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ABSTRACT : Changes in shear force value, transverse sections, myofibrils and intramuscular connective tissue of bovine skeletal 
muscle exposed to the combination of high-pressure up to 400 MPa and heat (30 and 60°C) were studied. The shear force value 
decreased by pressure-heat treatment up to 200 MPa at 30 and 60°C, and then slightly increased over 200 MPa at 30°C. Shear force 
values of treated muscles were lower than those of untreated ones. Gaps between muscle fibers in the untreated muscle were a little 
clear, and then they became very clear in the treated muscles up to 200 MPa at 30 and 60°C. However, the gaps reduced significantly 
over 200 MPa at 30°C. The remarkable rupture of I-band and loss of M-line materials progressed in the myofibrils with increasing 
pressure applied. However, degradation and loss of the Z-line in myofibrils observed in the muscle treated at 60°C was not apparent in 
the muscle treated at 30°C. The length of the sarcomere initially contracted by pressure-heat treatment of 100 MPa at 30°C seemed to 
have recovered with increase of the pressure up to 400 MPa. In the muscle treated at 60°C, the length of sarcomere gradually decreased 
with increase of the pressure up to 400 MPa. In the treated muscles, changes in the honeycomb-like structure of endomysium were 
observed and accelerated with increase of the pressure. A wavy appearance clearly observed at the inside surface of endomysium in the 
untreated muscles gradually decreased in the treated muscles with increase of the pressure. Tearing of the membrane was observed in the 
muscles treated over 150 MPa at 30°C, as observed in the sample pressurized at 100 MPa at 60°C. The roughening, disruption and 
fraying of the membrane were observed over 200 MPa at 60°C. From the results obtained, the combination of high-pressure and heat 
treatments seems to be effective to tenderize tough meat. The shear force value may have some relationship with deformation of 
intramuscular connective tissue and myofibrils. (Key Words : High Pressure, Shear Value, Myofibrils, Connective Tissue, Bovine 
Skeletal Muscle)

INTRODUCTION

Meat tenderness has been resolved into at least two 
different components, “actomyosin toughness” and 
“background toughness” (Locker, 1960; Marsh and Leet, 
1966; Beilken et al., 1990). Actomyosin toughness is the 
toughness attributed to the myofibrillar proteins, while the 
background toughness is due to the connective tissue and 
other stromal proteins.

Tenderness is one of the most important attributes of 
meat from consumer's point of view. There are several 

artificial means of tenderizing meat including physical and 
chemical methods. High pressure is one of the new 
techniques for tenderizing meat. Several studies have been 
documented on tenderization of meat due to structural 
changes of myofibrils caused by high pressure (Bouton, et 
al., 1977; Macfarlane and Morton, 1978; Kennick et al., 
1980; Locker and Wild, 1984; Suzuki et al., 1990; Suzuki et 
al., 1992; Suzuki et al., 1996; Cheftel and Culioli, 1997; 
Jung et al., 2000). However, a little work has been reported 
on the effects of pressurization on the connective tissue.

In general, at ambient or lower temperature and low 
pressures (100 MPa), there was little or no structural change 
(Suzuki et al., 1992; Ueno et al., 1999; Jung et al., 2000). At 
these respective temperatures, increasing the pressure 
caused M-line loss, disruption of thin filament organization, 
thickening of Z-line (Suzuki et al., 1992; Jung et al., 2000), 
and deformation of endomysium organization (Ueno et al., 
1999). However, it is not certain whether the pressure- 
induced structural changes in the intramuscular connective 
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tissue may significantly affect meat tenderness, due to the 
lack of measurement of shear force value. Suzuki et al. 
(1993) reported that no significant differences in the 
ultrastructure, electrophoretic pattern, thermal solubility and 
thermograms of the intramuscular collagen isolated from 
untreated (control) and pressurized muscles were observed.

The finding that the combination of low pressure (up to 
150 MPa) and heat treatment (40-80°C) improved 
tenderness was reported by many workers (Bouton et al., 
1977; Macfarlane and Morton, 1978; Locker and Wild, 
1984). They suggested that the treatment operated on the 
myofibrillar component of toughness with a little or no 
effect on that of the connective tissue. This view has been 
supported in subsequent studies (Ratcliff et al., 1977; 
Bouton et al., 1978; Bouton et al., 1982; Beilken et al., 
1990). Recently, Ma and Ledward (2004) reported that 
pressures of 200 MPa at 60 and 70°C for 20 min caused 
larger and significant decreases in hardness of beef than 
those of the higher pressures up to 800 MPa.

As mentioned above, the combination of higher 
pressure up to 400 MPa and heat treatment at 30 and 60°C 
may be effective to eliminate the background toughness 
than that of low pressure-heat treatment up to 150 MPa or 
pressure alone. Although high pressure-heat treatment 
induced visible modification of the color of raw meat, the 
color difference was greatly reduced after cooking (Cheftel 
and Culioli, 1997). Therefore the combination of high 
pressure and heat may effective to eliminate the toughness 
of meat for meat processing rather than that for fresh meat. 
This paper describes the shear force value and histological 
structures of transverse section, myofibrils and 
intramuscular connective tissue of bovine skeletal muscle 
exposed to combination of pressures up to 400 MPa and 
heat treatments at 30 and 60°C for 5 min.

MATERIALS AND METHODS

Meat
Lean meat was excised from the shoulder of a beef 

carcass, 2 days after slaughter and stored at -20°C. It was 
tempered overnight in a cold room (3-4°C) as required and 
then cut into small pieces (about 5x5x3 cm).

High pressure treatment
Each piece of muscle was vacuum-sealed in a 

polyethylene bag and pressurized at 100, 150, 200, 300 or 
400 MPa for 5 min at about 30 and 60°C, by using a cold 
isostatic press apparatus NBIP 45-120-70 (Nikkiso KK, 
Tokyo), according to the previously described procedure 
(Suzuki et al., 1990).

Measurement of shear force value
Five rectangular shaped samples (1x1x5 cm) were 

removed from the untreated and treated muscles at all 
pressure grades that were carried out at 30 and 60°C. Each 
sample was sheared perpendicular to the direction of muscle 
fiber with a rectangular shaped shear blade on a Rheometer 
(Fudoh NRM-2002J, Tokyo). The shear force value for a 
particular pressure-heat treatment represented average of 15 
shear force values.

Scanning electron microscopic (SEM) observation of 
traverse section

Untreated and treated samples were fixed in 2.5% 
glutaraldehyde in 0.1 M phosphate buffer, pH 7.4, for one 
day at room temperature. Small pieces of samples (5 mm 
square) were prepared and washed in distilled water, then 
put in 1% tannic acid for three hours and washed in distilled 
water for several hours. Later, these small pieces were post
fixed in 1% omium tetraoxide overnight in a cold room and 
were dehydrated through graded ethanol and dried by the t- 
butyl alcohol freeze-drying method (Inoue and Osatake, 
1988). The dried specimens were coated with gold and 
examined using a SEM ABT-55 (Akashi Beam Technology) 
with accelerating voltage 15 Kv. Micrographs of the 
specimens were taken at magnification of x750. The width 
of the gaps between muscle fibers and endomysial tubes 
was measured at 50 points of gaps from photograph using a 
pair of calipers. Fifty points on the photograph were 
selected at random.

Transmission electron microscopic (TEM) observation 
of myofibrils

TEM observation of the myofibrils was carried out by 
the method of Suzuki et al. (1978). Small pieces prepared 
from untreated and treated muscles were fixed with 3% 
glutaraldehyde and 1% osmium tetraxide, and embedded in 
Epon mixture. Thin sections of samples were stained with 
uranyl acetate-lead citrate. Specimens were examined with 
electron microscope EM 208S (Philips, Holland) with 
accelerating voltage 100 kV. The length of sarcomere was 
measured at 20 sarcomeres from electron micrographs using 
a pair of calipers.

Scanning electron microscopic (SEM) observation of 
intramuscular connective tissue

Specimens for SEM were prepared by cell-maceration 
method of Ohtani et al. (1988). Small pieces of the 
untreated and treated samples were fixed in 2.5% 
glutaraldehyde in 0.1 M phosphate buffer, pH 7.4, for one 
day. These pieces were immersed in 10% NaOH for five 
days; the NaOH solution being replaced every day by a 
fresh one and then rinsed in distilled water for five days at 
room temperature. Later, these pieces were put in 1% tannic 
acid for 3 h, washed in distilled water for several hours and 
post-fixed in 1% osmium tetraoxide overnight in a cold
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Figure 1. Effect of pressure-heat treatment on shear force value of 
bovine skeletal muscle. Shear force value was expressed as the 
percentage of that of the untreated muscle. a-d Means with different 
superscript are significantly different from each other (p<0.01). U: 
untreated; □, Pressure-heated at 30°C; ■, Pressure-heated at 60°C.

room (3-4°C). The specimens were dehydrated through 
graded ethanol, freeze-fractured in liquid nitrogen and dried 
by the t- butyl alcohol freeze-drying method (Inoue and 
Osatake, 1988). The dried specimens were coated with gold 
and examined using a SEM ABT-55 with accelerating 
voltage 15 kV. Micrographs of the specimens were taken at 
magnification of x500.

Statistical analysis
Analysis of variance from Randomized Complete Block 

Design (RCBD), 6 pressures (untreated = 0.1, 100, 150, 200, 
300 and 400 MPa) or 4 pressures (untreated = 0.1, 100, 200 
and 400 MPa)x2 temperatures (30 and 60°C), was used to 
analyze data on width of gaps between muscle, length of 
sarcomere of muscle and shear force value of muscle. When 
a significant difference by F-test was observed, we carried 
out a t-test to compare the means (Meyer, 1993).

RESULTS AND DISCUSSION

Effect on shear force
Changes in the shear force values of muscles treated at 

30 and 60°C are shown in Figure 1. When pressure 
treatment was carried out at 30°C, the shear force value of 
muscles decreased up to 200 MPa and then slightly 
increased at 300 MPa and 400 MPa (Figure 1). However, 
the shear force values of treated muscles were lower than 
those of the untreated ones. The shear force value of 
muscles treated at 200 MPa was the lowest among others. 
In the muscle treated at 60°C, the shear forces value 
decreased by high-pressure and heat treatment up to 200 
MPa and retained almost the same value up to 400 MPa 
(Figure 1).

Figure 2. Scanning electron micrograph of transverse sections 
prepared from bovine skeletal muscles pressure-heated at 30°C. 
Each scale mark on the electron micrograph indicates 50 卩m. 
Arrows indicate a gap of transverse sections. (A) Untreated; (B) 
Pressure-heated at 100 MPa; (C) Pressure-heated at 150 MPa; (D) 
Pressure-heated at 200 MPa; (E) Pressure-heated at 300 MPa; (F) 
Pressure-heated at 400 MPa, (x750).

The responses of shear force values on pressure-heat 
treatment at 30°C up to 200 MPa were similar with 
pressure-heat treatment at 60°C. These results support the 
previous studies by Bouton et al. (1977) who found no 
differences on meat tenderness by pressure-heat treatments 
up to 150 MPa at 35 and 60°C. These results indicate that 
pressure-heat treatment up to 200 MPa operates on the 
myofibrillar component of toughness with a little or no 
effect on that of the connective tissue toughness, because 
the myofibrillar protein is more sensitive to pressure than 
that of connective tissue. The similar results have been 
reported in subsequent studies that used pressure up to 150 
MPa (Ratcliff et al., 1977; Bouton et al., 1978; 1982; 
Beilken et al., 1990).

In contrast, the different results of shear force value 
were observed between the muscles treated over 200 MPa
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Figure 3. Scanning electron micrograph of transverse sections 
prepared from bovine skeletal muscles pressure-heated at 60°C. 
Each scale mark on the electron micrograph indicates 50 pm. 
Arrows indicate a gap of transverse sections. (A) Untreated; (B) 
Pressure-heated at 100 MPa; (C) Pressure-heated at 150 MPa; (D) 
Pressure-heated at 200 MPa; (E) Pressure-heated at 300 MPa; (F) 
Pressure-heated at 400 MPa, (x750).

at 30 and 60°C. This result may indicate that the 
combination of high pressure over 200 MPa and heat at 
60°C affected on weakening of connective tissue (see 
Figure 7). Bouton et al. (1981) and Christensen et al. (2000) 
reported that the decrease in shear force values between 50 
and 60°C has been attributed to a weakening of connective 
tissue. From the results shown in this paper, it appears that 
application of pressure treatment over 200 MPa at high 
temperature (60°C) was more effective to resolve 
“actomyosin” and "background” toughness than that of at 
low temperature (30°C).

Scanning electron micrograph (SEM) of transverse 
section

Changes in transverse section of muscles treated at 30 
and 60°C are shown in Figure 2 and 3, respectively.

Table 1. Effect of pressure and temperature on the change in 
width of gaps (pm) between muscle fibers

Pressure Temperature
30°C 60°C

Untreated 2.05±0.24b 1.99±0.22b
100 MPa 3.72±0.68a 3.70±0.59a
150 MPa 3.94±0.66a 3.74±0.61a
200 MPa 4.01±0.47a 4.05±0.48a
300 MPa 1.86±0.28b 3.73±0.54a
400 MPa 1.89±0.27b 3.90±0.50a
a, b Means in the same column by different letters are significantly different 

(p<0.01).

As shown in Figure 2, there were no changes in cross 
surface of muscle fibers, except the gap between muscle 
fibers. Gaps between muscle fibers and endomysial tubes 
were a little clear in the untreated muscle. The gaps became 
very clear on the treated muscles at 100, 150 and 200 MPa. 
However, with increasing pressure to 300 and 400 MPa, 
these gaps became much closer (Figure 2). When the 
pressure treatment was carried out at 60°C (Figure 3), 
damage in the cross surface of muscle fiber, especially at 
300 and 400 MPa, probably due to the slight fragmentation 
of myofibrils (Figure 5D) were observed. The gaps between 
muscle fibers and endomysial tubes of all of treated muscles 
were very explicit. Changes in the width of gaps between 
muscle fibers of untreated and treated muscles were 
summarized in Table 1. When pressure treatment was 
carried out at 30°C, width of gaps of muscles treated at 100, 
150 and 200 MPa were greater (p<0.01) than those of 
untreated and muscles treated at 300 and 400 MPa. At 60°C, 
the width of gaps of all treated muscles was significantly 
wider (p<0.01) than those of untreated ones. However no 
significant differences among muscles treated from 100-400 
MPa at 60°C were observed.

In the gap, there are not only endomysium networks, but 
may be also water-soluble proteins present, because of a 
leakage of water-soluble proteins from cells caused by 
pressure-heat treatment. The combination of pressure and 
heat over 200 MPa at 30 and 60°C may induce the different 
effect on the transverse section of muscle fibers. Offer et al. 
(1984) and Palka and Daun (1999) suggested that shrinkage 
of muscle fibers of meat during cooking about 45-60°C was 
primarily transverse. The gap was probably affected by 
status of sarcomere contraction. We also observed that the 
length of the sarcomere initially contracted by pressure-heat 
treatment at 100 MPa at 30°C seemed to have recovered 
with the increase of the pressure up to 400 MPa, because of 
the increasing loss of structural continuity. In the muscle 
treated at 60°C, the length of sarcomere gradually decreased 
with the increase of pressure up to 400 MPa (Figures 4 and 
5). Thus, the difference in the width of gaps observed 
between muscles pressure-heated at 30°C and 60°C may be
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Figure 4. Transmission electron micrograph of myofibril prepared 
from bovine skeletal muscles pressure-heated at 30°C. Each scale 
mark on the electron micrograph indicates 1 jim. Scale mark 
between Z-lines indicates the length of sarcomere. (I) I-band; (M) 
M-line; (Z) Z-line; (A) untreated; (B) Pressure-heated at 100 MPa; 
(C) Pressure-heated at 200 MPa; (D) Pressure-heated at 400 MPa, 
(x 15,000).

Figure 5. Transmission electron micrograph of myofibril prepared 
from bovine skeletal muscles pressure-heated at 60°C. Each scale 
mark on the electron micrograph indicates 1 jim. Scale mark 
between Z-lines indicates the length of sarcomere. (I) I-band; (M) 
M-line; (Z) Z-line; (A) untreated; (B) Pressure-heated at 100 MPa; 
(C) Pressure-heated at 200 MPa; (D) Pressure-heated at 400 MPa, 
(x15,000).

affected by the difference in the degree of the coagulation 
density of proteins, contraction of sarcomere and in the 
status of the endomysium caused by the pressure-heat 
treatment.

The changes in the gaps between muscle fibers and 
endomysial tubes probably affected the shear force value. In 
the muscles treated at 30°C, rehardening of meat followed 
recovering of gap over 200 MPa. While, in the muscle 
treated at 60°C, the gaps retained over 200 MPa gave no 
significant changes in the shear force value.

Table 2. Effect of pressure and temperature on the change in 
length of sarcomere (im) of muscles

Pressure Temperature
30°C 60°C

Untreated 2.29±0.044b 2.28±0.066a
100 MPa 1.79±0.068c 2.10±0.071b
200 MPa 2.35±0.193ab 1.75±0.068c
400 MPa 2.48±0.088a 1.40±0.075d
a, b, c, d Means in the same column by a different letter are significantly 
different (p<0.01).

Transmission electron micrograph (TEM) of myofibrils
Transmission electron micrographs of the myofibrils of 

muscles treated at 30 and 60°C are shown in Figure 4 and 5, 
respectively. When pressure treatment was carried out at 
30°C (Figure 4), the ultrastructure of myofibrils of treated 
muscle was clearer than that of muscle pressure-heated at 
60°C (Figure 5). In the muscle treated at 100 MPa, no 
remarkable change in the ultrastructure of myofibrils was 
observed as compared with that of the untreated muscle, 
except for contraction of sarcomere. The slight loss of a 
defined filamentous structure through the sarcomere and the 
deformation of Z-line due to the disruption of I-filament 
were observed in the muscle treated at 200 MPa. In the 
muscle treated at 400 MPa, complete loss of the M-line and 
thickening of the Z-line were observed, which probably due 
to the collapse of the I-filament. Cleavage of the A-band 
adding to the many changes already mentioned was 
observed in myofibrils. It seems that, over 200 MPa, the 
deformation of myofibrils would not cause tenderness 
(Figure 1). This result is also in agreement with reports that 
in the meat treated with 300 MPa at low temperature, the 
tenderness did not seem to be improved, although the 
treatment caused ultrastructural modification (Jung et al., 
2000). As shown in Figure 5, a slight loss of M-line 
structure and a little contraction of sarcomere were 
observed in the muscle treated at 100 MPa. These changes 
were accelerated with the increase of the pressure-heat 
treatment up to 400 MPa. In the myofibrils prepared from 
the muscle treated at 200 MPa, the structural continuity of 
the sarcomere was slightly lost, with the collapse of I- 
filament and of the Z line in several places. Acceleration of 
these changes may affect the slight fragmentation of 
myofibril on muscle treated at 400 MPa.

The length of the sarcomere initially contracted by 
pressure-heat treatment at 100 MPa at 30°C (Figure 4B) 
seemed to have recovered with the increase of the pressure 
up to 400 MPa (Figure 4C, 4D), because of the increasing 
loss of structural continuity. In the muscle treated at 60°C, 
the length of sarcomere gradually decreased with the 
increase of pressure up to 400 MPa. Changes in the length 
of sarcomeres of untreated and treated muscles were 
summarized in Table 2.

It has been reported by many workers (Bouton et al.,
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Figure 6. Scanning electron micrograph of intramuscular 
connective tissue prepared from bovine skeletal muscles pressure- 
heated at 30°C. Each scale mark on the electron micrograph 
indicates 50 jim. Arrows indicate wavy appearance of inside 
surface. (A) Untreated; (B) Pressure-heated at 100 MPa; (C) 
Pressure-heated at 150 MPa; (D) Pressure-heated at 200 MPa; (E) 
Pressure-heated at 300 MPa; (F) Pressure-heated at 400 MPa, 
(x 500).

1977; Macfarlane and Morton, 1978; Kennick et al., 1980; 
Locker and Wild, 1984; Macfarlane and MacKenzie, 1986; 
Suzuki et al., 1990; Suzuki et al., 1992; Suzuki et al., 1996; 
Cheftel and Culioli, 1997) that high pressure treatment of 
pre- or post-rigor muscle caused a great change in the 
ultrastructure of myofibril. Several of these workers 
(Bouton et al., 1977; Macfarland and Morton, 1978; Locker 
and Wild, 1984) combined the pressure up to 150 MPa with 
heat treatment to clarify effect on myofibril and connective 
tissue related with meat tenderness. They suggested that the 
treatment operated on the myofibrillar component of 
toughness with a little or no effect on that of the connective 
tissue. However, in open literature, no worker used 
pressure-heat treatment over 150 MPa on beef muscle, 
except Ma and ledward (2004), that described the effects of 

combined high pressure (200-800 MPa) and heat (20-70°C) 
on the texture of beef muscle. As the results in Figure 4 and 
Figure 5, the difference in the pressure-heat induced change 
was clearly observed in the ultrastructure of myofibril 
between the pressure-heated at 30°C (Figure 4) and the 
pressure-heated at 60°C (Figure 5). As shown in Figure 4 
and 5, the myofibrils prepared from muscles treated at 30°C 
(Figure 4B, C, D) was more explicit than that of the muscle 
treated at 60°C (Figure 5B, C, D), probably due to protein 
coagulation by combination of pressure and high 
temperature (60°C). When exposed to treatment at 30°C, 
the loss of the M-line was observed at muscle treated at 400 
MPa, while it was observed at muscles treated at lower 
pressure at 60°C. In the myofibrils treated at 400 MPa at 
30°C, almost completely loss of the structural continuity of 
sarcomere and the thickening of Z line were observed. 
However, fragmentation of myofibril was not observed. 
Otherwise, in the myofibrils treated at 400 MPa at 60°C, the 
slight fragmentation of myofibrils was observed, due to 
almost completely loss of I-band and Z-line. These are 
probably caused by protein coagulation effect of high 
temperature (60°C) that gradually increased with the 
increase of pressure. The disruption and deformation of 
myofibrils may have some relationships with shear force 
value and the gap of muscle fibers.

Scanning electron micrograph (SEM) of connective 
tissue

Scanning electron micrographs of the connective tissue 
of muscles treated at 30 and 60°C are shown in Figure 6 
and 7, respectively. In the muscle treated at 30°C, slight 
structural changes in the endomysium and perimysium, 
especially deformation of honeycomb-like structure of 
endomysium were observed and accelerated with the 
increase of the pressure. A network of wavy collagen fibers 
was clearly observed on the inside surface of the 
endomysium in the untreated muscle (arrow in Figures 6A- 
F and 7A-F). However, it gradually lost in the treated 
muscle with the increase of the pressure. The development 
of the smooth surface associated with the disappearance of 
the wavy structure was already observed in the sample 
pressurized at 100 MPa (Figures 6B and 7B), probably due 
to process of stretching of collagen fibers by pressure-heat 
treatment. Tearing of the endomysium membrane was 
observed in the muscle treated over 150 MPa (Figure 6C). 
The slight deformation of endomysium of muscle treated at 
30°C probably would not cause the decrease of the 
background toughness.

Structural changes in the endomysium and perimysium, 
especially deformation of honeycomb-like structure of 
endomysium in the muscle treated at 60°C were observed 
and accelerated with the increase of the pressure (Figure 7).
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Figure 7. Scanning electron micrograph of intramuscular 
connective tissue prepared from bovine skeletal muscles pressure- 
heated at 60°C. Each scale mark on the electron micrograph 
indicates 50 jim. Arrows indicate wavy appearance of inside 
surface. (A) Untreated; (B) Pressure-heated at 100 MPa; (C) 
Pressure-heated at 150 MPa; (D) Pressure-heated at 200 MPa; (E) 
Pressure-heated at 300 MPa; (F) Pressure-heated at 400 MPa, 
(x500).

A dense network of wavy collagen fibers was clearly 
observed on the inside surface of endomysium in the 
untreated muscle. However, it gradually decreased and 
disappeared in treated muscles with the increase of the 
pressure. The endomysium membrane of treated muscles 
appeared thinner than those of the untreated ones did. 
Tearing of the endomysium membrane was observed in the 
muscles treated over 100 MPa, as observed in the sample 
pressurized at 150 MPa at 30°C (Figure 6). The roughening, 
disruption and fraying of the endomysium membrane were 
observed over 200 MPa. Besides, denaturation of proteins 
may be occurred on muscles treated at 60°C. Therefore, it 
appears that pressure-heat treatment at 60°C may have a 
drastic effect on the membrane structure of the 
intramuscular connective tissue than pressure-heat 

treatment at 30°C, especially the pressure over 200 MPa. 
The deformation of connective tissue may have some 
relationship with the shear force value, gaps between 
muscle fibers and deformation of myofibrils. The changes 
in the extractability of proteogycans (PGs) from the 
muscles treated by high pressure and heat treatments were 
not determined in this paper. Further study is required to 
clarify the relationship between the changes in the 
honeycomb-like structure of endomysium and the 
extractability of PGs.

CONCLUSION

The pressure-heat treatment up to 200 MPa at 30°C and 
60°C may operate on the myofibrillar component of 
toughness with a little or no effect on that of connective 
tissue. The contribution of connective tissue to meat 
toughness may be reduced at pressure over 200 MPa at 
60°C. The pressure up to 200 MPa seems to be effective to 
decrease shear force value at the low temperature (30°C), 
otherwise at 60°C (high temperature) will be more effective 
at the pressure from 200 MPa. The shear force values of 
treated muscles were lower than those of the untreated ones. 
The application of high pressure-heat treatment causes 
some deformation of intramuscular connective tissue and 
myofibrils. The shear force value may have some 
relationship with the gaps between muscle fibers and 
deformation of intramuscular connective tissue and 
myofibrils. From the results obtained, the combination of 
high-pressure and heat treatments seems to be effective to 
tenderize tough meat.
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