h 0.67=¥=0.033 0.59=%¥=0.033 0.51%==0.033
72h 0.41===0.033 0.30%2=0.033 0.22%%=0.033

Autolyzed p-Calpain activity

1h 0.03=7=0.081 0.0227=0.079 0.02=7=0.082
6h 0.01===0.080 0.00===0.079 0.10%x = 0.080
24h 0.16=>*=0.080  0.12=¥=0.080 0.19%2=0.079
72h 0,082==0.079 0,092¥=0.080 0.18%2=0.079

=t = Within rows, mean values withouta common superscript differ (P </ 0.05).

=¥:%% Within columns, mean values withouta common superscript differ (P < 0.03).
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Figure 1. Myofibrillar fragmentation.



