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Postmortem Oxygen Consumption by Mitochondria and Its
Effects on Myoglobin Form and Stability
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The objective of this study was to assess the morphological integrity and functional potential of
mitochondria from postmortem bovine cardiac muscle and evaluate mitochondrial interactions with
myoglobin (Mb) in vitro. Electron microscopy revealed that mitochondria maintained structural integrity
at 2 h postmortem; prolonged storage resulted in swelling and breakage. At 2 h, 96 h, and 60 days
postmortem, the mitochondrial state Il oxygen consumption rate (OCR) and respiratory control ratio
decreased with time at pH 7.2 and 5.6 (p < 0.05). Mitochondria isolated at 60 days did not exhibit
ADP-induced transitions from state IV to state Il oxygen consumption. Tissue oxygen consumption
also decreased with time postmortem (p < 0.05). Mitochondrial oxygen consumption was inhibited
by decreased pH in vitro (p < 0.05). In a closed system, mitochondrial respiration resulted in decreased
oxygen partial pressure (pO,) and enhanced conversion of oxymyoglobin (OxyMb) to deoxymyoglobin
(DeoMb) or metmyoglobin (MetMb). Greater mitochondrial densities caused rapid decreases in pO,
and favored DeoMb formation at pH 7.2 in closed systems (p < 0.05); there was no effect on MetMb
formation (p > 0.05). MetMb formation was inversely proportional to mitochondrial density at pH 5.6
in closed systems. Mitochondrial respiration in open systems resulted in greater MetMb and DeoMb
formation at pH 5.6 and pH 7.2, respectively, vs controls (p < 0.05). The greatest MetMb formation
was observed with a mitochondrial density of 0.5 mg/mL at both pH values in open systems.
Mitochondrial respiration facilitated a shift in Mb form from OxyMb to DeoMb or MetMb, and this was
dependent on pH, oxygen availability, and mitochondrial density.
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INTRODUCTION >80% of the oxygen available in cell cytoplas#-5). Changes

in structure and function of mitochondria in postmortem muscle
were first reported by Cheah et &, ). Mitochondria isolated

at 0.5 and 96 h postmortem, all in the condensed configuration,
had clearly defined outer and inner membranes and distinct and
closely packed cristae; the authors observed a small proportion
of swollen mitochondria at 120 and 144 h postmort@nlatact
mitochondria were also isolated from ox neck muscle after
storage in situ for up to a maximum of 10 days atQ@ (6).
Mitochondrial (MT) functional ability also decreased with time

Fresh meat color is determined by the relative proportions
of the three forms of myoglobin (Mb): deoxymyoglobin
(DeoMb), oxymyoglobin (OxyMb), and metmyoglobin (Met-
Mb). DeoMb is purplish in color, and OxyMb is bright red in
color. Oxidation of DeoMb or OxyMb produces brownish
MetMb. Binding of oxygen to DeoMb causes the formation of
OxyMb, which is responsible for the consumer-preferred color
of fresh meat. Interconversion among DeoMb, OxyMb, and

MetMb is |r_1fluenceld.by sevgral factors including pH, temper- postmortem when malate plus pyruvate, succinate, or ascorbate
ature,.relatlvg .hum|d|tyz pama] oxygen pressure {®letMb plus tetramethyl-p-phenylenediamine were used as substrates
reducing activity, and lipid oxidation (1). . . : .

) ' ) ) at pH 7.2 and 25C. Mitochondria from tissue obtained 96 h
~ Mitochondria are important subcellular organelles involved osimortem retained 70% of initial values (0.5 h tissue) for state
in energy metabolism. Mb and mitochondria are |_nterrelated iN 111 oxygen consumption rate (OCR) with all of these substrates
living cells as Mb serves as an oxygen reservoir and oxygen (7). The effects of prolonged storage on MT morphology,
transporter for mitochondria. These subcellular organelles uses,nctional integrity, and oxygen consumption at the ultimate
pH (5.6) of meat have not been reported.

*To whom correspondence should be addressed. Tel: 860-486-2413.  Although evidence for a direct interaction between mito-

Fa’f‘:uﬁg%'éﬁsg]?’é%nﬁ'e@g‘gatf:amero”'fausman@uconn'ed“' chondria and Mb is lacking, some observations have been

8 Kansas State University. reported that relate postmortem muscle oxygen consumption,
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presumably mediated by mitochondria, to meat cdlongis- Oxygen C_onsumption Measurement.MT oxygen gp.take was
simus dorsiand gluteus mediusnuscles from Holstein cattle ~ measured with a Clark oxygen electrode using a polarizing voltage of

demonstrated greater OCR than did muscles of crossbred0-60 V., which was clamped to the bottom of an 8 mL incubation
animals 8). The retail display life of meat was inversely chamber. Reaction components were added to the chamber, and the

- temperature was maintained at 26 by a water jacket and Lauda
proportlo_nal to the log oxygen uptake when lamb, pork, and RE120 circulating water bath (Westbury, NY). The chamber was stirred
beefsemimembranosusiuscles were evaluated. Beef muscle

with a 10 mm Teflon-covered bar at 600 rpm. Additions were made
demonstrated the lowest levels of oxygen uptake and the longest,i, Hamilton syringes through a 1 mm port. The electrode was

display life, while lamb muscle had the greatest oxygen uptake gttached to a Rank Brothers digital model 20 oxygen controller
and shortest display life {9Color labile muscles, such asoas (Cambridge, England) and connected to a personal computer with data
major or diaphragma medialis, had greater muscle OCR than logger. Oxygen consumption was recorded over time at pH 7.2 (250
color stable muscles, suchlasgissimus dorgf10—12). Lanari mM sucrose, 5 mM KBPQ,, 5 mM MgCh, 0.1 mM EDTA, 0.1%

et al. @) further related beef muscle color stability to MT content BSA, and 20 mM HEPES), 6.4 (same as pH 7.2 except MES replaced
and OCR and found that muscle of lower color stabiligiuteus ~ HEPES), or 5.6 (same as pH 7.2 except maleic acid replaced HEPES).
medius) had a relatively greater MT density and OCR post- State IV OCR is the OCR of isolated mitochondria in the presence of

; - substrate, while state Il OCR is the OCR of isolated mitochondria in
Einoor;tie.)mT?esalt(r:s;nr]Ft)agefEdp\;veltr?g(t::eorrnngrlgol(ijrttisrzglblgglesfSImﬂzcle the presence of_both substrate and ADP. The respiratory contr(_)l ra_tio
homogenates with rotenone, lower pH, or lower temperature in (RCR) is the ratio hetween state Il OCR and state IV OCR, which is

; A J ' -~ "l an indication of integrity of isolated mitochondria. Calculations for state
high oxygen environments appeared to decrease MT respiration and Iv OCR, RCR, and the ratio of ADP to oxygen consumption
and improve Mb oxygenation and meat col@8{-15). during phosphorylation (ADP/O) were based on the method of

Collectively, these observations suggest that mitochondria canEstabrook {8). The Clark oxygen electrode was also used for measuring
play an important role in meat color stability. The objective of tissue oxygen consumption. The tissue was ground and added (0.1
this study was to assess the morphological integrity and 9/mL)to pH 7.2 (120 mM KCl, 30 mM HEPES) or 5.6 (120 mM KCl,
functional potential of mitochondria from postmortem bovine 30 MM maleic acid) buffers, and OCR was then measured without
cardiac muscle at pH 5.6 and investigate specifically the addition of any substrate.

C . . . 7 Sample Preparation for Electron Microscopy. The MT pellet
potential interactions between mitochondria and Mb in vitro. resulting from differential centrifugation or strips of cardiac muscle

(10 mmx 2 mm x 0.5 mm) were fixed in 1.5% glutaraldehyde and
MATERIALS AND METHODS 1.5% paraformaldehyde in 0.1 M HEPES buffer with 3 mM GaCl
pH 7.3, for approximately 1.5 h. Samples were cut into-@L.® mm

Materials and Chemicals.Beef hearts were obtained locally within  cubes, washed in buffer overnight, postfixed the following morning in
0.5 h of exsanguination, placed on ice, and transported to the laboratory;1% osmium tetroxide and 0.8% potassium ferricyanide in 0.1 M HEPES
samples for analysis at 96 h and 60 days were vacuum-packaged anduffer with 3 mM CaCj for 1 h, dehydrated in a graded ethanol series,
stored at 4°C. Equine heart Mb, sodium hydrosulfite, magnesium and embedded in Eponate 812. All steps prior to dehydration with 70%
chloride (MgC}), bovine albumin (BSA), sucrose, Tris[hydroxymethyl]-  ethanol were performed at AC; those thereafter were performed at
aminomethane hydrochloride (Tris-HCI), ethylenediaminetetraacetic room temperature. Sections were cut on a diamond knife and stained
acid (EDTA), potassium phosphate monobasic {R&), ethylene with ethanolic uranyl acetate and lead citrate.
glycolbis(3-aminoethyl etherN,N,N',N'-tetraacetic acid (EGTAN-[2- Postmortem Tissue pH Determination.The postmortem tissue pH
hydroxyethyl]piperazine-N'-[2-ethanesulfonic acid] (HEPES)N2-[  was determined based on Bendall's methd®)( Briefly, sodium
morpholino]ethanesulfonic acid (MES), maleic acid, adenosite 5 jodoacetate (solution A, 0.1 M) and KCI (solution B, 1.5 M) solutions
diphosphate (ADP), and Nagarse protease (10.5 units/mg) were obtainedyere prepared, and 20 mL of solution A was mixed with 40 mL of
from Sigma Chemical Co. (St. Louis, MO); sodium succinate was solution B and diluted to 400 mL just before use. Muscle (0.5 g) was
purchased from Fisher Scientific (Fair Lawn, NJ). All chemicals were added to 7 mL of mixed solution and homogenized using a Waring
reagent grade. blender (New Hartford, CT) with high speed. The pH of the resulting

Equine OxyMb Preparation. OxyMb was prepared according to  homogenate was measured with a Fisher Accumet model 10 pH meter
Brown and Mebine16) as follows. Commercial Mb (Sigma Chemical  (Pittsburgh, PA).
Co.) was dissolved in 50 mM Tris-HCI buffer (pH 7.4) and chemically Lipid Oxidation. Lipid oxidation in samples was determined by
reduced by mixing with sodium hydrosulfite. Air was bubbled through measuring thiobarbituric reactive substances according to Schmedes
solution to oxygenate reduced Mb, and the residual sodium hydrosulfite and Holmer (20). Briefly, 0.5 mL of sample was mixed with 0.5 mL

was removed by dialysis against 50 mM Tris-HCI buffer. of 11% trichloroacetic acid solution and then centrifuged for 3 min
Bovine Mitochondria Isolation. Mitochondria were isolated from  (15000g) with an Eppendorf 5415D centrifuge (Westbury, NY). The
bovine cardiac muscle according to Smitty) with minor modifica- resulting supernatant (0.5 mL) was combined with 0.5 mL of 20 mM

tions. Briefly, 100 g of ground cardiac muscle was washed with 250 thiobarbituric acid and incubated at 26 for 20 h. The absorbance at
mM sucrose twice and suspended into 200 mL of MT isolation buffer 532 nm was measured with a Shimadzu UV 2101-PC (Kyoto, Japan)
(250 mM sucrose, 10 mM HEPES, 1 mM EGTA, and 0.1% BSA, pH spectrophotometer.

7.4). The suspension was stirred slowly and hydrolyzed with Nagarse  Mitochondria and Mb Interaction in Closed Systems.Mitochon-
protease (protease/tissaed.5 mg/g) for 20 min; the pH was maintained  dria (0.5 or 1.0 mg MT protein/mL, isolated 2 h postmortem) and Mb
between 7.0 and 7.4. After proteolytic digestion, the suspension was (0.15 mM) were combined with pH 7.2 (250 mM sucrose, 5 mMKH
diluted to 1000 mL with MT isolation buffer and subjected to two PO, 5 mM MgCh, 0.1 mM EDTA, 0.1% BSA, and 20 mM HEPES)
homogenization processes. The first of these was accomplished in aor 5.6 (same as pH 7.2 except maleic acid replaced HEPES) buffers in
Kontes Duall grinder (Vineland, NJ) with three passes and was followed the incubation chamber to a final volume of 3 mL. This incubation
by treatment with a Wheaton Potter-Elvehjem grinder (Millville, NJ) chamber was identified as a “closed system” because it did not contain
with one pass; pestles of these grinders were driven by a heavy dutyany headspace; thus, the potential diffusion of air from outside of the
drill at 1400 rpm. The homogenate was centrifuged (fgdor 20 vessel into the solution was prevented. The starting@centration

min with a Sorvall RC-5B centrifuge (Newtown, CT), and the resulting of the solution was taken as 100%, and the reaction was initiated with
supernatant was then centrifuged (26@0fdr 15 min. The pellet was the addition of 8 mM succinate. At specific time and/or %iQervals,
washed twice and suspended in MT suspension buffer (250 mM sucrose samples were removed from the chamber and scanned from 650 to
10 mM HEPES, pH 7.4) and was ready for use. All steps were 500 nm with a Shimadzu UV-2101PC spectrophotometer with integrat-
performed at 6-4 °C. The MT protein content was determined by a ing sphere assembly. Solutions containing all components except Mb
Bicinchoninic Acid Protein Assay Kit from Sigma Chemical Co. were used as blanks. DeoMb, OxyMb, and MetMb were calculated
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Figure 1. Mitochondria isolated from beef cardiac muscle at 2 h (A), 96 h (D), and 60 days (G); in situ intermyofibrillar mitochondria at 2 h (B), 96 h
(E), and 60 days (H); or perinuclear mitochondria at 2 h (C), 96 h (F), and 60 days (I). Magnification: 5400x.

with the following equations, modified from Krzywicki's formulagX Table 1. Postmortem Cardiac Muscle pH (n = 3)

22). [DeoMb]= —0.543R + 1.594R + 0.552R — 1.329, [OxyMb] _ _

= 0.722R — 1.432R — 1.659R + 2.599, and [MetMb}= —0.159R time time

— 0.085R + 1.262R — 0.520;R; = AsgdAszs Ry = Ass/Asos, andRg postmortem (h) pH postmortem (h) pH

= AsodAszs 05 6.01+0.07 8.0 5.82+0.01
Mitochondria and Mb Interaction in Open Systems. The mito- 15 5.87+0.02 24.0 5.84+0.03

chondria and Mb interaction was also investigated in a system that 20 5.80+0.02 72.0 5.83+0.01

5.79£0.02 120.0 5.83£0.02

permitted air to diffuse freely into the suspension and was referred to
as an “open system”; no oxygen consumption measurement was possible

with this approach. Control (0.15 mM Mb, 1 mg MT protein/mL, o 0eq with visible fragments in vitro; swollen mitochondria
isolated 2 h postmortem) and treatment (control plus 8 mM succinate)

samples were prepared with pH 5.6 (120 mM KCI, 30 mM maleic with large vacuoles were readily ob_served |n_SFfl.g(Jr§ 1D~
acid, and 5 mM KHPQy) and 7.2 (120 mM KCI, 30 mM Tris-Hcl, ). Cheah et al.q) reported that mitochondria obtained from
and 5 mM KHPQ,) buffers. One milliliter of sample was added to a  0X heck muscle 96 h postmortem were still intact. The apparent
1.5 mL microfuge open-top tube and incubated at@5The samples ~ degradation of MT integrity in our study may be related to the
were removed hourly for scanning spectrophotometry. The effect of more rapid pH drop that we observed in cardiac muscle. Only
MT concentration (0.1, 0.5, and 1.0 mg protein/mL) on Mb form and 2 h was required for beef cardiac muscle to reach ultimate pH
stability was also evaluated in this open system at pH 5.6 and 7.2 and(Table 1), while Cheah et al 7 reported that more than 48 h
25°C. was required for ultimate pH to be achieved in ox neck muscle.
Statistical Analysis. Results are expressed as mean valdeSH) Differences in MT morphology between 96 h and 60 days for
of three independent trials. Data were analyzed using the GLM both in vitro and in situ samples were not readily apparent

procedure of SAS, and differences among means were detected at the . _ :
5% level using least significance difference with appropriate correction ?Flgure 1D-1). The appearance of fragments in samples of

for multiple comparisons (23). |solat_ed mitochond.r!a at 96 h and_GQ days may havg resu_lted
from increased fragility and susceptibility to damage by isolation
procedures that occurred with time.
The metabolic activity of isolated mitochondria decreased
MT Morphology and Function. Electron microscopic  from 2 to 96 h postmortentT@ble 2). MT state Il and IV OCR
examination revealed intact mitochondria from both in vitro and decreased during this period at both pH 7.2 and 5.6 (p05);
in situ samples at 2 h postmortem; they were in a condensed96 h state Ill OCR at both pH values was 60% that of
configuration and demonstrated clear outer membréafigsie mitochondria isolated at 2 h postmorteifaple 2). RCR also
1A—C), similar to reports by Cheah et al7)( After 96 h decreased following time postmortem at each incubation pH
postmortem, most mitochondria demonstrated morphological although the effect was not significant from 2 to 96 gh X

RESULTS AND DISCUSSION
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Table 2. Tissue OCRs, MT State Ill and IV OCR (nmol O/min mg MT Protein or Tissue), RCR, and ADP/O? (n = 3)

pH time state [l OCR state [V OCR RCR ADP/O tissue OCR

7.2 2h 164.4 +1.5ab 46.3+19b 356+0.15a 1.63+0.09 1.28+0.18a
96 h 108.8+3.8b 35.0+13¢ 312+020a 1.39+0.08 116+0.15a
60 days 75.4+06¢C 754+06a 1.00+0.00b N/A® 0.13+0.02b

5.6 2h 856+76a 40.0+23a 214+0.08a 1.31+0.12 041+002a
96 h 51.2+2.1b 249+08b 206+0.12a 1.39+0.07 029+0.01b
60 days 224+04c 224+04b 1.00+0.00b N/A 0.06 £0.00 ¢

@ Mitochondria or tissue were obtained at 2 h, 96 h, and 60 days postmortem and assessed at pH 7.2 or 5.6 and 25 °C. State Il OCR is the OCR of isolated
mitochondria in the presence of substrate and ADP; state IV OCR is the OCR of isolated mitochondria in the presence of only substrate. RCR is the ratio between state
Il OCR and state IV OCR. ADP/Q is the ratio between ADP and oxygen consumed by mitochondria during phosphorylation.  Values in columns with different letters are
different for each incubation pH (p < 0.05). ¢ Not available.

250 5

0.05; Table 2). These results suggested that the functional
integrity of mitochondria postmortem was compromised but not
eliminated. Mitochondria isolated at 60 days postmortem still -
had the capacity to consume oxygen albeit at much lower rates £
when compared with mitochondria isolated at an earlier time. 2
State Il OCR at both pH values greatly decreased when .
compared with mitochondria obtained at 96oh<( 0.05;Table
2). Tsvetkov et al. Z4) and Petrenko2b) reported that freeze
thaw treatment of fresh mitochondria, which ruptured mem-
branes and decreased RCR from 4.7 to 1.2, increased state I\Q':'
OCR 3.5« at pH 7.5 when compared with untreated mitochon- 8§ *
dria. These observations of metabolic change were attributed
to the loss of coupling between substrate oxidation and ATP 0
synthesis. Similar effects were observed in our work with State Il OCR State IV OCR RCR
mitochondria isolated at 96 h and 60 days. RCR of these Figure 2. MT state Ill and IV OCRs (nmol O/min mg MT protein) and
mitochondria decreased from 3.12 to 1.00, and state IV OCR RCR at pH 7.2, 6.4, and 5.6 and 25 °C. State Il OCR is the OCR of
increased from 35.0 to 75.4 nmol O/min mg MT protein at pH isolated mitochondria in the presence of substrate and ADP; state IV
7.2. Decreases in state IV OCR at pH 5.6 between 96 h and 600CR is the OCR of isolated mitochondria in the presence of only substrate.
days were not significanp(> 0.05; Table 2). This result is in RCR is the ratio between state Il OCR and state IV OCR. Standard
agreement with Lanari et a8\ who reported no time effect on  error bars are indicated (n = 3).
MT state IV OCR beyond 48 h with succinate as the substrate.
Tissue OCR also decreased with time postmortpns (0.05; mitochondria isolated from DFD beef after 24 h postmortem
Table 2), and the decrease was relatively faster than state |1l were more active than those from normal beef when assessed
and IV OCR for isolated mitochondria. Tissue OCR at 60 days at pH 6.7 and 5.7. Greater oxygen consumption from MT
was only 16-15% of that at 2 h postmortem when measured at activity has been suggested to be responsible for the dark color
pH 7.2 or 5.6. This appeared to be related to a lack of appropriateof DFD meat presumably because active respiration causes
substrate for tissue at 60 days as subsequent addition of succinat®xyMb to release oxygen and change to Deol8®)( Practices,
stimulated tissue oxygen consumption (results not shown), asuch as injecting lactic acid or slow freezihaw treatment of
result consistent with reports by Andrews et a6)(and Bodwell dark cutting beef, were proposed as ways to decrease MT
et al. (27). Both of these groups proposed that the lack of activity and stimulate Mb oxygenation; however, both methods
available substrates, rather than instability of specific enzyme failed to produce the hypothesized resuliS)( The lack of effect
systems in intact muscle tissue, was the factor limiting the by lactic acid could be related to nonhomogeneous distribution
metabolism of muscle tissue after storage. Most enzymes, of the lactic acid solution within muscle; freezthaw treatment
including electron transport chain enzymes, were still active after might even increase oxygen consumption especially at higher
4 weeks postmortem, while major substrates were present atpH values as reported previously (225).
very low concentrations. In general, mitochondria isolated up to 60 days postmortem
MT metabolic potential was also greatly inhibited by de- still had the capacity to consume oxygen despite observed
creased pH. Most measured variables at equivalent time pointscompromised morphological integrity; the functional ability was
were less robust at pH 5.6 than pH 72 € 0.05; Table 2). decreased with time postmortem and decreased pH.
State Il and IV OCR decreased with decreased pH: (0.05; Mitochondria and Myoglobin Interactions. Interactions
Figure 2); no difference in RCR was observed from pH 7.2 to between mitochondria and myoglobin were investigated in vitro
6.4 (p> 0.05), while a substantial decrease occurred from 6.4 under different experimental conditions of pH, oxygen avail-
to 5.6 (p< 0.05; Figure 2). MT activity could be expected to  ability, and MT concentration. ADP was not included in the
be greater in dark, firm, and dry beef (DFD or dark cutting experiments because of its rapid breakdown in prerigor post-
beef) than normal beef because of the higher ultimate pH mortem tissue. The effect of MT respiration on lipid oxidation
associated with this meat quality anomaly. Ashmore et al. (28, is unsolved. Gabbita et ab)reported that respiratory stimula-
29) compared MT activity from normal beef and DFD beef tion of mitochondria, due to a hypermetabolic stress with
produced by subcutaneous injection of cattle with epinephrine succinate (20 mM) under state 1V condition, caused significant
24 h prior to slaughter. Mitochondria did not exhibit any oxidative modification of cortical membrane lipids and proteins.
differences in functional ability when they were isolated from Other authors suggested that succinate-induced MT respiration
normal or DFD fresh muscles (0 h after slaughter); however, inhibited NAD(P)H-ADP-Fé*-dependent lipid oxidation and

S pH7.2
2888 pH 6.4
200 - . E= pH586

tein)

n.m

150

RCR

100

moles O/m

..’
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Table 3. Changes in O, Concentration and Mb Form (%) As Affected by MT Concentration at pH 5.6 and 25 °C in Closed Systems? (n = 3)

MT (mg/mL) 0, (%) time (min) MetMb DeoMb OxyMb DeoMb/MetMb
0.5 100 0ab 148+14a 47+03a 80.3+15a 0.32+0.03a
15.00 208+16d 248+1.0d 71+03a 68.1+0.8 bc 0.29+0.02a
6.00 257+x20e 253+2.0d 11.0+15ab 63.8+0.7¢C 0.45+0.09 b
2.00 29.1+22¢ef 309+26e 243+16¢C 450+21d 0.80+0.11d
0.50 326+19f 36.4+22f 446+4.9d 19.1+30e 125+0.19e
1.0 100 O0a 16.1+14ab 52+05a 784+08a 0.33+0.06a
15.00 120+£25hb 19.4+2.6hc 79+10a 72.8+3.4ab 0.41£0.02 ab
6.00 127+24b 202+22c 140+14b 65.8+3.3c¢C 0.70£0.04c
2.00 14.5+24bc 23.9+24d 29.1+27c 471+4.2d 124+0.13e
0.50 18.1+£3.7cd 305+09e 56.6+4.0e 13.0+4.7¢ 1.85+£0.10f

@ Incubation medium contained 250 mM sucrose, 5 mM KH,PO,, 5 mM MgCl,, 0.1 mM EDTA, 0.1% BSA, 20 mM maleic acid, 8 mM succinate, 0.15 mM Mb, and 0.5
or 1 mg MT protein/mL. ? Values in columns with different letters are different (p < 0.05).

—e— 100%0:
—v— 6.0% O:

—— 1.5% O

2.0 1

Absorbance

0.0 T

—o— 15% O
—=— 3.0% O

—»— 85%0:
—&— 2.0% O:
—4— 0.5% O

500 520

540

T

560

580

Wavelength (nm)

600

Figure 3. Mb spectra as affected by %0, resulting from continuous MT
respiration in a closed system at 25 °C and pH 7.2. The systems contained
MT (1 mg MT protein/mL), Mb (0.15 mM), and succinate (8 mM); oxygen
concentration was decreased from 100 to 0.5% in 12.3 min. Arrows indicate
the direction of change in absorbance that occurred with MT oxygen
consumption during the time course of the experiment.

malondialdehyde formatior8(—33). Lipid oxidation was also

monitored in our reaction systems as products of this breakdown

average MetMb formation rates (e.g., 2.8 vs fr8ol/min at

pH 5.6 and 1 mg MT protein/mL) were greater in the range of
15 to 0.5% Q (pO, = 24 to 0.8 mmHg at 1 atm) than from
100 to 15% Q (pO, = 159 to 24 mmHg) at both pH values
and MT densities. Wazaw&9) offered a potential explanation
for this result. He suggested that hydrogen peroxide played a
key role in pQ-dependent effects on Mb oxidation rates. Under
air-saturated conditions, OxyMb autoxidation produced MetMb
and superoxide anion ¢O0), O,~ was converted to D, by
dismutation and subsequently decomposed by MetMb; thus,
MetMb resulted primarily from OxyMb autoxidation. However,
at lower pQ values, DeoMb concentration increased with
decreasing p& H20, from OxyMb autoxidation reacted rapidly
with DeoMb to form MetMb, resulting in both OxyMb
autoxidation and kD,-induced DeoMb oxidation contributing

to MetMb formation. In the present study, DeoMb concentration
began to increase when,©oncentration decreased to 15% or
lower (pQx = 24 mmHg at 1 atmTables 3and4).

The effect of MT density on @concentration and changes
in the relative proportions of Mb redox forms is presented in
Tables 3and4. Greater MT densities caused rapid decreases
in oxygen concentration at both pH values<{®.05;Tables 3
and4). At pH 5.6 and for a given £concentration, the MetMb
formation was greater at lower MT densities than at higher
densities (p< 0.05; Table 3), and it appeared that a rapid

process have been shown to bind to OxyMb and increase MetMbd€Ccrease in @concentration was responsible for less MetMb
formation (34—36); however, no lipid oxidation was observed formation in more densely concentrated samples. The time

at either pH investigated in our reaction systems (results no

shown).

Mitochondria and OxyMb were combined in a closed system

at pH 7.2 and 25C, and the reaction was initiated by addition
of succinate. As p® decreased with MT respiration, the \ :
absorbance at 582 and 544 nm decreased, and absorbanc@Pserved in the MetMb formatiop(> 0.05; Table 4). For a
increased at 557 nmF{gure 3), which are results that are : ' c
consistent with decreased OxyMb and increased DeoMb con-dréater with greater MT densities at both pH valyes:(0.05;
centrations. A spectrum typical of DeoMb was observed when _Tables 3and4). These results suggested that rapid decreases
pO, reached 0.5% of its initial valué-{gure 3). A similar result
was observed at pH 5.6 and 25 (results not shown), but more
time was required to generate a typical DeoMb spectrum becausen open systems at pH 7.2 and 5.6 and°g5 MT respiration
mitochondria appeared less metabolically active at this lower accelerated the transition of OxyMb to DeoMb at all times and
pH. These results demonstrated directly that MT respiration inhibited MetMb formation after 3 h at pH 7\#hen compared
influenced Mb form and stability by decreasing pGeorge et
al. (37,38) reported that the effect of p@n Mb oxidation at
pH 5.7 and 30°C was first order over a range of 6:360
mmHg. The first order rate constant increased with increasing MetMb formation (p< 0.05; Figure 4), while no effect was
pO, with a maximal value at £1.4 mmHg, which is ap-
proximately the same pressure required for DeoMb half- when compared with control&igure 4). Shikama40) reported
saturation (B), and then decreased to a constant value abovethat OxyMb autoxidation was pH-dependent and the rate
30 mmHg. The results iTables 3and 4 demonstrated that

trequired to decrease,@oncentration from 100 to 0.5% for

more dense samples was 18.1 min, while at lower densities it
was 32.6 min. At pH 7.2, the DeoMb formation was greater at
greater MT densities when the oxygen concentration was 6.0%
or lower (p < 0.05; Table 4), while no differences were

given & concentration, the ratio of DeoMb to MetMb was

in pO, maintained Mb in the DeoMb form.
Mitochondria and myoglobin interactions were also assessed

to controls (i.e., no succinatep (< 0.05; Figure 4). Further
study is needed to clarify the mechanism that is responsible for
the inhibitory effect. At pH 5.6, MT respiration enhanced

observed on the DeoMb formation except at 1 h incubation,

constant was greater at acidic pH than at physiological pH.
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Table 4. Changes in O, Concentration and Mb Form (%) As Affected by MT Concentration at pH 7.2 and 25 °C in Closed Systems? (n = 3)

MT (mg/mL) 0, (%) time (min) MetMb DeoMb OxyMb DeoMb/MetMb

0.5 100 0ab 19.6+0.8a 50t1la 756+16a 0.25+0.05a
15.00 10.6 £05¢cd 21.7+05abc 9.7+03ab 68.8 + 0.5 abc 0.45+0.02 ab

6.00 12.7+0.7 de 22.3+0.7 abc 146+0.8b 63.1+£09¢c 0.66+0.05¢c

2.00 150+£05e 244+04c 269+12c 489+15d 1.10+0.04d

0.50 19.2+05f 27.7+0.8d 415+13e 311+21f 150+0.02e
1.0 100 Oa 21.3+0.4ab 75+03a 71.2+0.4 ab 0.35+0.02 ab
15.00 6.6+04h 22.7+0.8hc 11.8+0.4ab 65.7+£0.7 bc 0.52 +£0.03 bc

6.00 7.8+0.1hc 22.6+0.7 bc 221+14c 554+21d 0.98+0.03d

2.00 9.8+0.4 bcd 23.7+0.3bc 354+18d 410+21e 1.49+0.07e

0.50 123+0.7d 269+06d 59.4+3.1f 138+3.64¢ 2.21+£0.07f

@ Incubation medium contained 250 mM sucrose, 5 mM KH,PO,, 5 mM MgCl,, 0.1 mM EDTA, 0.1% BSA, 20 mM HEPES, 8 mM succinate, 0.15 mM Mb, and 0.5 or

1 mg MT protein/mL. ©Values in columns with different letters are different (p < 0.05).
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Figure 4. Changes in Mb form as affected by MT respiration over time
in open systems at pH 5.6 and 7.2 and 25 °C. Succinate (Succ) treatments
contained MT (1 mg MT protein/mL), Mb (0.15 mM), and succinate (8
mM). Controls (CT) lacked Succ. Standard error bars are indicated (n =
3).

As a result, more kD, was formed as a byproduct of this
autoxidation at acidic pH; pD.-induced DeoMb oxidation
would be greater at acidic pH than at physiological pH.
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Figure 5. Effects of MT concentration on MetMb formation in open systems
at pH 5.6 and 7.2 and 25 °C. MT (0.1, 0.5, or 1.0 mg MT protein/mL),
Mb (0.15 mM), and Succ (8 mM) were included in systems. Standard
error bars are indicated (n = 3).

Mitochondria are not evenly distributed in muscle fibers.
Slow-contracting muscle fibers possess a greater MT concentra-
tion than do fast-contracting fiberdX). Therefore, the effects
of MT density on MetMb formation were also evaluated in open
systems. Mitochondria protein at a concentration of 0.5 mg/
mL exhibited the greatest potential to increase MetMb formation

Therefore, our results suggested that DeoMb formation was at both pH values < 0.05; Figure 5). The MT density-

favored by MT respiration at pH 5.6 and rapidly oxidized to
MetMb, while greater stability to oxidation was achieved at pH

dependent effect on MetMb formation at pH 5.6 may be
attributed to different average pQalues inside the system

7.2. These results demonstrated that MT respiration facilitated where maximum Mb oxidation was observed at 1 to 1.4 mmHg

formation of either DeoMb or MetMb in open systems in a pH-
dependent manner.

pO, (37, 38). At pH 7.2, MT respiration at a concentration of
1.0 mg/mL resulted in the lowest MetMb formation after 3 h
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of incubation p < 0.05;Figure 5B) and the responsible factor
is unknown. Therefore, the effect of MT respiration on Mb redox

status in open systems was pH- and MT density-dependent. The

J. Agric. Food Chem., Vol. 53, No. 4, 2005 1229

(13) Cornforth, D. P.; Egbert, W. E.; Sisson, D. V. Effects of low
temperature and increased oxygen concentration on color of intact
pre-rigor muscleJ. Food Sci.1985,50, 1021—-1024.

gaseous condition in open systems is similar to meat exposed (14) Comforth, D. P.; Egbert, W. R. Effect of rotenone and pH on

to air, where p@is determined by the rates of air diffusion
into and oxygen consumption by the tissu®). Our in vitro
results provide direct evidence for MT and Mb interaction and
support a basis for MT-mediated discoloration on the meat
surface.

ABBREVIATIONS USED

MT, mitochondrial; Mb, myoglobin; OxyMb, oxymyoglobin;
DeoMb, deoxymyoglobin; MetMb, metmyoglobin; DFD, dark,
firm, and dry beef; p@ partial oxygen pressure; OCR, oxygen
consumption rate; RCR, respiratory control ratio; ADP/O, the
ratio ADP to oxygen consumption during MT phosphorylation;
Tris-HCI, Tris[hydroxymethyllJaminomethane hydrochloride;
EDTA, ethylenediaminetetraacetic acid; BSA, bovine albumin;
EGTA, ethylene glycolbis(8-aminoethyl ether)-N,N,N’,N'-tet-
raacetic acid; HEPESN-[2-hydroxyethyl]piperazine-N2-
ethanesulfonic acid]; MES, 2-[N-morpholino]ethanesulfonic
acid; ADP, adenosine 5'-diphosphate.
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