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Reduction of ferric myoglobin (metmyoglobin, MetMb) to its ferrous form is important for maintaining
fresh meat color because only reduced myoglobin can bind oxygen to form the consumer-preferred
cherry red color in fresh meat. The objective of this study was to characterize an apparent mitochondria
electron transport chain (ETC)-linked pathway for MetMb reduction in vitro. MetMb was reduced in
the presence of mitochondria and succinate (p < 0.05); mitochondria or succinate alone did not
facilitate MetMb reduction relative to controls (p > 0.05). Flushing samples with oxygen greatly
decreased MetMb reduction, while flushing with argon increased MetMb reduction when compared
with controls (p < 0.05). ETC inhibitors were used to localize the site where electrons became available
for MetMb reduction. MetMb reduction was increased by rotenone addition and decreased by malonic
acid (p < 0.05); the reduction was completely abolished by additions of antimycin A or myxothiazol
when compared with controls (p < 0.05). These results suggest that electrons become available for
MetMb reduction at a site(s) between complex Il and IV. Mitochondrial ETC-linked MetMb reduction
increased with increased mitochondrial density and succinate concentration (p < 0.05); the greatest
MetMb reduction was observed at pH 7.2 and 37 °C, and ETC-linked MetMb reducing activity
decreased with time postmortem (p < 0.05). These results indicate that ETC-linked MetMb reduction
exists but would be minimally active in postmortem muscles.
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INTRODUCTION FAD, flavin mononucleotide, and riboflavirlQ, 11). EDTA
was proposed to inhibit metal-induced Mb autoxidation and
permit detection of the reduction, while flavins played a role in
mediating electron transfer (1Q}1).

Two fundamentally different enzymes have been reported to
account for MetMb reduction, DT-diaphorase [NAD(P)H-
guinone oxidoreductase], and MetMb reductase [NADH-cyto-

oxygen pressure (E—7). Mb is also the protein responsible chrome B oxid_ore_ductase] (12—14). DT-diaphorase catalyzes
for fresh meat color, an important sensory property affecting MetMb reduction in the presence of either NADH or NADPH;

consumer acceptabilityg(9). Meat discoloration from cherry (€ majority & 90%) of this enzyme was localized to the cytosol
red to brown is due to the accumulation of MetMb during whereas minor activity was associated with mitochondrial and
storage. MetMb reduction mechanisms are critical for normal Microsomal fractions (14—16). Bovine MetMb reductase was
physiological functions of muscle and could be relevant to the first purified and characterized from cardiac muscle by Hagler
maintenance of fresh meat color. et al. (13). This enzyme is NADH-dependent and requires an
Brown et al. (0) and Koizumi et al. 11) reported that MetMb artificial electron mediator such as methylene blue or ferrocya-
. reduced.nonenzymatically by. NADH or NADPH in the nide to reduce M'ethl(S, 17). The physiological mediators
presence of EDTA or MnGJ and that the reduction was for MetMb reduction, cytochromestor OM cytochrome b(a

o . S . cytochrome blike protein present in the outer mitochondrial
accelerated by the addition o%6; or various flavins, including membrane), have been isolated from rat liver and musts (
21). Arihara and fellow workers2@) further characterized

* Corresponding author. Tel: (860) 486-2919. Fax: (860) 486-4643. MetMb reductase in subcellular fractions from bovine muscle.
E'TS','ﬁV%?Qg,rg?é%“nsggngirﬁf‘conn'ed“' MetMb reductase was found predominantly in the mitochondrial

*Kansas State University. fraction but was also detected at lower levels in the microsomal

Myoglobin (Mb), an intracellular protein in skeletal and
cardiac muscle, is closely associated with mitochondria in living
cells. It serves as an oxygen reservoir and facilitates oxygen
delivery to mitochondria, the major oxygen consuming organelle
in cells (L—4). However, Mb is oxidized readily to physiologi-
cally inactive metmyoglobin (MetMb), especially at intracellular
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fraction; OM cytochrome b was located primarily in the Mitochondrial Oxyge;n Consumption. Mitochondrial oxygen up-
mitochondrial fraction, whereas cytochrome Was detected  take was measured with a Clark oxygen electrode using a polarizing
only in the microsomal fractior2@). These results demonstrated Voltage of 0.60 V, which was clamped to the bottom of an 8 mL
that mitochondria and microsomes possess complete Methlncubatlon chamber. Reaction components were added to the chamber,

reduction enzvme svstems capable of mediating MetMb reduc- and temperature was maintained at’87by a water jacket and Lauda
tion y y P 9 RE120 circulating water bath (Westbury, NY). The chamber was stirred

with a 10-mm Teflon-covered bar at 600 rpm. Additions were made
The involvement of mitochondria in MetMb reduction was with Hamilton syringes through a 1-mm port. The electrode was
proposed by Watts et al. (23). They reported that the addition attached to a Rank Brothers digital model 20 oxygen controller
of NAD* to ground beef generated NADH and therefore (Cambridge, Great Britain) and connected to a personal computer with
increased MetMb reduction; this reduction was inhibited by the ?;stg :r?EAgselzé 8§3éggnmcl\§|’r:<sﬁpmqf’t§%xaaégfogdi%n’gsme g‘tlg;H 7.2
addition of amytal or rotenone, two electron-transfer chain ’ ' 2 A
complex | inhibi)t/ors. Anaerobic conditions §Nalso increased Z?:‘ ,(écc):Q)MWZrIEePtI)EaSS)e.ngLcE[Jrllitlr%r;stgga:tg]t(eEléi:b?égﬁ;n(consumpﬂon
this NAD"-mediated MetMb reduction. Thus, they concluded Reduction of MetMb. MetMb (2.5 mg/mL) reduction was con-
that the role of mitochondria in the observed reduction was t0 qycted in a microfuge open top tube at pH 7.2 (120 mM KCI, 5 mM
establish anaerobic conditions to facilitate MetMb reduction by kH,PQ,, 30 mM Tris-HCI), 6.4 (120 mM KCI, 5 mM KPQ,, 30
transferring electrons from NADH or succinate to oxygen. They mM MES), or 5.6 (120 mM KCI, 5 mM KHPQ,, 30 mM maleic acid)
did not consider the possibility that MetMb was reduced directly and 37, 25, or £C. At specific time points, samples were removed
by the mitochondrial electron transport chain (ETC); anaero- and centrifuged (15000g) with an Eppendorf 5415D centrifuge
biosis is necessary for this reduction. In the present study, we (Westbury, NY) for3 min. The resuiting supernatant was scanned from
sought to characterize a mitochondria ETC-linked pathway for 8°0 10 500 nm with a Shimadzu UV-2101PC spectrophotometer (Kyoto,
MetMb reduction. Since succinate oxidation does not involve Japan). The relative proportions of deoxymyoglobin (DeoMb), oxy-

. . . myoglobin (OxyMb), and MetMb were calculated according to Tang
the generation of NADH, it would be an ideal substrate used et al. (24). Mitochondrial ETC inhibitors including rotenone, malonic

for this study. acid, anitmycin A, and myxothiazol were used in reduction systems;
control experiments did not show any effects of these inhibitors on
MATERIALS AND METHODS OxyMb oxidation or MetMb reduction (results not shown). Lipid

oxidation was also monitored as thiobarbituric reactive substa@@gs (
Materials and Chemicals.Beef hearts were obtained locally within i our reaction systems, as products of this breakdown process have

1 h of exsanguination, placed on ice, and transported to the laboratory.0€en shown to bind to OxyMb and increase MetMb formati28-
Samples for 96 h, 192 h, and 45 days were vacuum-packaged and stored0); however, no lipid oxidation was observed in our reaction systems
at 4 °C. Equine heart Mb, MgG) bovine serum albumin (BSA,  (results not shown).
essentially fatty acid free), sucrose, tris[hydroxymethylJaminomethane ~ Gas Flushing Treatments. Samples (mitochondria 1 mg/mL,
hydrochloride (Tris-HCI), ethylenediaminetetraacetic acid (EDTA), MetMb 2.5 mg/mL, 8 mM succinate, pH 7.2) were prepared in Warburg
KH,PQ,, ethylene glycolbis(3-aminoethyl ether)-N,N,N',N'-tetraacetic flasks for ease of gas flushing and then incubated &3and flushed
acid (EGTA),N-[2-hydroxyethyl]piperazind¥' -[2-ethanesulfonic acid] continuously with ultrahigh purity argon or 80% oxygen (balanced with
(HEPES), 2-[N-morpholino]ethanesulfonic acid (MES), maleic acid, N2). Controls were no_t flushed. _Samples were removgd from Warburg
rotenone, myxothiazol, antimycin A, malonic acid, and Nagarse protease flasks after 2 h flushing, centrifuged (15 @f)Ofor 3 min, and then
(10.5 units/mg) were obtained from Sigma Chemical Co. (St. Louis, scanned from 650 to 500 nm with a Shimadzu UV-2101PC spectro-
MO); rotenone, myxothiazol, and antimycin A were dissolved in Photometer. _
ethanol, and control reactions contained an equivalent volume of ethanol ~ Statistical Analysis.Results were expressed as mean values of three

only. Sodium succinate was purchased from Fisher Scientific (Fair independent trials. Data were analyzed using the GLM procedure of
Lawn, NJ). All chemicals were reagent grade. SAS, and differences among means were detected at the 5% level using

MetMb Preparation. Commercial equine heart Mb was dissolved LSD with appropriate correction for multiple comparisons (31).

in 50 mM Tris-HCI buffer (pH 7.4), and the MetMb concentration was
determined to be 96% by a spectrophotometric method (24). RESULTS

Bovine Mitochondria Isolation. Except for the experiment regarding Mitochondrial Electron Transport Chain-Linked Reduc-
the effect of time postmortem (2, 96, 192 h, and 45 days) on MetMb iy of MetMb. MetMb was incubated with mitochondria and/
reduction, mitochondria were isolated at 2 h postmortem from bovine or succinate at pH 7.2 and 3 for 3 h. During incubation, an
cardiac muscle according to Smit25) with minor modification. absorbance increas.e at 544 and 5-82 Am was obser\l/ed and

Briefly, 100 g of ground cardiac muscle was washed with 250 mM .~ . .
sucrose twice and suspended in 200 mL of mitochondrial isolation indicated that MetMb was reduced in the presence of succinate

buffer (250 mM sucrose, 10 mM Tris-HCI, 1 mM EGTA, pH 7.4). and mitochondria (p< 0.05; Figure 1); mitochondria or
The suspension was stirred slowly and hydrolyzed with Nagarse Succinate alone did not facilitate MetMb reduction relative to
protease (protease/tisswed.5 mg/g) for 20 min; the pH was maintained ~ controls (p> 0.05;Figure 1). These results demonstrated that
between 7.0 and 7.4. After proteolytic digestion, the suspension was both succinate and mitochondria were required for MetMb
diluted to 1 L with mitochondrial isolation buffer and subjected to two reduction.
homogenization processes. The first of these was accomplished in a  To further characterize ETC involvement in MetMb reduction
Kontes Duall gr_mder (Vineland, NJ) with thrt_ee passes and was followed gnd localize MetMb reduction to a specific site of the ETC,
by one pass with a_Wheaton Pottgr-EIvehjem grinder (MI||YI||e, NJ); rotenone, malonic acid, antimycin A, and myxothiazol were
ferf]ﬂ?_i OL t?:se ﬂ”{‘dﬁf Wer:frifd”vzn b%“r ggar:w%(\j/\tﬁ dgll r\a/t ”1400 used. In general, there was an inhibitor-specific effect on MetMb
RE)C—.SB € homogenate was centrifuged (19 . asova reduction when compared with controfs € 0.05; Figure 2),
centrifuge (Newtown, CT), and the resulting supernatant was . b -
then centrifuged (26 0@) for 15 min. The pellet was washed twice, and this suppprted involvement Of the ETC n the obseryed
suspended in mitochondrial suspension buffer (250 mM sucrose, 10 MetMb reduction. Rotenone addition led to increased mito-
mM Tris-HCI, pH 7.4), and then used. All steps were performed at chondrial oxygen consumption and increased MetMb reduction
0—4 °C. Mitochondrial protein content was determined by a Bicin- relative to controls f < 0.05; Figure 2). Malonic acid, a
choninic Acid Protein Assay Kit from Sigma Chemical Co. (St. Louis, complex Il inhibitor, decreased mitochondrial oxygen consump-
MO). tion rate (OCR) to 70.6% of controls and also decreased MetMb
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Figure 1. The effect of succinate (Succ, 8 mM) on metmyoglobin (MetMb,
2.5 mg/mL) reduction in the presence or absence of mitochondria (MT,
1 mg/mL) following 3 h at pH 7.2 and 37 °C. Absorbance increases at
544 and 582 nm (depicted by arrows) indicates MetMb reduction.
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Figure 2. The effect of inhibitors on metmyoglobin (MetMb, 2.5 mg/mL)
reduction (A), and mitochondrial (MT) state IV oxygen consumption rate
(OCR) (B), in the presence of MT (1.0 mg/mL) and succinate (8 mM) at
pH 7.2 and 37 °C. The inhibitors were rotenone (Rot, 0.02 mM), malonic
acid (MA, 10 mM), antimycin A (AA, 0.01 mM), and myxothiazol (MY,
0.01 mM). MT state IV OCR expressed as a % of the control (Cont).
Standard error bars are indicated.

reduction relative to controlgp(< 0.05; Figure 2). Complex

Il inhibitors, antimycin A and myxothiazol, inhibited 69.6%
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Figure 3. The effect of oxygen or argon on metmyoglobin (MetMb)

reduction in the presence of mitochondria (MT) and succinate at pH 7.2
and 37 °C for 2 h. Each system contained 120 mM KCI, 30 mM Tris-
HCI, 5 mM KH,PO,, 8 mM succinate, 1.0 mg MT protein/ml, and 2.5
mg/mL MetMb.

available for ETC-linked MetMb reduction at site(s) beyond
the Q cycle of complex Ill, as myxothiazol inhibits electron
transfer from ubiquinol of Q cycle to Rieske Fe-S protedg)(

Inhibitors for complex IV include compounds such as
cyanide, azide, and CO, and that also combine with heme iron
to alter heme protein absorbance spectra; this negates their
usefulness for experiments involving MB3). As an alternative
approach, reaction systems were flushed with argon or oxygen
to explore the location of possible reduction site(s), as oxygen
is the final electron acceptor and anaerobiosis results in electrons
accumulating inside the ETC. It is also important to note that
high oxygen partial pressure (pdecreases the rate of Mb
oxidation {7, 33. Flushing samples with argon increased MetMb
reduction, while oxygen inclusion decreased MetMb reduction
(p < 0.05; Figure 3). These results suggested that lower pO
or anaerobic conditions were required for ETC dependent
reduction of MetMb in this system.

ETC-Linked MetMb Reduction Affected by pH, Tem-
perature, Mitochondrial or Succinate Concentrations, and
Age Postmortem.ETC-linked MetMb reduction was greater
at increased pH (pH 5.6 6.4 < 7.2) and temperature (4
25 < 37 °C), with the greatest MetMb reduction observed at
pH 7.2 and 37C (p < 0.05;Figure 4). This is not surprising
because these conditions generally represent physiological pH
and temperature for mammals. Lower pH also enhances OxyMb
oxidation @4), and it is likely that decreased MetMb reducing
activity and increased Mb oxidation both contributed to the
measured decrease in MetMb reduction at lower pH values.

Increasing mitochondrial density above 0.1 mg mitochondrial
protein/mL assay volume increased MetMb reductjorr (0.05;
Figure 5A); there was no difference between controls and the
0.1 mg mitochondrial protein/ml treatmeng ¢ 0.05; Figure
5A). Similarly, increasing succinate concentrations led to greater
MetMb reduction as demonstrated by extended reduction times
(p < 0.05;Figure 5B). MetMb reduction reached a maximum
at 4 h in thepresence of 8 mM succinate, and the reduced Mb
was completely reoxidized again at 10 h. Increasing succinate
concentrations above 8 mM did not increase the maximum
concentration of reduced Mb but extended the reduction period
when compared with 8 mM succinate. This result suggested

and 96.7% of oxygen consumption relative to controls, respec- that succinate was required to maintain Mb in the reduced form

tively, and completely abolished MetMb reductign € 0.05;

and that when succinate was exhausted, Mb autoxidation

Figure 2). These results suggested that electrons becameexceeded MetMb reduction.
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Figure 5. The effect of mitochondrial (MT, A) or succinate (Succ, B)
concentrations on ETC-linked metmyoglobin (MetMb, 2.5 mg/mL) reduction
at pH 7.2 and 37 °C. For A, the succinate concentration was 8 mM; for
B, the mitochondria were used as 1 mg mitochondrial protein per ml.
Standard error bars are indicated.

Figure 4. The effect of pH (A) or temperature (B) on ETC-linked
metmyoglobin (MetMb, 2.5 mg/mL) reduction. Samples were incubated
at 37 °C (A) or pH 7.2 (B) for 3 h. Standard error bars are indicated.

Mitochondria were isolated at 2 h, 96 h, 192 h, and 45 days
postmortem. ETC-linked MetMb reduction decreased with time 100
postmortem; MetMb reduction was greatest with mitochondria ——2h
isolated at 2 h postmorterp (< 0.05;Figure 6). There was no 80 4 o i’:;‘h
significant difference in MetMb reduction between mitochondria —— 45d
isolated at 96 h and at 192 p ¢ 0.05;Figure 6). Mitochondria
isolated at 45 days showed the least ETC-linked MetMb
reducing activity p < 0.05). Mitochondrial integrity is lost with
age postmorten85), and this may explain the decreased MetMb
reduction and rapid discoloration of retail meat from vacuum-

aged primals (3637). 20 -

60

40 -

Ferrous Mb%

DISSCUSSION

The oxidation of succinate was previously reported to enhance
MetMb reduction in ground beef28); however, the role of , . . . .
succinate in this reaction was proposed to increase mitochondrial 0 2 3 4 5
respiration and enhance the establishment of anaerobic condi- Time (h)
tions that subsequently facilitated enzymatic reduction of MetMb Figure 6. The effects of time postmortem on ETC-linked metmyoglobin
(23). Our results in vitro demonstrated that succinate addition (vietmb, 2.5 mg/mL) reduction in the presence of succinate (8 mM) and
in the presence of mitochondria led to significant reduction of itochondria (1 mg/mL) at pH 7.2 and 37 °C. Standard error bars are
MetMb, and this reduction was affected by ETC inhibitors and jngicated.
oxygen (Figures 1,2, and 3). MetMb reduction was not
observed with mitochondria flushed with argon in the absence by a mitochondrial ETC-linked pathway, and this reduction
of succinate (results not shown). Therefore, it is unlikely that occurred only under lower pOand/or when electrons ac-
succinate oxidation acted solely by decreasing {wJacilitate cumulated inside the ETC. In our reaction systems, lower pO
enzymatic MetMb reduction in our experiments. A reasonable was established by mitochondrial respiration that resulted in
explanation for the observed results is that MetMb was reduced oxygen concentrations decreasing to 0% within 5 min in closed

-
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systems containing 1 mg mitochondrial protein/mL and 8 mM Malonate
succinate (results not shown). This pathway also provided InSIghtMDH “D qumm i Matrix
relative to the effect of oxygen on MetMb reduction. Early on, Dmp,ﬂ
Watts et al. 23) and Walters et al.38) reported that lower E}E” r)u h,, Complcx cit | Inner Membrane
pO, or anaerobiosis facilitated or increased MetMb reduction. n@m “ m o,
However, neither enzymatic or nonenzymatic pathways require T Complex IV
lower pQ; for MetMb reduction and appears to increase MetMb Lf:tflln Q” pois
reduction under such conditions (111, 13, 14). The observa- o S /c,-u) T -
tions by Watts et al.23) and Walters et al38) were obtained mm..e [n 5] v ? ~ tatteco £
with postmortem muscle in which mitochondria were present = ""““" ' —
and likely functional. Therefore, it is possible that the mito- o e
chondrial ETC-linked pathway was responsible for their obser- ~ Intermembrane Space el
vation that MetMb reduction increased under lower@®in O [ e TOM.,,> ‘
the absence of oxygen. = B

Succinate oxidation in the Krebs cycle does not produce oo » N .
NADH, and electrons from succinate oxidation are delivered e DeoM
directly to ubiquinone via succinate dehydrogendsgure 7). Figure 7. Potential pathways for MetMb reduction mediated by the
Normally, electrons move to complexes Ill and IV and mitochondrial electron transport chain (ETC). Rotenone, amytal, malonate,

ultimately reduce oxygen; however, they can also move in a antimycin A, myxothiazol, azide, CO, and cyanide are mitochondrial ETC
reverse direction to complex | if oxygen is absent or if inhibitors and their action sites noted. Abbreviations used: cyt aas,
complexes 1l or IV are inhibited 39, 40). Giddings (41) cytochrome alas; AA, antimycin A; cyt by, cytochrome b with heme h
proposed that reversed electron-transfer had the potential to(cytochrome bsgy); cyt by, cytochrome b with heme | (cytochrome bsgg);
produce NADH by NADH dehydrogenase in complex |, thereby cyt ¢, cytochrome c; cyt ¢y, cytochrome ¢;; G3P, glycerol 3-phosphate;
facilitating reduction of MetMb. In our experiment, no NAD G3P D'hase, glycerol 3-phosphate dehydrogenase; [Fe-S] protein; iron—
was added and rotenone (complex | inhibitor) addition still sulfur protein; MY, myxothiazol; NADH D'hase, NADH dehydrogenase;
increased ETC-dependent MetMb reductiéig(re 2). These Q, ubiquinone; QH-, ubisemiquinone radical; QH,, ubiquinol; OM cyt bs,
results eliminated the possibility that reversed electron transfer outer membrane cytochrome bs; MetMb reductase, NADH-cytochrome
was responsible for MetMb reduction by succinate and mito- bs reductase.

chondria. Rather, the increase in MetMb reduction by rotenone
addition was attributed to increased electron flux to ETC
complex 1V, presumably because rotenone blocked reversed
electron transport from ubiquinol to complex42). Watts et

al. (23) and Govindarajan et al43) observed increased
discoloration in ground beef upon the addition of rotenone, an
inhibitor of electron transfer between complex | and coenzyme
Q of the ETC. In their experiments, ground beef was used
without added substrates. Thus, NADH produced by muscle
could be used as substrate for MetMb reduction, and MetMb
reduction could be inhibited by rotenone addition, if the ETC

was the primary reduction pathway in these investigators’ cytochromec molecules are located in the inner mitochondrial
experiments. membrane, while others are associated through electrostatic
The effects of specific inhibitors helped elucidate the site(s) interactions with the outer surface of the mitochondrial inner
at which electrons could become available for MetMb reduction membrane and can be released into the intermembrane space
(Figure 7). For ETC-dependent reduction of MetMb by suc- (48, 51, 52). Cytochromes has been suggested to be an electron
cinate (Figures 2and7), electron flow through complexes Il shuttle between the outer and inner mitochondrial membrane
and Il was clearly required as MetMb reduction was prevented during aerobic oxidation of cytosolic NADH58). This pathway
by the addition of the complex Il inhibitor malonic acid and s insensitive to rotenone, antimycin A, or myxothiaxol and
complex 1l inhibitors antimycin A and myxothiazol. It was involved in the pathway §3—56): NADH — NADH-cyto-
reported previously that blockage of respiratory ETC with chrome g reductase~ OM cytochrome b— intermembrane
antimycin A initiated superoxide anion productid@32(42,44) cytochromec — cytochromec oxidase — oxygen. It is
which can potentially suppress MetMb reductiofs{47). interesting to note that some components of this pathway have
However, myxothizaol, which blocks the oxidation of ubiquinol  been suggested to be involved in enzymatic reduction of MetMb
before an electron can be donated to the Rieske Fe-S proteinby NADH (19, 22). Therefore, we propose that the ETC-linked
does not generate appreciable superoxide in intact mitochondriareduction of MetMb with succinate that we observed could
(44). Our observation that myxothiazol also blocked succinate- follow the pathway: succinate- complex [l— ubiquinone—
dependent MetMb reduction suggests that electron movementcomplex 11— cytochromec — OM cytochrome b— MetMb
through the Q cycle is required for the effect (Figuread (Figure 7). The formation of a cytochromesiytochromec
7). Flushing with argon increased ETC-dependent MetMb complex to facilitate electron transfer has been reported in vitro
reduction, while oxygen completely abolished it. Oxygen is the (57—59). Further studies are necessary to ascertain the existence
final electron acceptor in the mitochondrial ETC, and its of this pathway for MetMb reduction in vivo.
exclusion would lead to accumulation of electrons. This would  Meat is different from living muscle, and the conversion of
increase reducing potential thereby providing a pool of electrons muscle to meat is comple®Q). Muscle pH decreases from the
available for MetMb reduction4@). Our results appear to  point of death to rigor mortis and displays a general ultimate
suggest that electrons were delivered for MetMb reduction from pH of 5.6 for normal meat and approximately pH 6.4 for dark,

a site(s) between the Rieske Fe-S protein of complex Il and
heme aCug center of complex IV (Figure 7)48).

Our results suggest that electrons from the ETC by succinate
oxidation were responsible for MetMb reduction. Unlike tri-
phenyltetrazolium chlorided@), a-tocopherol §0), and ascorbic
acid (44), all of which have been reduced by the mitochondrial
ETC, Mb is a sarcoplasmic protein and too large to cross the
mitochondrial outer membrane. Thus, an electron-transfer
mediator would be needed to move electrons from the ETC to
MetMb. Cytochromec is a protein that functions to transfer
electrons from mitochondrial complexes Il to IV. Some
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firm, and dry meat. Temperatures of storage are typically at
4 °C in coolers. ETC-linked MetMb reduction in vitro was

greatly diminished at pH values and temperatures associated

with meat Figure 4). Tang et al. §5) reported that the effect
of succinate-dependent mitochondrial respiration on OxyMb
oxidation was dependent on pH; mitochondrial respiration
enhanced OxyMb oxidation to MetMb at pH 5.6 while it
increased conversion of OxyMb to DeoMb at pH 738)( Based

on present results, active MetMb reduction by an ETC-linked
pathway was likely to occur at pH 7.2 and may be partly
responsible for greater DeoMb and less MetMb formation
observed previously.

ETC-linked MetMb reduction was increased with increased
concentrations of succinate or mitochondiraglire 5). Most

relevant substrates are in low concentrations in postmortem

muscle even though most enzyme systems are still adie (

62). Thus, substrate availability may be another factor that could

limit ETC-linked MetMb reduction in postmortem muscle. Tang

et al. previously investigated the effect of mitochondrial density
on OxyMb oxidation; MetMb formation was least at a mito-

chondrial protein concentration of 1.0 mg/mL, followed by 0.1

mg/mL and 0.5 mg/mL at pH 7.236). Our present results

demonstrated that the greatest MetMb reduction occurred at a

mitochondrial concentration of 1.0 mg/mEiQure 5). Taken

together, these results suggest that the minimal MetMb formation

observed previoush\36) resulted from active MetMb reduction
by an ETC-linked pathway.

An ETC-linked pathway for MetMb reduction was identified.

The possible site(s) where electrons became available for MetMb
reduction appears to be located between complexes Il and IV.
ETC-linked MetMb reduction was decreased with decreased pH,
lower temperature, and time postmortem; it was increased with
increased mitochondrial density and succinate concentration.

ABBREVIATIONS USED

Mb, myoglobin; OxyMb, oxymyoglobin; DeoMb, deoxy-
myoglobin; MetMb, metmyoglobin; Tris-HCI, tris[hydroxymeth-
yllaminomethane hydrochloride; EDTA, ethylenediaminetetra-
acetic acid; BSA, bovine albumin; EGTA, ethylene glycolbis-
(B-aminoethyl ether)-NN,N',N'-tetraacetic acid; HEPES\-
[2-hydroxyethyl]piperazine-N'-[2-ethanesulfonic acid]; MES,
2-[N-morpholino]ethanesulfonic acid; OCR, oxygen consump-
tion rate; ETC, electron transport chain; p@artial oxygen
pressure.
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