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Abstract: A meat tenderising procedure involving injection of a lactic acid solution into prerigor

muscle was investigated using beef M pectoralis profundus. The distribution of lysosomal enzymes in

subcellular fractions, densities of myo®brillar protein bands after SDS-PAGE and shear force were

measured in non-injected, 0.5M and 1.0M lactic-acid-injected samples during a 21days ageing period.

The activities of cathepsin B�L and b-glucuronidase in the soluble fraction increased with level of

lactic acid and with time post-mortem (P<0.001). Lactic acid and storage decreased densities of SDS-

PAGE bands migrating at the position of myosin heavy chain (MHC) and a-actinin and increased

densities of a 150kDa band (P<0.01). SDS-PAGE of isolated perimysium cleaved with CNBr showed

proteolytic cleavage of collagen after prolonged storage. Lactic acid injection signi®cantly reduced

shear force (P<0.001). The cathepsin B�L activity in the soluble fraction correlated to shear force

(r =ÿ0.8), the degradation of MHC and a-actinin (r =ÿ0.88 and ÿ0.90) and the generation of the

150kDa fragment (r =0.90) but not to the generation of a 31kDa fragment (r =0.05). A major part of the

tenderness improvement after lactic acid injection was complete at 24h post-mortem, and was

therefore due to a rapid process, eg pH-induced swelling of the muscle structure. The data on enzyme

activities and protein degradation, however, suggested that the action of lysosomal cathepsins also

contributed to textural changes.
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INTRODUCTION
Meat tenderness is well known to be highly in¯uenced

by temperature and pH during rigor development in

muscle post-mortem (pm). The effect of rigor tem-

perature is most clearly observed in prerigor excised

muscle strips in which the shortening±tenderness

relationship is well established. Recently a temperature

region of 7 to 15°C during rigor was shown to result in

minimum shortening and least toughness for the beef

muscles M longissimus dorsi and M semimembranosus.1,2

The rate of pH fall however, has been reported to

affect tenderness by mechanisms other than muscle

shortening.3 This probably re¯ects the complex nature

of the pH-induced effects which, in combination with

muscle temperature, in¯uence swelling, proteolysis

and shortening in the early rigor phase.

Arti®cial tenderisation by acid marination, ie the

soaking of meat in an acidic solution, is a commonly

used culinary technique. The tenderising effect is of

particular commercial interest for upgrading tougher

and cheaper cuts of a carcass. The potential causes for

tenderisation due to marination are: (a) pH induced

swelling of muscle ®bres and/or connective tissue; (b)

accelerated or additional proteolytic weakening of

muscle structure, and (c) increased solubilisation of

collagen upon cooking.4

From a series of experiments aimed to identify the

relationship between pH and tenderness, Gault 5,6

showed that toughness increased when the pH of meat

was decreased from 5.5 to 5.0 but a dramatic

reduction in toughness occurred when the pH was

reduced below 5.0, particularly in the range 4.6 to 4.1.

The tenderisation observed at pH values below pH 5.0

was mainly believed to be caused by the increased

swelling of raw meat and is in close resemblance to the

described in¯uence of acidic pH on the water-holding

capacity of ground meat.7 The lowering of meat pH is

also favourable for an increased release and activity of

lysosomal cathepsins.8 This may cause an enhanced

potential for proteolysis as the lysosomal enzymes

cathepsin B and L can cleave both myo®brillar

proteins9,10 and collagenous proteins.11,12

A more recent concept of marination involved

injection of lactic acid into muscle prerigor to achieve

both an earlier post-mortem activation of muscle

cathepsins and an accelerated, more even distribution
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of acid throughout the meat.13 Injection of bovine

muscle with 0.1M lactic acid immediately after

slaughter to a level of 10% of the original weight

caused rapid pH decline in prerigor meat (minimum

pH 5.33 after 3h post-mortem) and increased

degradation of perimysial collagen. The increased

proteolysis was most probably due to an earlier

activation of cathepsins as Ertbjerg et al8 showed both

enhanced and earlier post-mortem release of cathe-

psins when muscle pH was decreased to 5.1 by a

similar procedure for lactic acid injection. Eilers et al14

injected a 0.3M lactic acid solution into hot boned beef

muscle which signi®cantly reduced Warner±Bratzler

shear force compared to cold boned and hot boned

controls.

The objective of the present work was to provide

more insight into the biochemical role of tenderisation

caused by prerigor injection of lactic acid. We

examined the release of lysosomal enzymes, the

degradation of myo®brillar and collagenous proteins

by SDS-PAGE and tenderness as measured by

Warner±Bratzler shear force. The role of proteolysis

in tenderisation of lactic acid marinated meat is

discussed in light of the relationship between the

measured traits.

MATERIALS AND METHODS
Muscles
Bovine M pectoralis profundus were excised from both

sides of six Black Pied Danish cows (3 to 4years old)

within 30min of slaughter. The muscle was trimmed

for visible connective tissue and fat. Triangled areas at

anterior and posterior ends and thinner areas at dorsal

and ventral parts were removed. Twelve samples of

8�12cm were obtained from each animal. Shear

force, cooking loss and pH were measured on all

samples, enzyme activities and SDS-PAGE of myo®-

brils were performed on samples from two animals and

SDS-PAGE of perimysial collagen on samples from

four animals.

Lactic acid injection
Muscle samples (c 2.5cm thick, 200±300g) were

either non-injected controls or injected with 0.5 or

1.0M lactic acid to a level of 10% of the original weight

using a multi-pipette (Eppendorf 4780 with a Plus/8

adaptor) with ®xed needles. Injections were performed

in three depths (50ml depthÿ1) with 0.5cm between

each needle injection point. Injected lactic acid was

pretempered to 15°C. After injection the meat was

placed at 15°C for 24h and then vacuum packed

before storage at 4°C for 1, 7, 14 or 21days. At

selected times post-mortem, pH was measured using a

direct insertion probe electrode (Ingold Lot 406-M3).

Homogenisation and subcellular fractionation
Homogenisation and subcellular fractionation were

performed as previously described.8 Brie¯y, samples

(1.5g) were homogenised using a Potter-Elvehjem-

type homogeniser and subcellular fractionated to a

myo®brillar fraction (1100�g for 10min), a mem-

brane fraction (the combined activity in pellets after

3000�g for 10min; 27000�g for 20min and

100000�g for 60min) and a soluble fraction (the

®nal supernatant). Duplicate fractionations were

carried out.

Cathepsin B �L and b-glucuronidase assays
Enzyme activities in fractions were assayed ¯uorime-

trically using the substrate N-CBZ-L-phenylalanyl-L-

arginine-7-amido-4-methylcoumarine for cathepsin

B�L as described15 and 4-methylumbelliferyl-b-D-

glucuronide for b-glucuronidase.16 Activities are

shown asmU, where 1mU is de®ned as the release of

1pmol of product per min.

Isolation of myofibrils
Myo®brils were prepared as previously described17

and protein concentration was determined by the

biuret procedure18 using bovine serum albumin as

standard. Samples were prepared for SDS-PAGE by

dissolving myo®brils in sample buffer (62.5mM Tris-

HCl (pH 6.8), 2% (w/v) SDS, 10% (v/v) glycerol,

0.32M dithiothreitol and 0.0025% (w/v) bromophenol

blue).

Isolation of insoluble perimysial collagen
Insoluble perimysial collagen was prepared by a

modi®cation of the method described by Stanton

and Light.19 The meat sample (50g) was divided into

pieces of less than 1g and then homogenised in 25ml

0.05M CaCl2 (ice-cooled) for 15s in a Waring

Blender. The homogenate was ®ltered through a

graded copper grid (1mm2 perforations) and material

retained on the ®lter was re-homogenised in 25ml

0.05M CaCl2 and re-®ltered. This process was

repeated a further six times, using 25ml 0.05M CaCl2
each time. The retained material was then stirred in

25ml 6M urea, 0.05M tris-HCl, pH 7.4 for 30min on

a magnetic stirrer, then centrifuged at 4300�g for

10min. A further 25ml of buffered urea were added to

the aggregated insoluble fraction and the extraction

procedure repeated twice. The remaining insoluble

perimysial fraction was dialysed against ®ve changes of

water for 16h and then frozen subsequently and

freeze-dried.

CNBr digestion of insoluble perimysial collagen
The freeze-dried perimysial material was cut into

minor pieces with scissors and further processed into

very small pieces using an Ultra-Turrax homogeniser

for 6�5s (without added buffer). The dry material

was suspended in 70% (v/v) formic acid to a

concentration of 10mgmlÿ1 and CNBr cleavage was

then performed essentially as described by Light.20

Freeze-dried CNBr-cleaved peptides were dissolved at

a concentration of 10mgmlÿ1 in SDS sample buffer

and subjected to SDS-PAGE. Peptide bands were

identi®ed by comparison with previous results.19
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SDS-PAGE
Electrophoretic procedures of Laemmli21 were fol-

lowed. Each sample was run in duplicate using tris-

glycine precast gels (Novex). Myo®brillar proteins

were separated using discontinuous 8 to 16% acryla-

mide gradient slab gels with 2.6% (w/v) bisacrylamide.

Perimysial collagen peptides were separated on 14%

(w/v) acrylamide gels containing 2.6% (w/v) bisacry-

lamide. Densitometric scans of gels were performed

using the CREAM scanning system (Kem-En-Tec

Software Systems, Denmark). To standardise image

analysis procedures, the baseline was de®ned by the

computer software (low level background correction).

Peak area values of SDS-PAGE bands were deter-

mined and expressed as percentage of total peak area

of all bands in the sample.

Cooking loss and shear force
Vacuum-packed samples were heated for 120min at

60°C. Cooking loss was determined by weighing

samples before and after heating. Warner±Bratzler

(WB) shear force (Ncmÿ2) measurements were

performed as described by Mùller.22 Each sample

resulted in 12 WB deformation curves for calculating

mean values. Two parameters were measured: WB M-

force (initial yield) and WB C-force (®nal yield) taken

as an indication of the myo®brillar and connective

tissue components of tenderness, respectively.

Statistical methods
Effects of animal, time post-morterm and level of lactic

acid injection were examined by standard analysis of

variance in a factorial block design with animals as

blocks. Enzyme activities and densities of protein

bands were examined separately for each subcellular

fraction. Prior to analysis of variance, the enzyme

activities were transformed into logarithms to stabilise

Figure 1. Muscle pH decline to 24h post-mortem. &, untreated control; ~,
0.5M lactic acid; !, 1.0M lactic acid. Means�SD are shown.

Table 1. P-values obtained after analysis of variance

Animal Storage time Level of lactic acid Storage time� lactic acid

Cathepsin B�L activity

Soluble fraction 0.27 <0.001 <0.001 0.34

Membrane fraction 0.04 <0.001 <0.001 0.03

Myo®brillar fraction 0.35 <0.001 <0.001 0.28

b-glucuronidase activity

Soluble fraction <0.001 <0.001 <0.001 0.02

Membrane fraction <0.001 <0.001 <0.001 0.57

Myo®brillar fraction <0.001 <0.001 0.001 0.19

Myo®brillar protein bands

MHC 0.16 0.002 <0.001 0.95

150kDa 0.57 <0.001 <0.001 0.39

a-actinin 0.07 0.01 <0.001 0.51

95kDa 0.08 0.35 0.003 0.12

31kDa 0.02 <0.001 0.003 0.13

Perimysial protein bands

>200kDa 0.001 0.01 0.98 0.14

a-2(I)CB3,5 0.006 0.18 0.16 0.34

a-1(I)CB3-7 0.04 0.83 0.48 0.85

a-1(I)CB7 0.009 0.74 0.44 0.76

a-1(I)CB8 0.008 0.21 0.40 0.28

0±4kDa 0.27 0.009 0.23 0.05

Shear force

WB M-force <0.001 0.05 <0.001 0.15

WB C-force 0.04 0.61 <0.001 0.98

Cooking loss 0.008 0.23 <0.001 0.90
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variation of data. For comparison of means, Tukey's

method was used. All statistical calculations were

carried out using SAS STATTM software.

RESULTS
Temperature and pH
Samples were injected at approximately 1h post-

mortem with lactic acid pretempered to 15°C. Muscle

temperature was 27�4°C at time of injection. Non-

injected samples reached a pH of 5.44 within 24h (Fig

1). The pH of lactic-acid-injected samples decreased

rapidly, and seemed to have stabilised in less than 2h

after injection. At 24h, samples injected with 0.5 or

1.0M lactic acid had mean pH values of 4.92 and 4.45,

respectively.

Lysosomal enzymes
Activities of cathepsin B�L and b-glucuronidase of all

subcellular fractions were signi®cantly (P<0.001)

affected by main effects of storage time and level of

lactic acid injection (Table 1). The interaction

between storage time and lactic acid level signi®cantly

affected only activities of cathepsin B�L in the

membrane fraction and b-glucuronidase in the soluble

fraction (P<0.05).

In the soluble fraction average cathepsin B�L

activities increased (P<0.05) with increased level of

lactic acid injection (Table 2). Average cathepsin

B�L and b-glucuronidase activities also increased

signi®cantly with increased storage time up to 7days.

Mean cathepsin B�L activities in non-injected and

lactic-acid-injected samples increased more than

threefold from 4h to 21d post-mortem. Changes in

cathepsin B�L and b-glucuronidase activities in the

membrane fraction tended to be opposite to those seen

in the soluble fraction and thus decreased (P<0.05)

with increased level of lactic acid but with no effect of

storage beyond 1day. The myo®brillar fraction

showed a tendency to increased lysosomal enzyme

activities with storage time and decreased activities

with lactic acid injection.

SDS-PAGE of myofibrillar proteins
Myo®brillar protein changes are shown on the gel in

Fig 2. Analysis of variance (Table 1) showed that the

level of lactic acid signi®cantly affected the densities of

all measured protein bands (P<0.01) while storage

time affected the densities of all protein bands

(P<0.05) except the 95kDa band. Interactions

between storage time and lactic acid level were not

signi®cant.

Average myosin heavy chain (MHC) densities

Table 2. Activity of cathepsin B�L and b-glucuronidase (mUgÿ1 muscle) in the soluble, membrane and myofibrillar fraction at 4h, 1d, 7d and 21d post-mortem, in
non-injected (NI), 0.5 and 1.0M lactic-acid-injected samples

Cathepsin B�L b-glucuronidase

Fraction Time post-mortem NI 0.5M 1.0M Average* NI 0.5M 1.0M Average*

Soluble 4h 489 658 1060 669a³ 613 622 833 663a

1d 758 1420 1970 1266b 716 1220 1170 984b

7d 1370 2050 2820 1981c 1150 1710 1740 1436c

21d 1700 2950 3100 2445c 1500 1640 1720 1574c

average² 957a 1600b 2139c 905a 1218b 1316b

Membrane 4h 1230 920 836 991a 1020 725 464 721a

1d 931 660 359 584b 402 294 124 239b,c

7d 1070 589 309 565b 426 278 108 205c

21d 972 760 475 694b 569 326 177 301b

average² 1032a 695b 426c 539a 323b 165c

Myo®brillar 4h 229 179 145 183a 301 307 262 284a

1d 275 232 186 224a,b 402 339 253 321a

7d 390 281 196 273b 628 605 462 552b

21d 310 235 132 210a 718 553 610 608b

average² 291a 227b 162c 473a 431a,b 375b

* Antilog[average log(enzyme activity)] at each lactic acid treatment.

² Antilog[average log(enzyme activity)] at each storage time.

³ Means of cathepsin B�L or b-glucuronidase in the same column or row with different following letters differ signi®cantly (P<0.05).

Figure 2. SDS-PAGE of myofibrillar proteins. NI, non-injected samples
stored 1, 7, 14 and 21days; 0.5M, injected 0.5M lactic acid stored 1, 7, 14
and 21days; 1.0M, injected 1.0M lactic acid stored 1, 7, 14 and 21days;
MHC, myosin heavy chain.
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decreased signi®cantly (P<0.05) in lactic-acid-in-

jected samples and with storage from day 1 to day 7

(Table 3). Concomitant with decreased MHC den-

sities a major degradation product appeared at

approximately 150kDa. Average densities of the

150kDa band increased (P<0.05) with increasing

lactic acid level and with storage from day 1 to day 7.

Average densities of the a-actinin band decreased

(P<0.05) with increasing lactic acid level and with

storage time from day 1 to day 14. Average densities of

the 95kDa band increased signi®cantly (P<0.05) in

lactic-acid-injected samples but were unaffected by

storage. Average 31kDa densities decreased in lactic

acid-injected samples but increased (P<0.05) with

storage time from day 1 to day 7. The appearance of

the band at 31kDa was most clearly seen during

storage of non-injected samples (Fig 2 and Table 3).

SDS-PAGE of intramuscular connective tissue
Perimysial collagen from non-injected and lactic-acid-

injected meat aged 1 or 21days was isolated and

cleaved by cyanogen bromide. No signi®cant effect of

lactic acid injection on perimysial collagen was seen

after SDS-PAGE analysis (Tables 1 and 4). Some

intensifying of material in the very low molecular

weight region with time post-mortem was seen,

however (Fig 3). Densitometry of gels showed

increased (P<0.05) density of the band migrating

with an Mr of approximately 4kDa in non-injected

samples during storage (Table 4) and at the same time

the ®rst major band (Mr>200kDa) decreased

(P<0.05). Results showed no signi®cant changes in

other investigated peptide bands.

Shear force
Lactic acid injection reduced (P<0.001) WB M-force

and WB C-force (Table 1). Injection of 1.0M lactic

acid reduced WB M-force and C-force to approxi-

mately half the values as obtained for non-injected

samples, and with intermediate shear force after 0.5M

Table 3. Effect of lactic acid injection
during ageing on the density of myosin
heavy chain (MHC), 150kDa band, a-
actinin, 95 and 31kDa bands. NI: non-
injected samples. The density of each
protein band is expressed as
percentage peak area of total peak
area from all stained proteins in the
lane

Protein band Time post-mortem (days) NI 0.5M 1.0M Average*

MHC 1 31.0 27.4 23.8 27.4a³

7 23.5 17.3 11.3 17.4b

14 26.0 18.6 16.1 20.2b

21 23.0 16.3 11.1 16.8b

average² 25.9a 20.0b 15.6b

150kDa 1 5.2 7.1 10.6 7.6a

7 7.7 13.5 17.1 12.8b

14 7.7 12.9 15.2 11.9b

21 7.8 14.3 17.9 13.3b

average² 7.1a 11.9b 15.2c

a-Actinin 1 4.9 3.8 3.6 4.1a

7 4.4 3.5 1.8 3.3a,b

14 3.9 3.0 2.5 3.1b

21 4.0 2.7 1.8 2.8b

average² 4.3a 3.3b 2.4c

95kDa 1 0.5 1.1 1.4 1.0a

7 0.7 1.5 1.1 1.1a

14 0.6 1.2 1.3 1.0a

21 1.2 1.5 1.0 1.2a

average² 0.8a 1.3b 1.2b

31kDa 1 1.0 1.3 1.2 1.2a

7 2.1 1.7 1.7 1.8b

14 2.4 1.5 1.7 1.9b

21 3.1 2.0 1.8 2.3b

average² 2.2a 1.6b 1.5b

* Average density of protein bands at each storage time.

² Average density of protein bands at each lactic acid treatment.

³ Mean densities in rows or columns within each protein band with different following letters differ signi®cantly

(P<0.05).

Table 4. Effect of 1.0M lactic acid injection and ageing on the density of
peptides from CNBr cleaved perimysium. The density of each protein band is
expressed as percentage peak area of total peak area from all stained
proteins in the lane

Non-injected 1.0M lactic acid injected

Peptide band 1day 21days 1day 21days

>200kDa 24.9a* 20.6b 23.5a,b 22.1a,b

a-2(I)CB3,5 14.6 12.9 12.9 12.5

a-1(I)CB3-7 6.3 6.0 6.6 6.5

a-1(I)CB7 8.4 8.7 9.0 9.0

a-1(I)CB8 8.4 8.3 9.1 8.2

0±4kDa 6.6a 12.6b 10.5a,b 11.5b

* Means (n =4) in the same row with different following letters differ

signi®cantly (P<0.05).
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lactic acid injection (Fig 4). The tenderising effect of

lactic acid was seen at 1day post-mortem and with no

signi®cant change during further storage while tender-

isation in non-injected controls appeared as a gradual

decrease in WB M-force during the storage period.

Cooking loss
Cooking loss for control samples and lactic-acid-

injected samples were unaffected (P>0.1) by storage

time, but affected (P<0.001) by level of lactic acid

(Table 1). Mean percentages of cooking loss were

approximately 23% for non-injected samples, 32% for

0.5M and 28% for 1.0M lactic-acid-injected samples.

Correlation between traits
As shown in Table 5, cathepsin B�L activity in the

soluble fraction was signi®cantly correlated to degra-

dation of MHC (r =ÿ0.88), generation of 150kDa

fragment (r =0.90) and the degradation of a-actinin

(r =ÿ0.90) but not correlated to generation of 31kDa

fragment (r =0.05). Shear force values were correlated

to cathepsin B�L activities in the soluble and the

membrane fractions and the degradation of MHC and

a-actinin. Appearance of the 31kDa peptide was, for

non-injected samples, correlated (r =ÿ0.87) to WB

M-force (results not shown), but not signi®cantly

correlated when data from lactic-acid-injected samples

were included (Table 5).

DISCUSSION
In the work presented here, we examined the involve-

ment of proteolysis as part of the tenderisation

mechanism in prerigor lactic acid marinated beef. A

low temperature during rigor may cause toughening,

but also a combination of fast pH decline to

approximately 5.5 at 2h post-mortem and high

temperature resulted in lowered meat tenderness in

beef M longissimus dorsi.3 Increased susceptibility of

calpains to autolysis and denaturation at pH of

approximately 5.5 in combination with high tempera-

ture was suggested to have caused the increased

toughness. In the present experiment a temperature

of 15°C during rigor was intended by injecting lactic

acid tempered to 15°C and by storage of samples at

that temperature until 24h post-mortem. At the time

of lactic acid injection, however, the muscle tempera-

ture was approx. 27°C. This combination of a

relatively high temperature and muscle pH lower than

5.0 after lactic acid injection is likely to have caused

extensive loss of calpain activity, as Simmons et al23

showed a rapid decrease of calpain activity with

decreasing pH to 5.5 at high rigor temperatures in

Figure 3. SDS-PAGE of CNBr peptides of insoluble perimysial material.
Lane a and e, non-injected, 1day; lane b and f, non-injected 21days, lane c
and g, injected 1.0M lactic acid, 1day; lane d andh, injected 1.0M, 21days.

Figure 4. (a) Warner–Bratzler M-force and (b) Warner–Bratzler C-force,
during ageing of lactic-acid-injected bovine pectoralis profundus. &,
untreated control; ~, 0.5M lactic acid; !, 1.0M lactic acid. Means�SEM
(n =6) are shown.
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beef M longissimus dorsi. As the pH values were below

5.0 in the present study, calpain activity was not

considered any further, and only the effect of lower pH

on lysosomal proteolytic enzymes was determined. In

agreement with our previous results,8 prerigor lactic

acid injection resulted in signi®cantly increased

activities of cathepsin B�L and b-glucuronidase in

the soluble fraction and decreased activities in the

membrane fraction, indicating that enzymes were

released from the lysosomes. The measured activities

of cathepsin B�L re¯ects their proteolytic potential

while the b-glucuronidase measurements serve as a

more general indicator of lysosomal enzyme release as

no known endogenous inhibitor against b-glucuroni-

dase exists.

Increased level of lactic acid resulted in signi®cantly

increased myo®brillar protein degradation as indicated

by intensity changes in SDS-PAGE bands (Fig 2 and

Table 3). The most pronounced changes were

decreased MHC band intensity and concomitant

appearance of a band at approximately 150kDa. Also

the a-actinin band intensity clearly decreased after

lactic acid injection. Previous studies suggest that

cathepsins are likely to have caused these protein

degradations. Isolated MHC is susceptible to attack

from cathepsins D, B and L.24±26 Also incubation of

myo®brils with cathepsin D, B or L9,10,26 or lysosomal

extract10,27 resulted in MHC degradation and appear-

ance of bands in the size range 120 to 160kDa.

Cathepsin L can, at pH 5.0, degrade the Z-disk protein

a-actinin to peptides of slightly lower Mr values and

with further degradation at lower pH values of 3.0 to

3.5.26 MHC and a-actinin has been reported to be

degraded in isolated myo®brils at pH below 4.8, and

the involvement of cathepsins was suggested.28 Final-

ly, the pH of lactic-acid-injected samples is within the

range of optimum pH of cathepsin B and L activity.

These observations all suggest that the lactic acid

induced degradation of MHC and a-actinin in our

study is caused by lysosomal enzymes such as

cathepsins D, B or L. This conclusion is further

supported by the high correlation (Table 5) between

cathepsin B�L activity in the soluble fraction and the

density of MHC (r =ÿ0.88) and a-actinin (r =ÿ0.90).

Storage for 7days resulted in signi®cantly increased

average enzyme activities in the soluble fraction (Table

2), while the increase with further storage to 21days

was smaller and not signi®cant. Protein degradations

were mainly seen only from day 1 to day 7, where the

average intensities of the MHC and a-actinin bands

decreased and the average intensities of the 150kDa

and 31kDa bands increased (Table 3). In contrast, the

effect of lactic acid on tenderness was almost

completed at day 1 (Fig 4) and therefore did not

parallel the major proteolytic changes with storage. It

can therefore be argued that the textural changes were

too fast to be caused by the lysosomal enzymes. Lactic

acid, however, had produced a considerable enzyme

release from 4h to 1day, which may have been enough

to induce suf®cient proteolysis to cause the observed

effect on tenderness at day 1. Another argument

against an exclusive role of cathepsins in the tender-

isation process comes from comparing the non-

injected sample 7days post-mortem and 0.5M lactic-

acid-injected samples 1day post-mortem. The enzyme

activities in the soluble fraction in these samples are in

the same range and yet the shear force values are lower

for lactic-acid-injected samples. The discrepancy in

time-course changes between measurements relating

to proteolysis and tenderness suggests that other

tenderisation mechanisms were involved. Low pH

induced swelling of muscle ®bres and connective

tissue or increased solubilisation of collagen during

cooking are potential tenderisation causes in acid

marination.4,29 The role of swelling in the present

study is supported by the observation that samples

injected with 1.0M lactic acid had lower cooking loss

than the 0.5M injected (28% versus 32%), suggesting

that the former samples retained more liquid on

cooking due to swelling. The increased tenderisation

Table 5. Correlation coefficients between activity of cathepsin B�L in the soluble and membrane fraction, band density after SDS-PAGE of myofibrillar proteins
and Warner–Bratzler shear forcea

Cathepsin B� L

membrane

fraction MHC 150kDa a-actinin 95kDa 31kDa WB M-force WB C-force

Cathepsin B�L

soluble fraction

ÿ0.63*** ÿ0.88*** 0.90*** ÿ0.90*** 0.30 0.05 ÿ0.79*** ÿ0.80***

Cathepsin B�L

membrane fraction

0.55* ÿ0.69** 0.58* ÿ0.37 0.32 0.79*** 0.82***

MHC ÿ0.91*** 0.73*** ÿ0.43* 0.16 0.76*** 0.82***

150kDa ÿ0.87*** 0.46* ÿ0.08 ÿ0.83*** ÿ0.86***

a-actinin ÿ0.32 0.17 0.71*** 0.67***

95kDa 0.12 ÿ0.55** ÿ0.51*

31kDa 0.14 0.27

WB M-force 0.77***

a Measurements from samples with common treatment (1, 7, 14 and 21days post-mortem for non-injected, 0.5M and 1.0M injected) are used. n =18, except for

correlations between cathepsin B�L activities in the soluble and membrane fraction (n =24) and the correlation between WB M-force and WB C-force (n =72).

The level of signi®cance is denoted by *,** and *** for signi®cance at P<0.05, P<0.01 and P<0.001, respectively.
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by the lactic acid injection may therefore be caused by

a combination of increased proteolysis and low pH

induced swelling. Additional support for the involve-

ment of lysosomal enzymes in the tenderisation caused

by lactic acid injection appears from our earlier work

using E-64 as an inhibitor of cysteine endopeptidases

including cathepsin B and L. Injecting E-64 in

combination with lactic acid (0.3 or 1.0M) resulted

in higher WB shear force values as compared to

samples injected only with lactic acid.30 These results

suggest that proteolytic enzyme activity in¯uences the

tenderising effect of lactic acid and therefore strength-

ens the arguments for an involvement of lysosomal

enzymes in the lactic acid tenderisation mechanism.

Storage caused a small degree of proteolytic

cleavage in the perimysium as shown by two-dimen-

sional SDS-PAGE.31 In our study one-dimensional

SDS-PAGE showed decreased intensity of the ®rst

major band (Mr>200kDa) and increased band

intensity in the very low molecular weight region (0±

4kDa) after 21days storage of non-injected samples

(Fig 3 and Table 4), indicating a limited cleavage of

perimysial collagen during storage. The small size in

molecular weight of the generated peptide band

suggests that the collagen molecules were cleaved

from the ends.

In conclusion, prerigor lactic acid injection resulted

in an earlier and enhanced release of lysosomal

enzymes, increased degradation of myo®brillar pro-

teins and increased tenderness. A signi®cant relation-

ship was seen between the release of cathepsin B�L

activity from the lysosomes, changes in band inten-

sities of MHC, a-actinin, a 150kDa peptide and WB

shear force values. Tenderness improvements after

lactic acid injection were almost completed 24h post-

mortem, and were therefore, to a large extent, due to a

rapid process. The tenderisation mechanism is con-

cluded to involve a combination of pH-induced

swelling of the muscle structure and increased

proteolysis by lysosomal cathepsins.

ACKNOWLEDGEMENTS
This work was supported by the EU-AIR Programme

(Project AIR 1-CT92-0521). We want to thank Miss

L Jùrgensen and Mrs A Preusse for their excellent

technical assistance.

REFERENCES
1 Tornberg E, Biophysical aspects of meat tenderness. Meat Sci

43:S175±S191 (1996).

2 Wahlgren NM, Olsson U and Tornberg E, The in¯uence of

different temperature-time courses on muscle shortening and

beef tenderness. Proc Int Cong Meat Sci Tech 43:624±625

(1997).

3 Wahlgren NM, Devine CE and Tornberg E, The in¯uence of

different pH-time courses during rigor development on beef

tenderness. Proc Int Cong Meat Sci Tech 43:622±623 (1997).

4 Offer G and Knight P, The structural basis of water-holding in

meat. Part 1: General principles and water uptake in meat

processing, in Developments in Meat Science Elsevier Applied

Science, London, pp 63±171 (1988).

5 Gault NFS, The relationship between water-holding capacity

and cooked meat tenderness in some beef muscles as

in¯uenced by acidic conditions below the ultimate pH. Meat

Sci 15:15±30 (1985).

6 Gault NFS, Marinaded meat, in Developments in Meat Science - 5,

Ed by Lawrie R, Applied Science Publishers, London, pp 191±

246 (1991).

7 Hamm R, Biochemistry of meat hydration. Adv Food Res 10:355

(1960).

8 Ertbjerg P, Larsen LM and Mùller AJ, Effect of prerigor lactic

acid treatment on lysosomal enzyme release in bovine muscle.

J Sci Food Agric 79:95±100 (1999).

9 Ouali A, Garrel N, Obled A, Deval C and Valin C, Comparative

action of cathepsin D, B, H, L and of a new lysosomal cysteine

proteinase on rabbit myo®brils. Meat Sci 19:83±100 (1987).

10 Mikami M, Whiting AH, Taylor MAJ, Maciewicz RA and

Etherington DJ, Degradation of myo®brils from rabbit,

chicken and beef by cathepsin L and lysosomal lysates. Meat

Sci 21:81±97 (1987).

11 Etherington DJ, The puri®cation of bovine cathepsin B1 and its

mode of action on bovine collagens. Biochem J 137:547±557

(1974).

12 Mason RW, Taylor MAJ and Etherington DJ, The puri®cation

and properties of cathepsin L from rabbit liver. Biochem J

217:209±217 (1984).

13 Stanton C and Light N, The effects of conditioning on meat

collagen: Part 4-the use of pre-rigor lactic acid injection to

accelerate conditioning in bovine meat. Meat Sci 27:141±159

(1990).

14 Eilers JD, Morgan JB, Martin AM, Miller RK, Hale DS, Acuff

GR and Savell JW, Evaluation of calcium chloride and lactic

acid injection on chemical, microbiological and descriptive

attributes of mature cow beef. Meat Sci 38:443±451 (1994).

15 Kirschke H, Wood L, Roisen FJ and Bird JWC, Activity of

lysosomal cysteine proteinase during differentiation of rat

skeletal muscle. Biochem J 214:814±877 (1983).

16 Moeller PW, Fields PA, Dutson TR, Landmann WA and

Carpenter ZL, Effect of high temperature conditioning on

subcellular distribution and levels of lysosomal enzymes. J

Food Sci 41:216±217 (1976).

17 Mùller AJ, Vestergaard T and Wismer-Pedersen J, Myo®bril

fragmentation in bovine longissimus dorsi as an index of

tenderness. J Food Sci 38:824±825 (1973).

18 Gornall AG, Bardawill CJ and David MM, Determination of

serum-protein by means of the biuret reaction. J Biol Chem

177:751±766 (1949).

19 Stanton C and Light N, The effects of conditioning on meat

collagen Part 1-Evidence for gross in situ proteolysis. Meat Sci

21:249±265 (1987).

20 Light ND, Collagen in skin: preparation and analysis, in Methods

in Skin Research, Ed by Skerrow D and Skerrow CJ, Wiley,

London, pp 559±586 (1985).

21 Laemmli UK, Cleavage of storage proteins during the assembly

of the head bacteriophage T4. Nature 227:680±684 (1970).

22 Mùller AJ, Analysis of Warner-Bratzler shear pattern with regard

to myo®brillar and connective tissue components of tender-

ness. Meat Sci 5:247±260 (1981).

23 Simmons NJ, Singh K, Dobbie PM and Devine CE, The effect

of pre-rigor holding temperature on calpain and calpastatin

activity and meat tenderness. Proc Int Cong Meat Sci Tech

42:414±415 (1996).

24 Schwartz WN and Bird JWC, Degradation of myo®brillar

proteins by cathepsin B and D. J Biochem.167:811±820

(1977).

25 Noda T, Isogai K, Hayashi H and Katunuma N, Susceptibilities

of various myo®brillar proteins to cathepsin B and morpholo-

gical alteration of isolated myo®brils by this enzyme. J Biochem

90:371±379 (1981).

26 Matsukura U, Okitani A, Nishimuro T and Kato H, Mode of

J Sci Food Agric 79:970±978 (1999) 977

Proteolytic changes in lactic acid marinated beef



degradation of myo®brillar proteins by an endogenous

protease, cathepsin L. Biochim Biophys Acta 662:41±47 (1981).

27 Whipple G and Koohmaraie M, Degradation of myo®brillar

proteins by extractable lysosomal enzymes and m-calpain, and

the effects of zinc chloride. J Anim Sci 69:4449±4460 (1991).

28 Saunders AB, The effect of acidi®cation on myo®brillar proteins.

Meat Sci 37:271±280 (1994).

29 Lewis GJ and Purslow PP, The effect of marination and cooking

on the mechanical properties of intramuscular connective

tissue. J Muscle Foods 2:177±195 (1991).

30 Ertbjerg P, Larsen LM and Mùller AJ, Lactic acid treatment for

upgrading low quality beef. Proc Int Cong Meat Sci Tech

41:670±671 (1995).

31 Stanton C and Light N, The effects of conditioning on meat

collagen: Part 2 ± Direct biochemical evidence for proteolytic

damage in insoluble perimysial collagen after conditioning.

Meat Sci 23:79±199 (1988).

978 J Sci Food Agric 79:970±978 (1999)

P Ertbjerg et al


