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Abstract

Two experiments were conducted to investigate the influence of age of mature cows (2–4 yr, 6–8 yr, and 10–12 yr cows; n = 6 in each)
on beef quality. In Experiment 1, Longissimus dorsi (LD) steaks were stored at 3 �C for 0–10 d. Steaks from more mature cows had an
increased (P < 0.05) Warner-Bratzler shear force (WBSF) and a slower troponin-T post-mortem degradation. Storage reduced WBSF in
all steak samples regardless of animal age. In Experiment 2, Semitendinosus (ST) and Semimembranosus (SM) patties were stored at 3 �C
for 0–7 d simulating retail display. The rate of lipid oxidation during storage increased with animal age (P < 0.05) and was greater in ST
than in SM patties. However, myoglobin oxidation was minimally affected by animal age. Thus, advanced maturation not only inten-
sified cow meat toughness but also lowered its oxidative stability.
� 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

Mature cows of advanced ages represent a significant
source or meat for the beef industry. In 2005, mature cattle
(mostly cows) accounted for 14.7% of the total beef cattle
slaughtered in the US (USDA, 2007). Meat from mature
cows is used mainly as ground beef. In order to enhance
its economical value, efforts are needed to understand
intrinsic factors that influence the quality attributes of beef
from this particular group of cattle.

One such intrinsic factor is proteolysis, which produces
muscle fiber fragmentation. Beef from physiologically
mature carcasses is generally perceived to be less tender
than that from young animals, for which the chemical nat-
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ure of connective tissue collagen (i.e., type and degree of
cross-linking) has been implicated (Shorthose & Harris,
1990; Lawrie, 1998). Furthermore, oxidative stability of
meat may be affected by animal age. Lipid oxidation that
takes place in post-mortem meat can be a main impediment
to the successful marketing of cow meat. Likewise, discol-
oration resulting from myoglobin oxidation could nega-
tively impact the utility of cow meat. Boccard et al.
(1979) reported that increased chronological age in cattle
resulted in a darker color of lean meat, but the post-mor-
tem stability of the muscle pigments was not clear.

While little is known about the possible age influence on
oxidative stability of beef from mature cows, or differences
between their muscle types, biochemical studies on small
animals or humans have demonstrated an increased
susceptibility of muscle cells to oxidizing agents as age pro-
gresses (Stadtman, 2006). It may be speculated that age-
related loss in the redox potential may occur in mature
cows, and this loss could predispose post-mortem muscles
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from cows to a higher rate of oxidation. On the other hand,
a limited number of investigations have been conducted to
examine the possible effect of animal age on the post-
mortem progression of proteolysis in relation to meat
tenderness. Parrish, Selvig, Culler, and Zeece (1981),
Koohmaraie, Kennick, Elgasim, and Anglemier (1984)
and Huff-Lonergan, Parrish, and Robson (1995) observed
a reduced rate in post-mortem myofibrillar protein degra-
dation in muscle from physiologically mature (C50–E
maturity) cattle when compared to muscle from young (A
maturity) carcasses. The difference was implicated in the
variation of beef tenderness from cattle of different physio-
logical ages.

The lack of literature report on the potential differences
in the oxidative stability and protein degradation in post-
mortem muscles from mature cows of various ages, cou-
pled with the abundant supply of mature cows as a meat
source in the market, indicates a need to further explore
factors that may be responsible for the overall quality of
post-mortem meat. Thus, the objective of the present study
was to investigate the influence of cow age on the above
chemical and biochemical changes during post-mortem
storage of meat.

2. Materials and methods

2.1. Experimental design and meat sample preparation

A total of 18 cows composed predominantly of Angus ·
Simmental genetics and absent of Bos indicus influence,
purchased from local producers, were used in this study.
These cattle represented three age groups (six in 2–4 yr;
six in 6–8 yr; and six in 10–12 yr). Cows were placed on
the same fescue pasture for a minimum of 2 months prior
to slaughter to obtain a similar nutritional background.

In Experiment 1, nine cows with three from each of
the age groups were humanely slaughtered at the
USDA-inspected University of Kentucky abattoir using
standard industry procedures. Each animal was used in
an independent trial. After evisceration, carcasses were
electrically stimulated with 550 V, 2.2 A, using a Boss
electrical stunner (Model No. 1004D, Cincinnati Butcher
Supply, Cincinnati, OH) as described elsewhere (Schaake
et al., 1993). Carcasses were immediately split and chilled
in a 3 �C cooler for 24 h. Carcass maturity, based on
both lean color (Longissimus muscle between the 12th
and 13th rib) and bone ossification, was determined using
an A00–E100 maturity scale to establish physiological
ages.

At 24 h post-mortem, the LD (13th rib through the 5th
lumbar vertebra) from both sides of carcasses were
removed, cut into 2.54-cm thick steaks, individually vac-
uum-packaged, and stored in a 3 �C cooler. Warner-Brat-
zler shear (WBSF) force and sodium dodecyl sulfate–
polyacrylamide gel electrophoresis (SDS–PAGE) analyses
were performed with randomly selected steaks at 1, 3,
and 10 d post-mortem.
In Experiment 2, another nine cows with three from
each of the age groups were slaughtered and electrically
stimulated as described in Experiment 1. Each animal
was used in an independent trial. After chilling for 24 h,
Semitendinosus (ST) and Semimembranosus (SM) muscles
from both sides of carcasses were removed and ground
through a 4.5-cm orifice plate. Ground meat was formed
into patties of approximately 100 g in weight and 2 cm in
thickness. Patties were placed on Styrofoam plates and
over-wrapped with oxygen permeable plastic film (Ziploc
Hand-Wrap, Dow Chem. Co., Indianapolis, IN). The
plates were placed on a 3 �C shelf under fluorescent lighting
that simulated retail display. Patties were analyzed for lipid
and myoglobin oxidation daily for a total of 7 d as
described below.

2.2. Detection of proteolysis

The post-mortem proteolytic changes in cow muscle
(LD) was monitored on myofibrils isolated from 1 d, 3 d,
and 10 d most-mortem steaks. Myofibrils were extracted
according to Goll, Young, and Stromer (1974) using a rigor
buffer consisting of 0.1 M NaCl, 0.05 M Na2HPO4, 5 mM
EDTA, and 1 mM NaN3 (pH 7.0). To identify protein deg-
radation, SDS–PAGE was performed using the procedure
of Laemmli (1970), which was modified to adapt to a smal-
ler electrophoretic apparatus, i.e., the SE 250 Mighty Small
II slab gel electrophoresis unit (Hoefer Scientific Instru-
ments, San Francisco, CA). A 3% acrylamide stacking gel
and a 10% acrylamide resolving gel were used. An equal
amount of protein (15 lg) was loaded in each lane.

Protein bands were stained with Coomassie brilliant
blue and identified by comparing the electrophoretic pat-
tern with published literature (Porzio & Pearson, 1977).
Molecular weights (MW) of unknown proteins were esti-
mated from the regression line generated by plotting log
MW of protein standards vs. their migration distance.
The protein MW standard was a cocktail of eight individ-
ual marker proteins (MW 14–200 kDa) (Sigma Chemical
Co., St. Louis, MO). Images of destained gels were cap-
tured with a digital camera, and the individual protein
bands were quantitatively analyzed using the UN-SCAN-
IT Gel� digitizing software (Ver. 6.1, Silk Scientific Corp.,
Orem, UT). The number of pixels in each whole band were
recorded and used to calculate the percent weight of the
corresponding protein in the myofibril sample, assuming
that the amount of pixels was equivalent to the mass of
the protein.

2.3. Measurement of shear force

LD Steaks were cooked to an internal temperature of
70 �C on a Farberware Open Hearth electric broiler (Far-
berware, Inc., Bronx, NY). After cooling to 22 �C, six
1.27-cm-diameter cores from each cooked steak were
removed parallel to the muscle fibers. Cores were sheared
with a Warner-Bratzler shear device attached to an Instron
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Fig. 1. Effects of animal age and post-mortem storage (3 �C) time on the
WBSF of Longissimus muscle from cows of different ages. The standard
errors of treatment means are indicated. Means in the same treatment
group (age or storage time) with different letters differ significantly
(P < 0.05).
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4301 universal testing machine (Instron Corp., Canton,
MA) with a crosshead speed of 20 cm/min. The mean of
the WBSF values from different sample cores was deter-
mined and used for statistical analysis.

2.4. Measurement of lipid oxidation

Lipid oxidation in ST and SM patties after specific stor-
age times was measured before and after cooking using the
thiobarbituric acid (TBA)-reaction method, and was
expressed as TBA-reactive substances or TBARS (Sinnhu-
ber & Yu, 1977; Wang & Xiong, 2005). For cooked sam-
ples, patties were cooked to an internal temperature of
70 �C on a Farberware Open Hearth electric broiler (Far-
berware, Inc., Bronx, NY) and then cooled to 22 �C prior
to analysis. The TBARS values were calculated as mg of
malonaldehyde/kg of muscle sample.

2.5. Measurement of surface color

The surface color of raw ST and SM patties stored for
different days was measured with a Hunterlab colorimeter
(Model D25-2; Hunter Associates Laboratories, Inc., Fair-
fax, VA). The instrument, with a type DZA halogen lamp
light source and a 3.5-cm aperture, was calibrated using a
Hunterlab calibration plate no. C2-13717 (L* = 68.6,
a* = 23.5, and b* = 12.8) every time before use. Values
obtained from triplicate patties were averaged to obtain
the mean for each color parameter.

2.6. Determination of pigments

Total myoglobin and metmyoglobin (MMb) in ST and
SM raw patties were determined according to Krzywiki
(1982) using a 40 mM phosphate extraction buffer (pH
6.8). The absorbance of the pigment solution was read at
572, 565, 545, and 525 nm in a UV–visible spectrophotom-
eter (Model UV-160, Shimadzu Co. Ltd., Columbia, MD).
Total myoglobin and percent MMb were calculated based
on the following equations (Krzywiki, 1982):

Total myoglobinðmmol=LÞ
¼ ð�0:166R1 þ 0:086R2 þ 0:088R3 þ 0:099Þ � A525

MMbð%Þ ¼ ð�2:514R1 þ 0:777R2 þ 0:800R3 þ 1:098Þ
� 100%

where R1, R2, and R3 = absorbance ratios of A572/A525,
A565/A525, and A545/A525, respectively. For the total myo-
globin content, the values were converted to mg/kg meat
based on the dilution and the molecular weight
(16,950 Da) of myoglobin (Dobberstein & Schroeder,
1993).

2.7. Statistical analysis

Each animal within the same age group was treated as a
replicate. Data from the three independent (replicated) tri-
als were analyzed using the General Linear Procedure of
the Statistix 7.0 software package (Analytical Software,
Inc., Tallahassee, FL) for microcomputers. Two-way anal-
ysis of variance (ANOVA) was performed to determine the
significance of the effect of animal age and muscle post-
mortem storage time. The ANOVA tables obtained were
further analyzed for the comparison of means by Least Sig-
nificant Difference procedures.

3. Results and discussion

3.1. Tenderness and proteolysis

The LD steaks from 10 yr to 12 yr cows were less tender,
i.e., having a higher mean WBSF (P < 0.05), than steaks
from the other two age groups (Fig. 1). The 6–8 yr group
steaks also tended to be less tender than the 2–4 yr group
steaks. The result agreed with previous findings that LD
muscle from E maturity carcasses (old) was tougher com-
pared to either C or D maturity carcasses (younger) (Hilton
et al., 1998; Smith et al., 1982). When the mean WBSF val-
ues of steaks across the storage time were compared, it was
clear that tenderness progressively improved (P < 0.01)
during post-mortem storage (Fig. 1), a physicochemical
process that occurs in meat during post-mortem storage
at refrigerator temperatures regardless of the animal age
(Geesink & Koohmaraie, 1999; Goll et al., 1983; Kong,
Diao, & Xiong, 2006; Rowe, Maddock, Lonergan, &
Huff-Lonergan, 2004).

Because proteases are widely implicated in the tenderiza-
tion of meat during post-mortem storage, SDS–PAGE was
performed to identify different proteolytic patterns that
might explain the age-related variations in meat tenderness
as well as the post-mortem storage effect. Several discern-
able proteolytic events occurred in all LD muscle samples
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Fig. 3. Densitometric scan of an SDS–PAGE gel portion (22–45 kDa) of
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during storage, with the progressive degradation of tropo-
nin-T and the concomitant appearance of a 33-kDa new
polypeptide (‘‘band Y’’) being the most noticeable changes
(Fig. 2). The progression of proteolysis into 10 d post-mor-
tem also revealed a new protein band (designated as ‘‘band
X’’) between troponin-T and tropomyosin, presumably
originating from troponin-T. All these proteolytic changes
were consistent with previous literature reports (Huff-
Lonergan et al., 1995; Koohmaraie et al., 1984; Xiong,
Moody, Blanchard, Liu, & Burris, 1996). The results sug-
gest that the improved tenderness of LD muscle during
post-mortem storage (Fig. 1) was a result of proteolytic
fragmentation of myofibrils.

Despite the similar proteolytic patterns exhibited by all
the age groups, the proteolysis appeared to have proceeded
at a faster rate and to a slightly greater extent in the 2–4 yr
age group samples, which was revealed by SDS–PAGE
(Fig. 2) and indicated by digital image analysis (Fig. 3).
For example, by day 3, the troponin-T band was less
intense but the 33 kDa band was more noticeable for the
2–4 yr age group steaks compared to samples from 6 to 8
and 10 to 12 yr age groups. By day 10, both the band
‘‘X’’ polypeptide and the 33 kDa component (band ‘‘Y’’)
became rather salient in the 2–4 yr age group samples
(Fig. 3). The total digital pixels for protein ‘‘X’’ band in
the 2–4 yr, 6–8 yr, and 10–12 yr age samples (10 d) were,
respectively, 10,450, 7733, and 5748, which represented a
100:74:55 ratio. The more pronounced proteolysis in the
2–4 yr age group muscle would result in more rapid and
extensive disruption of the myofibrils, thus, explaining
the age effect on LD muscle tenderness observed in the
present study.

Several muscle endogenous enzyme systems have been
implicated in post-mortem tenderization of meat, including
cathepsins, calpains, and proteosomes (Dutaud et al., 2006;
Goll et al., 1983; Rowe et al., 2004). A large body of evi-
dence links improved beef tenderization during post-mor-
tem storage to calpain-mediated degradation of key
myofibrillar proteins responsible for the integrity of the
overall muscle cell cytoskeleton (Christensen, Young, Law-
son, Larsen, & Purslow, 2004; Geesink & Koohmaraie,
1999; Rhee, Ryu, & Kim, 2006). Huff-Lonergan et al.
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Fig. 2. SDS–PAGE of myofibrils isolated from post-mortem Longissimus mus
for various days. Shown in the graph is the portion of the gel (22–45 kDa) that e
loaded to each lane.
(1995) postulated that LD samples from old cattle proba-
bly contained higher calpastatin activity that inhibited cal-
pain-mediated protein degradation in post-mortem beef.
Recent studies on aging have demonstrated that protein
oxidation was an integral part of the physiological aging
process (Rizvi, Jha, & Maurya, 2006; Stadtman, 2006),
and in muscle cells, calpain was one of the most susceptible
enzymes affected by oxidation (Guttmann, Elce, Bell,
Isbell, & Johnson, 1997). It has been shown that when
exposed to an oxidizing environment, m-calpain was read-
ily inactivated, resulting in a reduced tenderization of post-
mortem beef muscle (Rowe et al., 2004). When all these
factors are put together, it can be hypothesized that muscle
from older cows probably had reduced calpain activity due
to greater oxidative stress and therefore, exhibited
increased toughness, when compared with younger cattle.

On the other hand, a comparative study showed that
meat toughness was better correlated with, thus, could be
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cle of cows from different age groups. Muscle samples were stored at 3 �C
xhibited most proteolytic changes. An equal amount of protein (15 lg) was
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more reliably predicted by, muscle serine peptidase inhib-
itors than by calpastatin or cysteine peptidase inhibitors
(Zamora et al., 2005). Moreover, using fragmentation
structural analysis, Dutaud et al. (2006) found that 20S
proteasome could reproduce the type of sequential, ultra-
structural changes normally occurring in post-mortem
myofibrils, suggesting that this protease superfamily
may also be intimately involved in the aging process of
meat. Further research is needed to identify the exact
enzyme systems involved in the tenderization of mature
cow meat seen in the present study.

3.2. Oxidative stability

3.2.1. Color and pigments

There were no significant differences between the 2–4,
6–8, and 10–12 yr age groups for raw ST or raw SM pat-
ties before storage or during storage for all the surface
color parameters (L*, a*, and b*), although numerically,
the L*-values of raw patties of the 10–12 yr age group
tended to be slightly lower (but nonsignificant) and
appeared darker when compared with the younger age
groups. Hence, the respective colorimetric values were
pooled to obtain the means. Overall, there was no consis-
tent (P > 0.05) change in the L*-value during storage, but
a*- and b*-values decreased (P > 0.05) after 7 d for both
ST and SM samples (Table 1). The most noticeable
decrease in the a*-value was seen between day 0 and
day 1, indicating a significant loss of red color in the early
stage of storage.

Comparison of ST and SM patties showed that the for-
mer had consistently greater lightness (L*) but lower red-
ness (a*) (P > 0.05) than the latter. It can be suggested
that the color difference was a result of unequal distribu-
tions of specific fiber types. Kirchofer, Calkins, and
Gwartney (2002) reported 24.3%, 26.0%, and 49.7%,
respectively, of b-red, a-red, and a-white fibers in beef
ST, compared to 26.3%, 28.6%, and 45.1% in beef SM.
However, total myoglobin content (3.15 ± 0.55 mg/g
muscle) was similar (P > 0.05) between ST and SM sam-
ples, and it was not influenced (P > 0.05) by animal age
(results not shown). Hence, the slightly less red (a*-value)
in ST muscle must be due to a lower oxygenation of myo-
globin when compared with SM muscle.

Most of the pigments in fresh, raw patties were deoxy-
myoglobin (interior) and oxymyoglobin (surface) that
imparted the bright red color with a relatively high
a*-value. During the simulated retail display under fluo-
rescent light, a large proportion of the pigments was
converted to metmyoglobin, with the most rapid conver-
sion occurring during the first day (Fig. 4). By day 7, met-
myoglobin accounted for almost 70% of the total
pigment. Animal age was not a factor in the metmyoglo-
bin production except for the ST patties that contained a
slightly greater (P > 0.05) amount of metmyoglobin in the
10–12 yr age group on day 5 than in the 2–4 yr and 4–6 yr
groups. The results followed the trend of decreasing a*-
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values during storage (Table 1). Demos and Mandigo
(1996) studied the discoloration of ground beef stored at
refrigerator temperature in an oxygen-permeable packag-
ing system and showed that by day 7, approximately 65%
of myoglobin was changed to metmyoglobin. Similar
results were reported by van den Oord and Wesdorp
(1971), who observed that percent oxymyoglobin dropped
to about 50% by day 7 during storage (5 �C), and the
reduction was positively correlated with the undesirable
color ratings by a sensory panel.

It was noteworthy that although both the a*-value
reduction and the metmyoglobin formation occurred most
rapidly during the first 24 h, the latter was more dramatic.
This can be explained because samples for pigment extrac-
tion were whole meat patties (blended) while only the sur-
face color of the patties was measured by the colorimeter.
The color of the patties, and thus the pigment composition,
were not consistent throughout the whole patties, i.e., red
on the surface (up to 3–4 mm deep) and purplish/brown
in the interior after 1 d (preliminary observation). The
reduced partial pressure of oxygen inside the meat patties
facilitated myoglobin oxidation.
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Fig. 5. TBARS content in raw beef patties stored at 3 �C for various days. Pa
muscles of cows from different age groups.
3.2.2. Lipid oxidation

The analysis of TBARS in patties indicated pronounced
differences in the rate and extent of lipid oxidation between
the three age groups of cows as well as between ST and SM
muscles during refrigerated retail display. Raw patties of
both ST and SM from 10 to 12 yr cows were most suscep-
tible to lipid oxidation, followed by the 6–8 yr age group,
and the 2–4 yr group was least susceptible (Fig. 5). On
average (ST and SM from all ages combined), the TBARS
values of raw samples increased from 3.87 mg/kg on day 0
to 11.42 mg/kg after 7 d (P > 0.05).

Proximate analysis in a preliminary experiment showed
no significant difference in total lipid between all samples,
i.e., 5.59%, 5.44%, and 5.03% for ST, and 5.15%, 5.57%,
and 5.37% for SM from 2 to 4 yr, 6 to 8 yr, and 10 to
12 yr cows, respectively. Hence, the animal age-associated
variation in lipid oxidation as well as the difference between
muscle types cannot be attributed to the lipid content. It
has been shown that in humans, the total plasma antioxi-
dants decreased with age (Rizvi et al., 2006). While there
is no literature report on age-related changes in redox
potential of post-mortem meat, it may be suggested that
SM
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the endogenous antioxidants could be lower in the 10–12 yr
cow muscle than in muscle from younger groups, thus,
enhancing the oxidative susceptibility of lipids. The rate
and extent of TBARS generation were greater (P > 0.05)
for ST than for SM. It is plausible that the ST muscle
was deficient in endogenous antioxidants when compared
with the SM muscle. Cooking slightly increased the
TBARS production. The amount of TBARS in these
stored patties after cooking increased by an average of
about 10% when compared with uncooked patties
(Fig. 6). Membrane damage, the release of prooxidative
heme, and the heat input would all promote lipid oxidation
(Grunwald & Richards, 2006; Monahan, Crackel, Gray,
Bukley, & Morrissey, 1993).

The significant animal age effects on muscle lipid oxida-
tion but not on metmyoglobin formation, and the notable
difference between muscle types in their lipid stability but
not in their color stability, suggest that lipid and pigment
oxidation in these muscle samples were probably controlled
by different mechanisms, one of which was physical barri-
ers. With coarse grinding, some of the cells were disrupted,
irrespective of origin of the muscles, resulting in the release
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Fig. 6. TBARS content in cooked beef patties prepared from Semitendinosus (S
The raw patties were stored at 3 �C for various days before cooking.
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Fig. 7. Linear regression plots of TBARS versus % metmyoglobin for raw patti
of cows from different age groups. The correlation coefficients (r) are indicate
of myoglobin. These myoglobin molecules were readily oxi-
dized and were responsible for the rapid production of met-
myoglobin observed in the first 24 h of retail display.
Subsequent oxidation was slow because the remaining
myoglobin molecules, which would still be confined in the
cell, were relatively inaccessible to molecular oxygen for
all muscle samples. On the other hand, lipid oxidation
occurred mostly outside the cell or at the membrane inter-
face, in which case the concentration and type of oxidants
or antioxidants, which may vary among animal age groups,
became crucial factors.

Indeed, within the same muscle type or animal age
group, lipid oxidation (TBARS) was significantly corre-
lated with metmyoglobin production (Fig. 7), suggesting
that the same oxidation initiators may be involved. Mona-
han, Asghar, Gray, Buckley, and Morrissey (1994) noted
that oxidation of myoglobin preceded oxidation of muscle
lipids in pork chops stored at 4 �C. However, the opposite
was observed by the same research lab for beef muscle
homogenates that were treated with oxidizing agents
(FeCl3/ascorbate) (O’Grady, Monahan, & Brunton,
2001). The conflicting results reported by these researchers
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with our present findings (in which beef sample oxidation
occurred under fluorescent light) indicated the specificity
of lipid and myoglobin oxidation to the type of oxidation
initiators.

4. Conclusions

The findings validated the hypothesis that oxidative
stability of lipids and tenderness in post-mortem beef
muscle decreased with the age of mature cows, and
substantiated the general notion that the overall quality
of beef is reduced with the age of cattle. The results also
demonstrated that muscle type was a significant factor
affecting the overall oxidative stability of beef from
mature cows. Thus, meat processors should take into con-
sideration the specific ages of cows when utilizing meat as
fresh steaks or for further processing. For this particular
group of beef cattle, while toughness is expected to
become a lesser issue in ground cow meat, antioxidative
strategies are needed in order to improve its oxidative sta-
bility and flavor.
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